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Editorial 

Integrated research in the Arctic – Ecosystem linkages and shifts in the northern Bering Sea and 
eastern and western Chukchi Sea 

A B S T R A C T   

Arctic marine ecosystems are in a period of rapid change. Research in recent years has documented dramatic shifts, including an earlier ice retreat, a longer ice-free 
season, and the loss of multi-year ice. In the absence of physical constraints related to sea ice and cold water, barriers to exchange of marine taxa between North 
Pacific and Arctic marine systems have eroded. Initially, transfers were predominantly in pelagic species. More recently, groundfishes and other demersal taxa also 
appear to be moving north, as the intensity of warming increases temperatures throughout the water column in the shallow continental shelves of Pacific Arctic. This 
Special Issue volume is devoted to studies that integrate research across various components of the northern Bering Sea and Chukchi Sea marine ecosystems. The 
intent is to characterize and investigate these changes and their controlling processes. Research presented here integrates studies from US and Russian waters to 
better understand physical processes and mechanisms in the regions immediately north and south of Bering Strait. Results document shifts in the distribution and 
dynamics of important fish stocks. Studies here also present new methodological approaches and refinements to existing methods, including automated instru-
mentation and passive acoustics. These approaches are particularly relevant to sampling in this remote region. Data and analyses provide new information on 
ecosystem structure and linkages, including oceanographic interactions and transport, pelagic production, and benthic deposition. Results provide evidence for 
accelerated sea-ice decline, climate-driven shifts in the spatial distribution of marine taxa, and ecosystem transformation. These results also inform forecasts of 
winners and losers in a warming Arctic.   

1. Introduction 

This Special Issue marks the second in a series of volumes supported 
by the North Pacific Research Board (NPRB; https://www.nprb.org). 
The research encompasses research developed through a program aimed 
to integrate ecosystem research in the Pacific Arctic and to inform un-
derstanding of the rapid transformation in this region. This volume 
provides important new insights on changing environmental conditions 
and the influence of these changes on ecosystem dynamics in the 
northern Bering Sea and eastern and western Chukchi Sea. It also pro-
vides important new findings related to mechanisms that influence 
ecosystem processes and implications for shifts in phenology and in-
teractions in the region. Research presented here leverages a variety of 
data sources, including automated and remote sensing and passive 
acoustics, ship-based surveys, ocean moorings, laboratory analyses, and 
integrated data products. 

Data presented and analyzed within this Special Issue builds on a 
series of integrated ecosystem surveys conducted in 2017–2019 in US 
waters (https://nprb.org/arctic-program/data-portal/), as well as sur-
veys conducted by the Russian Federal Research Institute of Fisheries 
and Oceanography (VNIRO) in Russian waters. The intent of this inte-
grated approach is to better understand the linkages and interactions 
that shape ecosystem processes, influence the timing and phenology of 
events, and inform predictions of future conditions. These studies are 
designed to provide new insights on integrated ecosystem research in 
the Pacific Arctic and improve understanding of ecosystem linkages, 
shifts in processes related to the physical system, and shifts in 

distribution and dynamics of marine taxa. Results presented here 
document and synthesize ongoing research in this important and 
transforming region. 

2. Northern Bering Sea and Chukchi Sea 

Arctic marine ecosystems are in a period of rapid change associated 
with sea ice loss and warming (Hollowed and Sundby, 2014; Frey et al., 
2014). The northern Bering Sea and the Chukchi Sea cover an uninter-
rupted coastal shelf that spans the Pacific Arctic region. Until recently, 
the prevalence of sea ice and related thermal constraints limited ex-
change between sub-Arctic taxa (e.g. eastern and western Bering Sea) 
and Arctic taxa (e.g. northern Bering Sea and Chukchi Sea; Baker and 
Hollowed 2014; Baker, 2021 a). These conditions and constraints appear 
to have fundamentally shifted in the last few years (Stabeno and Bell, 
2019; Baker et al., 2020 a). As the effects of anthropogenically-induced 
warming persist, we expect that such conditions may become more 
common and eventually the norm. Temperatures of the Bering Sea 
inflow entering the Chukchi Sea during the summer have increased in 
recent years (Woodgate and Peralta-Ferriz, 2021) and temperatures on 
the Chukchi Sea shelf have been at historic highs (Danielson et al., 
2020). These conditions have led to profound ecological response 
(Siddon et al., 2020; Huntington et al., 2020), including widescale shifts 
in distribution, abundance, and community composition marine taxa 
(Campana et al., 2020; Stevenson and Lauth, 2019; Waga et al., 2020). 
Reduction in sea ice and warming trends impact not only marine taxa, 
but also the Indigenous peoples who rely on coastal and marine systems 
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for subsistence, culture, and identity (Hauser et al., 2021). 

3. Integrated research in the arctic 

3.1. Arctic Integrated Ecosystem Research Program 

NPRB initiated the Arctic Integrated Ecosystem Research Program 
(IERP, https://nprb.org/arctic-program/) as a multidisciplinary pro-
gram, integrating Arctic scientists and Alaska Native and Arctic coastal 
community residents and researchers to gather and integrate informa-
tion and observations from marine-focused studies in the Pacific Arctic 
region. Research centered in the northern Bering Sea and Chukchi Sea. 
This program builds on a model for integrated ecosystem research 
(Baker and Smith, 2018) that has been applied in other regions of the 
North Pacific (Wiese et al., 2012; Harvey and Sigler 2013; Lomas and 
Stabeno 2014; Dickson and Baker, 2016; Ormseth et al., 2019; Baker 
et al., 2020 b; Lindeberg et al., 2022). The goal was to improve under-
standing of marine ecosystems and interactions and to better charac-
terize potential implications for human communities that rely on marine 
resources, including informed and sustainable fishery management. The 
Arctic IERP was designed to determine how recent climate change and 
associated reductions in Arctic sea ice influence the physical marine 
environment as well as system structure, production, function, in-
teractions, and linkages. Research also sought to understand and predict 
the response of marine species and inform questions of importance to 
human communities. This program supported research to identify 
mechanisms and processes that structure the Arctic marine ecosystem, 
drive the distribution and interactions of marine species, and influence 
the phenology of ecosystem processes. Specific aims were to: (1) in-
crease scientific understanding of the biophysical environment in this 
region; (2) enhance capability to predict future conditions; and (3) 
effectively communicate research findings to local residents, resource 
managers, the research community, and the general public. The pro-
gram (2016–2021) was sponsored by NPRB, the Collaborative Alaskan 
Arctic Studies Program (CAASP, formerly the North Slope Borough/-
Shell Baseline Studies Program), the Bureau of Ocean Energy Manage-
ment (BOEM), and the Office of Naval Research (ONR) Marine Mammals 
and Biology Program. In-kind support for this research was contributed 
by the National Oceanic and Atmospheric Administration (NOAA), the 
University of Alaska Fairbanks (UAF), and the National Science Foun-
dation (NSF). This program was developed in coordination and coop-
eration with the Interagency Arctic Research Policy Committee (IARPC) 
Chukchi and Beaufort Sea Ecosystem Collaboration Team and the US 
Arctic Research Commission (USARC). Research in this program built 
extensively on preceding coordinated research programs. The 25 
peer-reviewed papers presented in this volume of Deep-Sea Research II 
comprise the second Special Issue volume resulting from the NPRB 
Arctic IERP. Additional publications related to insights and engagement 
with Alaska Native communities in the region are available in com-
panion publications (see Eerkes-Medrano and Huntington, 2021; Hun-
tington et al., 2021). 

3.2. International collaboration and multi-institution coordination 

The Arctic is an area of international collaboration and exchange and 
the research presented in this Special Issue volume reflects that reality. 
This Special Issue includes submissions from scientists in Canada, Japan, 
Norway, Russia, and the US. More specifically, research here was sup-
ported by the following institutions: Alaska Department of Fish and 
Game, Division of Commercial Fisheries; Bigelow Laboratory for Ocean 
Sciences; Caspian Institute of Biological Resources; Institute of Ecology 
and Evolution of the Russian Academy of Sciences; Institute of Marine 
Research, Norway; Japan Agency for Marine-Earth Science and Tech-
nology; National Oceanic and Atmospheric Administration (NOAA) 
Alaska Fisheries Science Center, NOAA Global Ocean Monitoring and 
Observing Program, and NOAA Pacific Marine Environmental 

Laboratory; Memorial University Ocean Sciences Center; Oregon State 
University (OSU) College of Earth, Ocean, Atmospheric Sciences and 
OSU Cooperative Institute for Marine Ecosystems and Resources Studies; 
Russian Federal Research Institute of Fisheries and Oceanography 
(VNIRO) Moscow Branch, Polar Branch (PINRO), and Vladivostok 
Branch (TINRO); Shirshov Institute of Oceanography of the Russian 
Academy of Sciences; Severtsov Institute of Ecology and Evolution of the 
Russian Academy of Sciences; Tomsk State University; University of 
Alaska Fairbanks (UAF) College of Fisheries and Ocean Sciences, UAF 
Institute of Arctic Biology, and UAF International Arctic Research Cen-
ter; University of Oregon Cooperative Institute for Marine Ecosystem 
and Resources Studies; and the University of Washington (UW) Applied 
Physics Laboratory, UW Cooperative Institute for Climate, Ocean, and 
Ecosystem Studies, UW School of Fishery and Aquatic Science, and UW 
School of Oceanography. Subsequent Special Issue volumes in Deep-Sea 
Research II are planned to document and synthesize continued and 
ongoing research in this important and transforming region. 

3.3. Bridging east and west 

US and Russia share an extensive international border in the North 
Pacific, transecting the Bering Sea, the Bering Strait and the Chukchi 
Sea. To better understand dynamics on both sides of this boundary, this 
volume includes insights from both regions. Although not directly part 
of the Arctic IERP program, research results in Russian waters are also 
included in this Special Issue. 

In US waters, research was supported through the R/V Ocean Starr 
and R/V Sikuliaq. Surveys were conducted in 2017 and 2019 throughout 
the eastern Chukchi Sea Shelf on the R/V Ocean Starr as part of the Arctic 
Integrated Ecosystem Survey (Arctic IES) and in Bering Strait region in 
2017 and 2018. Surveys were conducted in 2017 and 2018 on the R/V 
Sikuliaq, as part of the Arctic Shelf Growth, Advection, Respiration and 
Deposition (ASGARD) Rate Experiments project. A total of 120 survey 
stations were sampled August–October in 2017 and 2019 in the IES 
cruises and 130 stations were sampled May–June in 2017 and 2018 in 
the ASGARD cruises. Additionally, data from a series of mooring arrays 
were integrated into analyses detailed (Fig. 1). Surveys were designed to 
conduct comprehensive ecosystem assessments of Chukchi Sea and 
Bering Strait physics, chemistry, biogeochemistry, and biology, using an 
integrated network of moored arrays (year-round), autonomous vehicles 
(year-round), and shipboard observations. Research methods included 
Conductivity-Temperature-Depth (CTD) vertical casts with discrete 
sampling for chemistry and biology, FastCat towed arrays, passive and 
active acoustics (Simrad EK80), Bongo nets (505μm mesh, 150μm 
mesh), Juday nets, sediment grabs and cores, beam trawls (3m plumb- 
staff beam trawl), mid water trawls (Isaacs-Kidd, Marinovich), surface 
trawl (Cantrawl 400/600), flow-through plankton sampling, time series 
sediment traps and drifting sediment traps, and other oceanographic 
instrumentation (e.g. FlowCam cytometers, microbe sampling, Under-
water Vision Profiler, acoustic doppler current profilers, AquaMonitor 
water samplers). Throughout the surveys, continuous underway navi-
gational, ocean surface, ocean profile, and meteorological data were 
collected to provide additional environmental context for subsequent 
analyses. Mooring arrays included four biophysical moorings south of 
Bering Strait, two moorings in the southern Chukchi Sea, plus the NPRB 
Long-Term Monitoring Program (https://nprb.org/long-term- 
monitoring-program/) NE Chukchi Sea Ecosystem Observatory (CEO) 
moorings located at Hanna Shoal near Barrow Canyon. 

In Russian waters research was supported through the R/V Professor 
Levanidov and R/V TINRO led by VNIRO within the Russian Exclusive 
Economic Zone (EEZ) of the Chukchi Sea. In total, seven research cruises 
were conducted in the waters of the western Chukchi Sea during the 
summer-autumn period (August–September) in the years 2003–2020 
(Fig. 2). Research approaches included oceanographic sampling and 
midwater and bottom trawls at more than 274 survey stations (Orlov 
et al., 2021). 
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4. Ecosystem structure and linkages 

The northern Bering Sea and Chukchi Sea is a region characterized 
by continuous exchange between the Pacific and Arctic marine systems. 
Here, as elsewhere, ocean currents modify the interaction between 
climate change and biogeographical shifts (Molinos et al., 2017). The 
Chukchi Sea is warming rapidly. Increased input of warm Pacific water 
into the Chukchi Sea in recent years contributes to feedback loops that 
promote regional heating (Danielson et al., 2020; Huntington et al., 
2020). Mean summer-fall water column temperature in the Chukchi Sea 
increased 0.1 ◦C decade in the past century, and the rate of heating 
accelerated after about 1990 (Danielson et al., 2020). This warming is 
likely to further accelerate, as the subarctic ocean warms and air tem-
peratures in the Arctic are anticipated to increase by > 5 ◦C by 2100 
(Overland et al., 2019). 

4.1. Oceanographic interactions and transport 

The fate and distribution of sea ice in the Chukchi Sea is influenced 
by response to several important processes, including oceanic and at-
mospheric heat fluxes, advection by ocean currents, and wind forcing 
(Serreze et al., 2016; Stabeno et al., 2018). Lu et al. (2022, This Issue) 

examine the impacts of short-term wind events on the hydrography in 
the Chukchi Sea and processes relevant to sea ice advance and retreat. 
These authors investigate mechanisms through which wind forcing 
mediates changes in sea-ice cover, water column hydrography, and their 
inter-related evolution in time. Analyses use idealized depictions of the 
Chukchi Sea within the Regional Ocean Modeling System (ROMS) 
framework, forced with inflow from the south, surface heat fluxes, and 
surface wind stresses. The primary influence of importance appears to be 
direct wind-forced advection of the ice edge. This includes Ekman sur-
face convergences and divergences that influence upward vertical 
transport and alter sea surface height. The authors also introduce a 
conceptual model for understanding the net impact of wind influence on 
the Chukchi shelf ice retreat and hydrographic structure to further un-
derstanding of summer conditions in the Chukchi Sea. Results suggest 
that the wind direction relative to the ice edge orientation helps dictate 
the ice meltwater plume salinity and depth. 

Transport through Bering Strait and across the Chukchi Sea varies on 
synoptic, annual, and decadal time scales driven by winds and basin- 
scale pressure differences, thereby altering the flux of nutrients and 
salt into the region (Mordy et al., 2020; Hennon et al., 2022). Stabeno 
and McCabe (2022, This Issue) present an approach to re-examine flow 
pathways over the Chukchi Sea continental shelf. The analysis integrates 

Fig. 1. Map of survey stations and mooring arrays in the eastern Chukchi Sea (2017–2019). Alaska Native coastal villages and communities are shown in gray.  
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velocity records from 8 mooring sites (2010–2019) and trajectories of 
drogued drifters (2012–2020) to evaluate patterns of flow on the con-
tinental shelf. Data extend existing time series of observations by five 
years and extend observations spatially to three previously unoccupied 
sites. Transport varies seasonally with variations in atmospheric forcing, 
and also interannually. Data provide new insight to temporal and spatial 
variability in shelf currents, patterns, and magnitude of flow. Results 
include a basic description of regional winds, mean flow patterns, and 
analyses of spatial relationships and estimates of transport volume. 

4.2. Pelagic production and benthic deposition 

The Bering and Chukchi Seas are some of the most productive areas 
of the Arctic. Understanding production pathways, predicting future 
productivity, and determining the fate of primary production within the 
food web are important steps to characterizing this region and informing 
models of trophic exchange. In this context, changes affecting sea-ice 
phenology, spring bloom timing and phytoplankton production 
(Clement Kinney et al., 2020; Song et al., 2021) need to be explored. 

More baseline data on phytoplankton growth, nutrition and 

production and zooplankton consumption is needed to monitor shifts in 
the quality, quantity, and composition of lower trophic level resources in 
Pacific Arctic food webs. Nielsen et al. (2022, This Issue) examine 
phytoplankton and seston fatty acids dynamics, including their nutri-
tional compositions, and production of fatty acids (FA). FA biomarkers 
provide a useful metric to track changes in phytoplankton community 
composition and provide insight into basal resource quality for higher 
trophic level consumers. The authors use imaging microscope (Flow-
CAM) techniques to analyze suspended particulate matter (seston), 
chlorophyll-a (Chl-a), phytoplankton taxonomic composition and envi-
ronmental parameters. Results document significant seasonal differ-
ences in seston FA composition. Correlations with Chl-a concentrations, 
nitrogen concentration, and temperature provide baseline information 
on this system and new insights on FA phytoplankton dynamics in the 
region. 

It remains unclear how warming polar marine systems will alter the 
magnitude of productivity and its fate within the food web. Krause et al. 
(2021, This Issue) examine diatom growth, silica production, and 
grazing losses to protozoan microzooplankton. Of particular importance 
are dynamics in spring. Results suggest early ice retreat did not 

Fig. 2. Map of survey stations in the western Chukchi Sea (2018–2020). Chukchi Peninsula coastal villages and communities in the Chukotka region of Russia are 
shown in gray. 
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appreciably reduce diatom growth. Instead, diatom growth rate was 
explained by the interaction of nutrients and light. Microplankton or 
protozoan grazing losses are likely not significant due to the temporal 
lag between phytoplankton and protist biomass accumulation. 

Marine sediments cover most of the ocean floor. On shallow conti-
nental shelves, such as the Bering and Chukchi systems, these sediments 
play an important role in carbon distribution, benthic food webs, and 
global carbon budgets. Zinkann et al. (2022, This Issue) investigate the 
depth distribution of organic carbon sources in Arctic Chukchi Sea 
sediments. Climate-induced changes in the composition of organic 
matter in sediments could have major implications on carbon cycling, 
carbon sequestration, and resources available to lower trophic levels in 
benthic communities. The authors conduct a series of studies to identify 
the proportional contributions of organic matter from various primary 
producers (i.e. phytoplankton, terrestrial, bacterial) to depth-stratified 
sediments. Using essential amino acid (EAA) specific stable carbon 
isotope biomarkers, the authors experimentally evaluate sediment bac-
terial production under different temperature scenarios. Results indicate 
strong mixing in upper sediments and suggest that terrestrial and bac-
terial carbon sources may become more prominent in a warmer Arctic. 

4.3. Benthic communities and infauna 

In a rapidly changing Arctic, understanding of benthic processes and 
links between bacterial and infauna communities and ecosystem func-
tion are limited. Record low sea ice has been shown to coincide with low 
concentrations of ice algae biomarkers in the sediment and high con-
centrations of pelagic biomarkers (Koch et al., 2020). Emerging evi-
dence also indicates that environmental change has influenced the 
distribution of macrofaunal biomass (Moore et al., 2018), shifted com-
munity structure and composition (Waga et al., 2020), and influenced 
organic consumption and carbon demand (Jones et al., 2021). Walker 
et al. (2022, This Issue) study benthic bacteria and archaea in the 
context of climate-related changes. Benthic bacteria and archaea are 
biogeochemical engineers and important to degradation of organic 
matter and nutrient cycling. The authors use rRNA sequencing to assess 
prokaryotic community structure in the upper sediments of the northern 
Bering and southern Chukchi Sea shelves and explore spatial patterns in 
community structure in relation to a variety of environmental parame-
ters. Overall, community structure reflected sediment grain size, organic 
matter quantity and composition, and bioturbation. Assemblages appear 
to reflect hydrographic patterns and deposition and highlight differ-
ences between the Bering-Chukchi inflow and Beaufort interior shelves 
and areas nearshore. 

Charrier et al. (2022, This Issue) pursue similar questions related to 
polychaete functional traits and habitat characteristics. As one of the 
numerically dominant macrofauna in sediments, polychaetes provide 
essential ecosystem services in sediments, including sediment oxygen-
ation and organic matter remineralization. Macrofauna were collected 
from cores, functional guilds were identified, and a conceptual model 
was developed to link functional traits to habitat characteristics and 
predict effects on ecosystem function. Overall, and similarly to results 
shown in Walker et al. (2022, This Issue), polychaete functional 
composition and vertical distribution reflected the quality and quantity 
of organic matter inputs and the depositional environment inferred from 
grain size and current speed. 

5. Ecosystem shifts 

The Arctic is undergoing dramatic environmental change with 
decreasing sea ice extent and increasing summer temperatures. Summer 
air temperatures in the Bering and Chukchi seas have increased in recent 
years (Stabeno and Bell, 2019; Danielson et al., 2020; Woodgate and 
Peralta-Ferriz, 2021), resulting in elevated water temperatures, melting 
sea ice, and other physical changes to the marine environment (Baker 
et al., 2020 a; Huntington et al., 2020; Danielson et al., 2020). 

5.1. Epibenthic communities – winners and losers 

Ocean warming has been shown to result in northward shifts in 
species distribution, referred to as borealization in the context of Arctic 
regions. This is also evident in the Pacific Arctic. Northward shifts in the 
distribution of demersal species have been observed and attributed to 
ocean warming in the Bering Sea (Alabia et al., 2018). Shifts in com-
munity composition in the epibenthic invertebrate community, abun-
dance and distribution also appear consistent with Arctic borealization. 
Epibenthic invertebrate communities and infauna, support a number of 
key upper trophic level predators in this system (Whitehouse et al., 
2016). To better understand these patterns across a wide range of epi-
benthic taxa, Logerwell and Rand (2022, This Issue) evaluate winners 
and losers in a warming Arctic. These authors grouped epibenthic taxa 
into clusters according to their similarity in temperature profiles and 
used an ensemble of climate models to project bottom temperature to 
mid-century (2050) and end of the century (2100). The intent was to 
examine how the epibenthic invertebrate community might be affected 
by continued increases in ocean temperatures. Results suggest a poten-
tial decrease in thermal habitat, which might impact species diversity of 
the Bering and Chukchi seas. The authors outline ideas for future 
ecosystem model runs and laboratory studies to evaluate potential 
tolerance and thermal acclimation in Arctic benthic invertebrates. 

5.2. Fishes – climate-driven shifts in spatial distribution 

Throughout the northern hemisphere, many marine fish species have 
moved poleward in response to recent warming temperatures in high- 
latitude systems (Wassman et al., 2011; Mueter and Litzow, 2008; Nye 
et al., 2009; Kotwicki and Lauth, 2013). Hundreds of species have 
already exhibited range shifts (Pinsky, 2020; Poloczanska et al., 2016) 
and future shifts are projected for more species (Cheung et al., 2013; 
Fossheim et al., 2015). This impacts both fisheries and marine ecosys-
tems and interactions (Mueter and Litzow, 2008). The sub-Arctic oceans 
support some of the world’s largest fish populations and fisheries 
(Hollowed and Sundby, 2014). Until recently, boreal species have been 
restricted from Arctic regions due to thermal limits (Mecklenburg et al., 
2018; Fossheim et al., 2015). This is now changing and an altered 
ecosystem in the Arctic will inevitably lead to winners and losers (Baker, 
2021 b; Sigler et al., 2011). 

Recent studies suggest that age-0 Arctic cod (Boreogadus saida) have 
historically dominated the pelagic fish community in the Chukchi Sea in 
summer. To examine potential effects of environmental changes on 
pelagic fishes in this rapidly changing environment, Levine et al. (2022, 
This Issue) extend a time series of acoustic-trawl surveys and document 
a notable increase in age-0 walleye pollock (Gadus chalcogrammus) 
abundance throughout the Chukchi shelf. The substantial increase in 
age-0 pollock in recent years suggests that environmental conditions 
now allow this species to extend its northern range into the southern and 
central Chukchi Sea. This has substantial implications for understanding 
life history and movement of the species that supports the 
highest-volume commercial fishery in Alaskan waters. 

Modifications of nets to reduce selectivity and promote retention of 
small pelagic fishes presented an opportunity to study patterns in less- 
frequently sampled fishes. Baker et al. (2022, This Issue) use opportu-
nistically collected data to examine spatial distribution and abundance 
of Arctic sand lance in the Chukchi Sea and their response to conditions 
in the physical environment. Sand lance and sand eels (Ammodytes spp.) 
are small planktivorous forage fishes that play an integral role in pelagic 
ecosystems throughout the Northern Hemisphere. Despite a critical 
position in energy transfer and trophic food webs, few studies have 
focused on this species. Recent surveys elsewhere in the Arctic suggest 
an increase in the prevalence of this species in concert with reduced ice 
extent. The authors examine prevalence of Arctic sand lance in the 
Chukchi Sea relative to oceanographic variables and benthic habitat. 
Results suggest presence is influenced by surface water mass and that 
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relative abundance is positively associated with elevated surface tem-
peratures. Results also provide insight on the potential expansion of the 
distirbution of this species within the Arctic marine environment. 

6. Arctic and sub-arctic cods 

There are four ecologically-important species of gadids in Alaskan 
waters. These include the ‘boreal gadids’, walleye pollock and Pacific 
cod (Gadus macrocephalus) in the Bering Sea and Gulf of Alaska and the 
‘Arctic gadids’ saffron cod (Eleginus gracilis) and Arctic cod in the 
Chukchi and Beaufort Seas. Arctic gadids have historically dominated 
the pelagic fish community in the Pacific Arctic ecosystems of the 
northern Bering, Chukchi, East Siberian, and Beaufort Seas (Quast, 
1974; Logerwell et al., 2015). Recent extreme warming and increased 
current flows from Bering Straits has resulted in the co-occurrence of all 
four gadids in the Chukchi Sea. 

6.1. Status and trends in Arctic cod – population and genetics 

Arctic cod has an extensive pan-Arctic distribution, found 
throughout the Central Arctic Basin and surrounding marginal seas 
(Mecklenburg et al., 2018). It is an important subsistence resource to 
Native communities throughout the Arctic (Magdanz et al., 2010). 
Arctic cod is also an important prey species, providing efficient energy 
transfer from producers to consumers (Hop and Gjøsæter, 2013). 
Although not an important target of commercial fisheries, Arctic cod is 
identified as a keystone species by the North Pacific Fishery Manage-
ment Council (NPFMC) Fisheries Management Plan for Marine Re-
sources in the Arctic (NPFMC, 2009). It is considered a critical 
component of the Arctic Ocean pelagic ecosystem and its high abun-
dance throughout the Arctic reflects its importance in linking plankton 
to higher trophic levels, including predatory fishes and marine birds and 
mammals (Mueter et al., 2016, 2020). 

Few studies are available on Arctic cod in the western portions of the 
Pacific Arctic. Maznikova et al. (2022b, This Issue) present information 
on Arctic cod distribution and biology in the Siberian Arctic. The pop-
ulation structure of Arctic cod is poorly understood and knowledge of 
biology and stock size in the eastern sector of the Russian Arctic is 
limited. The authors use results of integrated trawl surveys conducted in 
the eastern sector of the Russian Arctic (Laptev Sea, Chukchi Sea and 
East Siberian Sea) in August–September of 2003–2018 to describe 
spatial distribution, population size and age composition, and to esti-
mate abundance and biomass in the Chukchi, East Siberian and Laptev 
Seas. Size and spatial distribution was relatively similar in all surveyed 
seas, though lower growth rates of Arctic cod were evident in the eastern 
sector compared to the Kara Sea (the western sector of Russian Arctic). 
Lower growth rates may reflect differences in environmental conditions 
(i.e. temperature) and its effect on metabolic rates. In terms of vertical 
distribution, fish were observed mostly in the near-bottom layer in the 
Chukchi and East Siberian seas, but throughout the water column in the 
Laptev Sea. Abundance estimates were between 500 million and 5 
billion individuals or 1000–118,000 tonnes in the Chukchi Sea, 12 
billion individuals or 233,000 tonnes, in the Laptev Sea, and 20 million 
individuals in the East Siberian Sea. 

Stock structure for Arctic cod is poorly understood. It is reported to 
be a single population over most of its range, with the exception of some 
isolated areas. Emelyanova et al. (2022a, This Issue) examine Cyt b gene 
polymorphism of mitochondrial DNA in Arctic cod to identify the 
intraspecific organization in the Chukchi Sea and the adjacent part of the 
Beaufort Sea. To enable these comparisons, analyses integrated samples 
of mature Arctic cod collected on the Russian R/V Professor Levanidov in 
2019 in the western Chukchi Sea and on the US R/V Ocean Starr in 2017 
and 2019 in the eastern Chukchi Sea and the western Beaufort Sea. 
Results indicated no genetic differentiation of Arctic cod in the surveyed 
area, apart from local differentiation in Kotzebue Sound. For the 
Chukchi and Beaufort seas, the complete absence of population structure 

or weak differences across its range may be due to exchange through 
mixing at early developmental stages and transfer by currents. The re-
sults of this study may be useful for monitoring changes in Arctic cod 
populations due to changing climate and anthropogenic impacts, 
including oil and gas developments, shipping, fishing, tourism, and 
other human activities. 

Whether or not there are distinct spawning populations of Arctic cod 
is a related question of interest. Little is known about their early life 
stages in the Pacific Arctic, especially location and timing of spawning 
and emergence. Chapman et al. (2022, This Issue) examine 
otolith-derived hatch dates and growth rates of Arctic Cod and provide 
new evidence to support the existence of several spawning populations 
in Alaskan waters. This study estimated hatch dates and growth rates of 
first year Arctic cod through analysis of otolith growth increments. 
Estimated hatch dates ranged widely from November to July, with peak 
hatching February to May. In addition to regional differences, the au-
thors identified clear separation between spring- and summer-caught 
Arctic cod, suggesting different origins. Differences in hatch dates be-
tween pelagic and demersal juveniles also suggest settlement of older, 
larger juveniles at deeper parts of the shelf in late summer. Differences in 
hatch timing and growth in the context of variability in sea-ice dynamics 
and other environmental conditions provide new insights in the context 
of climate change. 

6.2. Energetics and survival in the context of warming 

Increased ocean temperatures affect fish though direct thermal ef-
fects on their physiology as well as through indirect changes to prey 
quality. Climate change impacts on species distributions in the Arctic 
and sub-Arctic will likely reflect the relative ability of resident or 
invading species to capitalize on warmer summer growth conditions, 
while also surviving persistently harsh overwintering environments 
(Geissinger et al., 2021; Geoffroy and Priou, 2020). Therefore, under-
standing species-specific winter survival trajectories is crucial to pro-
jecting population dynamics in the Arctic (Heintz et al., 2013; Hurst, 
2007). Laboratory studies provide a means to examine overwintering 
processes in habitats that are difficult to sample (e.g. under-ice; David 
et al., 2016). To examine the physiological response of Arctic cod to 
environmental variability, Copeman et al. (2022a, This Issue) test the 
impact of temperature on overwinter survival, condition metrics, and 
lipid loss. Using simulated winter conditions in the laboratory, the au-
thors examined size, temperature, and condition to parameterize juve-
nile mortality and energy loss and determine the minimum energetic 
state for survival. Results indicated that juvenile Arctic cod better 
conserved lipids and survive longer at colder temperatures in the 
absence of food. Winter survival is highly sensitive to small changes in 
temperature. This suggests lipid-based indices may provide a sensitive 
means of predicting overwintering success for Arctic cod experiencing 
climate-driven change in thermal regime. 

In addition to analyses of Arctic species tolerance to warming con-
ditions, it is important to understand the resilience and population dy-
namics controls of sub-Arctic species moving into the region. Arrival 
does not guarantee establishment and subsequent population growth. 
While both walleye pollock and Pacific cod were observed in the 
Chukchi Sea in 2017 and 2019, it remains unknown if these fish over- 
winter in the context of freezing temperatures and ice. Copeman et al. 
(2022b, This Issue) also examine annual and spatial variation in con-
dition and lipid storage of these juvenile sub-Arctic gadids. Total lipids 
and fatty acid trophic markers were evaluated in juveniles of the two 
Arctic gadids (Arctic cod and saffron cod) as well as two invading 
sub-arctic gadids (walleye pollock and Pacific cod), collected in the 
surveys of the north Bering and Chukchi Seas. Allometric relationships 
between length and lipid storage revealed a unique high-lipid strategy in 
Arctic cod when compared to other species. Age-0 juvenile gadids 
demonstrated interspecific differences in the spatial distribution of high 
condition individuals, with Arctic cod having the highest lipid-based 

Editorial                                                                                                                                                                                                                                           



Deep-Sea Research Part II 208 (2023) 105251

7

condition in the northern ice-associated regions of the Chukchi Sea. 
Evidence of declining lipid storage during warming events may indicate 
that the southern and central Chukchi Sea are warming beyond the 
thermal limits of Arctic cod. 

6.3. Sub-Arctic cods in the Arctic 

One of the most striking observations in the recent surveys 
(2017–2019) was the number of sub-Arctic gadids in Arctic habitats 
north of Bering Strait. Wildes et al. (2022, This Issue) use genetics to 
confirm large concentrations of walleye pollock north of Bering Strait, 
potentially further confirming a change of the cods in the Arctic. The 
authors used genetic techniques to identify gadids to species. Results 
confirm a northward shift of walleye pollock and Arctic cod in warmer 
conditions. In addition, juvenile polar cod (A. glacialis), not typically 
found in the Chukchi Sea, was confirmed genetically at multiple hauls 
on the northern Chukchi shelf outside of its documented distribution. 
This study documents potential variation in species composition and 
distribution of gadids in the Pacific Arctic in response to changing 
environmental conditions and provides a means to evaluate the accu-
racy of at-sea morphological identification in concert with genetic spe-
cies identification. 

Further application of genetics techniques was applied by Emelya-
nova et al. (2022b, This Issue). Research examined Cyt b gene poly-
morphism of mitochondrial DNA in walleye pollock in Chukchi Sea, 
western Bering Sea, the Sea of Okhotsk, and the Pacific waters off the 
northern and southern Kuril Islands. This is a parallel study to the an-
alyses of Arctic cod (Emelyanova et al., 2022a, This Issue), described 
previously. Results suggest that populations in the Chukchi Sea and the 
Bering Sea and the Sea of Okhotsk do not differ significantly. This may 
be due to exchange of genetic material, which might occur through 
mixing at spawning grounds, distribution at early life history stages in 
currents, and/or active migrations of adults. Results suggest that the 
boundaries between regional stocks of pollock are poorly defined and 
the walleye pollock currently observed in the Chukchi Sea may represent 
new colonization of this area. 

Juvenile walleye pollock have been noted in small quantities in the 
southern part of the Chukchi Sea since the 1970s (Wolotira et al., 1977; 
Echeverria, 1995; Barber et al., 1997). Until recently, the occurrence of 
adult walleye pollock in the Chukchi Sea was considered insignificant 
(Fadeev, 2005; Hoff et al., 2015; Mecklenburg et al., 2018). However, in 
the 2019 surveys conducted by the R/V Professor Levanidov in the 
western Chukchi Sea, walleye pollock were found in numbers 
approaching those capable of supporting commercial fishing (Orlov 
et al., 2019, 2020, 2021). Integrating data from 2003 to 2020 bottom 
and mid-water trawl surveys, Emelin et al. (2022, This Issue) provide 
new insights on the biological characteristics of these walleye pollock 
aggregations in the western Chukchi Sea, including size composition, 
age structure, sex ratio, sexual maturity, data composition, and feeding 
dynamics. Mid-water trawl catches were dominated by juveniles. In 
bottom trawls, individuals with developing and post-spawning gonads 
accounted for a major part of the catches. In recent years, walleye 
pollock in pre-spawning, spawning, and post-spawning condition were 
observed. This may indicate spawning in the western Chukchi Sea. 
While survival of eggs, larvae, and fry in conditions of low temperatures 
is unlikely, shifting conditions suggest that potential new walleye 
pollock spawning grounds may emerge in the Chukchi Sea. 

The recent prevalence of commercial-size aggregations of walleye 
pollock in the western Chukchi Sea raise questions as to whether these 
invasive stocks are at levels that might support sustainable fishing. 
Based on research of bottom and mid-water trawl surveys conducted 
onboard Russian research vessels (2003–2020), Maznikova et al. 
(2022a, This Issue) present data on the spatial and vertical distributions 
of walleye pollock in the western Chukchi Sea. Data on the spatial and 
vertical distributions are presented as well as the response of walleye 
pollock distribution to water temperature. In the water column, walleye 

pollock were observed at temperatures from − 0.4 to 3.3 ◦C, and near 
bottom at temperatures from − 1.2 to 4.3 ◦C. The recent dramatic in-
crease of walleye pollock abundance in the western Chukchi Sea appears 
to have resulted from a complex of factors, including warming bottom 
temperatures, decreasing ice cover, increasing of northward currents, 
better foraging conditions, and a related increase in stock abundance 
and biomass in the adjacent Bering Sea. The authors evaluate the 
prospects for fishing walleye pollock in the western Chukchi Sea. A total 
allowable catch of 37,200 tonnes were estimated for the 2021 and 2022 
fishing seasons and in 2021 more than 4000 tonnes were harvested. 
Results, however, suggest fishing in this region is not sustainable. Rea-
sons include: (1) biological factors, such as the lack of spawning of 
walleye pollock in this area; (2) limitations to current knowledge, 
including an inability to forecast the number of fish migrating from the 
Bering Sea and the uncertain population status of stocks; and (3) logis-
tical constraints, such as the limited fishing season due to harsh climatic 
conditions and the remoteness of the region. 

Pacific cod have also shifted into Arctic habitats. In the Bering Sea, 
recent studies document a dramatic northward shift in the distribution 
of Pacific cod. It is unknown, however, whether the current northward 
distribution shift continues into the Chukchi Sea. In Cooper et al. (2022, 
This Issue), US and Russian researchers collaborate to investigate dis-
tribution of Pacific cod in the Chukchi Sea by life stage. The authors use 
catch data from multiple gear types to present larval, age-0, and mature 
Pacific cod distributions before (2010 and 2012) and during 
(2017–2019) warming events. Age-0 fish were present in both benthic 
and pelagic habitats and diets reflected prey resources at these capture 
locations. Adult Pacific cod were also observed in the Chukchi Sea 
during 2018 and 2019. Although densities in the western Chukchi Sea 
were low, this represents the first known records from the Chukchi Sea. 
Increased presence of multiple age-classes in the Chukchi Sea suggests 
poleward shifts in both nursery areas and adult summer habitat. This 
suggests potential stock expansion through both recruitment and adult 
movement. The full extent of range expansion and its potential to persist 
into the future remain uncertain. 

7. New approaches and refinement to existing methods 

A final prominent theme in this Special Issue is the development, 
refinement, use, and application of new gear, instrumentation, and 
analytical approaches. This includes passive acoustic monitoring, year- 
round mooring instrumentation, improved and modified net frame-
works, and novel approaches to research on biogeochemistry. These 
developments are particularly important in the context of Arctic marine 
science, where remote locations, harsh conditions, and limited accessi-
bility highlight the need for autonomous observations and novel ap-
proaches to assess baseline conditions and monitor change. 

7.1. High resolution automated instrumentation and passive acoustics 

Spatial and temporal patterns of primary productivity in the Arctic 
are expected to shift with warming-associated changes in ice cover and 
stratification. To increase spatial and temporal coverage of productivity 
measurements, Cynar et al. (2022, This Issue) derive biological net 
community production (NCP) from dissolved gas ratios in underway 
flow systems on research cruises. Two methods were compared: (1) 
oxygen/argon (O2/Ar) ratios, which are measured using elaborate 
shipboard methods; and (2) oxygen/nitrogen (O2/N2) ratios, which can 
be measured using a simple Gas Tension Device (GTD) coupled with an 
oxygen optode. These methods tracked each other, but deviations were 
observed primarily in the Bering Sea due to wind-induced bubbles. Re-
sults suggest that GTD/optodes can be used to enhance spatial and 
temporal coverage of NCP measurements, though the authors also 
identify limitations to this technology. In regions where gases are 
near-equilibrium, results have unacceptably high uncertainty. Addi-
tionally, GTD/optode approaches are reliant on well-calibrated oxygen 
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observations, which present a potential challenge to autonomous 
deployment. 

Autonomous instrumentation is also critical to monitoring species 
distributions in areas and times where directed observations are not 
available. Crance et al. (2022, This Issue) use passive acoustic recorders 
to monitor year-round distribution of bearded seals (Erignathus barbatus) 
throughout the eastern Chukchi and northern Bering seas (64◦ N to 72◦

N). Bearded seals are an ice-obligate seal. The threatened Beringia 
population feeds in the summer in the Chukchi Sea and migrates south to 
overwinter in the northern Bering Sea. Information on the impact of 
rapidly changing climatic conditions on bearded seal distribution is 
critical to effective management of this important subsistence resource 
in coastal Alaska Native communities. Data from deployments at nine 
sites in four years (2012–2016) were analyzed. Bearded seal calling 
activity was present at every site in every year. Calling activity increased 
from September through February and reached sustained levels 
March–June. Past this point, calling ceased regardless of ice cover. The 
sustained calling supports previous studies showing that bearded seals 
remain in the Chukchi Sea overwinter (MacIntyre et al., 2015). Results 
increase knowledge on spatiotemporal distribution and migration pat-
terns of this species and highlight the effectiveness of passive acoustics 
for monitoring marine mammals in areas and times when traditional 
visual surveys are not possible. 

7.2. Refinements to net sampling 

Pelagic trawls are one of the primary methods of sampling midwater 
fishes. However, these trawls are species- and size-selective, and small 
fishes may escape through trawl meshes, introducing uncertainty and 
bias into survey abundance estimates. 

De Robertis et al. (2022a, This Issue) characterize species- and 
size-selectivity of two midwater trawls used in coordination with an 
acoustic survey. Trawl selectivity was investigated using recapture nets 
in a modified Marinovich survey trawl to estimate escapement. Paired 
hauls with the Marinovich and a larger Cantrawl trawl were conducted. 
The size and species selectivity of the nets was estimated by combining 
the catch data from both trawls in a statistical model. The authors 
describe a correction to estimates of the size and species selectivity of 
the two survey trawls and apply these selectivity relationships to esti-
mate selectivity-corrected species and size distributions from trawl 
catches for use in acoustic-trawl abundance surveys. Survey estimates 
are made integrating acoustic backscatter measurements, trawl catches, 
and the estimated selectivity functions. 

As an additional development from these studies, De Robertis et al. 
(2022b, This Issue) describe methods to modify pelagic trawls to better 
retain small pelagic fishes. A fine-mesh cod-end liner was used to 
quantify the size and species composition of pelagic fishes. Subsequent 
experiments with recapture nets attached to the outside of the trawl web 
suggested that escapement of small fishes was substantial, particularly 
in the aft net section. Thus, the trawl was further modified by reducing 
the taper in the aft net section and adding a small-mesh section in front 
of the cod-end to reduce escapement. Further use of recapture nets in 
two subsequent acoustic-trawl surveys confirmed that this trawl modi-
fication substantially increased retention of small fishes and resulted in 
less size selectivity. These improvements reduce biases in estimates of 
abundance, size, and species composition of pelagic fishes and may have 
application elsewhere. Specifically, the use of recapture nets identified 
the primary area of escapement from within the trawl, enabling a 
re-design to reduce escapement, and quantification of trawl perfor-
mance. This work also demonstrates that escapement estimates can 
guide successful trawl modifications. 

8. Implications and a view to the future 

8.1. Potential new state of the Pacific Arctic 

Studies in the northern Bering and Chukchi continue to document 
dramatic increases in temperature and reductions in sea ice. The stark 
decline in Arctic sea ice over the period of satellite observations (1979- 
present) is one of the most visible signs of climate change. For more than 
a decade, climate models have projected an ice-free summer in the 
Arctic by 2100 (Teng et al., 2006; Wang and Overland, 2009; Maslowski 
et al., 2012). Many of these trends are now readily apparent (Huntington 
et al., 2020). The new physical dynamics in the Arctic marine environ-
ment have significant ecological implications. If persistent, these con-
ditions will continue to influence important biological processes, 
including primary production, benthic-pelagic coupling, carbon and 
energy transfer, and the phenology of ecosystem processes. Warming 
will also influence the abundance, distribution, condition, and persis-
tence of marine taxa. The manuscripts included here provide additional 
detail and nuance on the extent of those changes, processes underlying 
the physical mechanisms, and impacts and interactions. 

8.2. Further research needs 

The Arctic IERP was dedicated to improving understanding of pro-
cesses that structure Arctic marine ecosystems and influence species in 
this rapidly changing environment. It also sought to provide important 
insight on implications for human communities that rely on these ma-
rine systems, species, and resources. The manuscripts included in this 
Special Issue highlight the opportunities and benefits of international 
collaboration and multi-institution coordination to bridge understand-
ing of dynamics in the eastern and western areas of the Pacific Arctic and 
integrate understanding of ecosystem structure, linkages, and in-
teractions across disciplines and areas of the Arctic marine ecosystem. 
Research here documents and reflects new technology, new methodol-
ogies, and new collaborations. 

Indigenous knowledge and traditional ecological knowledge of 
Arctic systems rests on a foundation of observation and interaction be-
tween humans and the natural environment that stretches back 
millennia. Indigenous ways of knowing offer great insight into patterns, 
trends and connectivity. Scientific research in the Arctic, including the 
Pacific Arctic, has been increasing in recent years and also has important 
insights to understand and characterize contemporary conditions and 
changes in time. In many geographical and topical areas, however, we 
are just beginning to understand many aspects of Pacific Arctic marine 
systems. Continued observation, monitoring and analysis is needed to 
better understand processes, document change, and synthesize data to 
estimate, track and forecast shifts and developments in this important 
and transforming region. 
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A B S T R A C T   

We seek a better understanding of the summer ice retreat over the Chukchi shelf in the presence of a warm 
background inflow by investigating mechanisms through which wind forcing mediates changes in sea-ice cover, 
water-column hydrography, and their inter-related evolution in time. The problem is addressed with observa-
tions and an idealized representation of the Chukchi Sea’s Central Channel within the Regional Ocean Modeling 
System (ROMS). An inflow from the south, surface heat fluxes, and wind forcing drives the numerical model. Due 
to strong atmosphere-ice coupling, direct wind-forced advection of the ice edge emerges as an important factor 
that controls the oceanic response, including corresponding alterations of the sea surface height. Surprisingly, we 
find no significant wind control of the cross-frontal eddy transport, due to counterbalancing effects of the frontal 
density gradient and the pycnocline depth. We propose that wind direction along with differences in the strength 
of atmosphere-ocean and atmosphere-ice-ocean coupling (drag coefficients) regulate the wind influence on the 
Chukchi Shelf summer ice retreat and hydrographic structure. Advection of ice away from the inflow reduces the 
ice melt rate and increases the salinity of the meltwater plume. Advection of ice toward the inflow increases the 
ice melt rate and decreases the meltwater plume salinity. The identified mechanisms represent steps toward a 
more complete understanding of the summer conditions in the Chukchi Sea and will help future investigations of 
seasonally ice-covered shelf ecosystems.   

1. Introduction 

The seasonal ice distribution in the Chukchi Sea is established by its 
thermodynamic responses to oceanic and atmospheric heat fluxes 
(Serreze et al., 2016; Onarheim et al., 2018), advection by ocean cur-
rents (Paquette and Bourke, 1981), and direct wind forcing (Stabeno 
et al., 2018; Okkonen et al., 2019). Observations show an annual mean 
oceanic heat flux of about 8 TW (Woodgate, 2018) by the Bering Strait 
inflow, sufficient heat to melt approximately 1.4 m of ice across the 
entire Chukchi Sea. The model results of Lu et al. (2020) suggest that in 
the absence of wind the Chukchi’s oceanic heat flux directed by the 
underlying bathymetry dominates the pack ice retreat, with about one 
third of the oceanic contribution due to baroclinic instabilities spawned 
across isobaths of the Central Channel through vorticity dynamics or 
farther northward due to baroclinic instabilities. Building on these re-
sults, our focus in this paper is directed to assessing the wind field’s 
influence on the eddy field, the associated heat fluxes, the ablating 
summer Chukchi ice edge, and shelf hydrography. 

There are several mechanisms through which wind can alter lateral 

and vertical heat transport. Winds that redistribute surface melt water 
are able to change the frontal density gradient and affect eddy energy 
(Spall and Thomas, 2016). The Ekman transport induced by strong 
winds can impact the onset of the seasonal ice retreat caused by the 
northward advection of the Bering Strait inflow (Woodgate et al., 2005; 
Hu et al., 2011; Stabeno et al., 2018; Okkonen et al., 2019) or in opposite 
by reversing the transport by strong northerly winds for few days to 
weeks (Coachman and Aagaard, 1981; Woodgate et al., 2005, Danielson 
et al., 2014). Ekman transport also generates upwellings and downw-
ellings that mediate vertical heat transport from warm subsurface layers 
to the ice (Watanabe and Ogi, 2013). In addition, wind forces can act 
directly on ice (Wang et al., 2014; Serreze et al., 2016) and lead to ice 
edge “loitering” (Steele and Ermold, 2015), a behavior of slowed, stalled 
or even temporarily reversed (southward) ice retreat. Observations 
show that the correlation between wind and currents in the central 
Chukchi is 0.5–0.6 (Woodgate et al., 2005; Stabeno et al., 2018) and 
50% of the variance of the change in summer Arctic sea ice extent can be 
explained by wind forcing (Ogi et al., 2010). 

This study proposes a set of hypotheses that address key aspects of 
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the wind’s influence on the Chukchi shelf summer hydrography. We use 
in situ and remotely sensed data to provide observational support for the 
hypotheses and then conduct a set of numerical experiments that are 
designed to reveal aspects of the Chukchi’s summer response to wind. Lu 
et al. (2020) examined the relative importance of atmospheric, oceanic 
mean and oceanic eddy heat fluxes on sea-ice retreat in the absence of 
wind using a high-resolution Regional Ocean Modeling System (ROMS) 
idealized domain that represents the Chukchi Sea’s Central Channel 
region. Using the same model setup, which is initialized with late-spring 
ice, stratification, and density fields, the present study extends the work 
of Lu et al. (2020) by applying variable wind forcing in both speed and 
direction. We assess how short-term (up to 10 day) wind events having 
weak to moderate strength (2-8 ms− 1) impact the Chukchi Sea summer 
ice retreat. 

The paper is organized as follows. Section 2 describes the terminol-
ogies and key dynamics that are relevant to this work, along with de-
rivative hypotheses that are relevant to the wind-forced scenarios. 
Observations that support the hypothesized mechanisms are reported in 
Section 3. Section 4 describes the model configuration, numerical 

experiments, and results. Discussion of results is provided in Section 5. 

2. Background and hypotheses 

2.1. The summer Chukchi Shelf 

The marginal ice zone (MIZ) is the region in which ice cover tran-
sitions between pack ice and open water, and is often defined as the 
region covering partial ice concentrations of 15%–80% (Stroeve et al., 
2016). Lu et al. (2020) identified two oceanic transition zones in the 
vicinity of the MIZ: the shelf water transition zone (SWTZ) and the melt 
water transition zone (MWTZ). These are dynamically distinct regions 
whose energetics govern the rate of heat flux to the ice edge in MIZ. The 
MWTZ and SWTZ are structural frontal zones separating water types of 
three distinct classes that are commonly observed on the Chukchi Shelf 
in summer. Ice melt water (MW) is buoyant, fresh (salinity <28) and 
cool (potential temperature 0–2 ◦C), formed by the ablating summer ice 
pack. Winter water (WW) is dense, cold (− 1.8 – 0 ◦C) and salty (salinity 
>32.5), formed the prior winter through cooling and salinization from 

Fig. 1. Conceptual model showing hypothesized mechanisms of wind effects on (H1) ice retreat, (H2) stratification, (H3) surface dynamics and (H4) baroclinic 
instabilities. 
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the brine rejection of freezing ice. Bering Sea Water (BSW) is relatively 
warm (2–6 ◦C), of intermediate density due to its moderate salinity 
(~30–32) and comprised of the Bering Strait inflow, which is addi-
tionally heated by the atmosphere as it transits across the Chukchi shelf 
toward the ice edge. The two oceanic transition zones encompass an area 
that extends north and south of the more spatially confined MIZ, hinting 
that the MIZ is a consequence of heat balances between the oceanic 
realms and ocean-atmospheric fluxes. 

The Bering Strait inflow induces intra-pycnocline eddies because of 
baroclinic instabilities that develop at the fronts between the MW and 
BSW (Lu et al., 2015, 2020) on time scales of an order of a few inertial 
periods (Mahadevan et al., 2010; Manucharyan and Timmermans, 2013; 
Lu et al., 2015). These eddies promote lateral heat transport of the 
Bering Strait inflow toward the ice pack and intrude beneath the MW 
that underlies ice pack. The magnitude of the lateral heat transport by 
eddies depends on the stratification of the BSW and MW (Lu et al., 
2015). Intra-pycnocline eddies also enhance vertical mixing, thereby 
helping to erode the stratification between the surface melt water layer 
and the dense winter water below. In addition to stratification of water 
masses, lateral density gradients across the fronts between the MW and 
BSW factor in the heat transport of MIZ eddies (Haine and Marshall, 
1998; Lu et al., 2020). Since wind can redistribute surface water masses 

and alter near-surface stratification (which may contain both MW and 
BSW), the lateral eddy heat transport is also believed to be sensitive to 
wind forcing and thereby impact sea-ice retreat on the Chukchi Shelf (Lu 
et al., 2015). 

2.2. Hypothesized role of wind 

The role of wind on ice retreat and hydrography in the vicinity of the 
ice edge are described with the following set of four linked hypotheses 
and associated conceptual schematic (Fig. 1). 

(H1). Wind direction significantly influences ice retreat because of the 
relatively large difference between the net air-ice-water drag coefficient and 
the air-water drag coefficient. The air-ice-water drag coefficient can be 
derived by a combination of air-ice and ice-water coupling coefficients. 

(H2). Surface salinity and stratification are a function of the distance be-
tween the ice edge and the Shelf Water (SW) front. SW front is the front of 
shelf water that has homogeneous properties vertically (unstratified 
BSW) across the Chukchi shelf, the detailed quantification of SW front is 
described in Lu et al. (2020). When an ice edge approaches the SW front, 
the surface MW layer thickens due to enhanced ice melt and lateral 
squeezing of water masses. The MW also freshens due to mixing with 

Fig. 2. Scatter plot of daily ice concentration variations versus the corresponding daily wind vectors of July over 1979 to 2017. Percentages in bold type show the 
average for each corresponding sector. 
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BSW (S~30–32) rather than WW (S > 32.5). On the other hand, when an 
ice edge departs from the SW front, horizontal stretching makes the MW 
layer thinner and MW gets saltier because of enhanced mixing with WW. 

(H3). Due the differential drag-forces associated with the wind in H1, the 
movement of ice edge relative to the SW front changes the local sea surface 
height through water mass vertical squeezing or stretching associated with 
differential horizontal motions. Changes of sea surface height affect the 
local pressure gradient, thereby modifying the speed of northward BSW 
flow. 

(H4). Due to the varied density (dominated by salinity) and layer thickness 
of BSW and MW, the lateral heat transport of instability-induced eddies is 
altered as a consequence of hypothesis H2. Instability-induced eddies are 
determined by the layer thickness difference of water masses at fronts 
and the cross-front density gradient (Haine and Marshall, 1998; Lu et al., 
2020), as we assume the density and layer thickness of MW will be 
affected by winds in H2, the transport of eddies generated between BSW 
and MW should be influenced by winds as well. 

3. In situ observations 

To support our hypotheses, we first examine the relation between the 
ice distribution and wind forcing (Section 3.1) using the ice concentra-
tion dataset from the National Snow and Ice Data Center (NSIDC) NASA 
team algorithm, which is provided on a polar stereographic projection at 

a grid cell size of 25 × 25 km (Cavalieri et al., 1996). In conjunction with 
the sea ice data, hindcast wind data are from the North American 
Regional Reanalysis (Mesinger et al., 2006). These are 3 hourly data 
from 10 m elevation and spatially averaged over the eastern Chukchi 
shelf region bounded by 66–72◦N and 171-160◦W. 

Hydrographic conductivity-temperature-depth (CTD) profiles of 
summer 2008 and 2012 along the Central Channel and across the ice 
edge (Section 3.2) provide snapshot examples of the hydrographic 
structure under the influence of different wind conditions. The quality- 
screened data includes records from National Centers for Environmental 
Information (NCEI) World Ocean Database 2018 (WOD18) (Boyer et al., 
2018) and the other datasets from US and non-US institutions listed in 
Danielson et al. (2020). 

3.1. Observed sea ice concentration and wind data 

We begin with daily satellite measures of sea-ice concentration, 
comparing daily variations of ice concentration (averaged over the 
eastern Chukchi Sea from 66◦ N to 72◦ N, 171◦ W to 160◦ W) to daily 
mean wind vectors in July from 1979 to 2017 (Fig. 2). Our metric for the 
response of the sea ice to wind forcing is the day-to-day change in ice 
concentration. 

For wind directions between 22.5◦ (northeasterly) to 202.5◦

(southwesterly) (to the right of the black thick line of Fig. 2), the ice 
concentration often decreases (cold colors) in the following day, 

Fig. 3. Hydrographic transects (right middle and right lower) and a T-S diagram (left middle) evaluated from CTD casts across the Central Channel within the 
outlined red polygon (lower left) in the 2008 Summer (June 15 – August 15). The ice concentration (upper right) is the July 2008 average ice cover evaluated from 
the NSIDC NASA team algorithm along 169◦W. Daily wind vectors shown in upper-left corner are from the North American Regional Reanalysis for July 2008. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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indicating increased open water areas due to northward ice advection. 
On the left half of wind compass, increasing daily ice concentrations are 
shown with warm colors, indicating shrinkage of the open water area 
when ice edges were advected southward. These color patterns occur 
from May to August during the ice melt-back season, are consistent with 
surface Ekman dynamics, support our model results, and are consistent 
with the relationship between winds and the daily ice edge displacement 
shown in Fig. 13 of Steele and Ermold (2015). 

3.2. Case studies of 2008 and 2012 hydrography 

The shelf hydrography is also impacted by winds. We lack large 
numbers of hydrographic transects that extend all the way from the open 
water Ice Free Zone (IFZ) to the Pack Ice Zone (PIZ) over the Chukchi 
Shelf. However, there do exist a few transects that can be assessed as 
discrete case studies that illustrate consistency with hypotheses H1–H3 
and the results shown in Fig. 2. The hydrographic cross-section along the 
Central Channel in 2008 (Fig. 3) shows that ~10 m thick cold and fresh 
MW occurred near the ice edge at section distance 400 km where the ice 
concentration notably decreased. Substantial northerly components of 
daily winds (Fig. 3) are found throughout the 2008 summer (Wein-
gartner et al., 2013; Linders et al., 2017) and are believed to have 
advected the ice edge close to the warm SW front intermittently, thereby 
preserving the fresh melt-water plume. 

In contrast, strong winds with southerly components push the ice 

edge away from Bering Strait inflow, diminishing MW volume and 
increasing the bulk salinity. Once open water forms, winds enhance 
vertical mixing between MW and beneath BSW/WW, leading to an 
increasing bulk salinity of MW regardless of wind direction, but possibly 
even enhanced for the case of winds from over the IFZ (southerly winds) 
because of a larger open water fetch. Compared to the 2008 hydro-
graphic properties (Fig. 3), MW was nearly absent in 2012 in Fig. 4 (note 
lack of cold fresh water relative to 2008) even around the ice edge. The 
water masses with salinity <30 (shown as green color) only occur within 
~5 m of the surface beneath the ice cover at section distance from 450 m 
to 600 m. The T-S diagram in 2012 (Fig. 4) shows the overall water 
masses are warmer and saltier compare to 2008 (Fig. 3), which suggests 
more mixing between MW and BSW/WW. This finding is consistent with 
the hypotheses, because summer 2012 winds were from the southeast on 
average (Weingartner et al., 2017). 

Although we lack sufficient data for an exhaustive assessment of the 
hypotheses using in situ data, the above case studies provide snapshots 
that are at least consistent with the proposed conceptual functioning of 
the atmosphere-ice-ocean system and the modeling (Section 4, below). 
The data show both the net displacement of the ice edge under various 
wind directions and the associated hydrographic response. We particu-
larly highlight the suggestion that the MW plume salinity can be directly 
tied to the relative motion between the wind-forced sea ice and the 
warm SW that lies south of the ice edge. 

Fig. 4. Hydrographic transects (right middle and right lower) and a T-S diagram (left middle) evaluated from CTD casts across the Central Channel within the 
outlined red polygon (lower left) in the 2012 summer (June 15 – August 15). The ice concentration (upper right) is the July 2012 average evaluated from the NSIDC 
NASA team algorithm along 169◦W. Daily wind vectors shown in upper-left corner are from the North American Regional Reanalysis for July 2012. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Numerical model 

4.1. Model configuration 

The ROMS high-resolution model of Lu et al. (2020) is configured 
with a 1-km grid spacing in the horizontal and ~1-m grid spacing in the 
vertical with 40 levels for the entire water column. The model represents 
an idealized configuration of the Central Channel region of the Chukchi 
Sea (Fig. 5) with a simplified bathymetry: minimal depth of 45 m for 
shelf and maximal depth of 50 m for the channel in a square domain that 
is 700 km in the meridional (y) and 800 km in the zonal (x) directions, 
and topped with sea ice (Fig. 6a). To avoid boundary effects, we show 
analyses and results that are limited to within an integration box that has 
a southern boundary 150 km north of the model’s southern boundary, 
and the western and eastern boundaries 100 km away from the lateral 
sides of the model domain. 

A third-order upstream horizontal advection is used for both tracers 
(temperature and salinity) and momentum. The vertical turbulent vis-
cosity and mixing coefficients use the Mellor-Yamada level 2.5 turbu-
lence closure scheme with a background coefficient of 10− 6 m2s− 1 

(Mellor and Yamada, 1982; Galperin et al., 1988; Kantha and Clayson, 
1994; Durski et al., 2004). The bottom drag is quadratic with coefficient 
0.003, interface drag coefficients of air-sea, air-ice, ice-sea are set at 
1.15 × 10− 3, 3 × 10− 3 and 7.5 × 10− 3, respectively (Hedstrom, 2018). 

The model is forced with a Bering Strait inflow that passes through a 
100 km opening in the otherwise closed southern boundary. The other 
three boundaries are open, with Flather (1976) for free-surface and 
Chapman (1985) for momentum of ocean, and mixed conditions, which 
clamped on inflow and gradient on outflow (Hedstrom, 2018) for sea ice 
concentration and thickness. Heat and salt budget conservation of this 
model setup is validated in Lu et al. (2020). No tidal forcing is applied. 

For consistency and ease of comparison to Lu et al. (2020), atmo-
spheric forcing is imposed using seasonally typical values of downward 

shortwave radiation, downward longwave radiation, air temperature 
and humidity as spatially homogeneous monthly averages as the sum-
mer progresses, based on the 2012 National Center for Atmospheric 
Prediction (NCEP) North American Regional Reanalysis (NARR) data 
(Mesinger et al., 2006). Following a 30-day spin-up, each model run 
examined herein is integrated with time step of 60 s and daily (86400 s) 
output for analysis over an additional 10 days from July 1st. Sensible, 
latent, upwelling longwave and reflected shortwave radiations are 
computed using bulk formulae (Fairall et al., 2003; Oost et al., 2002; 
Taylor and Yelland, 2001) to complete the total surface heat budget at 
the surface. No climate restoring is included. Via the bulk formulae, 
wind forcing affects turbulent sensible and latent heat fluxes, but the 
contributions of sensible and latent heat are relatively small compared 
to the total atmospheric heat and oceanic heat fluxes in summer. 
Therefore, the effects of wind on ocean-atmospheric heat fluxes are not 
investigated in this paper. 

The ROMS sea-ice module is based on the elastic-viscous-plastic 
(EVP) rheology (Hunke and Dukowicz, 1997; Hunke, 2001), with a 
one-layer ice thermodynamics and a molecular sublayer under the ice 
(Mellor and Kantha, 1989). The ice thermodynamics variables used for 
the initializations are described in Hedstrom (2018). As in Lu et al. 
(2020), the model integrations all begin on June 1 with sea-ice con-
centration of 100%, thickness of 2 m and salinity of 3.2, consistent with 
the Chukchi Sea late-winter ice cover (Frey et al., 2014). We then 
integrate the sea-ice distribution (Fig. 6a), potential temperature 
(Fig. 6b) and salinity (Fig. 6c) over June 1 to July 1 without wind forcing 
(see Lu et al., 2020). This month-long spin-up period allows the model to 
provide initial conditions for the 10-day wind experiments. At the end of 
the adjustment spin-up the sea ice edge (white contour in Fig. 6a with 
sea ice concentration as 80%) is ~200 m north to the southern boundary 
of model domain where the Bering Strait inflow is forced, and the warm 
BSW intrudes in between MW and WW as ~10–20 m thick 
intra-pycnocline intrusions (Fig. 6b and c), which develop eddies and/or 

Fig. 5. Bathymetry of Eastern Chukchi Shelf and the persistent currents: Chukchi Shelf Current (green) and Alaska Coastal Current (red), which are the primary 
routes of transports from Bering Strait. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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filaments as described and validated in Lu et al. (2020). 
The initial condition (Fig. 6) is associated with a Bering Strait inflow 

of 0.8 Sv (Woodgate et al., 2005, 2012), potential temperature of 6 ◦C 
and salinity of 30. This Bering Strait inflow maintains all three proper-
ties (temperature, salinity and speed) steady for the 10 model days. The 
influence of wind variability on the transport through Bering Strait is 
neglected as we seek to isolate the influence of wind without con-
founding effects from other flow variations. The ice edge is advected 
northward and melted by the Bering Strait inflow, leaving ~1.5 × 104 

km2 open water area, as shown in Fig. 6a. As shown in Fig. 7 and 
described by Lu et al. (2020), the model shelf can be separated into four 
zones of interest from north to south according to the ice distribution 
and hydrography: The Pack Ice Zone (PIZ) with near complete ice cover; 
the MWTZ and the SWTZ that are separated by the Ice Edge Melt Water 
(IEMW) front and the Shelf Water (SW) front (indicated as white dashed 
lines in Fig. 7a and b). The IEMW and SW fronts reflect the vertical 

distributions of MW, BSW (red and blue contours, respectively in Fig. 6b 
and c) and WW, following the delineations defined in Lu et al. (2020). 
The southern-most part of the domain is the open water Ice Free Zone 
(IFZ). 

The IEMW front is identified when fresh MW (S < 28) occupies the 
near-surface layer (upper 15 m) and creates a meridional density 
gradient larger than 0.12 × 10− 3 kgm− 4 vertically-averaged over the 
total water depth (~50 m), as evaluated along the Central Channel. The 
SW front is identified where the BSW layer thickness occupies at least 
80% of total water column and diminishes to ~0%, which typically 
occurs within ~10 km meridionally. In practice, this describes the 
location where the vertically averaged meridional gradient of the BSW 
tracer ∂φ/∂y > 8 × 10− 5 m− 1, where φ = 1

h
∫
(m)dz, h is water depth and 

m(y, z) equals 1 for BSW and 0 for other water masses. Therefore, the 
MWTZ is strongly stratified with fresh MW (S < 28) in the upper 

Fig. 6. Model state on July 1st serves as the initial conditions for the integrations of this paper. Ice thickness plan view (a) from the surface (white-blue shading) 
overlain with the idealized Central Channel bathymetry (gray contours) with units of meters, thick 15% (black) and 80% (white) ice concentration contours show the 
typical MIZ. Temperature (b) and salinity (c) transects across the yellow dashed line in (a) from 0 to 300 km in along-channel distance. Identified water masses based 
on the classification methods in Lu et al. (2020) are contoured by red lines for Bering Sea Water (BSW) and blue lines for Melt Water (MW). Above the surface, ice 
thickness (gray lines) with a 0–2 m scale at left and the associated ice concentration (black lines) with the axis top showing 100% ice concentration. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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~10–15 m, dense WW in the bottom ~25–40 m, and ~10–15 m BSW 
intrusions between the MW and WW. The SWTZ is weakly stratified with 
BSW occupying most of the water column and <10 m thick WW in-
trusions beneath the BSW. Additional characteristics of these transition 
zones and fronts are listed in Table 1 of Lu et al. (2020). 

Ice concentrations (thick black line) and ice thicknesses (thick gray 
line) are shown in Fig. 6b and c, and repeated in Fig. 7a and b for each 
zone. Ice with 100% ice concentration and ~1.2 m thickness in the PIZ is 
primarily melted by solar heat flux. Very fresh (salinity <28) MW in the 
MWTZ surrounds the ice edge due to rapid ablation in this region. The 
fresh MW that surrounds the ice edge has a layer thickness of ~10–15 m, 
which varies upon interacting with the BSW in the SWTZ due to baro-
clinic instabilities. The SWTZ contains weakly-stratified BSW, which 
contributes ~5–10 TW heat to the ice melt (Lu et al., 2020), heat that 
comes in part from the northward advection from Bering Strait and in 
part from absorbed solar radiation during its transit to the ice edge from 
Bering Strait. 

By integrating with otherwise identical atmospheric conditions as in 
Lu et al. (2020), we apply a spatially homogeneous constant wind ve-
locity beginning July 1 that is maintained for 10 days. This experiment is 
repeated by progressing around the compass in 45◦ increments, giving 8 
tested wind directions. A typical monthly mean wind speed in the 
Chukchi Sea’s summer is ~2 ms− 1 in monthly average with some 
modestly strong wind months closer to ~6 ms− 1 (Baule and Shulski, 
2014; Pickart et al., 2016; Danielson et al., 2017) although much 
stronger storm events are possible and even common. Each wind di-
rection is tested with 4 wind speeds of 2, 4, 6 and 8 ms− 1 to facilitate a 
systematic analysis. Winds generally exhibit little spatial gradient over 
the spatially confined Central Channel and we expect lateral wind shear 
effects to be strongest in association with the ice edge, so we neglect 
wind curl. 

In addition to the steady winds from the cardinal and ordinal di-
rections, we tested oscillating winds to better understand hydrographic 
responses to continuous wind variations (between southeast and 
northwest directions). We hypothesize that southeasterly and north-
westerly directions will impart the maximal and minimal instantaneous 
ice retreat responses, respectively. Two oscillating wind integrations are 
compared against a model run without wind forces. First, an oscillating 
wind imposed as a pair of sine functions is integrated for 20 days with u 
= -8sin(πt/(5 × 24)), v = 8sin(πt/(5 × 24)), for t in hours. The peak 
magnitude of 8

̅̅̅
2

√
ms− 1 is determined as a characteristic strong wind 

event (Pickart et al., 2016; Baule and Shulski, 2014). A final integration 
applies the same wind for the first 10 days and then the wind speed 
ceases on the 11th day. 

4.2. Model results 

4.2.1. Ice edge response 
Fig. 8 shows model results after 10 days of model integrations 

(following the spin-up period) with constant winds having magnitude of 
8 ms− 1 from each of the eight directions (a-d and f-i). 

The integrations reveal impacts of the wind direction on the ice 
retreat (Fig. 8), direction of ice motion, open water area and surface 
salinity. We find that the ice retreat is most intensified under the effects 
of southeasterly (Fig. 8i) winds due to the strong northward transport 
that results from the combined effects of the wind and the northward 
flow from Bering Strait; this leads to the largest open water area (~12 ×
104 km2) when wind velocity is greatest (8 ms− 1). The BSW transported 
from Bering Strait and unstratified SW front are only modestly sensitive 
to wind modifications in our scenarios. We compare the daily variation 
of ice concentration derived from model with different wind directions 
to the statistics from observation discussed in Section 3.1 and Fig. 2, our 

Fig. 7. (a) and (b) are identical transects to those shown in Fig. 6(b) and (c) but labeled with the frontal systems and ocean zones defined in Lu et al. (2020). (c) 
shows the plan view of the four zones with ice cover of our July 1st initial condition. Acronyms used for the labels are listed in panel (d). Associated definitions and 
characteristics can be found in Table 1 of Lu et al. (2020). 
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Fig. 8. Outside panels: sea surface temperature (◦C) overlapped with 15% (black) and 80% (white) ice concentration contour lines under the effect of winds blowing 
from each of the 8 compass directions (black arrows) with speed of 8 ms− 1. Panel (e) in the center shows the net open water area in km2 (indicated as the tick labels 
on the circles with different radii) for each of the 8 directions after 10 days of wind forcing with wind speeds of 2 (red), 4 (green), 6 (blue) and 8 (black) ms− 1. For 
example, the black star on black line in direction of SE (southeast) shows the open water area in panel (i) with wind speed of 8 ms− 1 is ~12 × 104 km2. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Box plot with associating statistics calculated from Fig. 2, red dots are daily ice concentration variations derived from our 10-day numerical experiments. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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model results (red dots) fall in the observed range obtained from 1979 to 
2017 (Fig. 9). 

The drag coefficient that couples the wind and the sea surface is 1.15 
× 10− 3, which is less than half of the drag coefficient between wind and 
ice (CD = 3 × 10− 3) and much smaller than the drag coefficient between 
ice and the sea surface (CD = 7.5 × 10− 3). Hence, the reaction of the 
shelf waters to short-term winds is not as pronounced as the movements 
of the ice edges. The shifting patterns of the ice edge forced by winds 
from different directions are consistent among moderate to strong winds 
(>4 ms− 1) (Fig. 8e). The ice edge motion is observed to reflect a surface 
Ekman response (~39◦ to the right of the wind direction when wind 
speed is 8 ms− 1) that is modified by the background flow field. 

4.2.2. Water mass characteristics and stratification 
In this section, we discuss the variations of water mass characteristics 

and stratification resulting from the dynamics of the ice motion and 
vertical mixing by winds. We focus especially on salinity because it 
dominates the determination of water mass density and stratification. 

To analyze model results, we classify the water masses following the 
method described in Lu et al. (2020). The fresh melt water (MW, salinity 
<28) associated with melt along the ice edge, is identified when the ratio 
of the relative potential temperature and relative salinity referenced to 
the initialized WW is less than − 1.3 ◦C (i.e. (θ − θWW)/(S − SWW) <
− 1.3 ◦C), where θ is the potential temperature and S is the salinity of 
water masses. θWW is the initialized WW potential temperature (− 1.8 ◦C) 

and SWW is the salinity of initialized WW (33). Therefore, the criterion 
− 1.3 is evaluated as the slope of line on T-S diagram (Fig. 5a in Lu et al., 
2020) that separates mixtures of BSW and WW from mixtures of MW and 
WW as (θmid − θWW)/(SBSW − SWW) = (θmid – (− 1.8))/(30–33), where 
θmid is midpoint temperature (2.1 ◦C) when the warmest water mass 
BSW is initialized with temperature θBSW = 6 ◦C. From the above we can 
quantify the MW volume (Fig. 10) and find the major part of the fresh 
MW volume is determined by ice contact with the SW front, as described 
by Lu et al. (2020). For example, in the case of southeasterly wind 
(Fig. 8i) the ice edge shifts away from the SW front due to strong 
northward surface advection because the oceanic front is less sensitive 
to wind forces than the ice edge. As a result, the northward SW front is 
unable to keep pace with the northward ice edge motion and contact 
between ice edge and the SW front diminishes. In this condition, ice 
retreat is primarily driven by wind stress rather than melting by the 
warm Bering Strait inflow. This is shown in Fig. 10e where the MW 
volume derived from the model test with 8 ms− 1 southeasterly is the 
smallest relative to the other integrations even though the correspond-
ing ice retreat distance is the greatest (Fig. 8e and i). 

At the start of the wind forcing, the sea surface near the ice edge is 
occupied by cool MW because Bering Strait inflow melts the ice edge 
(Fig. 6b and c). Over the course of the 10-day wind event, the spatially- 
averaged ice albedo decreases from 0.65 to 0.51 in maximum evaluated 
from the model result with fastest ice retreat. The model-derived MW 
salinity ranges from 24 to 28 (Fig. 10) due to the instability-induced 

Fig. 10. Sea surface salinity (color shading) overlapped with melt water (MW) layer thickness (black contour lines) under the effect of winds from the 8 compass 
directions (black arrows) having speed of 8 ms− 1. Panel (e) in center shows the integrated melt water volume (km3) after 10 days for wind speeds of 2 (red), 4 
(green), 6 (blue) and 8 (black) ms− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

K. Lu et al.                                                                                                                                                                                                                                       



Deep-Sea Research Part II 199 (2022) 105078

11

mixing between both winter water (WW, S~33) and SW (S~30). Rapid 
northward ice advection results in less MW water mass volume and 
higher MW salinity (Fig. 10e and i). In contrast, strong southward 
advection of ice under northwesterly winds (Fig. 8e) increases the MW 
volume (Fig. 10e) due to rapid melt. In this case, the ice edge comes into 
contact with the SW front and this increases the ocean-to-ice heat flux 
and accelerates the ice melt. This process makes the MW even fresher, as 
shown by the surface salinity in Fig. 10a relative to Fig. 10i. 

Shorter distances between the ice edge and SW front also lead to 
enhanced mixing between MW and SW (S~30), allowing MW at the ice 
edge to become relatively fresher (S~26). Conversely, longer distances 
from the ice edge to the SW front lead to more mixing of SW with WW 
(S~33) and thus increases salinity of the MW (S~28). In the Arctic 
Ocean, density is dominated by salinity effects and will impact eddy 
transport generated by baroclinic instabilities of fronts. 

4.2.3. Mean flow transport of front affected by sea surface height 
Lateral heat transport from BSW can be decomposed into the mean 

flow transport and the fluctuations contributed by eddy transport (Lu 
et al., 2015, 2020). Mean flow transport is evaluated via Reynolds’ 
decomposition (Eq. (4.1)) based on structure functions (Lu et al., 2020) 
as the term ρCpVθh averaged over the frontal length scale (30 km) and 
temporal scale (5 days) with respect to the moving SW and IEMW fronts. 

ρCp[V(x, y, t)θ(x, y, t)h(x, y, t)]xp ,yp

= ρCp[(Vθ + Vθ
′

+ V ′ θ + V ′ θ
′

)h + (Vθ + Vθ
′

+ V ′ θ + V ′θ
′

)h
′

]xp ,yp

(4.1) 

The fluctuation of layer thickness h′ will be zero because all quan-
tities are integrated over the water column as the fixed water depth (i.e. 
the terms multiplied by h′ on the right-hand side will be zero). For the 
remaining terms CP is the specific heat 3990 J-kg− 1K− 1 and ρ, V, θ and h 
are the in-situ seawater density, velocity referenced to the coordinates of 
the instantaneous front orientations, potential temperature and layer 
thickness at position (xp, yp), respectively. 

We find that the mean flow of BSW transport and its associated front 
only weakly respond to wind forcing. The velocity of mean flow is 
enhanced only when sea surface heights are lower near the ice edge 
(Fig. 11c and f). In contrast, sea surface height rises significantly when 
the surface Ekman transport and ice drift are directed toward the Bering 
Strait inflow. 

Changes of sea surface height are due to the directions of surface 
Ekman transport and the departure or approaching of the ice edge 
driven by strong wind (wind speed >8 ms− 1). Overall, winds with di-
rections between 0◦ (north) to 135◦ (southeast) decreases the sea surface 
height in the vicinity of the ice edge (Fig. 11b, c, 11f, and 11i), and winds 
with opposite directions increase the sea surface height (Fig. 11a,d,g and 
h) as we hypothesized in H3. Note the increase of the mean flow 

Fig. 11. Sea surface height anomaly (color shading, cm) overlapped with ice thickness (thin black contours, m), SW front velocity (red contour and vectors) and 
IEMW front velocity (blue contour and vectors) under the effect of 8 compass direction winds (green arrows) having speed of 8 ms− 1. Panel (e) in the center shows the 
mean flow velocity (ms− 1) averaged across the SW front after 10 days of wind blowing at 2 (red), 4 (green), 6 (blue) and 8 (black) ms− 1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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transport at the SW front is found with appreciably lower sea surface 
height (Fig. 11c and f), but this mechanism only becomes significant 
when the wind magnitude reaches 8 ms− 1. 

4.2.3. Lateral eddy heat transport affected by varied hydrographic features 
The 10–20 m thick intra-pycnocline intrusions (eddies and/or fila-

ments) that arise from MW/BSW frontal instabilities can transport 
oceanic heat between the MW and WW (Lu et al., 2015). Lu et al. (2020) 
further shows the intra-pycnocline eddies developed under ice cover and 
contribute heat to ice melt in both lateral and vertical directions. 
However, the lateral eddy heat transport is determined by the layer 
thickness difference of water masses at fronts and the cross-front density 
gradient, both of which can be influenced by the change of surface hy-
drography driven by wind as hypothesized in H2. Herein, we assess 
lateral eddy heat transport variations relative to the various wind forc-
ings to validate hypothesis H4 that the lateral heat transport of 
instability-induced eddies is altered based on the H2. Following Lu et al. 
(2020) we evaluate the eddy heat transport via Reynolds’ decomposition 
(Eq. (4.1)) as the fluctuations ρCpV

′θ
′h with respect to the temperature 

and velocity averages in both spatial (30 km) and temporal (5 days) 
domains. From sections 4.2.2, the primary change of surface hydrog-
raphy is the layer thickness and salinity of MW. Thus, we focus on the 
instability between MW and BSW, which provides the oceanic heat to ice 
melt, for the evaluation of eddy heat transport. 

Baroclinic instabilities on fronts induce lateral eddy velocities ueddy =

g
ρ0f Δh ∂ρ

∂y (Haine and Marshall, 1998) that can be evaluated by the 

cross-front density gradient (∂ρ
∂y) and the effective frontal layer thickness 

(Δh), which is calculated by the difference of two adjacent fronts’ 
thickness (here we focus on BSW and MW at SW front). The process is 
diagrammatically summarized in Fig. 1. Under the influence of wind 
directions between 22.5◦ (northeast) to 202.5◦ (southwest), the MW 
layer thickness decreases (Fig. 10) and increases the thickness difference 
(Δh↑) between the MW layer and the unstratified BSW layer in the SW 
frontal zone. Meanwhile, diminished mixing between MW and BSW 

results in somewhat saltier MW (Fig. 10), leading to a smaller density 
gradient (∂ρ

∂y↓) between the MW layer and unstratified BSW layer in the 

SW frontal zones. The two major factors, Δh (x-axis of Fig. 12a) and ∂ρ
∂y 

(y-axis of Fig. 12a), tend to cancel each other (i.e., negative correlations 
as the dashed lines in Fig. 12a) for each wind forcing magnitude. 
Therefore, although stronger winds provide more mixing and modify the 
properties of MW and BSW on surface, lateral eddy heat transport in MIZ 
(encompasses both MWTZ and SWTZ) has no remarkable variation 
caused by wind from any direction or speed (Fig. 12b and c) because of 
these compensating effects between layer thickness and density differ-
ence on the fronts, and decline hypothesis H4. 

Mean flow heat transport discussed in section 4.2.2 is another 
important factor to eddy heat transport. The lateral eddy heat transport 
(ρCpV

′ θ
′h) is positively correlated (dashed line in Fig. 12b and c) to the 

mean flow heat transport (ρCpVθh) in both the SWTZ and MWTZ 
(Fig. 12b and c), consistent with the model study without wind forcing 
(Lu et al., 2020). The lateral eddy heat transport to the ice edge is 
~0.4–1 TW and the mean flow heat transport ~2–4 TW driven by winds 
(Fig. 12b and c), except for the model tests forced by strong easterly 
(light orange) and northeasterly (yellow) winds. Changes of lateral eddy 
heat transport become more significant under the influence of strong 
(speed >6 ms− 1) northeasterly (yellow) and easterly (light orange) 
winds (marked by blue ovals in Fig. 12b and c) that enhance the strong 
mean flow heat transport linked to the lower sea surface height as dis-
cussed in 4.2.2. 

4.3. Summary from model results and further validation to hypotheses 

Two important points follow from the model integrations described 
above to help validate the hypotheses in section 2.2. First, wind direc-
tion has a significant influence on ice retreat (hypothesis H1) because of 
the relatively large net air-ice-water drag coefficient (can be derived by 
a combination of air-ice and ice-water drag coefficients) relative to the 
air-water drag coefficient. Second, surface salinity and stratification are 

Fig. 12. (a) Relation between differences of 
BSW and MW layer thickness and bulk den-
sity across SW fronts. (b) and (c) shows 
correlations between mean flow heat trans-
port and eddy heat transport in the MWTZ 
and SWTZ, respectively. The wind speed (2, 
4, 6, 8 ms− 1) is indicated with the relative 
arrow size and the wind direction is indi-
cated by arrow orientation and the color bar. 
Blue ovals in (b) and (c) highlight the effect 
of strong (>6 ms-1) northeasterly and east-
erly winds. (For interpretation of the refer-
ences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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a function of the distance between ice edge and SW front (hypothesis 
H2). For an ice edge closer to the SW front, the surface layer MW be-
comes fresher and thicker due to rapid ice melt and mixing with BSW. 

To strengthen and provide further context to the summary points, we 
conduct model integrations (described in Section 2.1) with oscillating 
winds (Fig. 13a). The corresponding open water area (Fig. 13b) in-
creases when the surface Ekman transport is northward and decreases 
for southward transport. The open water area is only slightly smaller 
than for the model case without wind (i.e. ice is primarily melted by the 
Bering Strait inflow) due to the wind-driven southward ice advection 
following the last 5 days of the applied wind. 

The sea surface height (Fig. 13c, shown as the maximum of sea 
surface height anomaly), is lowest under the influence of the strongest 
southeasterly wind and highest under the strongest northwesterly wind, 
respectively, due to the difference of drag forces on ice and sea surface 
(hypothesis H3). Note that once the winds stop at the end of day 10, the 
sea surface height recovers to its unforced regime within about three 
days (dashed line in Fig. 13c). 

The bulk salinity of MW along the ice edge increases with strength-
ening southeasterly winds during the first 2.5 days then remains nearly 
constant, even after the wind forces change to the opposite direction, 
because the wind continues to enhance vertical mixing between MW and 

WW. If the winds stop at day 11, it takes ~2 days to form a new and fresh 
MW plume after the ice edge re-contacts the SW front (dotted line). This 
newly formed MW has lower salinity than that of MW without any wind 
forcing (dashed line) because it has not yet mixed with BSW. 

5. Discussion 

Our model deduces important roles of the wind on ice retreat and 
hydrographic variations. The relationship between ice edge displace-
ment and wind direction is found to be consistent with Ekman dynamics 
and we are able to provide corresponding and consistent examples from 
observations. Our analyses suggest that the relative direction of the wind 
to the ice edge is a controlling factor in regulating the salinity and the 
mixed layer depth thickness of the MW in the SWTZ and the MWTZ. 
Such investigations may require attention with the increasing season-
ality of the ice pack and changing wind systems (e.g. Wood et al., 2015). 

Variations of surface stratification and the related baroclinic eddy 
transport under the influence of wind stress are highly dependent on the 
shelf hydrography prior to the onset of wind. Our model results show 
that the ice edge can be considered a mobile boundary in the Chukchi 
Sea that depart from (quasi-northward advection) the front of warm 
Bering Strait inflow with wind directions between 22.5◦ (northeast) 

Fig. 13. (a) Wind vector time series for the oscillating wind model test along with variations of the (b) open water area (km2), (c) maximal sea surface height 
anomaly (cm) and (d) bulk salinity of melt water along the ice edge during the 20-day integration. 
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through east and south to 202.5◦ (southwest) and approach to (quasi- 
southward advection) the front with the other directions, and these are 
associated with enhanced MW production along the ice edge. In an ice- 
covered region, quasi-southward advection of the ice edge increases the 
ice melt rate for decreasing distances between the warm front and the ice 
edge, hence the accelerating ice melt freshens the MW plume along the 
ice edge. Once ice melts and open water forms, vertical mixing from the 
underlying BSW or WW will increase the MW salinity. Interactions be-
tween ice, surface MW and subsurface BSW/WW may confound the 
correlations between observed surface salinity and wind directions that 
are suggested by the model results. Additional field studies will be 
necessary to fully validate the mechanisms gleaned from the model 
results. 

In addition to stratification, lateral eddy transport is highly corre-
lated to the mean flow transport from Bering Strait (Lu et al., 2020), 
which in turn is determined by the Pacific-Arctic pressure head and both 
remote and local winds (Stigebrandt, 1984; Woodgate et al., 2005; 
Aagaard et al., 2006; Danielson et al., 2014). Our examination of vari-
ations of the sea surface height and the mean flow transport influenced 
by winds suggests that the change of mean flow transport is only clearly 
noticeable when the wind speed is larger than 8 ms− 1. This finding is 
consistent with prior studies (e.g. Weingartner et al., 2017; Li et al., 
2019; Fang et al., 2020) that show that modest wind speeds (<6 ms− 1) 
do not strongly regulate upwelling events and circulation patterns across 
the shelf, shelf break and slope regions. 

Our work has focused on the net displacement of the pack ice edge 
and the associated hydrographic structure and dynamical responses 
under the influence of wind forcing in summer; other studies investigate 
the role of wind over the Chukchi Sea across larger time and length 
scales. These include investigations of wind and upwelling events along 
the Chukchi shelf break (Li et al., 2019) and the relation between 
wind-induced hydrographic variations to sea ice from late summer to 
fall and the role of the sea surface temperature to sea ice refreezing in 
autumn (Thomson et al., 2016; Zhang et al., 2018). From our 10-day 
model derivations, the additional surface heat flux to the 
wind-enhanced ice retreat only increases the sea surface temperature by 
about 0.2 ◦C, and this enhancement will additionally delay the sea ice 
refreezing as discussed in Thomson et al. (2016) and Zhang et al. (2018). 
Extending our model to late fall in the future may help better link the 
results of these studies. Other works have more closely examined the 
nature of ice-edge upwelling (Shuchman et al., 2004; Williams and 
Carmack, 2008). Such dynamics are closely related to our model results 
and similarly important to the sea surface height and stratification. The 
Arctic Ocean surface stratification and dynamics are sensitive to ice 
cover and the ice edge location; in the future, wind effects may be more 
pronounced because momentum transfer is enhanced with partial ice 
cover (relative to both ice-free and 100% ice cover) (Carmack and 
Chapman, 2003). 

Similarly, changes in winds may alter the spatial heterogeneity of 
shelf hydrography, the sea ice, and their effects on the ice edge 
ecosystem (e.g. in driving winter polynyas or the summer ice edge). 
Divergent surface conditions associated with enhanced polar easterlies 
(Wood et al., 2013) could reduce ice cover and increase water column 
illumination, alter the strength of the stratification, and intensify 
nutrient exchanges toward the surface due to enhanced upwelling. New 
observations and coupled biophysical modeling will be necessary to 
evaluate the effects of wind-induced vertical convection and accompa-
nying water mass structure variations on biological production (Nishino 
et al., 2016; Fujiwara et al., 2018) and other ecological responses in the 
vicinity of the ice edge. 
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Woollen, J., Rogers, E., Berbery, E.H., 2006. North American regional reanalysis. 
Bull. Amer. Meteor. 87 (3), 343–360. 

Nishino, S., Kikuchi, T., Fujiwara, A., Hirawake, T., Aoyama, M., 2016. Water mass 
characteristics and their temporal changes in a biological hotspot in the southern 
Chukchi Sea. Biogeosciences 13 (8), 2563–2578. 

Ogi, M., Yamazaki, K., Wallace, J.M., 2010. Influence of winter and summer surface wind 
anomalies on summer Arctic sea ice extent. Geophys. Res. Lett. 37 (7). 

Okkonen, S., Ashjian, C., Campbell, R.G., Alatalo, P., 2019. The encoding of wind forcing 
into the Pacific-Arctic pressure head, Chukchi Sea ice retreat and late-summer 
Barrow Canyon water masses. Deep Sea Res. Pt. II 162, 22–31. 

Onarheim, I.H., Eldevik, T., Smedsrud, L.H., Stroeve, J.C., 2018. Seasonal and regional 
manifestation of Arctic sea ice loss. J. Clim. 31 (12), 4917–4932. 

Oost, W., Komen, G., Jacobs, C., Van Oort, C., 2002. New evidence for a relation between 
wind stress and wave age from measurements during ASGAMAGE. Bound.-Layer 
Meteorol. 103 (3), 409–438. 

Paquette, R.G., Bourke, R.H., 1981. Ocean circulation and fronts as related to ice melt- 
back in the Chukchi Sea. J. Geophys. Res. Ocean. 86 (C5), 4215–4230. 

Pickart, R.S., Moore, G., Mao, C., Bahr, F., Nobre, C., Weingartner, T.J., 2016. Circulation 
of winter water on the Chukchi shelf in early Summer. Deep Sea Res. Pt. II 130, 
56–75. 

Serreze, M.C., Crawford, A.D., Stroeve, J.C., Barrett, A.P., Woodgate, R.A., 2016. 
Variability, trends, and predictability of seasonal sea ice retreat and advance in the 
Chukchi Sea. J. Geophys. Res. Ocean. 121 (10), 7308–7325. 

Shuchman, R.A., Onstott, R.G., Johannessen, O.M., Sandven, S., Johannessen, J.A., 2004. 
Processes at the ice edge: the arctic. In: Synthetic Aperture Radar marine user’s 
manual, pp. 373–395. 

Spall, M.A., Thomas, L.N., 2016. Downfront winds over buoyant coastal plumes. J. Phys. 
Oceanogr. 46 (10), 3139–3154. 

Stabeno, P., Kachel, N., Ladd, C., Woodgate, R., 2018. Flow patterns in the eastern 
Chukchi Sea: 2010–2015. J. Geophys. Res. Ocean. 123 (2), 1177–1195. 

Steele, M., Ermold, W., 2015. Loitering of the retreating sea ice edge in the Arctic Seas. 
J. Geophys. Res. Ocean. 120 (12), 7699–7721. 

Stigebrandt, A., 1984. The North Pacific: a global-scale estuary. J. Phys. Oceanogr. 14 
(2), 464–470. 

Stroeve, J.C., Jenouvrier, S., Campbell, G.G., Barbraud, C., Delord, K., 2016. Mapping 
and assessing variability in the Antarctic marginal ice zone, pack ice and coastal 
polynyas in two sea ice algorithms with implications on breeding success of snow 
petrels. Cryosphere 10 (4), 1823–1843. 

Taylor, P.K., Yelland, M.J., 2001. The dependence of sea surface roughness on the height 
and steepness of the waves. J. Phys. Oceanogr. 31 (2), 572–590. 

Thomson, J., Fan, Y., Stammerjohn, S., Stopa, J., Rogers, W.E., Girard-Ardhuin, F., 
Ardhuin, F., Shen, H., Perrie, W., Shen, H., 2016. Emerging trends in the sea state of 
the Beaufort and Chukchi seas. Ocean Model. 105, 1–12. 

Wang, J., Mizobata, K., Bai, X., Hu, H., Jin, M., Yu, Y., Ikeda, M., Johnson, W., Perie, W., 
Fujisaki, A., 2014. A modeling study of coastal circulation and landfast ice in the 
nearshore Beaufort and Chukchi seas using CIOM. J. Geophys. Res. Ocean. 119 (6), 
3285–3312. 

Watanabe, E., Ogi, M., 2013. How does Arctic summer wind modulate sea ice-ocean heat 
balance in the Canada Basin? Geophys. Res. Lett. 40 (8), 1569–1574. 

Weingartner, T., Dobbins, E., Danielson, S., Winsor, P., Potter, R., Statscewich, H., 2013. 
Hydrographic variability over the northeastern Chukchi Sea shelf in summer-fall 
2008–2010. Continent. Shelf Res. 67, 5–22. 

Weingartner, T., Fang, Y.-C., Winsor, P., Dobbins, E., Potter, R., Statscewich, H., 
Mudge, T., Irving, B., Sousa, L., Borg, K., 2017. The summer hydrographic structure 
of the Hanna Shoal region on the northeastern Chukchi Sea shelf: 2011–2013. Deep 
Sea Res. Pt. II 144, 6–20. 

Williams, W.J., Carmack, E.C., 2008. Combined effect of wind-forcing and isobath 
divergence on upwelling at Cape Bathurst, Beaufort Sea. J. Mar. Res. 66 (5), 
645–663. 

Wood, K.R., Overland, J.E., Salo, S.A., Bond, N.A., Williams, W.J., Dong, X., 2013. Is 
there a “new normal” climate in the Beaufort Sea? Polar Res. 32 (1), 19552. 

Wood, K.R., Bond, N.A., Danielson, S.L., Overland, J.E., Salo, S.A., Stabeno, P.J., 
Whitefield, J., 2015. A decade of environmental change in the Pacific Arctic region. 
Prog. Oceanogr. 136, 12–31. 

Woodgate, R.A., Aagaard, K., Weingartner, T.J., 2005. A year in the physical 
oceanography of the Chukchi Sea: moored measurements from autumn 1990–1991. 
Deep Sea Res. Pt. II 52, 3116–3149. 

Woodgate, R.A., Weingartner, T.J., Lindsay, R., 2012. Observed increases in Bering Strait 
oceanic fluxes from the Pacific to the Arctic from 2001 to 2011 and their impacts on 
the Arctic Ocean water column. Geophys. Res. Lett. 39 (24). 

Woodgate, R.A., 2018. Increases in the Pacific inflow to the Arctic from 1990 to 2015, 
and insights into seasonal trends and driving mechanisms from year-round Bering 
Strait mooring data. Prog. Oceanogr. 160, 124–154. 

Zhang, J., Stegall, S.T., Zhang, X., 2018. Wind–sea surface temperature–sea ice 
relationship in the Chukchi–Beaufort Seas during autumn. Environ. Res. Lett. 13 (3), 
034008. 

K. Lu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0967-0645(22)00063-7/sref16
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref16
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref17
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref17
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref17
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref18
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref18
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref19
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref19
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref20
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref20
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref21
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref21
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref22
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref22
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref22
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref23
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref23
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref23
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref24
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref24
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref24
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref25
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref25
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref25
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref26
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref26
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref27
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref27
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref28
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref28
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref29
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref29
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref30
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref30
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref30
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref31
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref31
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref31
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref32
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref32
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref33
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref33
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref33
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref34
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref34
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref35
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref35
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref35
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref36
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref36
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref37
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref37
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref37
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref38
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref38
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref38
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref39
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref39
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref39
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref40
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref40
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref41
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref41
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref42
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref42
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref43
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref43
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref44
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref44
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref44
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref44
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref45
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref45
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref46
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref46
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref46
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref47
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref47
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref47
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref47
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref48
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref48
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref49
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref49
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref49
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref50
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref50
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref50
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref50
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref51
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref51
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref51
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref52
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref52
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref53
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref53
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref53
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref54
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref54
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref54
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref55
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref55
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref55
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref56
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref56
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref56
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref57
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref57
http://refhub.elsevier.com/S0967-0645(22)00063-7/sref57


Deep–Sea Research II 207 (2023) 105243

Available online 17 December 2022
0967-0645/© 2022 Published by Elsevier Ltd.

Re-examining flow pathways over the Chukchi Sea continental shelf 
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A B S T R A C T   

Velocity records from 8 mooring sites (2010–2019) and trajectories of drogued drifters (2012–2020) are used to 
evaluate patterns of flow on the Chukchi Sea continental shelf, with an emphasis on the latter three years 
(2016–2019). Together, these data provided insight into the temporal and spatial variability of the currents over 
this shelf. These data extend previous observations by five years and include three previously unoccupied sites, 
two of which span the Central Channel. Bathymetry directs a significant portion of the northward flow in Central 
Channel eastward across the Chukchi shelf where it joins the coastal flow prior to exiting Barrow Canyon and 
entering the Beaufort Sea. In addition, shelf-wide volume transport estimated from three mooring sites located 
off Icy Cape is modified from earlier analysis and extended in time. The resulting transport is highly correlated 
with that flowing through Central Channel, with similar magnitude. Icy Cape transport varies seasonally with 
variations in atmospheric forcing, as well as inter-annually, with an annual low of 0.24 Sv (September 
2011–August 2012) to a annual high of 0.64 Sv (September 2017–August 2018), and a 9-year average of 0.43 Sv, 
or approximately 40% of the flow through Bering Strait. This nearly decade-long Icy Cape volume transport 
record also exhibits an increasing, although not significant, trend of ~0.03 Sv/year.   

1. Introduction 

The Chukchi Sea consists of a broad, shallow (<80 m) shelf, 
extending >800 km northward from its southern boundary at Bering 
Strait to the shelf break bounding the Arctic basin (Fig. 1). The flow on 
the shelf is generally northward, following bathymetry. This northward 
transport largely originates at Bering Strait where ~1 × 106 m3 s− 1 (1 
Sverdrup [Sv]) of Pacific water enters the Chukchi from the eastern 
Bering Sea shelf (Woodgate et al., 2005a, 2005b, 2012). Most of this 
flow exits the Chukchi shelf through two canyons—Barrow Canyon in 
the east (Coachman et al., 1975; Weingartner et al., 2005) and Herald 
Canyon in the west (Coachman et al., 1975; Pickart et al., 2010). While 
some of the flow exiting Herald Canyon enters the basin, there is a 
relatively narrow south-eastward flowing shelfbreak jet centered near 
the 80-m isobath (Corlett and Pickart, 2017; Li et al., 2019). The 
northwestward flow along the slope, confined to the upper 200–300 m 
of the water column, is the Chukchi Slope Current (Corlett and Pickart, 
2017; Stabeno et al., 2018; Li et al., 2019; Stabeno and McCabe, 2020). 
The flow exiting the Chukchi shelf via Barrow Canyon is primarily the 
Alaskan Coastal Current (northward flow through Central Channel that 
joins the coastal flow offshore of Icy Cape), with a small contribution 
from the eastward flow along the shelf break (~80 m depth). 

Upon exiting Barrow Canyon the more shallow coastal water turns 
eastward and flows along the Alaskan coast, while the deeper water in 
the canyon enters the basin and turns westward joining the Chukchi 
Slope Current (Stabeno and McCabe, 2020). Lin et al. (2021) discuss 
how changes in wind modulate the flow emanating from Barrow 
Canyon. The water flowing northward through Barrow Canyon is denser 
than the surface water in the Beaufort Basin, so as it transits Barrow 
Canyon the water sinks to a depth of ~60 m (Stabeno et al., 2018; 
Stabeno and McCabe, 2020; Shroyer and Pickart, 2019). This water is an 
important source of heat to the subsurface basin (Watanabe et al., 2017). 

The Chukchi shelf is generally referred to as an inflow shelf for the 
Arctic (Carmack and Wassman, 2006), and is the only source of 
Pacific-origin water to the Arctic Ocean. It is a major source of heat 
(Watanabe et al., 2017; Tsukada et al., 2018; Danielson et al., 2020), 
nutrients (Danielson et al., 2017; Mordy et al., 2020), salt, and fresh-
water (Itoh et al., 2013) to the Arctic. Transport through Bering Strait 
and through Barrow Canyon varies on synoptic, annual and decadal time 
scales. The synoptic variability is driven by local winds, while annual 
variability is driven by basin-scale adjustments to the wind (Danielson 
et al., 2014). A recent multi-year increase in transport is related to an 
increase in the Pacific-Arctic pressure difference (Woodgate, 2018). It is 
estimated that the amount of flow through the transect at Icy Cape is 
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~40% of the transport through Bering Strait (Stabeno et al., 2018). 
This paper utilizes nine years of current velocity observations on the 

Chukchi continental shelf, with an emphasis on three recent years of 
current data collected at eight mooring sites, ranging from a site off 
Point Hope in the south to a site near the mouth of Barrow Canyon in the 
north (Fig. 1). Yearlong moorings were deployed consecutively at each 
site in the summers of 2016, 2017 and 2018. A primary goal of these 
deployments was to better understand the patterns and magnitude of 
flow on the US Chukchi shelf. Data sources and data handling methods 
are described in section 2. Results are presented in section 3, including: a 
basic description of regional winds, mean flow patterns from moored 
current meters and from drogued drifters, and spatial relationships 
among current meter records and winds. We then turn to a more detailed 
examination of bathymetry and its relationship to a persistent current 
feature observed on the middle of the Chukchi shelf, where water from 
Central Channel turns eastward and flows toward Barrow Canyon. 
Finally we provide an estimate of volume transport in Central Channel 
and its relationship to an updated estimate of shelf-wide transport past 
Icy Cape. In doing so, the Icy Cape volume transport estimate is extended 
in time to nine years. Section 4 provides a discussion and summary of the 
results and conclusions. 

2. Data sources and methods 

2.1. Bathymetry 

The primary bathymetry data used throughout this paper are the 
Alaska Region Digital Elevation Model version 2.0 (ARDEMv2.0; Dan-
ielson et al., 2015). Other relevant bathymetric data sets are briefly 
discussed as necessary in the text. 

2.2. Atmospheric variables 

The European Centre for Medium-Range Weather Forecasts 
(ECMWF) ERA5 reanalysis (https://climate.copernicus.eu/climate-r 
eanalysis; Hersbach et al., 2020) is a recent update to the ERA-Interim 
reanalysis (Dee et al., 2011). The ERA5 model has numerous improve-
ments relative to ERA-Interim and includes hourly output at 31-km 
horizontal resolution. While there is no complete validation of ERA5 
in the Alaskan Arctic, Lindsay et al. (2014) found that ERA-Interim was 
among the top-performing models for a number of key parameters in the 
region. For 10-m winds, ERA-Interim had low biases (≤0.5 m s− 1) and 
the highest correlations (≥0.85) among seven different reanalysis 
models when compared to daily averaged wind records at drifting ice 
stations (Lindsay et al., 2014). Belmonte Rivas and Stoffelen (2019) 
document improvements of ERA5 wind relative to ERA-Interim on a 

Fig. 1. Geographic map of mooring locations in 2016–2019 (black dots) in the northern Bering Sea and the Chukchi Sea.  
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global scale, including a 20% improvement in root mean square wind 
speed agreement with scatterometer winds, and reductions in diver-
gence and curl biases. Given the model and resolution improvements of 
ERA5 relative to ERA-Interim, we expect model skill to be at least 
comparable with that of ERA-Interim in the Arctic. Note that a recent 
comparison of ERA5 10-m winds to those recorded at the Barrow At-
mospheric Baseline Observatory near Utqiaġvik, Alaska, between 2014 
and 2017 found high vector correlations (r = 0.94) with only a 4◦

clockwise rotation (Stabeno and McCabe, 2020). 
Given the reported favorable comparisons with observations we 

proceed using ERA5 wind. Data spanning 2010–2020 were downloaded 
and then linearly interpolated to desired locations or averaged over 
specific regions as discussed in the text. 

2.3. Moorings 

Velocity records from a number of moorings deployed on the 
Chukchi Sea continental shelf are presented. Moorings included Aan-
deraa single-point recording current meters (RCM; either RCM 9 or 
SeaGuard), and an upward looking 300 or 600 kHz acoustic Doppler 
current profiler (ADCP). Mooring bottom depths are listed in Table 1; 
current meter instrument depths were typically 5–6 m above the bottom. 
Other instruments were also deployed on these moorings (e.g., a Sea- 
Bird Electronics Microcat [SBE37] or SeaCat [SBE19], instruments 
measuring ice draft depth, fluorescence, nitrate, and oxygen), but those 
data are not presented in this paper. The reader is instead referred to 
Stabeno et al. (2020), and Mordy et al. (2020). 

All instruments were calibrated prior to deployment and data were 
processed according to manufacturers’ specifications. Current meter 
time series were low-pass filtered with a 35 h, cosine-squared, tapered 
Lanczos filter to remove tidal and higher-frequency variability, and then 
resampled at 6 h intervals. Final processed time series data are accurate 
to at least ±0.002 ◦C, ±0.0005 S/m and ±0.5 cm s− 1 (temperature, 
conductivity and currents, respectively). 

2.4. Satellite-tracked drifters 

From 2012 to 2020, the National Oceanographic and Atmospheric 
Administration’s Ecosystems and Fisheries-Oceanography Coordinated 
Investigations (NOAA EcoFOCI) Program deployed 47 satellite-tracked 
drifters in the Chukchi Sea or northern Bering Sea. Drifters were 
drogued at a depth of 25–35 m using a 10-m long “holey sock” drogue. 
Each drifter reported position and sea surface temperature (SST) via 
Argos ~14 times per day. Data were examined and spurious points were 
removed by inspection, as were data collected after drogues were lost (as 
indicated by a sensor), and after drifters grounded or entered into ice 
(determined from satellite maps of sea-ice extent). The resulting data 
were linearly interpolated to hourly intervals and low-pass filtered (25-h 
running mean). 

Lagrangian velocities were determined by centered differences of the 
hourly drifter positions. Spatially gridded mean velocities were also 
calculated following Stabeno and Reed (1994) and Stabeno et al. 
(2016b). In this analysis each 2-day period within a grid area was 
considered an independent estimate. Each rectangular grid cell was 1◦

latitude × 3◦ longitude. In addition, three rhomboids of a similar size 
abutted the slope (as in Stabeno and McCabe, 2020). 

3. Results and discussion 

3.1. Meteorology 

On average, winds over the eastern Chukchi Sea continental shelf 
blow southward or southwestward against the mean northward pro-
gression of ocean currents that deliver Pacific-origin water to the Arctic 
(Fig. 2). The 11-year mean vectors indicate that winds blow predomi-
nantly along the Alaskan coast. The annual average was dominated by 

winter winds; winds tend to weaken during the ice-free summer months 
and were northward in the northern Bering Sea and near Bering Strait 
during July. By September or October of any given year, mean winds 
begin to strengthen again, becoming strongly south-southwestward in 
December and January. 

Annually from 2010 to 2019, complex (vector) correlations of 10-m 
ERA5 winds illustrate that winds over a large portion of the Chukchi Sea 
shelf and even the western Beaufort Sea shelf were highly correlated 
(amplitudes >0.7) with only small directional differences (<5◦; Fig. 3). 
ERA5 wind correlation amplitudes were >0.5 over the entire Chukchi 
Sea, falling below that level only near Bering Strait and the Siberian 
mainland. These significant correlations are not too surprising given that 
atmospheric length scales are large, often hundreds of kilometers (e.g., 
Danielson et al., 2014). Bering Strait, the southern boundary of the 
Chukchi Sea, is situated ~500 km south of the central Chukchi Sea, near 
the limit of such scales. These findings are consistent with the analysis 

Table 1 
Mooring name, location and water depth are indicated in the first column. All 
sites had a 300 or 600 kHz ADCP except for C1 in 2016, at which the ADCP failed 
and data from a SeaGuard are used. The second column gives the deployment 
period. Near bottom measurements were used to calculate maximum speed from 
hourly velocities; net speed and principal axis calculated from the low-pass 
filtered data (35-hr Lancos).  

Mooring Dates Max Speed 
(cm s− 1) 

Net speed (Dir) 
(cm s− 1, ◦) 

Prin. Axis (% 
var) (◦, %) 

C1 (43 m) 9/15/2016–8/ 
9/2017 

60 10.1, 40 47, 87 

70.84◦N 8/9/2017–8/ 
14/2018 

90 9.2, 76 66, 88 

163.13◦W 8/14/2018–8/ 
18/2019 

68 8.7, 90 69, 91 

C2 (42 m) 9/14/2016–8/ 
8/2017 

48 8.0, 100 106, 66 

71.21◦N 8/8/2017–8/ 
13/2018 

75 7.3, 108 118, 62 

164.22◦W 8/13/2018–8/ 
14/2019 

53 6.7, 97 88, 71 

C3 (44 m) 9/14/2016–8/ 
20/2017 

42 5.9, 66 66, 65 

71.82◦N 8/20/2017–8/ 
12/2018 

52 7.2, 65 66, 65 

166.06◦W 8/12/2018–8/ 
13/2019 

47 5.6, 66 57, 67 

C4 (47 m) 9/7/2016–8/ 
15/2018 

80 14.2, 100 86, 88 

71.04◦N 8/12/2017–8/ 
15/2018 

119 9.3, 108 80, 91 

160.50◦W 8/15/2018–8/ 
19/2019 

101 11.5, 100 81, 91 

C5 (47 m) 9/7/2016–8/ 
12/2017 

98 14.3, 62 72, 92 

71.21◦N 8/12/2017–8/ 
16/2018 

103 9.3, 107 79, 91 

158.02◦W 8/16/2018–8/ 
20/2019 

132 12.6, 69 80,92 

C10 (47 
m) 

9/19/2016–8/ 
7/2017 

51 10.1, 20 26, 87 

70.22◦N 8/7/2017–8/ 
12/2018 

58 10.4, 16 30, 87 

167.79◦W 8/12/2018–8/ 
12/2019 

63 8.0, 33 34, 90 

C11 (46 
m) 

9/19/2016–8/ 
7/2017 

54 9.0, 40 47, 87 

70.02◦N 8/7/2017–8/ 
11/2018 

69 9.1, 62 63, 87 

166.85◦W 8/11/2018–8/ 
12/2019 

57 7.9, 38 38, 91 

C12 (60 
m) 

9/21/2016–8/ 
23/2017 

73 11.1, 337 325, 87 

67.91◦N 8/23/2017–8/ 
11/2018 

67 10.9, 334 327, 86 

168.19◦W 8/11/2018–8/ 
11/2019 

75 8.4, 336 327, 87  
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by Danielson et al. (2014) who showed that winds near Bering Strait 
were statistically different from winds over the central Chukchi Sea, and 
that for periods <4 days, winds over the central Chukchi shelf were 
incoherent with winds farther south over the central Bering Sea shelf 
(near 169◦W, 60.3◦N). 

Complex correlation magnitudes of ERA5 winds during only the 

winter months (December through March; DJFM) did not vary consid-
erably from those calculated annually (Figs. 3 and 4). Correlations 
calculated over summer, however, showed substantial differences, with 
the two most extreme cases illustrated in Fig. 4. This is also not sur-
prising since winds are typically weakest in summer. Summer 2018 
exhibited high correlation magnitudes (r > 0.7) over the largest spatial 

Fig. 2. (Left) 11-year mean ERA5 wind vectors (red) at select locations (black dots) in the northern Bering (M8, Fig. 1) and eastern Chukchi Seas. (right) Mean 
vectors for each month using the same 11-year data record. Wind vectors point in the direction the wind blows. 

Fig. 3. Yearly complex correlations of ERA5 wind vectors relative to a single point on the central Chukchi Sea shelf (black dot) from 2010 to 2019. Correlation 
amplitudes appear in panels (a–e), and (k–o); correlation phases appear in panels (f–j) and (p–t). 
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Fig. 4. Seasonal complex correlations of ERA5 wind 
vectors relative to a single point on the central Chukchi 
Sea shelf (black dot) for the two most spatially extreme 
summer cases during 2010–2019. Correlation ampli-
tudes appear in panels (a–b), and (e–f); correlation 
phases appear in panels (c–d) and (g–h). For compar-
ison, left-side panels correspond to correlations from 
the preceding December–March (DJFM); right-side 
panels correspond to quantities spanning June–Sep-
tember (JJAS). The small white dots mark the primary 
mooring sites considered herein.   
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extent. At that time, the entire Chukchi Sea and much of the Beaufort 
continental shelf had correlations >0.5. In contrast, summer 2019 had a 
much more restricted areal extent of high correlations, though all but 
one of the mooring sites discussed here (C12 southwest of Point Hope) 
were within the 0.5 correlation amplitude contour. ERA5 summer wind 
directions over much of the Chukchi shelf nevertheless remained within 
5◦, particularly in the region spanned by the mooring array. 

The high correlations of ERA5 winds spanning mooring sites on the 
Chukchi continental shelf suggest that winds evaluated at a single cen-
tral location should be reasonably representative of winds at the 
mooring sites considered herein as well as throughout much of the 
Chukchi Sea in general. 

3.2. Satellite-tracked drifters 

Drifter trajectories from the 47 drifters deployed during 2012–2020 
are shown in blue (Fig. 5a). Some of the drifters were deployed south of 
69◦N, but most of the drifters were deployed in Central Channel and in 
the vicinity of the moorings off Icy Cape. This resulted in the highest 
density of trajectories occurring over the eastern Chukchi shelf. Of the 
drifters deployed south of 69◦N, ~60% continued westward toward 
Herald Canyon, with the rest turning up Central Channel except for one 
(green, Fig. 5a). It turned southward and joined the Siberian Coastal 
Current, entering Bering Strait before it lost its drogue. Recall that the 
drogue depth on each drifter was 25–35 m, so the trajectories are 
representative of the flow patterns below the surface mixed layer. The 
flow patterns remain seasonally biased, however, since only trajectories 
from drifters in ice-free months (July–October) are used. 

To help elucidate flow strength and direction, mean Lagrangian ve-
locities (calculated in 1◦ latitude by 3◦ longitude boxes on the shelf and 
rhomboids along the slope) are included as vectors in Fig. 5a. The vec-
tors fall into two groups: red vectors represent velocities with at least 8 
independent estimates whereas black arrows correspond to averages 
with fewer than 8 estimates. Several patterns are evident in the trajec-
tories. Flow enters the Chukchi Sea through Bering Strait. Approxi-
mately half of drifters turn northward at Central Channel and the others 
continue westward toward Herald Canyon. This latter flow is slow (<5 
cm s− 1) and ice arrives before most of these drifters reach Herald 
Canyon. As stated earlier, approximately half of the drifters were 
advected northward, up Central Channel and turned eastward near the 
Icy Cape transect. Drifters did not enter onto Hanna nor Herald Shoals, 
since both shoals are shallow (<30 m). It is also clear that the strongest 
flows exist in Barrow Canyon. The Chukchi Slope Current appears as the 
strong, northwestward flow clearly evident along the slope (Stabeno and 
McCabe, 2020). 

The mean near-bottom currents measured at the moorings (Fig. 5b) 

show a flow pattern that is strikingly similar to that described by the 
drifter trajectories. The vectors derived from the current meters are not 
limited to the ice-free period, but represent year round flow. Once again, 
the strongest flow is in Barrow Canyon and the weakest is to the west 
and north of Hanna Shoal. Velocity observations from these moorings 
are discussed in further detail in the sections that follow. 

3.3. Moorings 

In total, the NOAA EcoFOCI Program has occupied 12 mooring sites 
on the Chukchi shelf and slope. Results from all moorings are presented, 
but with a focus on the three-year period (August 2016–August 2019) 
when eight moorings (Table 1; C1, C2, C3, C4, C5, C10, C11 and C12) 
were deployed and all successfully collected current velocity data. 

3.3.1. Velocity vertical structure 
Depth profiles of net current speed and direction at each of the 

mooring sites from mid-August 2018 through mid-August 2019 are 
shown in Fig. 6. The results from the other two deployment periods 
(2016–2017 and 2017–2018) were similar. Note that while the x-axis 
varies from site to site, the aspect ratios remain constant. Velocity at the 
northernmost moorings (C1–C5) appears similar, with the strongest flow 
near the bottom. This is likely a result of the southwestward winds that 
weaken (and at times, reverse) the near-surface flows. The southern 
group of moorings has slightly different patterns with stronger flow near 
the surface, likely because the wind does not oppose the currents. 
Rotation as a function of depth is relatively small (<25◦) and progresses 
clockwise with increasing depth as expected. The bottom flow is along 
the bathymetry (Fig. 5b). 

3.3.2. Velocity time series 
Annual velocity time series for each of the moorings and the winds 

over the central Chukchi Sea are illustrated in Figs. 7–9. The velocity 
time series are clearly well correlated from site to site (discussed below). 
The northernmost near-coast moorings at the head of Barrow Canyon 
(C4 and C5) exhibit the largest velocities, >10 cm s− 1 average over all 
deployments (Table 1). At times these flows can be exceedingly large. 
The largest mean daily flow (132 cm s− 1) was observed in summer of 
2019 at C5. Over the central Chukchi Sea, current strength decreases 
offshore as seen in the records from moorings C1, C2 and C3. Velocities 
measured at the two moorings in Central Channel (C10 and C11) are also 
highly correlated with each other (discussed below), and there is an 
overall good correspondence between the currents measured southwest 
of Point Hope (C12) and those at the other sites. Note that the principal 
axis of variation was generally in the same direction as the net direction 
at each of the sites. 

Fig. 5. (a) Blue lines indicate trajectories of individual drifters (drogue depth ~30 m). Red and black vectors indicate the mean Lagrangian velocity of the drifters in 
each 1◦ latitude x 3◦ longitude box. The red arrows are significant velocities, while the black arrows are not. (b) Mean near bottom velocity from the moorings. In 
both panels the black contour represents the coastline. Bathymetry is gray and gradation changes appear at the 50, 100, 200, and 1000 m depths. 
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The mean pattern of flow mapped out in Fig. 5 is clear. Water pro-
ceeds northward past Point Hope some of which continues northeast-
ward along the coast toward Barrow Canyon. Another branch proceeds 
north through Central Channel and eventually turns east to later 
converge with the coastal flow at Icy Cape. As described previously this 
northward progression of water is largely driven by the Pacific-Arctic 
pressure head difference (e.g., Woodgate et al., 2005b; Danielson 
et al., 2014). Considering Fig. 2, it is evident that this pressure gradient 
force typically overrides the influence of the mean wind. Nevertheless, 
many of the variations in the currents are clearly related to local winds 
(Figs. 7–9). Similarly, it is evident that the weakest northward 
along-shelf currents and southward reversals tend to follow periods of 
sustained southwestward winds. Strong northward currents usually 
follow strong northward wind events. 

3.3.3. Wind-current correlations 
Lagged complex correlations between ERA5 winds and observed 

near-bottom currents at each of the moorings deployed in 2016–2018 
are provided in Table 2. All correlations were significant (0.4 < r < 0.7; 
p < 0.1) with local winds leading currents by 7–17 h, in agreement with 
prior studies (e.g., Woodgate et al., 2005b; Stabeno et al., 2018). Cor-
relation angles were usually negative, meaning that the deepest 

measured currents were directed clockwise, or to the right, of the local 
wind vector. When correlation angles were positive, the values were 
often small (≤7◦). The exception to this was mooring C12, located 
southwest of Point Hope (Fig. 1). There, currents were directed ~40◦ to 
the left of local winds. This is likely due to the complex bathymetry at 
this location - currents appear to follow the nominal direction of the 
steep bathymetry past Point Hope, consistent with the trajectories of 
multiple drogued drifters that have transited the region (Fig. 3). The 
wind-current complex correlations at moorings C1–C5 are consistent 
with those reported by Stabeno et al. (2018) for NARR winds. That study 
found similar correlation amplitudes, directional differences, and lags as 
reported in Table 2 at those mooring locations from 2010 to 2015. 

3.3.4. Current-current correlations 
Zero-lag complex correlations among the mooring sites for near- 

bottom currents are presented in Table 3. Here too, results, similar to 
those reported by Stabeno et al. (2018), are evident (see their Fig. 2b), 
indicating that currents over the shelf are well correlated over large 
spatial scales (>300 km, Weingartner et al., 2005). In particular, lower 
water column currents at the three moorings closest to the coast (C1, C4, 
C5) were highly correlated (r ≥ 0.78; p < 0.01) in all three deployment 
years. Stabeno et al. (2018) also found correlations to be high among the 

Fig. 6. Annual mean vertical profiles of net speed (red) and direction (black) at each of the mooring sites on the Chukchi shelf for the 2018 deployments. To aid in 
comparisons, the aspect ratio is the same in each panel. Refer to Fig. 1 for the mooring locations. Directions are relative to true north (◦T). 
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three moorings spanning the transect off Icy Cape (C1, C2, C3), with 
typical values of ~0.82 between C1 and C2, and ~0.7 between C2 and 
C3. Our 2017 and 2018 deployments give similar results, but some of the 
records that began in 2016 are significantly (p < 0.01) lower (e.g., r =
0.54 for C1 and C2). The likely cause of this is that in 2016, the C1 ADCP 
failed. We used currents measured by an Aanderaa RCM that was posi-
tioned below the ADCP and thus a few meters closer to the bottom than 
the deepest ADCP bin. We expect this instrument and depth difference 
explains most of the 2016 discrepancy at C1. 

Results for three moorings sites (C10, C11, and C12), which were not 
previously occupied, also appear in Table 3. Notably, currents at C10 
and C11 were moderately correlated (0.50 ≤ r ≤ 0.80) with the currents 
at C1–C5, but had much higher correlations (0.87 ≤ r ≤ 0.92) with each 

other. These two moorings were deployed near the eastern and western 
edges of Central Channel in ~47 m of water, thus permitting an estimate 
of transport through the Central Channel (see section 3.5.2). Currents 
measured at C12, southwest of Point Hope, had the lowest correlation 
magnitudes with the other moorings (0.24 ≤ r ≤ 0.70). This is not too 
surprising since this mooring was sited reasonably far (>220 km) from 
the other moorings. Recall that wind correlation magnitudes between 
C12 and the mooring sites over the central Chukchi shelf were signifi-
cantly weaker (Figs. 3 and 4). Water depth is also greater at the C12 site 
than at the other mooring sites (60 m versus <50 m; Table 1). Although 
currents at this site were correlated with local winds (r > 0.6; Table 2), 
differences in the winds at C12 compared to winds over the central 
Chukchi shelf likely led to the reduction in correlation of the currents 

Fig. 7. (a) Daily ERA5 wind vectors for September 2016–August 2017. (b–i) Daily current vectors for September 2016–August 2017. Time series of daily currents 
correspond to mooring sites (b) C5, (c) C4 (d) C1, (e) C2, (f) C3, (g) C10, (h) C11, and (i) C12. Vectors are rotated to the indicated angle relative to true north (◦T). 

P.J. Stabeno and R.M. McCabe                                                                                                                                                                                                              



Deep-Sea Research Part II 207 (2023) 105243

9

(Tables 2 and 3). 

3.4. Re-examination of circulation pathways 

Having described the general patterns of wind and currents in the 
region as well as their statistical relationships, we now turn to a more 
detailed examination of flow pathways on the eastern Chukchi shelf. A 
targeted view of bathymetry and flow patterns near the Central Channel 
is illustrated in Fig. 10. The drifters were deployed in a number of 
different years and at different starting locations. Despite this, there is a 
marked and repeated eastward turning of drifters near 71.1 ◦N. In 
addition to the discussion presented by Stabeno et al. (2018), evidence 

of such a flow appears in other work. The first prior mention of such a 
flow is contained in Weingartner et al. (2005), who stated that the flow 
“bifurcates west of Hanna Shoal, with one branch continuing north-
eastward toward the slope and the other eastward along the southern 
flank of Hanna Shoal.” Pickart et al. (2016) also cited “evidence of an 
offshoot from the Central Channel pathway”. Pacini et al. (2019) pre-
sented hydrographic and velocity data collected south of the western 
part of Hanna Shoal (their Fig. 6b) that captured a bottom-intensified 
geostrophic current advecting dense water eastward out of Central 
Channel. An eastward flow near 71.1 ◦N also appears in the velocity 
compilations of Lin et al. (2019), in agreement with our drifter records. 
Their analysis indicates additional modulation of the shelf flows by the 

Fig. 8. Same as Fig. 7 except for August 2017–August 2018.  
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local wind field. 
To further investigate this we examined a number of different ba-

thymetry products including the ~400 m resolution SRTM15 + V2.1 
global elevation grid (Tozer et al., 2019), the ~200-m resolution In-
ternational Bathymetric Chart of the Arctic Ocean version 4.0 
(IBCAOv4.0; Jakobsson et al., 2020), the ~400-m resolution General 
Bathymetric Chart of the Oceans 2020 grid (GEBCO_2020; GEBCO 
Compilation Group 2020), as well as the ~1-km resolution ARDEMv2.0 
grid (Danielson et al., 2015). In this region, the SRTM15 + V2.1 grid 
appeared noisy and contained erroneous depths near shore, which was 
not surprising given that satellite-derived signals are lower quality in 
shallow water and over sandy bottoms such as on the Chukchi shelf 
(Tozer et al., 2019). The global GEBCO_2020 grid incorporates a large 

number of regional bathymetric products, including the IBCAOv4.0 
product. Over the eastern Chukchi Sea shelf, the IBCAOv4.0 grid con-
tains very few updates relative to its version 3 predecessor (Jakobsson 
et al., 2012, 2020). Notably the IBCAOv3.0 bathymetry is also part of the 
recent ARDEMv2.0 grid, but ARDEMv2.0 reportedly incorporates 
additional ship-based soundings and digitized historic nautical charts. 
Thus, ARDEMv2.0 and GEBCO_2020 currently contain the best publicly 
available bathymetry for the eastern Chukchi Sea. 

Selected bathymetry contours from the ARDEMv2.0 grid near the 
Central Channel are drawn in Fig. 10. A number of features stand out, 
including Central Channel and the deeper nearshore channel that con-
tinues northeast past the C1 mooring. Near 71.1 ◦N there is also a 
bathymetric depression that extends west from the C2 mooring to 

Fig. 9. Same as Fig. 7 except for August 2018–August 2019.  
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Central Channel. To the south of this depression near 70.8 ◦N, 164.5 ◦W, 
a fairly substantial shoal exists as marked by the 35-m depth contour. 
Both the depression and the shoal are reasonably large, with length 
scales >40 km. Interestingly, the drifters that turn east tend to do so near 
the bathymetric depression at 71.1 ◦N and move eastward north of the 
shoal. We note that similar bathymetric features also exist in the 
GEBCO_2020 grid, although since it and the ARDEMv2.0 grid both 
contain IBCAO bathymetry, they are not independent. 

The bathymetric relief in this region is admittedly small. Neverthe-
less, multiple drifters moving northeastward through Central Channel 
divert eastward near the two bathymetric depressions (toward C1 and 
C2). The remainder of the flow moving northwestward in Central 
Channel diverts northward along Hanna Shoal. It is clear from an ex-
amination of the drifter data here and in Stabeno et al. (2018) that, after 
branching eastward off Central Channel, the flow continues past C1 and 
C2 and onward toward the head of Barrow Canyon where it exits into the 
Beaufort Sea. 

3.5. Transport 

3.5.1. Icy Cape transport 
Data from the three moorings deployed off Icy Cape (C1, C2, and C3; 

Fig. 1) are used to form an estimate of volume transport along the 
Chukchi shelf. The calculation follows methods described previously 
(Schumacher et al., 1989; Stabeno et al., 1995, 2016a, 2018). Briefly, 
the component of velocity normal to the line spanning the three moor-
ings was first filled uniformly to the surface and bottom boundaries. 
Those velocity records were then multiplied by the cross-sectional areas 
defined by midpoints between moorings and designated shoreward and 
offshore limits. Each of the three resulting transport estimates was then 
summed to form an estimate of total transport along the eastern portion 
of the shelf. 

As discussed by Stabeno et al. (2018) there are a number of errors 
inherent in this calculation including: measurement errors; errors 
resulting from unsampled near-surface and bottom velocities; accuracy 
of the shelf-wide estimates constructed from only three mooring sites; 
and finally errors pertaining to lateral coverage beyond the 
three-mooring array. In the region spanned by the moorings, the 
Chukchi shelf is reasonably flat and velocities at the three mooring sites 
are highly correlated in the vertical (see Table 2 of Stabeno et al., 2018), 
providing confidence in the vertical extrapolation. Similarly, currents at 
the three sites are horizontally well correlated (Table 3; Stabeno et al., 
2018), suggesting that the mooring array captures a meaningful repre-
sentation of shelf-wide flows. Weingartner et al. (2005) arrived at a 
similar conclusion after analyzing data from their own Chukchi shelf 
moorings. We thus believe the largest source of error in the transport 
estimate lies in the unsampled regions just outside of the array, between 
C1 and the coast, and offshore of the C3 mooring. 

Following Stabeno et al. (2018) we chose the 40-m isobath as the 
shoreward boundary for our transport estimate. Support for this choice 
can be found in Pickart et al. (2016) and Lin et al. (2019). A cross-shelf 
CTD transect occupied near Icy Cape to the 25-m isobath in 2010 sug-
gested that the highest geostrophic velocities were associated with the 
coastal jet between the 35- and 45-m isobaths, or centered near ~40 m, 
and decreased inshore of the 35-m isobath (Pickart et al., 2016, their 
Figs. 7a and 9). Close to the coast, we expect bottom friction to dampen 
flows considerably, so this shoreward weakening of the along-shelf flow 
seems reasonable. A composite view of vertically averaged flow vectors 
throughout the eastern Chukchi also indicates that the largest velocities 
off Icy Cape are centered near the 40-m isobath (Lin et al., 2019) with 
weaker velocities nearer to the coast, in agreement with Pickart et al. 
(2016). Using the C1 velocity record as representative of shelf flows to 
the 40-m isobath therefore seems reasonable. We note that some portion 
of the remaining very nearshore region contains landfast ice for a sig-
nificant part of the year, which would further restrict transport. 
Nevertheless, if we assume the velocities at C1 extend throughout the 
quasi-triangular region bounded by the shore, then our transport esti-
mate would increase by an average of ~10%. Given the aforementioned 
velocity decrease shoreward of the 35-m isobath, landfast ice during 

Table 2 
Lagged complex (vector) correlations between the local ERA5 winds and local bottom currents at 8 moorings deployed in 2016–2018. Correlation amplitudes are 
denoted r. Positive/negative angles (◦) indicate that currents are rotated counterclockwise/clockwise from the wind, respectively. Positive lag (hrs) indicates that 
winds lead currents by the quantity shown.  

Mooring 2016 Deployment 2017 Deployment 2018 Deployment 

r ◦ lag (hr) r ◦ lag (hr) r ◦ lag (hr) 

C1 0.48 7 8 0.58 − 16 13 0.59 − 25 9 
C2 0.41 − 59 17 0.55 − 67 17 0.58 − 58 13 
C3 0.48 − 52 13 0.54 − 66 12 0.55 − 50 11 
C4 0.49 − 22 13 0.60 − 20 12 0.58 − 27 10 
C5 0.55 − 14 12 0.59 − 15 8 0.59 − 27 8 
C10 0.46 4 14 0.49 − 1 14 0.60 − 8 9 
C11 0.49 − 4 11 0.49 − 29 14 0.59 − 6 9 
C12 0.61 35 7 0.61 41 10 0.70 43 10  

Table 3 
Zero-lag vector correlations among the various bottom currents from moorings 
deployed in 2016 (top panel), 2017 (middle), and 2018 (bottom). Lower left 
section contains the correlation amplitudes, and the upper right contains the 
angle between the two vector time series. Positive/negative angle indicates that 
currents at sites in the left column are rotated counterclockwise/clockwise from 
currents at sites in other columns.  

2016 C1 C2 C3 C4 C5 C10 C11 C12 

C1  54 38 38 31 − 23 − 9 − 95 
C2 0.54  − 14 − 12 − 30 − 58 − 27 − 120 
C3 0.48 0.72  3 − 10 − 38 − 17 − 93 
C4 0.79 0.79 0.62  − 12 − 55 − 32 − 129 
C5 0.82 0.68 0.58 0.88  − 46 − 27 − 116 
C10 0.77 0.61 0.64 0.74 0.70  − 19 − 59 
C11 0.74 0.55 0.50 0.67 0.63 0.88  − 72 
C12 0.45 0.38 0.41 0.49 0.41 0.49 0.44   

2017 C1 C2 C3 C4 C5 C10 C11 C12 

C1  27 15 7 7 − 29 5 − 95 
C2 0.79  − 10 − 28 − 34 − 50 − 7 − 106 
C3 0.62 0.70  − 13 − 17 − 35 7 − 85 
C4 0.89 0.76 0.55  − 4 − 42 − 8 − 122 
C5 0.78 0.66 0.46 0.88  − 47 − 15 − 128 
C10 0.76 0.56 0.6 0.65 0.57  31 − 60 
C11 0.72 0.51 0.55 0.57 0.51 0.87  − 87 
C12 0.44 0.24 0.42 0.37 0.34 0.59 0.61   

2018 C1 C2 C3 C4 C5 C10 C11 C12 

C1  17 3 8 10 − 31 − 27 − 98 
C2 0.87  − 13 − 12 − 12 − 42 − 36 − 107 
C3 0.64 0.73  3 5 − 24 − 21 − 94 
C4 0.91 0.82 0.59  − 1 − 41 − 38 − 110 
C5 0.85 0.74 0.57 0.90  − 46 − 43 − 113 
C10 0.80 0.70 0.66 0.70 0.69  4 − 64 
C11 0.80 0.68 0.59 0.69 0.67 0.92  − 65 
C12 0.68 0.61 0.53 0.64 0.59 0.70 0.69   
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winter, and episodic nearshore wind-driven reversals (Fang et al., 2017; 
Pacini et al., 2019), we expect actual errors associated with unobserved 
nearshore flows to be less than ~10%. 

Stabeno et al. (2018) took the offshore limit for their transport es-
timate as half of the distance between the two outermost moorings (C2 
and C3), seaward of C3. That distance would place the outer influence of 
C3 just shoreward of the 50-m isobath. As with the unobserved near-
shore flows, at least some observational evidence exists to help inform 
this choice. A cross-slope section east of Herald Canyon suggests that 
eastward flow remains over the shelf, confined largely shoreward of the 
~60-m isobath (Fig. 6 of Pickart et al., 2010). A nearby absolute 
geostrophic velocity transect indicates that the zero velocity contour 
occurs at roughly the 50–55 m isobath (Fig. 7b of Pickart et al., 2016), 

and this appears to agree with the shipboard ADCP depth-averaged 
velocities of Pacini et al. (2019). Thus, the available observational evi-
dence suggests that northeastward flows at C3 are likely representative 
of conditions out to the 50-m isobath, and possibly even to the 55-m 
isobath. Until additional time series records are obtained seaward of 
the C3 mooring, the choice of the 50-m isobath appears to be a 
reasonable offshore bound for the transport estimate. 

Using the argument above, C1 is representative of the area between 
the 40-m isobath and half the distance to the C2 mooring, or 60 km. 
Similarly, C2 spans 73 km (half the distance to C1 plus half the distance 
to C3). Finally, C3 spans 92 km (half the distance to C2 plus the distance 
to the 50-m isobath). 

The temporal evolution of monthly averaged transport past the Icy 

Fig. 10. Zoomed view of bathymetry near Central Channel. The 35, 40, 42, and 45 m contours are colored; labels are shown in panel (a). Land is shaded dark gray 
and depths >42 m are shaded light gray. Black dots represent locations of the Central Channel (leftmost two; C10, C11) and Icy Cape (rightmost three; C1, C2, C3) 
moorings. Mean near-bottom flow vectors from the moorings are drawn red in (a), and select drifter tracks are drawn red in the remaining three panels, (b)–(d). 
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Cape section is illustrated in Fig. 11. We calculate both the monthly 
mean transport using C1, C2 and C3 (T1,2,3) and also the transport 
through just C1 and C2 (T1,2). Not surprising, the time series are highly 
correlated and T1,2 is ~60% of T1,2,3. Two features are prominent: first, a 
seasonal cycle is clearly evident through February 2016, but is absent in 
later years; and second, the transport appears to increase over the 9 year 
period by ~0.03 Sv per year (Fig. 11a), though the linear trend is not 
significant at the 95% level. Interestingly, this trend compares well to 
the upper range estimated for the Bering Strait transport by Woodgate 
(2018). Note that the difference in transport between T1,2,3 and T1,2 is 
largest during warm months and weakest during winter months 
(Fig. 11c). 

T1,2,3 typically varies from 0 to 1 Sv, though monthly mean values as 
low as − 0.5 Sv and as high as 1.7 Sv were recorded. The nine-year 
average Icy Cape transport is 0.43 Sv, or ~40% of flow through 
Bering Strait. Highest transports are in the spring/summer months and 
lowest values occur in fall/winter, as dictated by seasonal changes in 
winds (Stabeno et al., 2018). A more detailed illustration of the monthly 
values is provided in Fig. 12. The mean monthly average (2010–2019) 
shows a distinct temporal pattern (Fig. 12a). The variability (standard 
deviation of the monthly means) from October through March is large, 
ranging from 0.4 to 0.6 Sv, while in spring and summer it is on average 
much smaller (Fig. 12a). The highest mean transport is in July. The 
variability in transport is evident in Fig. 12b, with more negative (blue) 
transports in early years during fall/winter and fewer in the later years. 

3.5.2. Central Channel transport 
An estimate of transport through Central Channel was made 

following the same approach outlined above for Icy Cape, applied to the 
C10 and C11 moorings (Fig. 1). Initially, the outer limits of the cross- 
sectional area were taken as the 45-m isobath on each side of the 
mooring pair, instead of extending the section by the half-distance be-
tween the C10 and C11 moorings. This choice better constrains the 
transport to that actually flowing down Central Channel. A closer ex-
amination of the drogued drifter tracks (Fig. 4), however, suggested a 
wider width was likely appropriate since drifters outside of the 45-m 

isobath limits continued transiting down Central Channel. To be com-
parable to the Icy Cape transports which were bounded by 40-m isobath, 
we used ~40-m isobath for this calculation also. 

The resulting annual average of transport through the Central 
Channel section occupied by the C10 and C11 moorings varied from 
0.46 to 0.55 Sv (Table 4), which was slightly less than transport at Icy 
Cape each year. In addition, the transport through Central Channel was 
highly correlated with the transport at Icy Cape, with correlation co-
efficients r2 > 0.88 (Table 4). Even though there is good agreement 
between depth-averaged velocity records at the individual mooring sites 
(Table 3) and broad spatial coherence of the wind field (Fig. 4), the high 
transport correlations and similar magnitudes (Table 4; Fig. 13) remain 
surprising. Considering the high transport correlations and similar 
magnitudes between Icy Cape and Central Channel (Fig. 13), along with 
evidence of an eastward turning of the Central Channel flow between 71 
and 72 ◦N from the drogued drifter tracks (Fig. 5), suggests that much of 
the Central Channel flow passing the C10 and C11 moorings actually 
turns to flow past the Icy Cape transect before exiting the shelf via 
Barrow Canyon. 

4. Summary and conclusions 

Updated velocity records from previously occupied sites on the 
northeast Chukchi continental shelf and new records from previously 
unoccupied sites confirm that shelf flows are highly correlated in space 
and vertically throughout the interior water column. Comparisons with 
winds from a recent atmospheric reanalysis product (ERA5) similarly 
confirm high wind-current correlations with variations in winds leading 
current variability by 7–17 h. 

The moored current meter records agree well with patterns of flow 
delineated from satellite-tracked drifters. The eastern branch of Pacific- 
origin water generally flows north from Bering Strait passing Point 
Hope. The two historical branches of an enhanced flow near the coast 
and a separate flow that continues north through Central Channel each 
appear in the mooring and drifter data sets. Drogued drifter data also 
indicate the presence of a persistent flow out of Central Channel, turning 

Fig. 11. Monthly mean transport at Icy Cape (a) calculated from C1, C2 and C3, and (b) from just C1 and C2, excluding C3. (c) Comparison of transports shown in (a) 
and (b). 
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east near 71.1 ◦N, that continues past Icy Cape and then out Barrow 
Canyon. The transport through Central Channel was highly correlated 
with transport past Icy Cape and was similar in magnitude. This lends 
additional support that a significant portion of the flow in Central 
Channel travels eastward via seafloor depressions and joins the Alaskan 
Coastal Current. 

At present it remains unclear just how accurate the bathymetry is in 
this region and whether or not the seafloor depression and unnamed 
shoal actually exist. It is possible that the features are simply artifacts of 
erroneous data. The evidence provided by the drifter motions suggest 
that the features are, in fact, real. In any case, it is clear that a dedicated 
field-based examination of both the bathymetry and the circulation in 
the region is sorely needed. 

The additional velocity records presented here allowed for an 
extension in time of the shelf-wide volume transport past Icy Cape to 
nine years. With the chosen bounds shoreward of the C1 mooring and 

seaward of the C3 mooring, the transport at Icy Cape accounts for ~40% 
of northward transport through Bering Strait similar to that reported in 
Stabeno et al. (2018). A seasonal cycle is also evident in the volume 
transport record with highest, least variable transports occurring in the 
summer months when winds are weakest, and lowest, and highly vari-
able, transports occurring in fall/winter months when opposing winds 
are strongest. Aside from the seasonal variability, a positive, although 
not significant, linear trend of ~0.03 Sv per year exists over the entire 
9-year record. Since the Pacific-origin water that flows north over the 
Chukchi shelf in route to the Arctic Basin carries a substantial amount of 
heat, freshwater, and nutrients, continued monitoring of this shelf sys-
tem will help us to better understand ongoing changes. 
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Table 4 
Statistics for the transport calculated in Central Channel (using time series C11 
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Icy Cape Mean ±
std 

Central Channel Mean ±
std 
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2017–2018 0.59 ± 0.94 0.53 ± 0.73 0.83 
2018–2019 0.52 ± 0.95 0.48 ± 0.76 0.87  
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A B S T R A C T   

Spatial and temporal patterns of primary productivity in the Arctic are expected to change with warming- 
associated changes in ice cover and stratification, yet productivity measurements are historically spatially and 
temporally limited. Over the last two decades, an approach that uses measurement of dissolved oxygen/argon 
ratios (O2/Ar) from a vessel’s underway seawater system has emerged as an established method to assess net 
community production (NCP) rates with high spatial and/or temporal resolution. More recently, the measure-
ment of oxygen/nitrogen ratios (O2/N2) with a gas tension device (GTD) and optode have been piloted in un-
derway settings to provide comparable NCP estimates. The GTD/optode approach has several advantages: 
instrumentation is small, inexpensive, and suitable for autonomous deployments; however, dissimilarity in 
solubility between O2 and N2 makes this tracer pair less accurate than O2/Ar. We conducted a side-by-side ship- 
based comparison of a GTD/optode and Equilibrator Inlet Mass Spectrometer (EIMS) in the Pacific Arctic during 
one of the North Pacific Research Board Integrated Ecosystem Research Program cruises in 2019. NCP from O2/ 
Ar and O2/N2 approaches were coherent throughout this cruise, with median mixed layer integrated NCP of 9.3 
± 2.8 and 7.9 ± 3.2 mmol O2 m− 2 day− 1, respectively. The range of NCP was large, from less than zero to >100 
mmol O2 m− 2 day− 1, with some of the largest NCP estimates measured at well-established hotspots in the Pacific 
Arctic. While O2/Ar and O2/N2 largely tracked each other, deviations were observed, principally in the Bering 
Sea where wind-induced bubbles were a primary driver, while a combination of temperature and wind drove 
differences over the majority of the cruise. The GTD/optode can be used to enhance spatial and temporal 
coverage of NCP measurements, yet the uncertainty makes this approach better-suited to regions with higher 
overall rates of NCP, while regions near-equilibrium may result in unacceptably high uncertainty. Additionally, 
the GTD/optode is reliant on well-calibrated oxygen observations, a potential challenge if autonomously 
deployed.   

1. Introduction 

The Arctic Ocean is changing at an unprecedented rate: the thirteen 
lowest minimum sea ice extents in the satellite record have all occurred 
between 2007 and 2020, while the trend in September sea ice extent has 
been declining by 13.3% per decade over the period 1979–2014, relative 
to the mean September sea ice extent from 1981 to 2010 (Serreze and 
Stroeve 2015; Stroeve and Meier 2018; Andersen et al., 2020). In some 
of the most impacted regions of the Arctic Ocean, including the Chukchi 
and western Beaufort seas, the ice season duration has been declining by 
an average of 2.8 days per year from 1979/1980 to 2010/2011 

(Stammerjohn et al., 2012). This rapid decline in sea ice impacts the 
physical environment in many ways: increased exchange of heat and 
gases (CO2) across the air-sea boundary (Anderson and Kaltin 2001; 
Carmack et al., 2015; Danielson et al., 2020; DeGrandpre et al., 2020), 
enhanced wind fetch across open water that results in greater waves 
(Thomson and Rogers 2014), and greater stratification from low-salinity 
meltwater (Toole et al., 2010). Stronger stratification limits vertical 
mixing, which in turn limits surface nutrient supply, a fundamental 
requirement for photosynthesis (Semiletov et al., 2004; Carmack and 
Wassmann 2006; Song et al., 2021). 

The impact of these physical changes on primary productivity is 
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uncertain, with hypotheses for both increasing and decreasing produc-
tion based on nutrient and light availability. Remote sensing studies 
have indicated an increase in primary production, driven by sea ice loss 
and reduction in light limitation (Arrigo et al., 2008; Tremblay et al., 
2011; Arrigo and van Dijken 2015), although these studies acknowledge 
a requirement for increased nutrient flux to maintain production. This 
influx of nutrients could be sustained by increased supply by circulation 
from adjacent subpolar seas to the Arctic through “inflow” shelves 
(Carmack and Wassmann 2006) which are situated at Arctic gateways. 
The Chukchi Sea is one such inflow shelf where nutrient-rich Pacif-
ic-origin water from the Bering Sea shoals through Bering Strait onto the 
Chukchi shelf. Due to this influx, inflow shelves like the Chukchi are 
expected to be most impacted by physical changes that enhance nutrient 
supply from neighboring seas (Tremblay and Gagnon 2009; Tremblay 
et al., 2015; Lewis et al., 2020). Alternatively, potential increases in 
cloud cover are expected to decrease production (Bélanger et al., 2013), 
while increased delivery of freshwater and dissolved constituents from 
terrestrial snow, ice, and permafrost melt via Arctic rivers will impact 
nutrients, stratification, and organic matter in coastal regions with 
variable results (Carmack and Wassmann 2006). Overall, a melting 
Arctic Ocean will alter surface light and nutrient availability on a sea-
sonal basis, effectively controlling phytoplankton growth, and thus 
carbon and energy cycling in Arctic marine food webs (Grebmeier et al., 
2006; Harada 2016). These shifts are best understood through a multi-
disciplinary approach, as with the North Pacific Research Board Arctic 
Integrated Ecosystem Research Program (https://www.nprb.org/arcti 
c-program; Baker et al., 2020, 2022, this issue). 

While remote sensing approaches are one of the best tools for 
providing spatially and temporally resolved estimates of marine primary 
productivity, passive measurements (e.g., ocean color) are often limited 
in some seasons and regions of the Arctic due to cloud cover, especially 
during the late ice-free season (August–October) when physical system 
changes exhibit strong trends. Additionally, satellite-based estimates of 
net community productivity (NCP) are not yet widely available in the 
Pacific Arctic region. An important productivity metric, NCP is defined 
as the total community photosynthesis less both algal and heterotrophic 
respiration, and is considered to be an estimate of the maximum organic 
carbon available to be exported out of the surface ocean, with implica-
tions for the ecosystem, fisheries, carbon budgets, and climate modeling 
(Wassmann and Reigstad 2011). Since biological production in shallow, 
marginal seas like the Chukchi can be dynamic, with patchy and 
short-lived phytoplankton blooms (Juranek et al., 2019), higher reso-
lution methods are needed to capture sporadic and spatially-variable 
processes in the field and to understand potential drivers of these 
patterns. 

In the last two decades, a number of studies have shown the utility of 
high-resolution observations of surface ocean dissolved oxygen/argon 
(O2/Ar) gas ratios to constrain NCP at spatial and or temporal scales that 
are not accessible with traditional incubation methods (e.g., Hamme 
et al., 2012; Eveleth et al., 2017; Juranek et al., 2019). High-resolution 
O2/Ar can be obtained continuously in surface seawater using an 
equilibrated inlet mass spectrometer (EIMS) (Cassar et al., 2009). Since 
Ar is an inert gas that is not affected by biology but behaves similarly to 
O2 with respect to physical forcing, it can be used to isolate the bio-
logical effects driving O2 (Benson and Krause 1984; Craig and Hayward 
1987). The ratio of biologically and physically controlled O2 to physi-
cally controlled Ar therefore can be used to provide an estimate of net 
biological oxygen production (Kaiser et al., 2005). The O2/Ar ratio is 
insensitive to changes due to warming, cooling, and wind-driven bubble 
exchange and injection due to the similarity in physical properties be-
tween oxygen and argon. When O2/Ar measurements are combined with 
a mass-balance budget for the surface ocean, spatially resolved estimates 
of NCP can be produced (e.g., Stanley et al., 2010; Hamme et al., 2012; 
Eveleth et al., 2017; Teeter et al., 2018). 

Another related, but less frequently used approach for obtaining NCP 
is to use observations of the O2/N2 ratio in seawater. Similar to the case 

with O2/Ar, N2 is used to track abiotic forcing. However, while O2 and 
Ar are an ideal tracer pair due to the similar solubility of these gases, the 
solubility of N2 is less similar to O2, and is impacted differently by both 
physical forcing (i.e., warming, cooling, and bubbles) (Hamme et al., 
2019) and, at times, biological influences (i.e., nitrogen fixation and 
denitrification). 

O2/N2 measurements were previously described by Emerson et al. 
(2002), who used observations from a mooring in the subtropical North 
Pacific to estimate net biological oxygen production. The approach in-
volves measuring total gas pressure as well as pO2 in seawater with a gas 
tension device (GTD) and O2 sensor, respectively, with assumptions 
about less prevalent gases to estimate the amount of dissolved N2. 
Because of the reliance on O2 to calculate N2, the approach requires 
accurate dissolved O2 concentrations (Emerson et al., 2002). 

GTD measurements were first tested on moorings (McNeil et al., 
1995) and have since been broadly applied (Emerson et al., 2002, 2008, 
2019; Weeding and Trull 2014; Trull et al., 2019), while continuous 
shipboard GTD measurements have also been made to estimate 
O2/N2-based net biological oxygen production (McNeil et al., 2005). 
Recently, Izett and Tortell (2020) introduced a GTD and optode 
configuration (Pressure of In Situ Gases Instrument, or PIGI) for 
deployment on underway systems, with initial data collection in the 
northeast Pacific and Canadian Arctic oceans. 

While O2/N2-based net biological oxygen estimates are subject to 
greater biases and uncertainties due to the dissimilarities in physical 
forcing of O2 and N2, there are also key advantages to the approach. The 
GTD/optode system is small, submersible, and low-cost, with potential 
for autonomous use, whereas the EIMS involves a more expensive, ship- 
based mass spectrometer that requires supervision. 

Here, we compare underway O2/N2 measured by GTD/optode to the 
more established O2/Ar method measured by EIMS (Stanley et al., 2010; 
Hamme et al., 2012; Lockwood et al., 2012; Eveleth et al., 2014) to (1) 
Compare O2/N2 to O2/Ar; (2) estimate the uncertainties of each method; 
3) quantify the spatial variability in NCP; 4) evaluate physical drivers of 
NCP in this region of the Pacific Arctic. 

1.1. Basis of O2/Ar and O2/N2 approach 

Biological O2 production can be stoichiometrically related to the net 
inventory of organic carbon produced through the balance of commu-
nity photosynthesis and respiration, i.e.: CO2 + H2O ←→ organic matter 
+ O2. As is evident from this expression, net biological oxygen increases 
(decreases) due to photosynthesis (respiration) in a given parcel of 
water. However, background concentrations of O2 in surface seawater 
are set by temperature- and salinity-controlled solubility (Garcia and 
Gordon, 1992). Therefore, deviations from solubility equilibrium, 
identified by the dissolved gas saturation anomaly of oxygen in the 
surface ocean:  

ΔO2 (%) = 100*([O2]meas/[O2]sat – 1)                                                 (1) 

where [O2]meas is the measured oxygen concentration and [O2]sat is the 
equilibrium oxygen solubility, are due to a combination of recent bio-
logical and physical forcing. For example, a recent water column 
warming of 3◦C (e.g., from 10◦C to 13◦C, S = 32) without sufficient time 
for re-equilibration with the atmosphere would increase ΔO2 by 6.57% 
due to the decrease in solubility of O2 ([O2]sat) with increasing tem-
perature. A positive gas saturation anomaly could also be driven by a 
source of O2 (i.e., photosynthesis), which increases [O2]meas. Without an 
additional tracer gas, it is difficult to identify when positive ΔO2 are 
driven by biological production or a combination of physical factors. By 
simultaneously measuring an abiotic gas such as Ar or N2 as a tracer of 
physical saturation changes, the physical and biological components of 
the ΔO2 signal can be parsed out. Ar has been widely used as an abiotic 
tracer alongside O2 because it is inert and is physically similar to oxygen 
(Craig and Hayward 1987). Although N2 has biological sources and 

H. Cynar et al.                                                                                                                                                                                                                                  

https://www.nprb.org/arctic-program
https://www.nprb.org/arctic-program


Deep-Sea Research Part II 206 (2022) 105214

3

sinks, the effect of these processes are undetectable given the large N2 
background in surface measurements, making N2 an effective tracer of 
physical processes (Emerson et al., 2002). With Ar and N2 serving as 
proxies for physical gas saturation, the normalization of ΔO2 relative to 
either gas yields a tracer of the net biological oxygen saturation (Kaiser 
et al., 2005). 

The physical differences between N2 and O2 are significantly greater 
than those between Ar and O2, so physical forcing (for example, 
warming or cooling of water masses) is expected to drive slightly 
different responses in O2 and N2, and hence the O2/N2 ratio will not be a 
perfect tracer of net biological O2 production. Since N2 makes up 78% of 
the atmosphere (Glueckauf 1951) yet is less soluble in seawater than 
either O2 or Ar, the effect of bubble injection increases N2 saturation 
significantly more than O2 or Ar. The effect of temperature change on 
N2, in contrast, is smaller than that of O2 and Ar, which also biases the 
ratio when temperature change is observed. 

To account for the physical biases of N2, Izett et al. (2021) introduced 
a calculated value, N2’, which more closely approximates a physical 
analogue of oxygen, improving upon the approximation of net biological 
oxygen production based on O2/N2 in some regions. We explored the 
utility of this N2’ approach in our study region by comparing O2/N2 and 
O2/N2’ with O2/Ar observations. 

2. Methods 

In this study, EIMS- and GTD-based estimates of NCP were obtained 
for a side-by-side comparison on leg 1 of the OS1901 cruise (August 1 to 
August 24, 2019), part of the North Pacific Research Board’s Arctic In-
tegrated Ecosystem Research Program (Baker et al., 2020, 2022) in the 
Chukchi and Beaufort Seas, on R/V Ocean Starr. Leg 1 of the cruise 
embarked from Dutch Harbor, AK and ended in Nome, AK. 

2.1. Dissolved O2 measurements 

An Aanderaa optode (4330 F) was placed in-line with the GTD in the 
flowthrough seawater system, which had a nominal intake depth of 3.5 
m. The optode was calibrated from discrete samples that were collected 
periodically throughout the cruise (n = 26), and analyzed using the 
Winkler method (Carpenter 1965). Upon inspection, 5 of these samples 
were determined to be outliers (offset >2 σ from mean or were analyzed 
in a batch of samples that were subject to analysis error); these outliers 
were excluded from further analysis. Oxygen gain (Winkler O2/optode 
O2) was determined with respect to time, temperature, and oxygen 
concentration, where the best fit linear model of the difference in gain 
correction as a function of time (R2 = 0.58) was applied to the data 
(Fig. S1, Supplemental Information). This time-based gain correction 
ranged from 1.034 to 1.051 and is described in the Supplemental 
Information. 

2.2. EIMS-O2/Ar 

An EIMS, which consists of a quadrupole mass spectrometer (Pfeiffer 
PrismaPlus QMG 220) coupled to a system for separation of dissolved 
gases from seawater, was configured similarly to that described by 
Cassar et al. (2009). O2/Ar ratios were continuously measured on sur-
face seawater by the EIMS, where seawater passed through a 40 mesh 
(0.42 mm) coarse screen into an overflowing cylinder in a sipper system. 
Seawater near the inflow of this cylinder was pumped through 100 μm 
and 5 μm filters and then passed through a contactor membrane (3 M 
Liqui-cel MicroModule 0.75 × 1, model G569) with large surface area in 
which dissolved gases equilibrated. The headspace of gas in this con-
tactor membrane was sampled by a fused silica capillary (2 m × 0.05 
mm ID) connected to the quadrupole mass spectrometer. A changeover 
valve allowed outside air to be admitted for 30 min every 3 h. The O2/Ar 
in ambient air is considered to be constant, so consistent air measure-
ments throughout the cruise allows for calibration of the seawater O2/Ar 

signal to air O2/Ar to account for potential drift in EIMS measurements 
over time. 

The EIMS O2/Ar ratios were time-averaged into 2.5-min intervals to 
yield measurements with average spatial resolution of ca. 0.6 km along 
the ship transit. EIMS-based O2/Ar measurements are slightly lagged 
relative to faster response O2 optode data due to equilibration and 
capillary transport time. Using a cross-correlation analysis, an EIMS-to- 
optode lag of 8.5 min was identified, and the EIMS time axis was shifted 
accordingly to align with the faster response optode data. Bottle samples 
were collected from the underway seawater stream twice a day and 
analyzed via a shore-based Thermo 253 Isotope Ratio Mass Spectrom-
eter (IRMS) as in Juranek et al. (2012). Bottle samples were used as a 
secondary, external accuracy check on air corrected EIMS O2/Ar. Out-
liers in the bottle calibrations (offset >3 σ from mean difference) were 
observed in frontal regions of rapid O2/Ar ratio change, and were 
excluded from comparison because small differences in sampling 
response time allowed for large offsets between EIMS and bottle O2/Ar 
that were inconsistent with the majority of the data. Bottle and EIMS 
O2/Ar data were used with paired temperature and salinity to calculate 
the O2/Ar saturation anomaly (ΔO2/Ar) as follows:  

ΔO2/Ar = 100*[ (O2/Ar)meas/(O2/Ar)sat-1],                                          (2) 

where (O2/Ar)sat refers to the ratio of gases at saturation in seawater and 
O2 and Ar solubilities are calculated according to Garcia and Gordon 
(1992) and Hamme and Emerson (2004), respectively. We observed a 
consistent, stable offset between EIMS and bottle sample ΔO2/Ar of 
− 1.33% (n = 34, s. e.m. = 0.1%). The discrete bottle sampling occurred 
at the same sink where the EIMS sipper system was sampling from, such 
that no difference in warming or potential respiration in the lines 
(Juranek and Quay 2010) is expected to have led to this difference. A 5% 
difference in the EIMS total pressure between air and equilibrator 
measurements was attributed to slight differences in PEEK tubing 
length; because the gas ratio measurements are affected by total gas 
pressure in the quadrupole mass spectrometer this difference likely 
contributed to the offset correction required for ΔO2/Ar on this cruise. 
We adjusted all EIMS data to correct for this offset. See metadata 
description accompanying archived data at arcticdata. io (https://doi. 
org/10.18739/A2319S41N) for further details. 

2.3. GTD-O2/N2 

The Pro-Oceanus miniTDGP (referred to as GTD) was installed on the 
flowthrough seawater system to measure total dissolved gas pressure of 
surface seawater throughout the cruise. This device measures the total 
dissolved gas pressure across a permeable membrane twice per second. 
The flow rate of seawater entering the GTD was about 1.2 L min− 1, 
which yielded measurements with a faster response time than the EIMS. 
The underway seawater was split between the sensor wall (where the 
TDGP was located) and the EIMS tap, which had a split valve for discrete 
sampling. Since this TDGP configuration was set up directly in line with 
the underway seawater (in contrast to the EIMS with a sipper), these 
measurements were subject to greater noise at times due to bubbles in 
the seawater line, despite being adjacent to the EIMS seawater sampling 
location. 

The GTD measures total dissolved gas pressure in seawater (Pw
GTD) 

expressed as in Eq. (3),  

Pw
GTD = Pw

N2 + Pw
O2 + Pw

H20 + Pw
Ar + Pw

CO2                                            (3) 

where Pw
x refers to the partial pressure of dissolved N2, O2, water vapor, 

Ar, and CO2 in seawater, respectively. This expression excludes gases 
with partial pressures less than 20 μatm, which Emerson et al. (2002) 
showed was a reasonable assumption. Pw

Ar, Pw
CO2, and Pw

H2O are assumed 
to be at equilibrium with the atmosphere, an assumption that is likely 
inaccurate, yet expected deviations in these gas concentrations will not 
strongly affect the calculation due to the small contribution of each of 
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these gases to total dissolved gas pressure. Alternately, the saturation of 
Ar can be assumed to be equal to N2 in the calculation based on roughly 
similar saturations from physical forcing (McNeil et al., 2005). In this 
study, we assume Pw

Ar to be in equilibrium with the atmosphere, but we 
investigate the impact of these assumptions in Section 3.2. The dry air 
mole fraction of CO2 in the atmosphere was used in this calculation, 
where the monthly average pCO2 in August 2019 at the Point Barrow, 
AK climate monitoring station was 400 ppm (NOAA CMDL, Table 1). 
The partial pressure of CO2 and Ar were calculated based on the mole 
fraction of each gas in the atmosphere with the relationship in Eq. (4):  

Pa
i = Xi*(Pa -Pa

H20)                                                                           (4) 

where Pa
i is the partial pressure of gas (i = CO2 or Ar), Xi is the fraction of 

gas in a dry atmosphere (XAr = 0.00934; XCO2 = 0.000400), Pa is the 
atmospheric mean sea level pressure (in mbar) from NARR reanalysis 
products (Table 1) and Pa

H2O is the partial pressure of water vapor in the 
atmosphere (Glueckauf 1951). Pw

H2O is assumed to be at saturation in the 
GTD headspace and is calculated with the formula of Weiss and Price 
(1980), as in Eq. (5).  

Pw
H20 = 1013.25*exp(24.4543–67.4509*(100/Tabs) - 4.8489*log(Tabs/100) - 

5.44E-4*S)                                                                                     (5) 

The equilibrium saturation concentration of oxygen at each location, 
[O2]sat, was determined based on the equations of Garcia and Gordon 
(1992). The partial pressure of dissolved oxygen, Pw

O2, was calculated 
from oxygen concentration ([O2], μmol L− 1) using an adaptation of 
Equation E from Bittig et al. (2018), 

Pw
O2 = [O2] ∗

XO2 ∗
(
1013.25–Pa

H2O

)

Tcorr∗Scorr
; (6)  

where the 1013.25 term is for standard atmospheric pressure (mbar), 
Pa

H2O is the partial pressure of water vapor in the atmosphere (in mbar, 
assumed to be at saturation) and XO2 is the mole fraction of O2 in a dry 
atmosphere (0.20946, Glueckauf 1951). Tcorr and Scorr are the temper-
ature and salinity correction factors (Benson and Krause 1984; Garcia 
and Gordon 1992). The original equation contains an exponential term 

to account for water pressure, which was omitted here due to the hy-
drostatic pressure of zero, cancelling this term out. 

Pw
N2 can then be calculated as in Emerson et al., (2002):  

Pw
N2 = Pw

GTD – (Pa–Pa
H20)*(XAr + XCO2) – Pw

H20 – Pw
O2;                           (7) 

where Pa is the atmospheric mean sea level pressure from NARR rean-
alysis products (Table 1). The Pw

GTD data were time-shifted to account for 
a 1-min GTD-to-optode lag (determined via a cross-correlation analysis 
of the entire dataset, see metadata description accompanying archived 
data for further details; https://doi.org/10.18739/A2Z892G7H) relative 
to the faster response Aanderaa optode data, a response time that is 
within the range of comparable systems (Izett and Tortell 2020). The 
flow was manually maintained at 1.2 L min− 1 and flow rate was not 
recorded. Slight variations in flow may have caused slight variations in 
the response time but these are not likely to influence our interpretation 
of the data. From Pw

N2 and Pw
O2 as calculated post-Pw

GTD lag correction, 
measured O2/N2 ratios were determined. 

We report O2/N2 here in terms of a saturation anomaly ratio com-
parable to Eq. (2):  

ΔO2/N2 (%) = 100*[ (O2/N2)meas/(O2/N2)sat − 1]                                   (8) 

where (O2/N2)sat refers to the ratio of gases at saturation in equilibrium 
with the GTD headspace as calculated by Eqs. (6) and (7). The gas sol-
ubilities are calculated from Garcia and Gordon (1992) and Hamme and 
Emerson (2004). After calculating the O2/N2 ratio, a median residual 
filter was applied to remove outliers and noise due to in-line bubbles. A 
moving median was calculated based on a 12-min window, with re-
siduals outside of 2.4 standard deviations from the mean flagged as 
outliers. These outliers were removed from the data, where this 
threshold was determined to exclude less than 5% of the data. This 
filtered version of O2/N2 is used throughout this manuscript and is 
referred to as noise-filtered (n.f.). See metadata description accompa-
nying archived data at arcticdata.io (https://doi.org/10.18739/ 
A2Z892G7H) for further details. 

2.4. Comparison of O2/Ar and O2/N2 data 

To assess the difference between O2/Ar and O2/N2 ratios, we 
calculate the term diff-Δ:  

diff-Δ (%) = ΔO2/Ar - ΔO2/N2                                                          (9) 

Initially, to get more directly comparable ΔO2/Ar - ΔO2/N2, we tried 
to account for the dynamic response effects of the EIMS. The EIMS 
equilibrator uses a contactor membrane that dampens the signal due to 
the time required for gases to reach equilibrium across the membrane. 
When calculating diff-Δ, the comparatively slower response of the EIMS 
relative to the GTD creates data artifacts due to mismatched peaks. In an 
attempt to account for smearing of signals within the EIMS equilibrator, 
smoothed versions of ΔO2/N2 were calculated, but neither a time filter 
(as in Hamme et al., 2015), nor a one-sided exponential filter with 
e-folding time comparable to that described by Cassar et al. (2009) for 
EIMS system response, closely approximated the smoothing effect of the 
EIMS contactor membrane. Because of this inability to slow down the 
GTD observations in a way that was directly comparable to the EIMS we 
decided to directly compare the GTD and EIMS records instead, and to 
flag areas where rapid changes in O2/Ar and O2/N2 caused large diff-Δ 
that are likely an artifact of differential dynamic responses. 

2.5. NCP calculation 

NCP was calculated for ΔO2/Ar and ΔO2/N2 values by assuming a 
steady-state balance between net biological oxygen production and air- 
sea gas exchange in the surface mixed layer with no horizontal advection 
or vertical mixing of water masses (Craig and Hayward 1987; Kaiser 
et al., 2005; Hamme and Emerson 2006; Stanley et al., 2010). When 

Table 1 
Environmental data descriptions, resolution, and sources.  

Data type Resolution Source URL 

Directional wind 
speed at 10 m 

3-hourly, 
0.3 deg 

NCEP North American 
Regional Reanalysis 
(NARR); NOAA/OAR/ 
ESRL PSL, Boulder, 
Colorado, USA 

https://psl.noaa. 
gov/data/gri 
dded/data.narr. 
html 

Atmospheric 
pressure at 
mean sea level 

Daily, 0.3 
deg 

NCEP North American 
Regional Reanalysis 
(NARR); NOAA/OAR/ 
ESRL PSL, Boulder, 
Colorado, USA 

https://psl.noaa. 
gov/data/gri 
dded/data.narr. 
html 

Sea surface 
temperature 
(SST) 

Daily, 0.25 
deg 

NOAA High-resolution 
360 Blended Analysis of 
Daily SST and Ice data; 
NOAA/OAR/ESRL PSL, 
Boulder, Colorado, USA 

https://psl.noaa. 
gov/ 

Sea ice 
concentration 

Daily, 0.25 
deg 

NOAA High-resolution 
360 Blended Analysis of 
Daily SST and Ice data; 
NOAA/OAR/ESRL PSL, 
Boulder, Colorado, USA 

https://psl.noaa. 
gov/ 

pCO2 at Point 
Barrow, AK 

Monthly NOAA Climate 
Monitoring and 
Diagnostics Laboratory 
(CMDL) 

https://www. 
esrl.noaa.gov/gm 
d/dv/data 

Chlorophyll-a Daily, 4 km NASA Goddard Space 
Flight Group; Ocean 
Ecology Laboratory; 
Ocean Biology 
Processing Group 

https://modis. 
gsfc.nasa. 
gov/data/  
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there is physical transport of deeper water to the surface and mixing 
assumptions are invalidated it is not appropriate to calculate NCP using 
this steady-state balance (Teeter et al., 2018). Diagnosing potential 
mixing biases using only surface underway data can be challenging, but 
some characteristics of deeper water that may indicate vertical mixing in 
the region of this study include elevated salinity coupled with negative 
ΔO2/Ar at the surface, since subsurface waters are typically depleted in 
oxygen at depth due to respiration, and their salinity is higher due to 
minimal influence of seasonal ice melt at depth. In this dataset, areas 
with both a ΔO2/Ar less than − 2% and a surface salinity greater than 
32.5 (where the mean surface salinity over the cruise was 30.6, with less 
than 5% of measurements greater than 32.5) are assumed to be subject 
to vertical mixing, and are excluded from NCP analysis. 

NCP based on the surface mass balance (Hendricks et al., 2004; 
Juranek and Quay 2005) was calculated using Eq. (10) with NCP in 
mmol O2 m− 2 day− 1:  

NCP=(kO2) (O2)sat(ΔO2/[X])/100,                                                    (10) 

In Eq. (10), kO2 is the air-sea gas exchange rate (m day− 1), (O2)sat is 
the equilibrium saturation of oxygen calculated as described above 
(mmol m− 3), and ΔO2/[X] is either ΔO2/Ar or ΔO2/N2 as calculated 
with Eq. (2) or 8. The gas transfer velocity, kO2, is dependent on wind 
speed and was calculated based on Wanninkhof (2014) using the wind 
speed weighting technique of Reuer et al. (2007), assuming a constant 
20 m mixed layer depth (MLD). The MLD observed at the time of sam-
pling fluctuated regionally throughout this cruise, with deeper MLDs in 
the Bering Sea and shallower (<15 m) MLD in the Chukchi and Beaufort 
Seas, as determined by the pycnocline depth. The MLD in these areas 
may have also varied in the weeks prior to sampling, such that an esti-
mate of 20 m is a reasonable approximation with some uncertainty 
based on the historical MLD. In areas with shallower MLDs, the assumed 
20 m MLD results in an overestimate of kO2 of about 3%, while areas 
with deeper MLDs result in an underestimate of less than 1% in kO2, 
biases which propagate into NCP estimates. Wind speed data were used 
in calculating the gridded wind speed for the 60 days prior to ship ob-
servations (Table 1). 

2.6. Variables to assess physical gas saturation 

To evaluate potential variables that might correlate with differences 
in O2/Ar and O2/N2 ratios, we compare remotely sensed wind speed and 
temperature to diff-Δ. Table 1 summarizes the data sources referenced 
throughout this text. The 3-h wind speed from NCEP North American 
Regional Reanalysis (NARR) products (Mesinger et al., 2006, Table 1) 
was used in calculating the maximum wind speed over the two pre-
ceding weeks, as well as the percent of wind speeds exceeding 10 m s− 1 

over prior weeks. Net temperature change was calculated as the sum of 
daily sea surface temperature (SST) change 14 and 30 days prior to 
sampling using daily SST data (Table 1) collocated with the cruise track. 

2.7. N2’ calculations 

N2’ is a value which approximates a physical analogue of oxygen, 
and is determined with a model developed by Izett and Tortell (2021) 
that is based on the historical physical forcing (wind, temperature, at-
mospheric pressure, sea ice) in combination with measured N2 satura-
tion to correct for biases. When using this model in calculating N2’ for 
this cruise (Izett, 2021), 3-h average directional components of wind 
speed and daily atmospheric pressure at mean sea level from NARR 
(Table 1) were used in calculating the historical wind speed and atmo-
spheric pressure collocated with the cruise track for the 90 days prior to 
ship observations. Daily SST (Table 1) collocated with the cruise track 
was used in modeling historical temperature. Salinity was assumed to 
remain constant, equal to the salinity measured at cruise sampling, 
while vertical mixing was ignored in these calculations due to lack of 

subsurface gas saturation data. Sea ice concentration (Table 1) collo-
cated with the cruise track was used in adjusting air-sea gas exchange 
with a linear scaling of both the O2 piston velocity and diffusive gas 
exchange based on the fraction of sea ice coverage, while bubble flux 
was assumed to be negligible when sea ice was present. The bubble 
scaling coefficient, β, was set to 0.5 for these calculations. This value was 
found to be optimal for the Izett and Tortell (2021) dataset, and sensi-
tivity tests were conducted with this dataset that indicated our modeling 
results did not depend strongly on β. 

3. Results and discussion 

3.1. Spatial patterns 

A comparison of spatial distributions of ΔO2 with ΔO2/Ar for 
OS1901 illustrates how oxygen supersaturation and net biological oxy-
gen supersaturation are related (Fig. 1). Note that there are regions (e.g., 
red circle at 60◦N) with strong oxygen supersaturation that were co- 
located with negative ΔO2/Ar, suggesting that oxygen supersaturation 
was purely driven by physical factors (e.g., wind and bubbles or 
warming). The biological signal opposed this trend, but did not 
completely compensate for physical effects. In other areas, ΔO2 was 
greater than ΔO2/Ar, suggesting a mix of physical and biological forcing 
of oxygen supersaturation. The spatial patterns in ΔO2/Ar indicated 
areas of large net biological supersaturation with ΔO2/Ar peaks above 
30% near the Aleutian arc, in Chirikov Basin and southwest of Point 
Hope. Regions in Chirikov Basin and southwest of Point Hope are 
established biological hotspots (Grebmeier et al., 2015). 

In these biological hotspots, elevated underway chlorophyll-a (from 
a Seabird ECO-FL fluorometer) corresponded with high ΔO2/Ar on 3 out 
of 4 instances (Fig. 2). The peak in ΔO2/Ar that did not correspond to 
elevated fluorescence occurred in the region off Point Hope, which was 
occupied twice (August 11th and August 23rd). While low concentra-
tions of chlorophyll-a were observed during the first occupation, a 
chlorophyll peak was observed on the later occupation. A mismatch 
between chlorophyll-a and O2/Ar is expected at times because of the 
different residence timescales associated with dissolved gases and 
chlorophyll production in the surface ocean: the O2 signal from a bloom 
will take 2–3 weeks to reequilibrate with the atmosphere, whereas 
chlorophyll biomass can sink or be consumed by grazers over shorter 
timescales. Chlorophyll-a data (Table 1) from MODIS-Aqua (NASA 
Goddard Space Flight Group et al., 2018) were sparse in the weeks prior 
to shipboard measurements, but the edge of a bloom with elevated 
chlorophyll-a was seen off of Point Hope on August 4, 2019, about 7 
days prior to shipboard measurements in the same location (not shown). 
This elevated biological production was indicated in the shipboard 
O2/Ar, while the production of chlorophyll-a may have attenuated over 
a shorter timescale, resulting in low underway fluorescence. In addition, 
fluorescence can be impacted by photochemical quenching, which can 
cause fluorescence to diverge from chlorophyll concentrations (the 
chlorophyll shown in Fig. 2 was calculated directly from fluorescence 
using manufacturer-supplied coefficients) (Zankel et al., 1968). Photo-
chemical quenching could have contributed to the low estimate of 
chlorophyll on August 11, which was sampled in late afternoon, yet the 
quenching effect is not expected to fully deplete the detection of chlo-
rophyll observed on this date. 

In the Bering Sea, there are several regions where ΔO2 is positive and 
ΔO2/Ar is negative (Fig. 1), consistent with physical supersaturation of 
oxygen in the surface ocean due to both warming water and increased 
wind speed (ΔO2 > 0) and net heterotrophic biological activity (ΔO2/Ar 
< 0). This hypothesis is supported by both high frequency winds and 
recent warming (Fig. 3, panels C and D), where this region of the Bering 
Sea corresponds to August 4–5. In Chirikov Basin, ΔO2/Ar was variable, 
with patches of large supersaturation as well as undersaturation that 
could be attributed to the dynamic nature of water masses mixing in this 
area (Danielson et al., 2017). The areas with both negative and positive 
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ΔO2/Ar in the western part of Chirikov Basin are in significantly colder, 
saltier, nitrate-rich water (salinity >32.5, NO3 > 20 μM from an un-
derway nutrient sensor, data not shown) typical of Anadyr water 
(Grebmeier et al., 2006). The ΔO2/Ar signals here likely reflect a com-
bination of recent vertical mixing of subsurface water with a depleted O2 
signature to the surface and patchy production sparked by high nutrient 
Anadyr water when light and stratification conditions were favorable. In 
the majority of the Chukchi Sea, net biological oxygen supersaturation 
was positive, indicating net autotrophy (median ΔO2/Ar = 2% ± 2.1%, 
median absolute deviation = 0.8% when excluding biological hotspots 
where ΔO2/Ar > 5%). 

3.2. EIMS-GTD comparison 

There was relative agreement between ΔO2/N2 and ΔO2/Ar for OS 
1901, with both ratios indicating net biological oxygen supersaturation 
for the majority of the cruise (Fig. 3A). Throughout the cruise, ΔO2/N2 
was slightly less than ΔO2/Ar, yet in areas of large biological oxygen 
supersaturation, the ratios were observed to differ, where ΔO2/N2 was 
consistently greater than ΔO2/Ar (Fig. 3A). The response time associ-
ated with the EIMS equilibrator cartridge effectively slows down the 

ΔO2/Ar measurements, resulting in ΔO2/Ar that did not reach the true 
maximum value during sharp gradients, while ΔO2/N2 is likely 
capturing these maxima more accurately due to the faster response time. 
This is supported by discrete O2/Ar bottle samples, which were greater 
than corresponding EIMS O2/Ar measurements by about 5% during two 
steep gradients on this cruise, corroborating the idea that the EIMS is not 
measuring the true value during these peaks in net biological oxygen 
production. 

The median of diff-Δ over the cruise was 0.53%, indicating that ΔO2/ 
Ar was generally greater than ΔO2/N2, while there were many large 
excursions from these values (Fig. 3B). In particular, deviations in diff-Δ 
occurred during time periods where strong gradients in oxygen were 
encountered and in areas with overwhelming bubble influence (shaded 
regions, Fig. 3B). The spread of diff-Δ remains similar when observing 
all diff-Δ values compared to baseline values (which excludes data 
associated with steep gas peaks and data with substantial bubble noise, 
Fig. 4), with a roughly normal distribution of diff-Δ where 90% of 
baseline observations were between − 2.2% and 3.5%. 

While the median value of diff-Δ was small overall (0.53%) and is 
comparable to the uncertainty in O2/N2 (as discussed in section 3.6), it is 
still useful to understand potential biases that may contribute to dif-
ferences between O2/Ar and O2/N2 for this data. A potential source of 
bias in ΔO2/N2 and thus diff-Δ may arise from the assumed saturation of 
less prevalent gases, particularly Ar. On this cruise, Ar concentrations 
were determined by EIMS O2/Ar ratio and optode oxygen measurements 
(where [Ar] = [O2]optode/[O2/Ar]EIMS), yet these values were not used in 
calculations of ΔO2/N2, as this study is intended to simulate the 
comparability of these methods, and the inclusion of calculated Ar 
values is not anticipated to be available with most GTD deployments. If 
these calculated values for Ar were included, which indicate Ar was 
consistently supersaturated throughout this cruise, the bias in diff-Δ 
does not change considerably, with a median of 0.48%. We investigate 
other potential sources of bias from physical forcing in section 3.3. 

3.3. Evaluating physically-driven bias in O2/N2 relative to O2/Ar 

Differences in ΔO2/Ar and ΔO2/N2, i.e., diff-Δ, are expected due to a 
variety of physical factors including gas solubility, bubble injection, and 
gas exclusion principles. For example, an increase in temperature 
instantaneously changes the gas solubility in the water mass; the solu-
bility of Ar and O2 will change similarly due to their comparable solu-
bility, while N2 solubility decreases to a lesser extent because it is less 
soluble. This difference in temperature effect between N2 and Ar appears 
small in the individual gas saturation anomalies (Fig. 5A) but becomes 
amplified when calculating gas ratios due to the dissimilarity between 

Fig. 1. ΔO2 and ΔO2/Ar along the cruise track (scale attenuated to emphasize near-equilibrium trends, note different scales in A and B). These trends in ΔO2/Ar are 
also seen in ΔO2/N2 (not shown), with additional noise. The cruise began in Dutch Harbor, AK and ended in Nome, AK. Breaks in the track line were due to gaps in 
data collection. 

Fig. 2. Underway measurements of ΔO2/Ar and chlorophyll-a based on fluo-
rescence throughout the cruise. Boxed area indicates occupation off of Pt. Hope 
with low chlorophyll and elevated ΔO2/Ar. 
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N2 and O2. The result is an ΔO2/N2 ratio change in response to tem-
perature that is 12 times greater than ΔO2/Ar (Fig. 5B). For example, 
warming of 5◦C would result in relatively similar increases in O2, N2, 
and Ar saturations (11.3%, 10.4%, and 11.2% respectively) but pro-
nounced differences between the ΔO2/Ar and ΔO2/N2 gas ratios (0.18% 
and 0.83% respectively). The resulting change in diff-Δ (ΔO2/Ar - ΔO2/ 
N2) would be − 0.65%. This warming-induced saturation signal will 
erode via exchange with the atmosphere over subsequent weeks as the 
upper ocean re-equilibrates to the new temperature (Fig. 6A). 

Conversely, wind-driven bubble injection creates a gas supersatura-
tion due to enhanced gas injection which increases over the period of 
enhanced wind. Bubble injection and bubble exchange, parameterized 
as wind-driven based on the equations of Woolf and Thorpe (1991), will 
increase individual gas saturations but will decrease the ΔO2/N2 ratio 
due to the high mole fraction of N2 in the atmosphere and the relatively 

low solubility of N2 in seawater. The wind-driven supersaturation of N2 
is much larger than the supersaturation of more soluble gases (O2, Ar), 
such that enhanced wind will increase diff-Δ. If wind speed increases 
from 5 m s− 1 to 15 m s− 1 and remains at 15 m s− 1, the resulting equi-
librium diff-Δ will reach a maximum of 1.8%, where diff-Δ will equal 
95% of the maximum (1.8%) in 2 days based on the estimated effect of 
bubbles injected into the surface ocean and the solubility differences 
between N2 and Ar (Fig. 6B). The expected change in gas saturation and 
gas ratio saturation from temperature change and enhanced wind are 
indicated in Fig. 6 where the relaxation back to equilibrium (defined as 
within 10% of the equilibrium value) following either a high wind event 
or temperature change is slow (~6–8 weeks). 

Because O2/N2 is likely to be more sensitive to physical forcing than 
O2/Ar, one way of assessing causes of observed diff-Δ and hence biases 
in O2/N2 is by comparing diff-Δ values to an approximation of physical 

Fig. 3. (A) Time-series of ΔO2/Ar and noise-filtered (n.f.) ΔO2/N2, where shaded areas indicate either noise due to bubbles in the underway seawater line or large 
gradients in gas ratios as determined by observation. The ΔO2/N2 peak off the chart is at 119%. (B) Time-series of Diff-Δ, ΔO2-physical, and noise-filtered ΔN2, where 
artifacts of the data due to mismatched gas ratio peaks (Diff-Δ shaded in light gray) are off the chart and should not be considered. (C) Percent of 3-hourly average 
wind speed measurements exceeding 10 m s-1 over 14 and 30 days prior to sampling where collocated with cruise track. (D) Net temperature change over 14 and 30 
days prior to sampling, collocated with cruise track, based on satellite SST reanalysis. (E) Difference between N2’ and N2 along the cruise track. 
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forcing, estimated as: 

ΔOphys
2 =ΔOtotal

2 −
[Ar]
[Ar]sat

Δ(O2 /Ar). (11)  

where the last term represents ΔO2
bio (Eveleth et al., 2017). When ΔO2

phys 

is positive, a positive physical supersaturation of oxygen is estimated 
and could be indicative of recent warming of the water mass or potential 
influence of bubbles. Along the same lines, a negative value is expected 
when biological oxygen saturation is greater than total oxygen satura-
tion, potentially caused by recent cooling. Argon was observed to be 
supersaturated for a majority of this cruise, such that ΔO2

phys had a mean 
value of 2.6% in this cruise (Fig. 3B). This ΔO2

phys estimate may indicate 
that the small difference between O2/Ar and O2/N2 is due to recent 
wind-forcing on the water mass; this is because of a combination of the 
physical oxygen supersaturation and median positive diff-Δ, where 
positive diff-Δ results from bubbles or cooling (and negative diff-Δ re-
sults from warming). Physical forcing estimates from this cruise (Fig. 3C 
and D) did not appear to be directly related to observed diff-Δ over the 
span of this cruise, yet a more accurate approach of modeling water mass 
history would better approximate the solubility-based differences be-
tween O2/Ar and O2/N2. 

Recently, Izett and Tortell (2020) introduced a calculated value, N2’, 
that corrects for solubility differences between N2 and Ar using histor-
ical water mass data, where N2’ is an approximation of Ar, a physical 
analogue to O2 (Izett and Tortell, 2020b; Izett et al., 2021). If N2’ and N2 
differ significantly, a large component of physical bias exists in O2/N2 
due to physical forcing and reequilibration dynamics, but O2/N2’ could 
be calculated to adjust for the expected solubility differences due to the 
historical physical forcing. Our estimated N2’ is similar to measured N2 
for most of this cruise (Fig. 3E), with deviations that may be attributed to 
wind and temperature change (Fig. 7). 

Over the first two days of the cruise in the southern Bering Sea, wind 
was the predominant driver of the negative difference between N2’ and 
N2, which was also the case intermittently over the following few days 
(Fig. 7A). This was determined based on both the relatively high- 
frequency winds, small temperature change (Fig. 3), and the results of 
a pair of N2’ modeling calculations in which either historical tempera-
ture or wind speed was held constant at values measured on the cruise 
(Fig. 7). After the initial wind-dominated days in the Bering Sea, the 
combination of wind and warming temperatures resulted in near-zero 
difference in N2’ and N2, where the two factors likely balanced each 
other out at times. The estimates of N2’ contributions do not combine to 

equal the calculated difference in N2’ and N2, as assumptions were made 
about the constant temperature or wind speed that contribute to erro-
neous estimates, yet they are a rough approximation of the role each 
factor plays in the correction of solubility differences. 

The difference in N2’ and N2 throughout the cruise was not directly 
correlated to the estimates of physical forcing described here (high- 
frequency wind, average wind speed, and net temperature change over 
14 and 30 days, Fig. 3). This is suspected to be in part due to the cu-
mulative nature of physical forcing by temperature change and wind, 
inaccuracies in satellite-based wind speeds, and the averaging that was 
used in these estimates, where wind and temperature changes in the day 
or two prior to measurement will be more strongly reflected in N2’ than 

Fig. 4. Histogram of diff-Δ observations with all values and with baseline 
values (when erroneous data due to bubbles and steep gas peaks are excluded). 

Fig. 5. Expected changes in ΔAr, ΔN2, ΔO2/Ar and ΔO2/N2 due to temperature 
change and bubble injection. Baseline parameters include salinity of 32 and 
starting temperature of 10◦C, where temperature changes linearly for warming 
and cooling and wind speed increases linearly to represent the effect of bubbles. 
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those two weeks prior. Additionally, the calculations of N2’ performed 
here excluded vertical mixing due to lack of gas saturation data at depth, 
yet complete absence of vertical mixing is unlikely and therefore con-
tributes to uncertainty in estimated N2’. 

The small overall differences in N2’ and N2 throughout most of this 
cruise were consistent with findings by Izett et al. (2021) of minimal 
difference in these tracers in the Canadian Arctic Archipelago and Baffin 
Bay. This suggests that application of the O2/N2 approach could be 
promising in the Pacific Arctic region, but further evaluation under a 
range of physical conditions is still needed. The use of O2/N2’ could 
improve the utility of the GTD method, yet the advective nature of water 
masses should be accounted for in a study area, where highly advective 
regions may be inaccurately modeled by georeferenced data prior to 
sampling. In this study region, where advection of water masses can be 
relatively rapid, the reconstructed water mass history used in calculating 
N2’ could be erroneous at times. 

3.4. Sea ice and biological influences on dissolved O2, N2, and Ar 

Other factors that influence gas saturation include sea ice formation, 
sea ice melt, and biologically-driven N2 fixation or denitrification. For 
this dataset, we expect these processes to contribute insignificantly to-
ward driving differences between O2/N2 and O2/Ar. During sea ice 
formation, brine rejected from the ice matrix is expected to be enriched 
in Ar, O2, and N2 due to the exclusion of larger gas molecules during the 

freezing process. This brine sinks to depth, enriching deep water in these 
gases. When vertical mixing of these deep waters occurs, a brine signal 
may be observed in the resulting water, which is expected to be enriched 
in Ar compared to N2 based on gas partitioning between bubbles, ice, 
brine, and residual water (Hood 1998; Hood et al., 1998). In contrast, 
the meltwater signal is expected to be depleted in larger gases (Ar, O2, 
N2) due to gas exclusion during sea ice formation. This meltwater effect 
is not anticipated to be represented in this dataset due to lack of sea ice 
during and directly prior to this cruise, but brine signatures could be 
observed in areas where vertical mixing brings waters that have been 
seasonally isolated at depth to the surface. 

Biological influences on dissolved N2 in the ocean, including nitro-
gen fixation and denitrification, typically have a small overall effect on 
the dissolved N2 saturation anomaly (ΔN2). The effect of nitrogen fixa-
tion, calculated based on the maximum rate of nitrogen fixation esti-
mated by Shiozaki et al. (2018) in the Chukchi Sea, is negligible on ΔN2 
(<0.01%). The effect of denitrification on the shallow Bering and 
Chukchi shelves has a potentially greater effect on N2. Vertical mixing of 
deep water containing biologically elevated dissolved N2 will influence 
the O2/N2 ratios measured at the surface, resulting in 
lower-than-expected ΔO2/N2. With seasonal dissolved inorganic 
nutrient deficits (3.9 μM N) at depth on the Chukchi shelf (Mordy et al., 
2021), vertical mixing of 20% of the water column would result in a 
0.06% decrease in ΔO2/N2 in the surface mixed layer, a small and likely 
indiscernible bias. Since the Chukchi Sea is seasonally well-stratified, 
more significant vertical mixing of the water column is only likely to 
occur near coastal features or areas with enhanced mixing, such as near 
Bering Strait. 

3.5. Net community production 

The median NCP estimated by O2/Ar and O2/N2 was 9.3 ± 2.8 and 
7.9 ± 3.2 mmol O2 m− 2 day− 1, respectively, for all regions with com-
parable data (which excludes bubble-impacted areas, as well as one 
region in Chirikov Basin with a clear vertical mixing signal). The overall 
NCP estimated by O2/Ar and O2/N2 are similar, with slightly larger 
values based on O2/N2, while differences include the discrepancy in 
maximum NCP in regions with large gradients as previously discussed, 
as well as increased noise in O2/N2 signal (Fig. 8). 

The median NCP based on O2/Ar measurements was 9.8 mmol O2 
m− 2 day− 1, while 95% of the values fell between − 18 and 100 mmol O2 
m− 2 day− 1. Assuming NCP is primarily new production fueled by ni-
trate, we use an O2:C ratio of 1.4 (Laws 1991), where O2/Ar-based NCP 
ranged from below zero to >1000 mg C m− 2 day− 1, with a median of 84 
mg C m− 2 day− 1 during this August cruise. Since this measurement 
technique integrates over the preceding weeks, this unique dataset may 
better capture episodic events that are missed by shorter-term in-
cubations. These measurements therefore fill an important temporal gap 
between short-term incubations and large-scale seasonal drawdown 
estimates calculated at the regional scale. By utilizing O2/N2-based NCP 
estimates in remote regions including the subpolar and polar seas, 
variability due to seasonal patterns and episodic events contributing to 
NCP could be more completely understood. 

Given that these NCP estimates fill a unique temporal gap it is useful 
to compare to prior estimates. Seasonal NCP estimates based on DIC and 
nutrient drawdown (Mathis et al., 2009; Codispoti et al., 2013) in the 
Chukchi Sea include the spring bloom, and are therefore expected to be 
considerably higher than our rates measured in August, post-bloom. 
Annual measurements (Mordy et al., 2020) include the dark, 
ice-covered winter when production is absent and may be more in line 
with our post-bloom estimates. Generally, these patterns are what we 
see when we compare to prior estimates (Table 2). However, it is 
important to note that interannual variability in this region is large, and 
the Chukchi and Bering Seas were noted to have particularly high sea 
surface temperatures in 2019, which may have led to an uncharacteristic 
environment (Andersen et al., 2020). 

Fig. 6. Box model of gas saturation change in ΔO2/Ar and ΔO2/N2 with (A) 
warming water and (B) increased wind speed. Baseline parameters include a 
mixed layer depth of 20 m, temperature of 10◦C, salinity of 32 and wind speed 
of 5 m s− 1. 
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With the spatially resolved data from this cruise, patterns of surface 
productivity can be assessed, and potential drivers of biological pro-
duction can be explored. Areas of high NCP from this cruise were 
consistent with previously observed biological hotspots in the Chirikov 

Basin and off of Point Hope (Distributed Biological Observatory regions 
2 and 3, respectively, Grebmeier et al., 2010). More broadly, the ob-
servations illustrate that NCP is spatially patchy, as has been previously 
noted (Juranek et al., 2019). These patterns may be missed by tradi-
tional incubation sampling approaches. Patchy regions of high NCP on 
this cruise may be a result of nutrient input through the convergence of 
water masses, which was noted in Chirikov Basin where Anadyr water 
was present, as well as near Pt. Hope due to the combination of upstream 
mixing in Bering Strait and water flow around the headland of Pt. Hope 
(Fig. 9). In the Chirikov Basin, NCP calculations were determined to not 
meet steady-state requirements, since this area was subject to significant 
mixing as noted by CTD casts with uniform temperature and salinity 
profiles. In the Pt. Hope region, the high NCP observed by gas ratio 
methods, which at times contrasted with the measured chlorophyll, was 
indicative of the intermittent nature of blooms in this region. These 
variations are due to the coexistence of favorable light and nutrient 
conditions, which can vary due to changes in water masses, mixed layer 
depth, and/or wind patterns. 

In the southern Bering Sea, NCP was elevated near the Aleutian 
Islands and near Bering Strait, while lower values were estimated in the 
eastern central Bering Sea where high winds were observed. The 
southern Bering Sea had some of the highest NCP measurements with a 
bimodal distribution where the majority of NCP estimates were near 
equilibrium and a smaller grouping of values were between 50 and 100 
mmol O2 m− 2 day− 1. The northern Bering Sea also had a large propor-
tion of NCP estimates near equilibrium, with some elevated values 

Fig. 7. (A) Modeled N2’ – N2 compared to the wind component, N2’wind – N2. N2
’
wind is estimated by taking the difference between N2’ and N2’ when historical wind 

speed is set constant, equal to wind speed at cruise occupation. Areas where these align indicate that historical wind speed is the main driver of saturation differences. 
(B) Modeled N2’ – N2 compared to the temperature component, N2’temp – N2. N2’temp is estimated by taking the difference between N2’ and N2’ when historical sea 
surface temperature is set constant, equal to temperature at cruise occupation. Areas where these are similar indicate that past temperature change is the main driver 
of saturation differences. 

Fig. 8. NCP calculated based on O2/Ar and residual filtered O2/N2 for mea-
surements within the bounds described. 
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primarily around Chirikov Basin and Bering Strait. The most dynamic 
region observed on this cruise was the southern Chukchi Sea, where NCP 
was generally positive with an average of 24 mmol O2 m− 2 day− 1, while 
this was also the region where hotspots were observed near Pt. Hope. 
The northern Chukchi and Beaufort seas had relatively consistent NCP 
that was representative of the median NCP throughout the cruise of near 
10 mmol O2 m− 2 day− 1, with limited variance in these areas. 

By observing the seasonal patterns in NCP in high resolution, con-
nections to wind events and water mass convergences could be better 
understood, ultimately providing a better foundation for deciphering 
future patterns of productivity within this dynamic environment. As this 
cruise took place in an unusually warm year with early ice retreat, these 
observations from August 2019 may deviate from patterns observed in 
colder years. 

3.6. Uncertainty analysis 

To estimate uncertainty in EIMS- and GTD-based NCP, we used a 
Monte Carlo approach that involves randomly varying the estimated 
error of each parameter involved in calculating NCP, assuming a normal 
distribution of error. The values used in these determinations are found 
in Table 2, where uncertainty was calculated based on 1000 de-
terminations of ΔO2/Ar- and ΔO2/N2-based NCP with Eq. (10) for gas 
ratios observed on this cruise. Absolute uncertainty in the measurement 
of O2/Ar of ±0.25% was determined by the standard deviation of O2/Ar 
in air standards (n = 27) measured by IRMS, since EIMS O2/Ar mea-
surements were corrected to the calibration bottle samples analyzed by 
IRMS. For GTD-based measurements, an absolute precision in the 
measurement and calculation of O2/N2 of ±0.57% was determined by 
propagation of error in Eqs. (6) and (7) (Table 3). Izett et al. (2021) 

estimated the uncertainty in ΔO2/N2 at 1.3%, which also included un-
certainties for warming-induced supersaturation in the underway ship 
lines, calibration of O2/N2, and the assumptions in constraining Ar. This 
error analysis may better approximate the uncertainties in ΔO2/N2, yet 
the effect of this random uncertainty on NCP estimates is very small due 
to the far greater uncertainty in constraining the gas transfer term. 

Uncertainty in the gas transfer coefficient, kO2 (±20%) (Wanninkhof 
2014), makes up the largest component of uncertainty in NCP. The 
resulting uncertainty for a simulated NCP of 10 mmol O2 per m2-day 
from O2/Ar and O2/N2 is 30% and 36%, respectively, with a propor-
tionally lower error with larger NCP rate. The uncertainty in 
O2/Ar-based NCP ranged from 16% to >100%, while the uncertainty for 

Table 2 
NCP comparisons in Chukchi Sea.  

Method NCP (mg C m− 2 day− 1) Region Timescale Source 

DIC Drawdown 8 to >2000 (range of values) Northeast Chukchi 
Sea 

Seasonal, spring to summer, integrated over upper 30 m Mathis et al. (2009) 

Nutrient 
drawdown 

1167 Southern Chukchi 
Sea 

60-day growing period, integration depth chosen based on maximum 
nutrient drawdown 

Codispoti et al. 
(2013) 

Seasonal nitrate 82 to 192 Eastern Chukchi Sea Annual, between 2010 and 2018 Mordy et al. (2020) 
Shipboard O2/Ar 8 to 86 [1–10 mmol O2 m− 2 

day− 1] 
Chukchi Sea Integrated over few weeks in October 2011 and 2012 Juranek et al. 

(2019) 
Shipboard O2/Ar 84 [9.8 mmol O2 m− 2 day− 1] Chukchi Sea Integrated over few weeks in August 2019 this study  

Fig. 9. (A) O2/Ar-based NCP and (B) O2/N2-based NCP along the cruise track (scale attenuated, where range is − 64 to 224 and -184 to 491, respectively).  

Table 3 
Error estimates used in Monte Carlo approach of uncertainty and output un-
certainty in ΔO2/Ar and ΔO2/N2.  

Source Estimated Error 

O2/Armeas 0.25% (St. Dev. Of O2/Ar in air) 
O2sol 0.3% (Garcia and Gordon 1992) 
Gas exchange, k 20% (Wanninkhof 2014) 
GTD total pressure 0.2% or 2 mbar (Pro-Oceanus TDGP 

manual) 
O2 (Winkler-corrected optode) 0.5% or 1.1 mbar (McNeil et al., 2005) 
Atmospheric pressure (NCEP reanalysis) 0.5% or 5 mbar (Padin et al., 2007) 

Uncertainty  
Absolute Relative error, ΔO2/[X] =

1% or 10% 

O2/Ar 0.25% 1 ± 0.41% 10 ± 0.42% 
O2/N2 0.57% 1 ± 0.66% 10 ± 0.75%  
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O2/N2-based NCP ranged from 20% to >100%. Importantly, while un-
certainty in ΔO2/N2 becomes large in areas where net biological oxygen 
supersaturation nears zero, these estimates still discern the relative 
magnitude and direction of NCP for the majority of observations on this 
cruise, so long as the oxygen measurements used to compute O2/N2 are 
well-calibrated. 

The uncertainty outlined above is based on the accuracy in the 
measurement and calculation of ΔO2/N2, and does not include potential 
biases from physical forcing that cause this tracer to inaccurately track 
ΔO2bio (see Section 3.3). When comparing median diff-Δ (0.53%) to the 
methodological uncertainty of 0.57% in ΔO2/N2, the bias represented 
by diff-Δ is of similar magnitude. The distribution of baseline diff-Δ, 
between − 2.2% and 3.5% for 90% of observations, is attributed to the 
cumulative saturation effects of both bubbles and temperature change, 
while potential variations in Ar saturation could have also played a small 
role. Bubbles were the primary driver in the southern Bering Sea, while 
temperature change was likely more important in the Chukchi Sea, as 
inferred from the modeling described above. 

3.7. Strengths and weaknesses of GTD and EIMS approaches 

A potential limitation of gas ratio estimates from a GTD is the 
dependence on accurate oxygen measurements when calculating O2/N2. 
This requires optode calibration to adjust for offsets and drift, where a 
5% inaccuracy in measured optode O2 (the average offset on this cruise), 
would result in a difference of 6.5% in O2/N2. Without reliable oxygen 
calibrations, this scale of difference could result in ambiguous NCP es-
timates derived from O2/N2, although areas with strong biological sig-
nals are still qualitatively identified despite this potential uncertainty. 
This is expected to be a greater issue when frequent O2 calibration 
samples are not feasible, e.g. with autonomous deployments, although 
periodic air calibration of deployed oxygen sensors could serve as an 
alternative calibration method (Bittig and Körtzinger 2015; Bushinsky 
et al., 2016). 

A challenge experienced with the GTD-optode system on this cruise 
was the effect of bubbles in the surface ocean. Bubble effects are likely to 
be a problem for ships with shallow seawater intakes (<5 m) operating 
in moderate to rough sea states. While a debubbling chamber could be 
employed to limit this noise, areas with extensive bubble influence in the 
GTD/optode data are expected to be influenced by bubble injection and 
exchange in the water column as well, which would still bias the 
measured O2/N2. 

This method comparison revealed a smoothing of oxygen peaks in 
the EIMS data, which we attribute to the EIMS equilibrator memory 
effect. Optode O2 and GTD-based O2/N2 peaks were much sharper and 
reached higher maximum values in biological hotspots; in these areas, 
the observed O2/N2 was up to 1.5 times greater than O2/Ar. Therefore, 
in regions with sharp gradients and localized productivity peaks, such as 
those encountered in this study in the Chirikov basin and the vicinity of 
Pt. Hope, GTD measurements may more accurately capture absolute 
productivity values, while EIMS-based observations provide better ac-
curacy in oligotrophic, lower-productivity regions that characterized the 
rest of the cruise track. On future deployments, EIMS equilibrator 
response times could also be better optimized by using an equilibrator 
cartridge with a smaller headspace to water volume ratio, while 
including a recirculating desiccant loop for constant removal of water 
vapor in the equilibrator has also been shown to improve response time 
(Manning et al., 2016). 

4. Conclusions 

This cruise provided a range of conditions under which to assess the 
efficacy of the GTD/optode system compared to the EIMS for estimating 
net biological oxygen production. An important takeaway from this 
method comparison is the relatively quick response time of the GTD, 
which allows sharp gradients in gas saturation that generally 

characterize biological hotspots to be well characterized. This method is 
subject to greater biases from temperature change and bubble injection 
than the more commonly used O2/Ar approach. However, we found 
these biases to be generally small in the Bering and Chukchi Sea during 
the OS1901 cruise, suggesting the GTD/optode approach may be useful 
for expanding seasonal observations of productivity in this region. Using 
historical modeling to approximate O2/N2’ (Izett and Tortell 2021) or 
utilizing time series measurements on a mooring or drifter that could 
record the physical changes over time in a given water mass, the ex-
pected divergence of ΔO2/N2 from ΔO2/Ar can be estimated. 

The utility of the GTD/optode method depends on the productivity in 
an area: it is expected to capture large signals in net biological oxygen 
supersaturation, while oligotrophic areas with low net productivity may 
be more difficult to determine with certainty. If physical factors influ-
encing solubility are decomposed and accounted for, as Izett and Tortell 
(2021) do with O2/N2’, the near-equilibrium ΔO2/N2 can still be used as 
an estimate of biological oxygen, with some inherent uncertainty. In this 
study, ΔO2/N2 was typically less than ΔO2/Ar, which means it likely 
results in NCP estimates that are slightly underestimated throughout 
most of the cruise. In regions with very low production, the use of 
ΔO2/N2 could result in occasional instances when an NCP estimate is 
negative (NCP<0) where ΔO2/Ar indicates net autotrophy. 

The dependence of ΔO2/N2 on calibrated oxygen measurements also 
needs to be considered when using the GTD/optode method in an 
autonomous deployment. By incorporating periodic air measurements 
by the optode, a strategy that has previously been used on floats (Bittig 
and Körtzinger 2015), reliable oxygen measurements could be main-
tained throughout a GTD/optode deployment, providing a reference for 
calibration. 

The median value of mixed layer integrated NCP was 9.3 ± 2.8 and 
7.9 ± 3.2 mmol O2 m− 2 day− 1, based on O2/Ar and O2/N2, respectively. 
The range of NCP was large, from less than zero to >100 mmol O2 m− 2 

day− 1, with some of the largest NCP estimates measured at well- 
established hotspots in the Pacific Arctic. The spatial patterns of NCP 
indicate areas where enhanced mixing may stimulate biological pro-
ductivity on an intermittent basis, patterns that are difficult to map and 
monitor with shorter-term incubation-based approaches. Our observa-
tions indicate that the GTD/optode method provides promising poten-
tial for autonomous observations in the future, which will allow for 
improved understanding of NCP and the mechanisms driving this pro-
duction in dynamic environments such as the Pacific Arctic. 
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A B S T R A C T   

Arctic and subarctic ecosystems are transitioning due to ocean warming, resulting in conditions that will lead to 
shifts in phytoplankton communities, their nutritional compositions, and production of fatty acids (FAs). FA 
biomarkers are useful indicators of changing phytoplankton community composition and provide insight into 
basal resource quality for higher trophic level consumers such as zooplankton, fish, birds and marine mammals, 
yet phytoplankton FA information is largely lacking from the Bering and Chukchi Sea regions. Therefore, we 
analyzed suspended particulate matter (seston) FAs, chlorophyll-a (Chl-a) and environmental data collected from 
four surveys in the northern Bering and Chukchi Seas, two during June of 2017 and 2018 and two during August 
and September 2017 and 2019. Our objectives were to determine 1) whether seston FA composition was 
correlated with phytoplankton taxonomic composition analyzed using imaging microscope (FlowCAM) tech-
niques, 2) if there were seasonal differences in seston FA concentrations, and 3) how FA concentrations varied 
with environmental variables. We found significant seasonal differences in seston FA compositions, with diatom 
biomarkers more prevalent in spring, followed by a community shift to dinoflagellate and small flagellate FA 
biomarkers in late summer. These results were confirmed by FlowCAM analyses. FA biomarkers were correlated 
with total and large size-fractioned Chl-a concentrations, nitrogen concentration and temperature. Lastly, we 
used a model framework to predict availability of the diatom-associated essential FA, eicosapentaenoic acid 
(EPA, 20:5n-3). Our analysis provides new information on phytoplankton FA dynamics and the important 
nutritional role of phytoplankton for higher trophic level consumers in the northern Bering and Chukchi Sea 
regions.   

1. Introduction 

The Bering and Chukchi Seas are some of the most productive areas 
of the Arctic Ocean (Hill et al., 2018). A pronounced diatom spring 
bloom commonly associated with the timing of ice breakup (Fujiwara 
et al., 2016; Laney and Sosik, 2014) fuels pelagic and benthic secondary 
production (Grebmeier et al., 2006; Sigler et al., 2014). Later in the 
season, once the ocean stratifies, a majority of the large size-fractioned 
phytoplankton biomass is often present in subsurface waters (Martini 
et al., 2016) while smaller sized plankton occur in the surface waters 

(Giesbrecht et al., 2019). Due to ocean warming, Arctic and subarctic 
marine ecosystems, including the Bering and Chukchi Seas, are under-
going rapid changes in their physical and thus biological function 
(Huntington et al., 2020). Projected changes in the coming decades 
include changing sea-ice phenology, spring bloom timing and phyto-
plankton production (Clement Kinney et al., 2020; Hermann et al., 2019; 
Song et al., 2021). These changes also influence the production of fatty 
acids (FAs) synthesized by phytoplankton, which play an essential 
nutritional role for the growth and functioning of marine consumers 
(Copeman et al., 2022; Kainz et al., 2004). More baseline data on 
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phytoplankton nutrition, including their FA compositions are needed for 
tracking potential short and long-term changes in the quality of basal 
resources in the Bering and Chukchi Sea food webs. 

Phytoplankton play a fundamental nutritional role in marine eco-
systems due to their ability to synthesize dietary FAs required by higher 
trophic level organisms (Budge et al., 2014; Dalsgaard et al., 2003). 
Marine consumers generally lack the ability to synthesize several 
essential FAs at a sufficient rate to meet their metabolic demands 
(Helenius et al., 2020), and therefore require FAs preformed in their 
diets (Bell and Tocher, 2009). Several essential polyunsaturated FAs 
(PUFAs), including eicosapentaenoic acid (EPA, 20:5n3) and docosa-
hexaenoic acid, (DHA, 22:6n3), are central compounds that regulate cell 
membrane fluidity, neurological functioning, hormones and growth 
(Bell and Tocher, 2009; Helenius et al., 2019; Tocher et al., 2019). Di-
etary limitation of essential PUFAs directly influence zooplankton 
fecundity and growth rates (Leiknes et al., 2016; Pond et al., 1996), 
survival of larval (Copeman and Laurel, 2010) and juvenile fishes (Bell 
et al., 1995), and diminish overall ecosystem productivity (Litzow et al., 
2006). Because of the direct link between animal growth rates and FA 
availability, particularly essential FAs, analyses of FA biomarkers can be 
useful for categorizing ecosystem scale food quality dynamics (Galloway 
and Winder, 2015; Litzow et al., 2006). The relative amounts of specific 
FAs vary among phytoplankton taxa (Cañavate, 2019; Parrish, 2013), 
thus changes in phytoplankton community compositions induce shifts in 
the dietary FA pool available for consuming organisms (Galloway and 
Winder, 2015). The association between specific FAs and certain taxo-
nomic groups also make FAs useful biomarkers of phytoplankton 
compositional changes (Dalsgaard et al., 2003). Yet, the utility of FA 
biomarkers to partition phytoplankton taxa is known primarily from 
monoculture experiments (Cañavate, 2019; Dunstan et al., 1993; 
Jónasdóttir, 2019). Using FA biomarkers to distinguish phytoplankton 
taxa in field samples is more challenging (Reuss and Poulsen, 2002), 
variable, and less studied (Galloway and Budge, 2020; Marmillot et al., 
2020). Nonetheless, field studies in other high latitude systems, such as 
the Beaufort Sea (Connelly et al., 2016; Marmillot et al., 2020), West 
Greenland Sea (Reuss and Poulsen, 2002), and Barents Sea (Falk-Pe-
tersen et al., 1998) have highlighted that changes in phytoplankton 
composition, including seasonal shifts from diatoms to flagellates, are 
visible in the seston FA pools. Beyond the primary association with a 
specified phytoplankton taxonomic group, individual FA biomarkers 
vary with environmental conditions (Sushchik et al., 2004). Shifting 
environmental conditions influence measured seston FA biomarker 
concentrations by changing both the individual phytoplankton FA 
composition and/or by shuffling the phytoplankton community 
composition. For example, increasing temperature at the individual 
species level has been shown to increase levels of saturated FAs (SFAs) 
and monounsaturated FAs (MUFAs), while decreasing levels of PUFAs 
(Jiang and Gao, 2004). This decrease in phytoplankton PUFAs with 
increasing temperature has also been observed at the phytoplankton 
community level (Hixson and Arts, 2016). Similarly, nitrogen de-
ficiencies have been shown to lower PUFA relative concentrations and 
increase MUFAs in diatoms (de Jesús-Campos et al., 2020), though 
different species respond variably to nutrient limitation (Bi et al., 2014). 
Although biomarker FAs provide valuable information about food 
quality, they are often not diagnostic or species-specific but should 
rather be viewed as indicative of dominance from broad taxonomic 
groups (i.e., predominance of diatoms versus flagellates (Jónasdóttir, 
2019)), particularly when evaluating field data. Therefore, additional 
species information from microscopy imaging techniques are beneficial 
to validate observed FA biomarker patterns (Marmillot et al., 2020). 

Here we use FA biomarkers as indicators of changing phytoplankton 
community compositions, and of basal resource quality for higher tro-
phic level consumers. We analyzed suspended particulate matter (ses-
ton) FAs, chlorophyll-a (Chl-a), phytoplankton taxonomic data, and 
environmental data from four surveys spanning the northern Bering- 
Chukchi Sea region, two during spring (June) in 2017 and 2018 and 

two during late summer (August/September) in 2017 and 2019. We 
examine:  

1) Seasonal and annual patterns in both absolute FA concentrations and 
percent FA composition; 

2) the relationship between phytoplankton taxonomic data (di-
noflagellates and diatoms) determined from imaging microscope 
analyses (FlowCAM) compared to specific FA biomarkers;  

3) the relationship between individual FA biomarkers and physical, 
chemical, and biological variables; and  

4) show how a simple model framework to predict concentrations of the 
diatom-sourced essential FA, EPA, can provide a proxy for available 
basal food quality at a large spatial scale in the northern Bering and 
Chukchi Sea region, which is an area that currently has very little 
information on FA biomarker dynamics. 

2. Methods 

2.1. Data collection 

Four surveys were conducted in the northern Bering and Chukchi Sea 
region as part of the Arctic Integrated Ecosystem Research Program 
(AIERP, Baker et al., 2020; 2022, https://www.nprb.org/arcti 
c-program), during June of 2017 and 2018 (Arctic Shelf Growth, 
Advection, Respiration, and Deposition Rate Experiments (ASGARD)) 
and during August and September (hereafter Aug/Sep) of 2017 and 
2019 (Arctic Integrated Ecosystem Survey; Fig. 1). All data are publicly 
available in the DataONE repository (https://doi.org/10.2443 
1/rw1k5a0). Vertical profiles of temperature and salinity were 
collected from surface to near-bottom at each station using a Sea-Bird 
Electronics (SBE) 9+ CTD averaged into 1-m bins. Water samples were 
collected from 5 L (EIS 2017), 10 L (EIS 2019) or 12 L (ASGARD, 
2017–2018) Niskin bottles attached to a CTD rosette. At every sampling 
station, total and size-fractioned (<5, 5–20, >20 μm) Chl-a (mg m− 3) 
samples were collected. Total Chl-a samples were collected at 10 m in-
tervals (~5–6 depths) and filtered through 25 mm Whatman GF/F filters 
(nominal pore size 0.7 μm). Size-fractionated samples were collected at 
2–3 depths using a stacked filtration unit, using 47 mm Whatman GF/F 
filters for <5 μm, and 47 mm polycarbonate filters with a pore size of 5 
and 20 μm, to sample the 5–20 and > 20 μm large size fractions. Filters 
were stored frozen (− 80 ◦C) and analyzed within 6 months with a bench 
top Turner Designs Trilogy fluorometer using standard extraction 
methods (acidification technique, Parsons, 1984). Samples for dissolved 
inorganic nutrients (nitrate, nitrite, ammonium, phosphate, and silicic 
acid; μmol kg− 1) were collected from each Niskin bottle, filtered through 
0.45 cellulose acetate filters, and frozen. Samples were analyzed on a 
Seal AA3 or Seal AA500 continuous segmented flow analyzer following 
methods in Gordon et al. (1993). Ammonium was analyzed using the 
OPA method (Holmes et al., 1999). Seston samples for FA analyses were 
collected at 1–2 depths at every other station (n = 164). 

Phytoplankton community samples (pre-screened with 200 μm Nitex 
mesh) were analyzed for cell abundance using Fluid Imaging Technol-
ogies VS Series benchtop FlowCAM (hereafter referred to as FlowCAM) 
using a 10 × objective and 200 μm flow cell in autoimage mode (Álvarez 
et al., 2014). Particle images with lengths >20 μm were manually 
counted from two surveys in June 2017 and Aug/Sep 2017. Images were 
grouped into diatoms or dinoflagellates. Diatoms were imaged in both 
June and Aug/Sep 2017, while dinoflagellates were imaged only in 
Aug/Sep 2017. Biovolumes of cells were estimated from images using 
the biovolume estimation function (cylindrical shape) in the Visual-
Spreadsheet (Scarborough, ME) software provided with the instrument. 
These estimates compared well with manual estimates of biovolume 
using standardized shapes and appropriate geometric equations (Men-
den-Deuer and Lessard, 2000). FlowCAM biovolumes of diatoms and 
dinoflagellates were compared to concentrations of the FA biomarkers of 
diatoms and dinoflagellates, and the ratio of DHA: EPA. 
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2.2. Fatty acid analyses 

We collected FA seston samples, which comprise all living and non- 
living material between 0.7 and 200 μm, such as phytoplankton, het-
erotrophic protists, bacteria, mesozooplankton eggs and nauplii, and 
detritus. Phytoplankton commonly constitute the majority of the seston 
material (Connelly et al., 2016; Hama, 1999) and thus the majority of 
the seston FAs can be attributed to FA phytoplankton. Water samples 
(prescreened through a 200 μm Nitex mesh) ranging in volume from 2 L 
to 6 L were collected for seston FA analysis on each of the four surveys. 
Samples were collected from the surface, Chl-a maximum (estimated 
from the CTD fluorescence down cast data at the time of sampling), or at 
near-bottom depths. Each bottle was filtered onto a pre-combusted 
Whatman 47 mm GF/F filter (0.7 μm nominal pore size), and sample 
filters were stored aboard the ship at − 80 ◦C. Samples were shipped 
frozen on dry ice to the Hatfield Marine Science Center (HMSC) in 
Newport, Oregon, and analyzed at the Marine Lipid Ecology Laboratory. 
To obtain sufficient material, some filters were combined for each 
sampling depth (1–3 filters), placed into lipid-clean glass tubes and 
stored in chloroform under nitrogen for less than 3 months prior to 
extraction. Lipids were extracted using a modified Folch procedure 

(Folch et al., 1957) using 2:1 chloroform: methanol as described by 
Parrish et al. (1999). A total of 164 seston samples were processed for FA 
analyses. An internal standard (23:0 methyl ester) was added to all 
samples at approximately 10% of the total FA concentration, and total 
lipid extracts were derivatized into their FA methyl esters (FAMEs) using 
sulphuric acid-catalyzed transesterification (Budge et al., 2006). 

Resulting FAMEs were analyzed on an HP 7890 GC FID equipped 
with an autosampler and a DB wax + GC column (Agilent Technologies, 
Inc., U.S.A.). The column was 30 m in length, with an internal diameter 
of 0.25 mm and film thickness of 0.25 μm. The column temperature 
began at 65 ◦C and held this temperature for 0.5 min. Temperature was 
increased to 195 ◦C (@ 40 ◦C min− 1), held for 15 min then increased 
again (@ 2 ◦C min− 1) to a final temperature of 220 ◦C, where it was held 
for 1 min. The carrier gas was hydrogen, flowing at a rate of 2 ml min− 1. 
Injector temperature was set at 250 ◦C and the detector temperature was 
constant at 250 ◦C. Peaks on the resulting chromatographs were iden-
tified using retention times based upon standards purchased from 
Supelco (37 component FAME, BAME, PUFA 1, PUFA 3) and in 
consultation with retention index maps performed under similar chro-
matographic conditions as our GC-FID (Wasta and Mjøs, 2013). Column 
function was checked by comparing chromatographic peak areas to 

Fig. 1. Mean in situ Chl-a [mg m− 3] averaged from surface to 50 m and mean total FA concentrations [mg m− 3] measured at each station in: A) June 2017, B) June 
2018, C) Aug/Sep 2017 and D) Aug/Sep 2019 in the northern Bering and Chukchi Seas. White diamonds indicate station locations. 
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empirical response areas using a quantitative FA mixed standard, GLC 
487 (NuCheck Prep). Chromatograms were integrated using Chem Sta-
tion (version A.01.02, Agilent). Select samples were run in triplicate and 
the coefficient of variation for peaks >1% of the sample, were less than 
one. 

2.3. Statistical analyses 

Absolute FA concentrations, the amount of seston FAs per volume 
seawater (reported as mg m− 3), were used to infer overall availability of 
FAs in the water. FA data were also calculated as percent mass of total 
FAs, which is a useful metric for quantifying phytoplankton composi-
tional change. FAs were classified as C:Bn-P, where C is the number of 
carbon atoms, B the number of double bonds and P the position of the 
first double bond from the methyl group end (Budge et al., 2006). We 
considered two aspects of phytoplankton FA composition. Firstly, we 
focused on phytoplankton biomarkers, such as those indicative of di-
atoms: 16:1n-7, 16:4n-1, EPA (20:5n-3) and a composite diatom 
biomarker based on the ratio of 16:1n-7/16:0 (Budge and Parrish, 1998; 
Dalsgaard et al., 2003). Flagellates are a diverse group, including small 
autotrophic flagellates, heterotrophic flagellates, and dinoflagellates. 
Therefore, we refer to the biomarkers 18:4n-3, 18:5n-3 and DHA 
(22:6n-3) as a combination of flagellate and dinoflagellate (dino + flag) 
FA biomarkers, due to the difficulty in partitioning among these groups 
using FAs alone. Secondly, we focused on long-chain PUFAs (C20+22) 
such as EPA and DHA, which are essential in the diet of secondary 
consumers. In addition, we assessed the ratio of DHA to EPA to denote 
relative contribution of dino + flag: diatoms and the sum of all odd and 
branched FA chains as an indicator of bacterial contribution (Kaneda, 
1991). 

Type II regressions using log10-transformation were used to assess 
pairwise relationships between FA concentrations, and biological and 
physical variables including temperature, salinity, nutrients, and total 
and size-fractioned Chl-a concentrations. One-way Analysis of Variance 
(ANOVA) with associated post-hoc Tukey Honestly Significant Differ-
ence (HSD) was used for group comparisons, such as between seasons, 
years, depth category (above, below or in the mixed layer) and water 
mass designations (warm shelf water, cool shelf water, Anadyr water, 
modified winter water, and warm coastal water, Danielson et al., 2020). 
ANOVA models were assessed for normality and homogeneity of vari-
ances of the residuals and variables were log10-transformed when 
necessary. Non-metric multidimensional scaling (nMDS) using 
Bray-Curtis distances was used to assess multivariate patterns of the FA 
percent data, using all FAs that constituted more than 1% of the total 
FAs, and the groups SFA, MUFA, PUFA and Bacterial FAs. 

2.4. Model analyses 

Linear mixed effects models (Zuur et al., 2009) were used to assess 
how multiple physical and biological parameters influence the FA 
composition of seston samples, and to develop a simple model frame-
work that allows prediction of water column (0–50 m) integrated EPA 
(mg m− 2) concentrations over broader spatial or temporal scales. For 
each FA biomarker the initial full linear mixed effects model included 
the following predictor variables: total Chl-a, temperature, nitrogen 
(sum of nitrate and ammonium), salinity and depth (a categorical var-
iable as described earlier), because these variables have previously been 
shown to influence the FA composition of phytoplankton (Budge et al., 
2014; Galloway and Winder, 2015). The different surveys were included 
as a random effect because the relationships between FAs and envi-
ronmental variables could likely be independent among years and sea-
son. For all models, inspections of residual plots did not reveal obvious 
deviances from normality or homoscedasticity after log-transformation 
of variables. In cases of multicollinearity (variance inflation factor 
(VIF) > 5), we retained only one of those values in the final analysis. 

Mixed effects models were performed for the following biomarkers 

or FA ratios: the ratio of DHA: EPA, the ratio of PUFA: SFA, and FA 
percentage data for diatom biomarkers 16:4n-1 and EPA, and dino +
flag biomarkers 18:5n-3 and DHA. We followed the recommendations in 
Zuur et al. (2009) for fitting FA mixed effects models. First, the optimal 
random effect structure (which could be no random effect) was fitted for 
the full model using restricted maximum likelihood estimation. Second, 
we used maximum likelihood estimation to determine the most parsi-
monious fixed effect model structure, with the optimal random structure 
as determined in step one. Finally, the most parsimonious model for 
each FA, which included the optimal random and fixed effect structures, 
was re-fitted with restricted maximum likelihood estimation. Determi-
nation of the most parsimonious model in each step was decided using 
Akaike Information Criterion corrected for small sample sizes (AICc, 
Burnham and Anderson, 2002). In the instances where more than one 
model had similar AICc scores (<1 AICc), we chose the model with the 
lower number of explanatory variables. For simplicity, we report only 
the final parsimonious model for each FA biomarker in the results. 

To predict integrated EPA (mg m− 2) concentrations, we fitted a 
mixed effects model to the EPA concentration data. The biological, 
chemical, and physical survey data was sampled at a higher vertical and 
spatial sampling resolution (n = 1656) compared to the FA sampling (n 
= 164), thus the model allowed for predicting integrated water column 
EPA concentrations for all surveyed stations. Predictive models were 
computed using natural log-transformed data, thus a correction was 
applied to re-convert predicted EPA concentrations (Duan, 1983). 

All analyses were done using R version 3.6 (R Core Team, 2018). 
Mixed effects models were fitted using the “nlme” package (Pinheiro 
et al., 2017), AICc using the “AICcmodavg” package (Mazerolle and 
Mazerolle, 2019), and type II regressions were computed using the 
“smatr” package (Warton et al., 2012). 

3. Results 

3.1. Spatial patterns of Chl-a and FA concentrations 

Generally, areas of higher-than-average Chl-a were spatially associ-
ated with higher total FA concentrations. Average water column (0–50 
m) Chl-a measurements were higher in June 2017 and 2018 compared to 
Aug/Sep 2017 and 2019, though high variability existed among stations 
and across all surveys (Fig. 1). Elevated water column average Chl-a 
concentrations (>6 mg m− 3) were present north of St. Lawrence Is-
land within and north of the Bering Strait in both June 2017 and 2018, 
areas that similarly showed elevated (>15 mg m− 3) concentrations of 
total FAs. Total Chl-a concentrations had highly significant positive 
correlations with the >20 μm size-fractioned concentrations (Table S1), 
indicating that communities were comprised of large phytoplankton in 
areas with high concentrations of total Chl-a. 

3.2. Seasonal dynamics of FA biomarkers 

Total FA concentrations (mean ± SD) in June 2017 were signifi-
cantly higher than all other surveys (average across stations: 28.2 ±
21.1 mg m− 3, p < 0.05, Tukey HSD, Figs. 1 and 2A), followed by FA 
concentrations in June 2018 (22.2 ± 16.9 mg m− 3), Aug/Sep 2019 (18.8 
± 16.5 mg m− 3), and Aug/Sep 2017 (12.1 ± 5.4 mg m− 3). Overall SFA, 
and MUFA concentrations were higher in June compared to Aug/Sep 
(Fig. 2A), however percent PUFA levels were highest in Aug/Sep 2019 
(Fig. 2D). The diatom biomarkers 16:1n-7, 16:4n-1, and EPA all varied 
significantly among season and year (Tukey HSD, F (3,163) = 10.6, 4.2, 
and 4.3, respectively, p < 0.05, Fig. 2B). Concentrations of 16:1n-7 and 
16:4n-1 and EPA were significantly higher in June than in Aug/Sep 
except for EPA, where values in Aug/Sep 2019 were similar to values in 
June. The diatom biomarkers (percentage of 16:1n-7, 16:4n-1 and EPA, 
Fig. 2E) showed similar patterns to the concentration data. 

The concentration of dino + flag associated biomarkers 18:5n-3 (0.8 
± 1.0 mg m− 3) and DHA (1.5 ± 1.6 mg m− 3) were significantly higher in 
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Aug/Sep 2019 compared to all other surveys (Tukey HSD, p < 0.05, 
Fig. 2C). The dino + flag biomarker 18:4n-3 was significantly higher in 
Aug/Sep 2019 than in Aug/Sep 2017 (Tukey HSD, p < 0.05), but 
otherwise showed no difference among seasons and years. The dino +
flag percent FA data and the sum of n-3 PUFAs showed overall similar 
patterns to the concentration data, with Aug/Sep 2019 values being the 
highest (Fig. 2F). Resultant DHA: EPA ratios were significantly higher in 
Aug/Sep compared to June (Tukey HSD, p < 0.05, Fig. 2C). The diatom 
biomarkers of EPA, 16:1n-7, and 16:4n-1 were all correlated positively 
for both the concentration (Table S1) and percentage data (Table S2). 
Similarly, DHA correlated well with the dino + flag biomarkers 18:4n-3 
and 18:5n-3 for both the concentration and percentage data 
(Tables S1–S2). 

Multivariate nMDS analysis of the FA percentage composition data 

similarly showed clear differences among seasons and years (Fig. 3). FA 
biomarkers most responsible for the separation of seasons were diatom 
biomarkers (i.e. 16:1n-7, 16:2n-4, 16:4n-1 and EPA), which appeared to 
be more highly associated with the June 2017 and 2018 samples. In 
contrast, dino + flag biomarkers (i.e. 18:3n-3, 18:4n-3, 18:5n-3, and 
22:6n-3) were more closely associated with the Aug/Sep 2017 and 2019 
samples. However, substantial variability of the FA compositions in each 
survey also indicated spatial differences in phytoplankton communities. 

3.3. Taxonomic comparison of FA biomarkers and FlowCAM images 

FlowCAM-measured diatom and dinoflagellate biovolumes corre-
lated positively with their taxa-associated FA biomarkers. Significant 
positive correlations were observed between log10-transformed diatom 

Fig. 2. Differences in June 2017 (n = 42, purple), June 2018 (n = 36, blue), Aug/Sep 2017 (n = 25, green), and Aug/Sep 2019 (n = 61, yellow) FA concentrations 
(top panel) and percent composition (bottom panel) for total FA, SFA, MUFA, PUFA, and Bacterial (sum of all odd carbon FA and branched FAs) (A, D), diatom 
biomarkers 16:1n-7, 16:4n-1 EPA (20:5n-3), and a ratio diatom biomarker (ratio of 16:1n-7/16:0) (B, E), and common dino + flag biomarkers 18:4n-3, 18:5n-3, and 
DHA (22:6n-3), DHA:EPA ratios, and the sum of n3-PUFA (C, F). Letters (a, b, c) denote significant group differences based on ANOVA with Tukey HSD (p < 0.05), 
with bars showing mean values and error bars denoting standard deviation. 

Fig. 3. Non-metric multidimensional scaling (nMDS) 
of FA percent composition data from each survey, A) 
samples from June 2017 (n = 42, green), June 2018 
(n = 36, blue), Aug/Sep 2017 (n = 25, orange), and 
Aug/Sep 2019 (n = 61, red). Circles denote 50% el-
lipsoids for each survey. B) Vector plot for the nMDS 
showing individual FAs associated with diatoms 
(blue), dino + flag (red), and shown in black are all 
non-taxa specific individual FAs and major FA 
biomarker groups (SFA, MUFA, PUFA and bacterial).   
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biovolumes and FA concentrations of EPA (Fig. 4A, r2 = 0.41, p < 0.01, 
df = 38), 16:1n-7 (Fig. 4C, r2 = 0.45, p < 0.01, df = 38), and 16:4n-1 
(Fig. 4E, r2 = 0.46, p < 0.01, df = 38) in June 2017 and Aug/Sep 
2017. However, when analyzing only the Aug/Sep 2017 diatom data, 
correlations were not significant (p > 0.05, df = 22). The lack of cor-
relation, appeared to be driven by samples with low FlowCAM diatom 
biovolumes that were associated with relatively higher diatom FA 
biomarker values (Fig. 4A, Fig. S1), something that occurred when the 
contribution of diatoms to total phytoplankton compositions (Fig. S1) 
and abundances were low. These result indicates that when diatoms 
were low in total abundance, other taxa may have contributed to the FA 
biomarker pool commonly associated with diatoms (EPA, 16:4n-1, 
16:1n-7). In addition, only diatoms >20 μm in length were quantified 
by FlowCAM analysis, possibly missing smaller diatoms compared to FA 
samples where all particles captured on 0.7 μm filters were analyzed. 
Dinoflagellate biovolumes correlated positively with FA concentrations 
of DHA (Fig. 4B, r2 = 0.51, p < 0.01, df = 20) and 18:5n-3 (Fig. 4D, r2 =

0.55, p < 0.01, df = 20) in June 2017. Additionally, the ratio of DHA to 
EPA correlated positively with the FlowCAM-measured ratio of dino-
flagellate to diatom biovolumes (Fig. 4F, r2 = 0.45, p < 0.01, df = 20) in 
June 2017. 

3.4. Associations between FA biomarkers and environmental conditions 

Next, we analyzed associations between the individual environ-
mental variables and the FA concentration and percentage biomarkers 
using log10-transformed data from discrete samples. Some of the pri-
mary pairwise correlations are shown in Fig. 5 and highlighted below, 
while all regressions are presented in Table S1 and Table S2. 

Overall, the majority of the individual FAs (mg m− 3) correlated 
positively and significantly with total and size-fractionated (<5 μm, 
5–20 μm, >20 μm) Chl-a data (Fig. 5A–F, Table S1). The strongest 
relationship for total FAs was with total and >20 μm Chl-a concentra-
tions (r2 = 0.52, p < 0.01), which in turn were highly correlated (r2 =

0.90, p < 0.01) (Fig. 5A, Table S1). Significant correlations were also 
found for PUFA concentrations, diatom biomarkers 16:1n-7 and EPA 
with total and >20 μm Chl-a concentrations (Fig. 5B–D, r2 = 0.37 to 
0.52, p < 0.01, Table S1). In contrast, dino + flag biomarkers 18:5n-3, 
18:4n-3 and DHA had the highest correlations with small size frac-
tions of Chl-a (<5 μm) (r2 = 0.36 to 0.67, p < 0.01, Table S1); positive 
but weaker correlations were also found with total Chl-a (Fig. 5E, r2 =

0.05 to 0.23, p < 0.05). Nutrients correlated negatively with tempera-
ture and positively with salinity (Fig. 5G, Table S1). We found few sig-
nificant pairwise relationships between FA concentrations and 

Fig. 4. Comparison of log10 transformed FlowCAM-measured biovolumes and FA biomarker concentrations for diatoms in June 2017 (red, n = 18) and for diatoms 
and dinoflagellates in Aug/Sep 2017 (black, n = 22). Comparisons of diatom biovolumes and A) EPA, C) 16:1n-7, E) 16:4n-1; comparison of dinoflagellate bio-
volumes and B) DHA, E) 18:5n-3; and F) ratios of dinoflagellate to diatom biovolumes compared to the DHA: EPA biomarkers. 
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temperature, salinity, and nutrient concentrations and those relation-
ships were weak (Table S1). DHA: EPA ratios were lowest in cold, high 
salinity waters (Fig. 5H) and correlated negatively with nitrate con-
centrations (Fig. 5I, r2 = 0.31, p < 0.01, Table S1). 

The percentage FA results suggested that diatoms are higher in 
relative biomass in colder, high salinity waters and in areas of higher 
nitrate (Table S2). Percentage of dino + flag biomarkers were higher in 
warmer waters and in areas with low nutrient concentrations (Table S2). 
Total and large (>20 μm) size-fractioned Chl-a correlated positively 
with the percentage diatom biomarkers (16:1n-7, 16:4n-1, 16:2n-4, and 
EPA) but negatively with the percent contribution of dino + flag FA 
biomarkers (18:4n-3, 18:5n-3, and DHA) and the ratio of DHA to EPA 
(Fig. 5F, Table S2). Percentage diatom FA biomarkers associated nega-
tively with the dino + flag and SFA biomarkers. The percentage 
contribution from bacterial FA biomarkers correlated positively with the 
diatom biomarkers and >20 μm, 5–20 μm, and total Chl-a, but nega-
tively with several dino + flag biomarkers. For both the percentage and 
concentration data, the patterns observed for all surveys combined were 
generally also visible within each survey (data not shown). 

3.5. FA mixed effects models 

Mixed effects models using the FA percentage data showed that 
several environmental variables influenced FA phytoplankton dy-
namics. The most parsimonious mixed effects models consistently 
included survey as a random effect. All statistical values are reported in 
Table S3; below we report the main findings. Percent EPA contribution 
correlated positively with total Chl-a concentrations and with vertical 
depth position (Table S3). EPA values were higher in and below the 
mixed layer than above the mixed layer; though the effect of vertical 
position was included in the final model, its influence was minor. 

The diatom biomarker 16:4n-1 showed significant positive re-
lationships with total Chl-a and nitrogen concentrations but a negative 
relationship with temperature. Percent DHA was positively related to 

total Chl-a, but negatively related to nitrogen concentrations (Table S3). 
The dino + flag marker 18:5n-3 was negatively related to both total Chl- 
a and nitrogen concentrations. DHA: EPA ratios were also negatively 
related to Chl-a and nitrogen concentrations, while relating positively 
with salinity and temperature. The ratio of PUFA: SFA increased with 
Chl-a concentrations, but decreased with nitrogen concentrations and 
temperature (Table S3). 

Lastly, we used a mixed effects model to enable predictions of ab-
solute EPA concentrations (Fig. 6). The most parsimonious model, 
assessed using AICc, included natural log-transformed total Chl-a and 
natural log-transformed nitrogen (sum of nitrate and ammonium) as the 
fixed effect and a random structure consisting of an interaction of Chl-a 
and survey (Table S4). Model prediction of EPA correlated strongly with 
measured EPA concentrations (r2 = 0.63, p < 0.01, df = 151, Fig. S2A). 
Variability and thus uncertainty of EPA model predictions were highest 
in samples with total Chl-a concentrations >5 mg m− 3 (Fig. S2B). Next 
we calculated water column integrated EPA concentrations using the 
EPA model fitted with the full environmental dataset (n = 1656). Water 
column integrated EPA concentrations differed significantly among all 
four surveys (Fig. 6, Tukey HSD, p < 0.05), with average values highest 
in June 2018 (93 ± 60 mg m− 2), followed by June 2017 (66 ± 46 mg 
m− 2), Aug/Sep 2019 (54 ± 30 mg m− 2), and Aug/Sep 2017 (30 ± 8 mg 
m− 2). Throughout, there was high spatial variation in the predictions 
with the highest concentrations reaching levels of 264 mg m− 2 and 241 
mg m− 2 in June 2017 and 2018, respectively, while highest values in 
Aug/Sep 2017 were 54 mg m− 2 and 198 mg m− 2 in Aug/Sep 2019. 

4. Discussion 

Seston FA biomarkers reflected phytoplankton community shifts 
from diatoms dominating in spring followed by late summer increases of 
dinoflagellates and small flagellates. High total FA and PUFA concen-
trations in late spring (June) primarily synthesized by diatoms suggest 
that phytoplankton FAs from this time period provide important high 

Fig. 5. Selected pairwise Type II regressions using 
log10-transformed data between in situ discrete Chl-a 
(mg m− 3) and FA (mg m− 3) samples for A) total 
FAs, B) 16:1n-7, C) EPA, D) total PUFA, E) DHA, and 
F) DHA:EPA ratio. Temperature-salinity plots 
showing G) nitrate concentration (μmol kg− 1) and H) 
DHA: EPA ratios, color coded by their values (blue =
low, red = high), and I) nitrate to DHA: EPA ratios. 
Colors in plots A-F and I denote each survey, with 
June 2017 (purple circles), June 2018 (blue squares), 
Aug/Sep 2017 (green triangles), and Aug/Sep 2019 
(yellow diamonds).   
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quality dietary subsidies for consumers. Diatom and dinoflagellate bio-
volume measurements from FlowCAM images in general correlated 
positively with their respective FA biomarkers, confirming that FA 
compositional data can provide reliable information on phytoplankton 
community dynamics. However, our analyses also showed an exception 
to that pattern. The correlations between diatom FA biomarkers and 
diatom FlowCAM data were insignificant during Aug/Sep 2017, high-
lighting how taxonomic identification from FA field samples can be 
limited when the contribution of a specific taxonomic group to the total 
phytoplankton pool is very low. Measured phytoplankton FA composi-
tion (concentrations and percentages) varied with changes in tempera-
ture and nitrogen, likely due to a combination of species-specific 
physiological responses as well as changes in the phytoplankton com-
munity species composition (Grosse et al., 2019; Jiang and Gao, 2004). 
Lastly, derived EPA concentrations from a model that used commonly 
sampled survey data (e.g., nitrogen, and Chl-a) demonstrated 
broad-scale water column estimates of dietary EPA available to con-
sumers at the base of the northern Bering and Chukchi Sea food webs. 

4.1. FA biomarker and FlowCAM estimates of diatoms and dinoflagellates 

Taxonomic information from microscopy imaging techniques 
generally confirmed that observed FA biomarker patterns can be asso-
ciated with dominant phytoplankton taxa groups. Although FlowCAM- 
measured diatom and dinoflagellate biovolumes correlated positively 
with diatom and dinoflagellate FA biomarker concentrations, these data 
also revealed substantial unexplained variance. The combined June and 
Aug/Sep 2017 data yielded significant trends for diatom biovolumes and 
their FA biomarkers (16:1n-7, 16:4n-1, and EPA) however, similar 
diatom trends were insignificant when using only samples from Aug/Sep 
2017. During Aug/Sep 2017 when diatoms constituted a low contribu-
tion to the total phytoplankton composition, and overall total Chl-a 
concentrations were also low, our results showed that FA diatom bio-
markers were relatively higher compared to diatom biovolumes esti-
mates from FlowCAM. We speculate that in these instances we either 
undercounted small diatoms (below our FlowCAM <20 μm length 

threshold) or FA contributions from other groups contributed to the FA 
pools of the diatom associated biomarkers. For example, Synechococcus 
(a pico-cyanobacteria), which can contain 16:1n-7 (Jónasdóttir, 2019), 
were observed to comprise up to 20% of the phytoplankton carbon 
biomass in some areas during Aug/Sep 2017 (data not shown). Simi-
larly, contribution to the diatom associated FA pool could have come 
from chlorophytes containing 16:4n-1, chlorophytes and cryptophytes 
containing EPA (Jónasdóttir, 2019), or from protozoans, including cil-
iates, which are known to contain substantial amounts of EPA (Dutz and 
Peters, 2008). 

Differentiating between dinoflagellates, heterotrophic flagellates 
and flagellates using FA biomarkers alone is challenging. The observable 
trends between 18:5n-3 and DHA with dinoflagellates identified from 
the FlowCAM suggest that noticeable FA contributions at least partially 
originated from dinoflagellates. However, small flagellates, not 
measured with the FlowCAM analysis, may also be important and 
dinoflagellate and small flagellates often co-occur. Higher percentages 
of 18:1n-9 and 18:0 in some Aug/Sep 2017 samples could indicate 
increased contributions from smaller flagellates (Reuss and Poulsen, 
2002), but these quite ubiquitous FAs are also present in several other 
taxa (Cañavate, 2019). The significant association between dinoflagel-
late biovolumes and their specific FA biomarkers (DHA, 18:5n-3) differ 
from a recent study by Marmillot et al. (2020) from the Canadian Arctic, 
which found no significant relationships for dinoflagellates. We specu-
late that these differences may be explained by the fact that flagellates 
are a diverse group of organisms including autotrophic, mixotrophic (i. 
e., organisms being both autotrophic and heterotrophic), and hetero-
trophic species, which can vary substantially in FA signatures depending 
on their diet intake, ability to retain specific compounds, and responses 
to environmental conditions. Overall, our results are in agreement with 
previous field studies (Marmillot et al., 2020; Reuss and Poulsen, 2002; 
Sushchik et al., 2004), and highlight the utility of FA biomarkers for 
depicting relative contributions of major phytoplankton taxonomic 
groups, except when a specific taxa constitutes only a minor percentage 
of the total phytoplankton composition. 

Fig. 6. Mixed effects model results predicting water column integrated EPA concentrations (mg m− 2) for each survey using all available discrete total Chl-a and 
nitrogen samples as predictor variables (n = 1656, Table S2). 
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4.2. Factors influencing seston FA dynamics 

Seasonal shifts were clearly visible in the FA biomarkers, with 
highest concentrations of diatom FAs in spring followed by increasing 
dino + flag FAs in late summer. These seasonal shifts agree well with 
phytoplankton taxonomic analysis from the northern Bering and 
Chukchi Seas (Laney and Sosik, 2014; Lee et al., 2019; Sukhanova et al., 
2009) and with FA biomarker studies in other Arctic regions (Connelly 
et al., 2016; Falk-Petersen et al., 1998). Chl-a concentrations were the 
primary predictor variable for almost all FA biomarker concentrations. 
These linkages were particularly strong between absolute concentra-
tions of the diatom biomarkers, 16:4n-1, 16:1n-7 and EPA, and the total 
and the large (>20 μm) size fraction Chl-a. The high positive correlation 
of the >20 μm fraction with total Chl-a suggests that large phyto-
plankton primarily of diatom origin were driving changes in total Chl-a 
concentrations. 

Shifting environmental conditions influence seston FA dynamics 
through both individual phytoplankton species and community 
composition responses (Cañavate et al., 2019; Miller et al., 2017). 
Temperature and nitrogen (nitrate + ammonium) concentrations 
influenced the percentage FA patterns. Temperature correlated nega-
tively with the ratio of PUFAs to SFAs, a pattern that is likely driven by 
decreasing PUFA concentrations with warming (Hixson and Arts, 2016; 
Jiang and Gao, 2004). Relative concentration of dino + flag biomarkers 
increased with decreasing nitrogen concentrations, warmer tempera-
tures and lower salinity, supporting the premise that dinoflagellates and 
small flagellates are commonly more prevalent in low nutrient envi-
ronments, as previously observed during summer in the eastern Bering 
Sea (Moran et al., 2012; Sukhanova et al., 2009). Differences in residual 
nutrient concentrations among water masses are associated with 
different phytoplankton communities (Danielson et al., 2017), which 
also likely explain the higher percentages of FA diatom biomarkers in 
colder, more saline, nutrient-rich waters. Differences in FA compositions 
with depth, as shown using the mixed effects modeling, for example for 
percentages of EPA, also indicate that diatoms are more prevalent in 
deeper, higher nutrient waters near the subsurface Chl-a maximum, a 
common summer feature in arctic shelf ecosystems (Lowry et al., 2015; 
Martini et al., 2016). In contrast, higher abundance of FA dino + flag 
biomarkers tend to occur closer to the surface in waters with lower 
nutrient concentrations, where they may have an advantage compared 
to, for example, diatoms. Higher surface area to volume ratios of small 
flagellates allow enhanced access to nutrients at low concentrations 
(Edwards et al., 2012), while many dinoflagellates maintain higher 
growth by migrating daily from deeper, nutrient rich water to the sur-
face (Jephson and Carlsson, 2009) and also engage in heterotropy. 
Though the environmentally linked FA biomarker compositional shifts 
were likely due to community level responses, changes at the individual 
species level also occur. For example, the influence of increasing tem-
peratures or nitrogen limitation can result in increasing SFAs and 
MUFAs, and contrarily in decreasing PUFA levels for individual species 
(de Jesús-Campos et al., 2020). However, species responses to both 
temperature and nutrient limitation differ among algae (Bi et al., 2014) 
and also change with evolutionary responses (O’Donnell et al., 2019). 

4.3. Importance of dietary FAs for consumers 

Variation in plankton communities and their nutritional quality (i.e. 
lipids and essential FAs) influence spatiotemporal trends in food quality 
available to consumers (Twining et al., 2016). The availability of 
essential EPA strongly influences growth of copepod nauplii (Leiknes 
et al., 2016), fish (Copeman and Laurel, 2010; Copeman et al., 2022), 
juvenile crab (Copeman et al., 2021), and benthic organisms (Scholl-
meier et al., 2018), as well as overall ecosystem production (Litzow 
et al., 2006). Using the full survey data, we calculated water column 
integrated EPA concentrations over a survey-wide spatial scale. Overall, 
the modeled EPA predictions compared well to measured EPA 

concentrations. Modeled EPA data may provide a first step towards a 
broader characterization of dietary availability of essential FAs 
throughout these ecosystems. Overall, predicted EPA concentrations 
were highest in spring with lower concentrations in late summer, 
particularly Aug/Sep 2017. The mixed effects model analyses also show 
that FA spatial predictions vary between seasons and years, as “survey” 
was a significant explanatory variable in the model. Survey should be 
considered a proxy for seasonal and interannual changes in the FA pools 
associated with the phytoplankton community compositional dynamics. 
Thus, predictive power increases when accounting for inter- and 
intra-annual differences in FA composition patterns, and best results are 
retrieved if model predictions are coupled with a smaller subset of FA 
phytoplankton information from the specific year and season in ques-
tion. Additional improvements of the current model framework would 
be inclusion of data from colder years that may have noticeably different 
phytoplankton communities (Hill et al., 2005) compared to the warm 
years 2017–2019, and laboratory studies of regional zooplankton or 
benthic invertebrate (e.g. crabs, Copeman et al., 2021) growth and 
reproduction rate responses to dietary availability of essential EPA. 

An expected future consequence of warming and increased stratifi-
cation, including in Arctic regions, is a shift in phytoplankton commu-
nity structure towards smaller sized cells (Morán et al., 2010) and a 
prospective decrease in PUFA concentrations (Hixson and Arts, 2016). 
Such shifts in FA compositions are due to a combination of direct 
physiological effects on phytoplankton FA synthesis as well as due to 
phytoplankton community shifts. How changing sea-ice phenology and 
the resulting effects on ice-associated phytoplankton (Clement Kinney 
et al., 2020) and spring and summer open water blooms (Song et al., 
2021) influences the availability of carbon and thus important dietary 
FA in the northern Bering and Chukchi Sea ecosystems, remains an open 
question. Our analyses and model framework provide new regional 
baseline information on seasonal and inter-annual variation of phyto-
plankton FAs. Such information will increase the ability to evaluate the 
impacts of changing environmental conditions and thus dietary lipid on 
higher trophic level consumers at broader spatial scales. 
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Jónasdóttir, S.H., 2019. Fatty acid profiles and production in marine phytoplankton. 
Mar. Drugs 17, 151. 

Kainz, M., Arts, M.T., Mazumder, A., 2004. Essential fatty acids in the planktonic food 
web and their ecological role for higher trophic levels. Limnol. Oceanogr. 49, 
1784–1793. 

Kaneda, T., 1991. Iso-and anteiso-fatty acids in bacteria: biosynthesis, function, and 
taxonomic significance. Microbiol. Rev. 55, 288–302. 

Laney, S.R., Sosik, H.M., 2014. Phytoplankton assemblage structure in and around a 
massive under-ice bloom in the Chukchi Sea. Deep Sea Pt. II Top. Stud. Oceanogr. 
105, 30–41. 

Lee, Y., Min, J.-O., Yang, E.J., Cho, K.-H., Jung, J., Park, J., Moon, J.K., Kang, S.-H., 
2019. Influence of sea ice concentration on phytoplankton community structure in 
the Chukchi and East Siberian seas, Pacific Arctic Ocean. Deep Sea Res. 1 Oceanogr. 
Res. Pap. 147, 54–64. 

Leiknes, Ø., Etter, S.A., Tokle, N.E., Bergvik, M., Vadstein, O., Olsen, Y., 2016. The effect 
of essential fatty acids for the Somatic growth in Nauplii of Calanus finmarchicus. 
Front. Mar. Sci. 3, 33. 

Litzow, M.A., Bailey, K.M., Prahl, F.G., Ron, H., 2006. Climate regime shifts and 
reorganization of fish communities: the essential fatty acid limitation hypothesis. 
Mar. Ecol. Prog. Ser. 315, 1–11. 

Lowry, K.E., Pickart, R.S., Mills, M.M., Brown, Z.W., van Dijken, G.L., Bates, N.R., 
Arrigo, K.R., 2015. The influence of winter water on phytoplankton blooms in the 
Chukchi Sea. Deep Sea Pt. II Top. Stud. Oceanogr. 118, 53–72. 

Marmillot, V., Parrish, C.C., Tremblay, J.-É., Gosselin, M., MacKinnon, J.F., 2020. 
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A B S T R A C T   

It is unclear how warming polar marine systems will alter the magnitude of diatom productivity and its fate 
within the food web. We examined diatom productivity and size-fractionated phytoplankton grazing losses to 
protozoan grazers in the northern Bering and Chukchi seas during June 2017. Sea ice was nearly absent and 
water temperatures were unseasonably warm; such conditions may be considered normal in future decades. 
Among 28 experiments conducted, five were in bloom conditions. Diatom biomass and production rates were 
similar to previous studies, suggesting the early ice retreat did not lead to appreciably reduced diatom growth. 
Statistical analyses showed that 77% of the variance in diatom growth rate could be explained by a combination 
of nutrients, light, and their interaction, but the interactive effect was most important (explaining 66% of the 
variance). Protozoan grazing intensity on phytoplankton was largely affected by size, specifically, grazing on 
larger phytoplankton (e.g. diatoms) was highly variable among stations, with many stations having unquanti-
fiable rates. Protozoan grazers consumed an average of 23 ± 35% of growth at bloom stations and 55 ± 102% 
among non-bloom stations. For smaller phytoplankton, grazing was persistent and less variable spatially, 
consuming 64 ± 38% of growth at bloom stations and 79 ± 63% at non-bloom stations. Although previous 
studies (that did not size-fractionate samples) inferred that protozoan grazers control diatom biomass during 
blooms, our results suggest that diatom productivity largely escaped protozoan grazing losses, especially in 
bloom conditions, likely due to temporal lag between phytoplankton and protist biomass accumulation. Thus, 
during bloom conditions, it was estimated that 20–50 times more diatom organic matter was available for higher 
trophic levels and/or export (as opposed to water column remineralization) than under non-bloom conditions, 
despite only a 12-fold increase in gross diatom production in the bloom.   

1. Introduction 

While predicting future productivity in the Bering Sea (BS) and 
Chukchi Sea (CS) is important, a more pressing concern in this system is 
determining the fate of primary production within the food web. 
Existing data in the BS show that annual primary productivity is higher 
in years with poorer survivorship of age-0 walleye pollock (Theragra 
chalcogramma)–the most important regional and global (2014 data) 
fishery by landings (Eisner et al., 2014; FAO, 2016; Hunt et al., 2011). 
The lack of a significant correlation between fisheries potential and 
annual primary production could imply not-direct or non-linear re-
lationships between these rates. Indeed, the 2019 Ecosystem Status 

report for the eastern BS show no correlation between the annual mean 
abundance of large copepods and euphausiids (age-0 walleye pollock 
prey) and the average primary production rate during the growing 
season, whereas there is a positive correlation between smaller copepods 
(not as favorable for age-0 walleye pollock) and primary production 
(Kimmel et al., 2019; Nielsen et al., 2019). Such a lack of understanding 
limits our predictive capability to determine whether hypothetical in-
creases in future primary production may fuel enhanced higher trophic 
biomass in the pelagic or benthic realms. Whether diatoms will continue 
to have a dominant role in regional spring productivity is also unknown. 
Bottom-up factors, e.g. warming, could reduce diatoms’ element per 
unit biovolume (i.e. elemental density), and therefore reduce the 
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quantity of carbon produced (Krause and Lomas, 2020; Lomas et al., 
2019), even if other bottom-up factors (increased light, nutrient fluxes) 
favor faster growth rates. Understanding the fate of diatom primary 
production has important ramifications, from modeling changes in 
regional biogeochemical cycles to diagnosing whether the ecosystem 
will sustain economically important services. 

While multiple groups of phytoplankton persist in the high-latitude 
Alaskan Seas, larger cells such as diatoms play key food-web roles, 
especially during blooms in both the spring and summer (Giesbrecht and 
Varela, 2021; Krause and Lomas, 2020; Yang et al., 2015). During the 
spring, the phytoplankton community increases biomass and fuels effi-
cient transfer of energy and materials to higher trophic levels; under 
such conditions diatoms dominate phytoplankton biomass and the 
community rate of primary production (Baumann et al., 2014; Lomas 
et al., 2012). During cold-anomaly years in the eastern BS, Baumann 
et al. (2014) observed that diatom contribution to total phytoplankton 
biomass averaged 80% in the spring. A recent analysis of data from 2006 
through 2016 demonstrated that warm anomaly years have higher 
phytoplankton biomass but the size structure is not significantly 
different from cool anomaly years (Lomas et al., 2020). 

Microzooplankton (MZP) and larger mesozooplankton (LMZP e.g. 
calanoid copepods, euphausiids) are important consumers of regional 
phytoplankton productivity (Campbell et al., 2016; Sherr et al., 2013). 
Relative to most phytoplankton groups, diatoms’ larger size makes them 
favorable food sources for LMZP, which are themselves important prey 
items for age-0 class walleye pollock. On the eastern BS shelf, stable 
isotope data suggest LMZP graze more heavily on diatoms and other 
primary producers than MZP (Morales et al., 2014). However, analyses 
based on direct feeding experiments have shown that while LMZP prefer 
MZP as prey, in the spring and early summer, MZP biomass is minor 
compared to phytoplankton, and therefore, phytoplankton dominate 
LMZP diets under these conditions (Campbell et al., 2016). Such direct 
ingestion allows for a more efficient trophic transfer of phytoplankton 
organic matter than “phytoplankton → MZP → LMZP” pathways (Sherr 
et al., 2013; Stoecker et al., 2014a; Yang et al., 2015), which compound 
respiration losses from the increased number of trophic steps. Thus, 
processing primary productivity through the microbial loop may be one 
of the underlying factors affecting the observed spatial variations in 
organic matter quality based on C:N ratios, e.g. Grebmeier et al. (1988). 

Regional studies show that MZP can be a major carbon pool within 
the food web for higher consumers (e.g. copepods) and they can 
consume significant quantities of primary production. Previous studies 
demonstrate that MZP biomass in these systems are variable and, at 
times, can exceed phytoplankton biomass by multiple factors, ranging 
from 0.2 to 109 μg C L− 1 during spring (Sherr et al., 2013) and 1– >150 
μg C L− 1 during summer (Olson and Strom, 2002; Stoecker et al., 2014b; 
Strom and Fredrickson, 2008; Yang et al., 2015). Similarly, summer 
studies have observed that MZP carbon can exceed phytoplankton car-
bon, especially when chlorophyll a (Chl a) concentrations are low. 
During the Bering Ecosystem Study (BEST) and Bering Sea Integrated 
Ecosystem Research Program (BSIERP), it was recognized that there is a 
seasonal increase in the relative importance of MZP grazing relative to 
phytoplankton growth. In the spring, MZP grazing rates averaged 46% 
of phytoplankton growth among bloom and non-bloom conditions 
(Sherr et al., 2013). Farther north, in the CS and Beaufort Sea during late 
spring and early summer (Shelf–Basin Interactions program), Sherr et al. 
(2009) observed that MZP grazing consumed between 0 and 120% of 
daily primary production (note: >100% losses of daily primary pro-
duction reduces phytoplankton standing stock), with an average of 22% 
–approximately half the spring rates observed during BEST/BSIERP. 
More recent results demonstrated similar variability in the CS during 
spring 2014, where MZP grazed 31–>100% of primary production, with 
an average of 46% (Connell et al., 2018). While these data demonstrate 
that MZP can be an important control on total phytoplankton biomass 
and productivity, size-fractionated data for the BS are only reported for 
the summer (Olson and Strom, 2002; Strom and Fredrickson, 2008). 

During summer in the Chukchi, Yang et al. (2015) directly quantified 
diatom losses to MZP (based on cell counts), and showed it was sub-
stantial (63% ± 21% SD of diatom production); however, whether this is 
similar in the spring is unknown. The lack of size-fractionated data 
during spring precludes us from understanding which phytoplankton 
size classes are being controlled by MZP. Sherr et al. (2013) note that the 
disparity in growth rates between MZP and diatoms during early bloom 
stages in the BS is due to the lag of MZP growth rate to availability of 
phytoplankton prey (i.e. MZP growth approaches maximum rates at 
high prey biomass levels). This disparity during spring suggests that 
regional diatoms could grow (at times) with minor losses due to MZP. 
Such a condition would enable a high proportion of diatom carbon being 
directly consumed by higher trophic level organisms (e.g. LMZP, larval 
fish) and/or exported to the benthos via sedimentation (e.g. single cell 
sinking, association with aggregates). 

In this study, we report rates of diatom growth and productivity, 
along with rates for MZP grazing on both large (≥5 μm) and small (<5 
μm) phytoplankton during spring in the northern BS and CS during a 
year experiencing early-ice retreat and anomalously warm temperatures 
(Baker et al., 2020; Walsh et al., 2018). The grazing measurements are 
coupled to measurements of diatom productivity using a silicon tracer 
method, as diatoms are the only major phytoplankton group having an 
obligate silicon requirement. Such early-ice retreat conditions may 
affect regional food web phenology by altering when the main phyto-
plankton bloom occurs and the growth/success of consumers which 
require this production pulse. Given the projected warming trends 
through the end of the 21st century for the pan-Arctic region (IPCC, 
2014) and the potential for ecological reordering in this region (Hun-
tington et al., 2020), understanding the proportion of primary produc-
tion which is consumed by MZP will be important for setting upper 
limits for the availability of primary production to higher trophic or-
ganisms in this system. 

2. Methods 

2.1. Collection and hydrography 

Microzooplankton grazing, phytoplankton growth, and diatom pro-
ductivity rates were measured during the Arctic Shelf Growth, Advec-
tion, Respiration and Deposition (ASGARD, Chief Scientist S. Danielson) 
cruise in the northern BS and CS aboard the R/V Sikuliaq from 9 – 28 
June 2017 (Fig. 1). Hydrographic properties were measured using a 
SeaBird SBE CTD equipped with a Biospherical QSP-240 photosynthet-
ically active radiation (PAR) meter, Wetlabs FLRTD fluorometer and 
SeaBird SBE 43 O2 meter. Water was collected at two depths, based on 
the percent PAR relative to that just below the surface (%I0), typically 
the 50%I0 depth (upper euphotic zone) and the lower euphotic zone (5% 
or 1%I0). One Niskin bottle per depth was sampled directly into dark-
ened acid-cleaned 20 L carboys through a 200 μm Nitex mesh. This 
water was used for all rate measurements and particulate matter 
standing stock measurements, and the carboys were gently mixed by 
inversion before any subsamples were taken. Nutrient samples were 
collected directly from Niskin bottles taken at the same depth and sy-
ringe filtered through 0.45 μm cellulose acetate membranes and 
immediately frozen. On shore, silicic acid, phosphate, nitrate, nitrite and 
ammonium were analyzed using standard methods described by Mordy 
et al. (2012). 

2.2. Particulate matter standing stocks 

Particulate matter standing stocks were subsampled and analyzed 
using standard methods. After gently homogenizing the carboy, tripli-
cate subsamples per depth were taken for measurement of Chl a and 
biogenic silica (bSiO2) and a single sample was collected for diatom 
abundance and morphometrics. 1.0 L Chl a samples were filtered 
sequentially through 5 μm polycarbonate membranes housed in 47 mm 
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in-line filter holders, and glass fiber filters (0.7 μm approximate pore 
size) housed in 25 mm in-line filter holders. Thus, each triplicate bottle 
had both ≥5 and < 5 μm fraction measurements. At sea, Chl a samples 
were extracted in acetone for 24 h at − 20 ◦C and quantified using an 
acidification method on a TD10-AU fluorometer calibrated at sea with a 
pure chlorophyll standard (Sigma–Aldrich, C6144); daily calibration 
checks were done using a solid standard, as in Lomas et al. (2012). 

Two bSiO2 metrics are reported. For total bSiO2 standing stock, 
which includes both that associated with live cells and detrital frag-
ments, 0.6–1.0 L was filtered through a 1.2 μm pore size polycarbonate 
filter, folded in quarters and transferred to a cryogenic vial, then frozen 
(− 20 ◦C). On shore, samples were dried in a 60 ◦C oven, and bSiO2 
quantified using an alkaline digestion in Teflon tubes (Krause and 
Lomas, 2020). To derive bSiO2 standing stock associated with only living 
diatoms, the total bSiO2 standing stock was combined with microscopy. 
A single 10-mL subsample was collected per depth for diatom abundance 
and morphometrics and was analyzed on a VS Series benchtop FlowCam 
(Yokogawa Fluid Imaging Technologies; Scarborough, ME). Analysis 
was done on unfixed samples in autoimage mode with a 10× objective 
and 200 μm flow cell. Given the analytical configuration, runs typically 
lasted ~30 min and samples were analyzed <2 h post hydrocast. Diatom 
images (empty frustules excluded) were manually classified within the 
generated image files. Biovolume is among the automatically calculated 
morphometric properties for each imaged particle using either prolate 
sphere, sphere, or cylindrical shapes; for this analysis, we used only 
cylinder-based biovolume. As discussed in Krause and Lomas (2020), the 

FlowCam software assigns a single biovolume value to chains and the 
biovolume assignments for diatom chains are conservative, especially 
for longer chains. Diatom biovolume for each manually-classified image 
was converted to bSiO2 standing stock using the cold-water diatom 
allometric equation for Si vs. biovolume in stationary growth (assuming 
most populations will not be in exponential phase at the time of sam-
pling) reported by Lomas et al. (2019):  

Log Si (pmol cell− 1) = 0.72 (Log Biovolume, μm3) – 1.34                           

This relationship was empirically determined using 11 diatom cul-
tures grown at 2 ◦C. Some of these clones were isolated in lower latitudes 
(e.g. 40–59 ◦N) when ambient temperature was ≤3 ◦C. Single-cell bSiO2 
content was calculated and the summation of all imaged cells per sample 
yielded the biovolume-derived bSiO2 associated with the living diatoms 
— hereafter referred to as “live” bSiO2 to distinguish it from total (living 
plus detrital) bSiO2. While this relationship works well for ASGARD and 
other Southern Ocean field datasets, it does not appear to be accurate for 
more temperate cold water systems like in the northern Kerguelen 
Plateau —discussed in Krause and Lomas (2020). However, this specific 
allometric relationship has been shown to yield growth rates that are 
realistic, i.e. 1 – 64% of the maximum predicted growth rate based on 
the temperature of collection (Eppley, 1972), compared to Si per bio-
volume relationships derived from low-latitude diatoms in culture and 
field studies (Conley et al., 1989; Krause et al., 2010), which can yield 
growth rates ranging from 6 to 294% (average 110%) of that predicted 
by the temperature (Krause and Lomas, 2020). The underlying 

Fig. 1. ASGARD station map with subareas among 
domains (A) showing changes in sea-ice extent 
proportion (1 = 100% coverage) during April (B), 
May (C), and June (D) between 1980 through 2019 
in the southeastern Bering Sea (bold line), northern 
Bering Sea (bold cyan line), and Chukchi Sea (gray 
dashed line) Seas; 2017 is highlighted (gray) in B, C, 
D. For reference, ASGARD 2017 stations are plotted 
on the map. Domain subareas (boxes) include 
southeastern Bering Sea (57.5–58.0◦ N, − 168 to 
− 162◦ E), northern Bering Sea (63.9–64.5◦ N, − 172 
to − 166◦ E), and Chukchi Sea (70.0–70.5◦ N, − 172 
to − 166◦ E). Data are from MERRA Data Assimila-
tion model (GMAO, 2008) with 0.5 ◦ × 0.667 ◦

spatial- and 1-month temporal resolution and are 
averaged for each boxed region shown (map); 
accessed through Giovanni NASA EarthData version 
4.33 (giovanni.gsfc.nasa.gov).   
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mechanisms responsible for the Lomas et al. (2019) allometry success 
and/or unsuccess in specific cold-water systems requires more study. 
However, for this analysis, this allometry is favored based on collec-
tively yielding the most realistic growth rates given the ambient 
temperatures. 

2.3. Diatom production and growth rates 

For bSiO2 production, measurements were made using a radioiso-
tope (Krause et al., 2011). After gently homogenizing the carboy, trip-
licate 150 mL polycarbonate bottles were filled at the same time as 
dilution experiment bottles. To each replicate, 367 Bq of 32Si(OH)4 (>20 
kBq μg Si− 1) was added, bottles were capped and sealed, and placed in 
bags made of neutral density screening to simulate the %I0 at the depth 
of collection. Bags were then submerged in a transparent acrylic 
deck-board incubator continuously cooled with shipboard water pum-
ped from their underway system intake (~6 m depth, ~50%I0 depth). 
Incubations were terminated after 24 h and samples were filtered onto a 
1.2 μm pore polycarbonate filter, dried on Nylon disc planchettes, then 
covered with mylar that was secured with a nylon ring to keep the filter 
and particles contained. 32Si (long-lived parent, half-life ~140 years) 
decays into a short-lived daughter isotope, 32P (half-life ~14 days); 
samples were stored for ~4 months (i.e. seven 32P half-lives) to reach 
secular equilibrium and avoid quantification of any activity on the filter 
which was from the uptake of 32P. Planchette 32Si activity was quanti-
fied using gas-flow proportional counting with a GM-25 multicounter 
(Risø National Laboratory, Technical University of Denmark) as 
described by (Krause et al., 2011). The gross rate of bSiO2 production is 
referred to as ρ (μmol Si L− 1 d− 1), and was normalized to the total 
standing stock of bSiO2 to determine the biomass-specific rate of pro-
duction, denoted as Vb, using a logistic approach:  

bSiO2-New = ρ x (incubation time)                                                             

Vb = ln[(bSiO2-New + average bSiO2) x (average bSiO2)− 1] x (incubation 
time)− 1                                                                                                

where the average bSiO2 represents the average of the triplicate samples 
at the same sampling point. Combining the 32Si uptake and live bSiO2 
facilitated estimation of diatom growth rates (μ) (Krause and Lomas, 
2020) as:  

diatom μ = ρ x (live bSiO2)− 1                                                                 

In four (out of 24 total) cases, live bSiO2 exceeded the total bSiO2 
from the filtered samples (102, 134, 138, 316%); for these instances, 
diatom μ was calculated using the filtration-based total bSiO2 assuming 
that all bSiO2 was living (i.e. Vb and diatom μ are equal). Both Vb and 
diatom μ enable estimates of doubling times following:  

doubling time = ln(2) x (Vb or diatom μ)− 1                                               

The comparison of diatom μ and ≥5 μm phytoplankton μ (dilution 
experiment, see below) is not straight forward, even if diatoms represent 
100% of the ≥5 μm Chl a, due to these measurements quantifying 
different aspects of diatom cell growth. The dilution method derives 
estimates of μ from net changes in cell-associated Chl a under variable 
MZP grazing losses. These changes can be positive or negative and may 
not necessarily reflect cell division. 32Si-based estimates of diatom μ are 
based on the rate at which Si is incorporated into diatom frustules 
(typically occurs immediately prior to division) and normalized to live 
bSiO2; because of the tracer addition approach, only positive rates are 
valid. There are known temporal offsets between these two processes 
within a diatom cell. If the incubation period is less than a cell division 
cycle, then it would be expected that these measurements of diatom μ 
and ≥5 μm μ are uncoupled. Given the 24-h incubation conditions, and 
that regional diatoms have been shown to grow at a doubling every two 
days (Yang et al., 2015), these independent growth metrics are not 

expected to be well aligned for this system even when diatom biomass 
dominates this size fraction. 

2.4. Microzooplankton grazing and phytoplankton growth rates 

Microzooplankton grazing and phytoplankton μ were quantified for 
each Chl a size fraction, ≥5 μm and <5 μm, using a modified dilution 
experiment assay similar to previous regional studies (Olson and Strom, 
2002; Sherr et al., 2013; Stoecker et al., 2014a; Strom and Fredrickson, 
2008; Yang et al., 2015). This method has been widely used and 
reviewed elsewhere (Calbet and Landry, 2004); briefly, it assumes that 
predictable changes in encounter rate between MZP and phytoplankton 
prey affect the net accumulation of phytoplankton biomass (e.g. Chl a) 
proportionally, i.e. reducing the interaction increases the relative net 
accumulation of Chl a due to the easing of grazing pressure. A second 
Niskin bottle at each light depth was used to generate particle-free 
seawater (i.e. exclusion of bacteria and microplankton). Water was 
directly subsampled from the Niskin bottle through 0.2 μm capsule filter 
(with a built-in 0.8 μm pre-filter), using a peristaltic pump, into 1-L 
incubation bottles in four proportions (based on the dilution percent-
age); these ranged from 100% whole seawater to 15% whole seawater 
(i.e. 85% particle-free seawater). For each experiment (i.e. depth and 
station), four dilution levels were used, and every level had triplicate 
bottles. After gently homogenizing water from the 200 μm-prefiltered 
carboy, whole seawater was added to the particle-free seawater in each 
dilution bottle, slowly (with minimal turbulence) bringing all 1 L bottles 
to a constant volume (i.e. the bottle brim), and sealing the bottle 
opening with laboratory parafilm to avoid any air bubbles after the 
bottle cap was placed (M. Landry, pers. comm.). A nutrient amendment 
was made (5 μM nitrate, 0.5 μM phosphate) when nitrate concentrations 
in the water were <1 μM based on shipboard underway In Situ Ultra-
violet Spectrophotometer sensor to avoid exacerbating potential 
nutrient limitation by lack of MZP-based nutrient remineralization in 
highly diluted samples. Post cruise nutrient data showed inconsistencies 
between the underway nitrate estimate and that from the direct nutrient 
analysis, specifically that some nutrients were low when the sensor 
measurement reported high values. Many studies use unamended 100% 
whole seawater controls to compare with nutrient-amendment bottles, 
e.g. (Olson and Strom, 2002; Yang et al., 2015); however, similar to 
Sherr et al. (2013), who were also involved in a large and multidisci-
plinary cruise, we did not have the water budget to include unamended 
controls, as these would have resulted in no volume for diatom pro-
duction measurements (above). Regional studies, during summer, show 
that the growth rate for non-amended controls are typically 80%–100% 
of rates in the amended controls among phytoplankton groups (Yang 
et al., 2015). Sample bottles (12 per depth) were placed in corre-
sponding neutral density screened bags and incubated alongside 32Si 
samples. Initial Chl a samples were immediately filtered following 
placement of samples in the incubator and final Chl a samples were 
filtered after the 24-h incubation; both were size-fractionated and 
quantified at sea as described above. The initial Chl a was averaged 
among triplicates and multiplied by each dilution factor to obtain the 
initial Chl a concentration for each dilution. Flow cytometry subsamples 
(2 mL) were collected from all Chl a sample bottles prior to filtration. 
These samples were preserved (0.5% paraformaldehyde final concen-
tration), frozen at − 80 ◦C, analyzed as described elsewhere (Casey et al., 
2013), and were used to quantify potential photoacclimation effects 
during the incubation. During analysis, the relative red fluorescence of 
phytoplankton particles was compared to a standard reference bead 
(Spherotech; 0.53 μm Nile Red), which was checked and adjusted (if 
necessary) every half hour while samples were being analyzed to ensure 
consistency of instrument performance through the analytical run. 
When the ratio of red fluorescence in the final samples to the initial 
samples (PAcorr) exceeded 1.0, we interpreted that photoacclimation 
occurred and used this to empirically correct calculated rates (discussed 
below). 
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Net changes in Chl a as a function of dilution were used to determine 
the parameters of interest. Particle-free seawater blanks typically had 
barely detectable or below-detection Chl a. For every individual repli-
cate among dilution levels, the net rate of Chl a change was calculated 
as:  

Net Chl a rate = ln(Chl a final x Chl a initial− 1 x PAcorr
− 1 ) x incubation time− 1 

thus, 12 points were generated among the four dilution levels for each 
size fraction. Operationally, PAcorr values for picoeukaryotes and 
nanoeukaryotes were assigned for the <5 and ≥ 5 μm fractions, 
respectively. The increased temperature of incubation relative to that at 
the collection of sampling may have artificially increased phytoplankton 
growth rates. Among the 15 stations, the temperature at the 50%I0 
during collection was 0–5.9 ◦C higher than the lower-light sample depth, 
with the median and average being 2.1 ◦C and 2.2 ◦C, respectively. 
Given the lower light conditions which persisted throughout the incu-
bation, we presume that light was the most salient limiting factor (see 
Discussion) and chose not to apply any temperature corrections in this 
analysis. A Model I linear regression was fit to each data set (i.e. <5, ≥5 
μm size fractions) where the slope denotes the specific MZP grazing rate 
(denoted as g, d− 1) and the y-intercept the instantaneous phytoplankton 
growth rate (denoted as μ, d− 1, i.e. the rate of growth when no MZP 
grazers are present). For these regression fits, an α = 0.05 level was used 
to denote the probability of rejecting the null hypotheses (i.e. MZP 
grazing and phytoplankton growth rates were zero) when true. Under 
conditions when we could not reject the null hypothesis for a specific 
rate (i.e. grazing, growth), we considered it below detection for that 
experiment and a value of zero was assigned for purposes of averaging 
rates among stations. The proportion of phytoplankton growth 
consumed by MZP grazing was estimated as: g x μ− 1 for each size frac-
tion, depth, and station. To distinguish dilution-experiment derived μ 
from diatom growth rate derived using 32Si (above), dilution-based 
growth rates will be referred to with their corresponding size fraction 
(e.g. <5 μm μ and ≥5 μm μ). 

2.5. Historical data and statistical analysis 

To contextualize our results, MZP grazing rate data from previous 
studies were compiled from published tables (Liu et al., 2002; Olson and 
Strom, 2002; Sherr et al., 2009, 2013; Strom and Fredrickson, 2008; 
Yang et al., 2015). For data only reported in figures (Connell et al., 2018; 
Olson and Strom, 2002), Graph Grabber (Quintessa software) was used 
to extract these data. In other studies (Stoecker et al., 2014a), data were 
available in public archives. Because we could not directly compare our 
size fractionated rates with these previous studies (for which size frac-
tionation may not have been conducted), rates were compared based on 
total Chl a (i.e. sum of our size fractions). 

Statistics were run using XLStat software. For correlation analyses, a 
non-parametric Spearman Rho test was used, and comparison between 
sample types was also done using a non-parametric Mann Whitney U 
test. For model II regressions, a geometric mean regression approach 
was used. To determine factors that affected diatom growth rates, an 
ANCOVA approach was used to generate a best fit model determined 
using the Akaike Information Criterion (AIC). The goal of this model was 
to assess the relative importance of measured properties (e.g. nutrient 
concentrations), categorical variables (e.g. high and low light), and/or 
their interaction, in explaining variance among diatom growth rates. 

3. Results 

3.1. Hydrography and nutrients 

The general climatology during ASGARD 2017 was warm relative to 
average conditions (Danielson et al., 2020; Huntington et al., 2020). 
Generally, the progression of sea-ice retreat was consistent from south to 

north based on data within three subareas in the southeastern BS, 
northern BS, and the CS (Fig. 1). An oscillation between warm and cold 
intervals between 2000 and 2019 for a small area in the southeastern BS 
(Fig. 1B) alters the ice retreat timing by plus or minus one month 
compared to mean conditions (Stabeno et al., 2012), though recent 
conditions have shown more dramatic changes (Baker et al., 2020; 
Huntington et al., 2020; Walsh et al., 2018). Fractional ice cover in the 
southeastern and northern BS during June 2017 (Fig. 1D) were consis-
tent with previous decades for this time of the year (i.e. low), yet the ice 
extent in the northern BS appeared to be declining in April and May 
relative to the long-term record. During June, the average ice cover 
(mean ± SD used throughout Results unless otherwise noted) in the 
northern BS was 3.4% ± 2.7% from 1980 through 2006, but from 2007 
through 2017 it was 0.4% ± 0.5%. Relative to the years 1980 through 
2019, the extent of ice-free water in the CS during June 2017 was 
highest during this time series (Fig. 1D) and with only minimal changes 
in the following two years after the cruise (June 2018, June 2019). This 
reduction trajectory appears to be a long-term, albeit highly variable, 
trend since 1980 (Fig. 1D). Within the water column, we consistently 
observed thermal stratification (as expected). Among our incubation 
stations, the upper euphotic zone samples (3–7 m) came from waters 
ranging between 2.4 and 6.5 ◦C, while for the lower euphotic zone 
samples (10–35 m) the water temperature at the time of sampling 
ranged between − 1.2 – 4.0 ◦C (Table 1, Fig. 2). 

Nutrient concentrations were variable laterally across the shelf, but 
increased with depth (Table 1, Fig. 2). In the upper euphotic zone, the 
ranges (mean ± SD) for phosphate, nitrate, ammonium, and silicic acid 
were 0.3–1.7 μM (0.7 ± 0.4 μM), 0.0–16.7 μM (3.1 ± 5.9 μM), 0.0–1.5 
μM (0.4 ± 0.5 μM), 0.5–31.4 μM (6.7 ± 10.1 μM), respectively. In the 
lower euphotic zone, the ranges (mean ± SD) for phosphate, nitrate, 
ammonium, and silicic acid were 0.6–1.8 μM (1.0 ± 0.4 μM), 0.0–17.9 
μM (5.0 ± 6.7 μM), 0.0–4.4 μM (1.3 ± 1.0 μM), 0.7–33.4 μM (9.5 ± 11.1 
μM), respectively. Most of the variability in both diatom Vb and diatom μ 
was accounted for by variability in nitrate and silicic acid concentrations 
(discussed below); thus, phosphate and ammonium are not discussed 
further. The heterogeneity across the nutrient fields reflects a combi-
nation of unresolved lateral variations in the flow and water mass fields, 
time history of each water parcel in relation to the spring bloom, and the 
energetic local flow field adjusting to the topographic constrictions of 
the Bering Strait region (Danielson et al., 2014, 2020). 

3.2. Phytoplankton community and diatom biomass 

As with nutrients, Chl a concentrations were highly variable station- 
to-station (Table 1, Fig. 2). Among the 28 sample depths, five were 
considered to be at bloom biomass (>3.0 μg Chl a L− 1, Table 1), based on 
the regional criterion reported in Sherr et al. (2013). For upper euphotic 
zone samples, ≥5 μm Chl a ranged from <0.1–16.5 μg L− 1 with an average 
of 1.7 ± 4.4 μg L− 1 (Fig. 2C), while <5 μm Chl a ranged from <0.1–0.8 μg 
L− 1 with an average of 0.3 ± 0.3 μg L− 1 Replication for Chl a in both size 
fractions was acceptable, with the average (±SD) percent coefficient of 
variation (CV) being 14 ± 9% and 21 ± 15% for the large and small size 
fractions, respectively. Lower euphotic zone samples were similar in 
range to upper euphotic zone samples; 0.2–17.6 μg L− 1 for ≥5 μm Chl a 
and <0.1–0.8 μg L− 1 for <5 μm Chl a; with average values of 2.5 ± 4.6 μg 
L− 1 and 0.3 ± 0.2 μg L− 1 for the ≥5 μm and <5 μm Chl a fractions, 
respectively. For these lower euphotic zone samples, the average percent 
CV was 22 ± 22% and 25 ± 20% for the large and small size fractions, 
respectively. When averaging among all stations and depths, the ≥5 μm 
fraction had the majority of Chl a, and this increased from the upper 
euphotic zone (55 ± 28%) to the lower euphotic zone (75 ± 21%). 

Like ≥5 μm Chl a, bSiO2 (i.e. diatom biomass proxy) had a similar 
degree of station-to-station variability (Fig. 2D and I). In the upper 
euphotic zone, bSiO2 ranged from 0.5 to 14.5 μmol Si L− 1 (Fig. 2D) with 
an average (±SD) of 4.5 ± 4.8 μmol Si L− 1. In the lower euphotic zone, 
bSiO2 ranged from 1.9 to 15.2 μmol Si L− 1 (Fig. 2I) with a significantly 
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higher average, 8.2 ± 4.4 μmol Si L− 1, than the upper euphotic zone 
(Mann-Whitney U = 53, p < 0.05; Fig. 2D and I). The CV among total 
bSiO2 replicates was better than for both Chl a size fractions, averaging 
9 ± 15% and 6 ± 5% for upper and lower euphotic zone, respectively. 
The percentage of live bSiO2, which was associated with living diatoms 
(Table 1), ranged from 4 to 316% (average 60% ± 90%) and 2–190% 
(average 38% ± 56%) for the upper and lower euphotic zones, respec-
tively. As noted above in the Methods section, only four samples 

exceeded 100% (Table 1), and when assigning 100% to these depths, the 
averages (±SD) were reduced to 37 ± 38% and 30 ± 34% for the upper 
and lower euphotic zone, respectively. Correlations between total and 
live bSiO2 with ≥5 μm Chl a were strong and all highly significant: ≥5 
μm Chl a vs. total bSiO2 (Spearman Rho = 0.87, p < 0.01), ≥5 μm Chl a 
vs. live bSiO2 (Spearman Rho = 0.79, p < 0.01). These results suggest 
that diatoms were the dominant phytoplankton group modulating the 
signal in the larger Chl a size fraction. 

Table 1 
Hydrography, nutrients (μM), size-fractionated Chl a (μg L− 1), bSiO2 standing stock (μmol Si L− 1) and that associated with only living diatoms (Live bSiO2 as % of total 
bSiO2) for the ASGARD cruise and pre-cruise transit (“Transit” stations) from the southeastern BS to Nome, Alaska. Error term is SD (n = 3). “–” indicate no data.  

Station # Date (DD- 
Month-YY) 

Lat. 
(◦N) 

Long 
(◦E) 

Depth 
(m) 

T (◦C) Si(OH)4 

(μM) 
SRP 
(μM) 

NO3
− (μM) NH4

+

(μM) 
≥5 μm Chl 
a (μg L− 1) 

<5 μm Chl 
a (μg L− 1) 

bSiO2 

(μmol Si 
L− 1) 

Live 
bSiO2 

(%) 

Transit 1 05-Jun-17 56.39 − 167.15 35 4.00 2.9 0.61 1.5 1.55 – – 0.10 ±
0.01 

– 

Transit 2 06-Jun-17 60.44 − 168.20 5 3.18 0.5  0.88 0.0 0.05 0.81 ± 0.14 0.05 ±
0.03 

4.32 ±
0.93 

39% 

24 3.02 0.7 0.89 0.0 0.03 1.81 ± 0.12 0.02 ±
0.02 

7.10 ±
0.11 

– 

Transit 3 07-Jun-17 64.27 − 165.71 5 2.39 1.7 0.87 0.1 0.09 0.20 ± 0.02 – 3.86 ±
0.17 

7% 

10 0.30 1.8 0.99 0.1 0.23 0.35 ± 0.03 0.03 ±
0.02 

6.24 ±
0.66 

4% 

CBE9 09-Jun-17 64.38 − 167.07 5 4.22 2.1 0.49 0.1 0.27 0.07 ± 0.01 0.19 ±
0.01 

0.99 ±
0.05 

316% 

26 − 0.44 4.2 0.96 0.5 1.09 1.15 ± 0.91 0.46 ±
0.02 

8.44 ±
0.33 

– 

CBW5 11-Jun-17 64.15 − 171.51 7 6.54 5.9 0.49 3.1 0.46 0.07 ± 0.00 0.23 ±
0.03 

0.54 ±
0.02 

– 

29 1.60 28.5 1.81 17.9 1.61 0.23 ± 0.06 0.07 ±
0.02 

6.87 ±
0.38 

2% 

CNL3 13-Jun-17 66.50 − 168.96 4 5.59 1.9 0.28 0.0 0.06 0.40 ± 0.02 0.13 ±
0.03 

1.98 ±
0.04 

105% 

18 2.17 5.9 1.02 6.6 1.81 4.70 ± 1.14 0.10 ±
0.04 

15.2 ± 0.4 72% 

IL2 14-Jun-17 67.54 − 164.88 5 4.71 1.6 0.40 0.0 0.00 – – 0.66 ±
0.07 

13% 

33 − 1.22 11.8 0.99 2.0 0.46 – – 13.6 ± 0.1 92% 
DBO3.8A 15-Jun-17 67.67 − 168.73 3 2.70 11.9 1.21 9.2 1.06 4.99 ± 0.89 0.15 ±

0.04 
13.9 ± 0.1 42% 

13 2.30 11.7 1.22 9.5 1.16 4.71 ± 0.23 0.18 ±
0.03 

13.8 ± 2.3 70% 

DBO3.3 16-Jun-17 68.18 − 167.31 5 6.14 0.9 0.49 0.0 0.02 0.11 ± 0.04 0.23 ±
0.01 

0.76 ±
0.46 

30% 

22 1.55 1.6 0.72 0.1 1.26 0.40 ± 0.01 0.23 ±
0.10 

3.51 ±
0.19 

28% 

CL3 17-Jun-17 69.03 − 168.89 6 6.17 0.7 0.56 0.1 0.35 0.13 ± 0.02 0.20 ±
0.00 

1.48 ±
0.03 

23% 

22 2.36 4.7 1.15 3.2 4.40 0.30 ± 0.12 0.05 ±
0.00 

7.64 ±
0.97 

8% 

CL1 18-Jun-17 68.95 − 166.91 5 2.63 5.4 0.68 0.2 0.37 0.08 ± 0.02 0.31 ±
0.07 

0.95 ±
0.01 

5% 

22 0.33 4.1 0.81 0.9 1.34 0.35 ± 0.03 0.30 ±
0.05 

1.85 ±
0.04 

14% 

DBO3.8 20-Jun-17 67.67 − 168.96 4 3.87 3.7 0.47 0.6 0.06 16.45 ±
2.19 

0.39 ±
0.13 

14.5 ± 0.1 165% 

17 3.87 5.8 0.61 2.7 0.59 17.57 ±
2.42 

0.36 ±
0.07 

14.0 ± 0.2 190% 

IL4 21-Jun-17 67.41 − 165.79 5 4.07 1.6 0.55 0.2 0.86 0.22 ± 0.03 0.26 ±
0.02 

1.91 ±
0.08 

9% 

22 3.24 2.4 0.67 0.3 1.66 0.17 ± 0.02 0.24 ±
0.05 

2.75 ±
0.11 

7% 

CPL 6 22-Jun-17 66.50 − 167.70 4 2.95 2.1 0.65 0.1 0.89 0.46 ± 0.02 0.57 ±
0.06 

4.28 ±
0.10 

6% 

16 2.89 2.4 0.62 0.2 0.94 0.40 ± 0.03 0.55 ±
0.01 

3.93 ±
0.02 

– 

DBO2.4 24-Jun-17 64.96 − 169.89 5 2.66 31.4 1.69 16.7 1.52 0.47 ± 0.09 0.36 ±
0.11 

10.3 ± 1.1 4% 

21 2.66 33.4 1.67 17.6 1.62 0.48 ± 0.23 0.30 ±
0.06 

10.8 ± 1.7 3% 

DBO2.2 26-Jun-17 64.68 − 169.10 4 3.40 29.8 1.54 15.9 0.29 1.53 ± 0.17 1.09 ±
0.34 

6.65 ±
0.18 

25% 

17 2.87 30.6 1.62 16.9 0.78 1.99 ± 0.62 0.82 ±
0.10 

7.41 ±
0.31 

17%  
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3.3. Diatom bSiO2 production and growth rates 

Diatom bSiO2 production generally mirrored the trends in biomass 
(Tables 1 and 2). The gross rate of bSiO2 production, ρ, was highly 
correlated with total bSiO2 standing stock (Spearman Rho = 0.75, p <
0.01) and ≥5 μm Chl a (Spearman Rho = 0.85, p < 0.01). ρ ranged from 
0.01 to 1.81 μmol Si L− 1 d− 1 (average 0.35 ± 0.59 μmol Si L− 1 d− 1) and 
<0.01–2.03 μmol Si L− 1 d− 1 (average 0.38 ± 0.64 μmol Si L− 1 d− 1) for 
the upper and lower euphotic zones, respectively. Like other replicated 
measurements, the CV was low, with averages of 12 ± 7% and 12 ± 6% 
for the upper and lower euphotic zones, respectively. Vb ranged from 
0.01 to 0.17 d− 1 and <0.01–0.14 d− 1 for the upper and lower euphotic 
zone, respectively; the averages (±SD) at each light depth were also 
similar (upper euphotic zone 0.05 ± 0.05 d− 1, lower euphotic zone 0.03 
± 0.04 d− 1). Maximum Vb (i.e. 0.17 d− 1) infers a minimum doubling 
time of 4.1 days; however, the doubling time averaged (±SD) station-by- 
station (opposed to basing on average Vb) inferred was 34 ± 24 and 82 
± 86 days for the upper and lower euphotic zone, respectively. 

Diatom μ can help correct for potential bias of Vb rates due to detrital 
bSiO2. Vb and diatom μ among stations and depths were not significantly 
correlated (Spearman Rho = 0.07, p = 0.73), which is expected if there 
was a variable proportion of detrital bSiO2 among stations (Goering 
et al., 1973; Krause et al., 2010). Diatom μ exceeded Vb in all but four 
samples (i.e. those where live bSiO2 was >100%). Diatom μ ranged from 
0.02 to 0.68 d− 1 (average 0.20 ± 0.19 d− 1) and 0.05–0.79 d− 1 (0.17 ±
0.21 d− 1) in the upper and lower euphotic zone, respectively. The 
station-by-station average doubling times averaged (±SD) 9 ± 11 and 7 
± 4 days for the upper and lower euphotic zone, respectively. We infer 
that diatom μ estimates are reflective of phytoplankton in only the large 
size fraction (discussed below); this is bolstered by the strong correla-
tions between ≥5 μm Chl a and live bSiO2 (see above), ≥5 μm Chl a and ρ 
(see above), and no correlation between <5 μm Chl a and either live 
bSiO2 (Spearman Rho = 0.00, p = 0.97) or ρ (Spearman Rho = 0.03, p =
0.89). 

Using an ANCOVA approach, a statistical model was produced to 
identify and quantify the degree of diatom μ variability explained by 

nutrients, light, and their interaction. Using AIC, the best fit models 
using 1, 2 and 3 parameters were generated. Given that we sampled at 
relative light depths (i.e. 50%I0 and 5%I0 or 1%I0) for a given experi-
ment, light was used as a categorical variable, i.e. high (n = 13) or low 
(n = 10) in the ANCOVA. A one interaction model (nitrate x light) 
explained a majority of the variance (model F(1, 21) = 40.9, p < 0.01, r2 

= 0.66, AIC = − 107.9; Supplementary Tables 1 and 2). The two- and 
three-variable models selected could explain a higher proportion of 
diatom μ variance but only with a minor change in AIC (e.g. two vari-
able: light, silicic acid x light r2 = 0.72, ΔAIC 2.4; three variable: 
ammonium, light, silicic acid x light r2 = 0.77, ΔAIC 4.6; Supplementary 
Tables 1 and 2). 

3.4. Size-fractionated phytoplankton community rates: MZP grazing loss 
and phytoplankton growth 

Whether MZP grazing rates were quantifiable experimentally was 
strongly dependent on the phytoplankton size class (Fig. 3). Among the 
28 experiments (i.e. 14 stations, 2 depths per station), significant graz-
ing for the ≥5 μm Chl a size fraction was observed in 10 experiments 
(Table 2); the lack of quantifiable grazing did not appear to result from 
the absence of nutrient amendments, as five experiments (of the 10 with 
quantifiable grazing) had amended nutrients and five did not. This dif-
fers from the <5 μm Chl a size fraction, where significant grazing was 
observed in 21 of 27 experiments (Table 2; <5 μm Chl a initial samples 
were compromised for one experiment/depth hence the lower total 
number of experiments). For the ≥5 μm Chl a size fraction, grazing rates 
ranged from 0 to 3.33 d− 1 (average 0.35 ± 0.89 d− 1) in the upper 
euphotic zone and 0–2.95 d− 1 (average 0.31 ± 0.78 d− 1) in the lower 
euphotic zone (Table 2). Among these same stations and depths, the 
growth rate for the ≥5 μm Chl a size fraction ranged from − 0.50 – 1.40 
d− 1 (average 0.09 ± 0.43 d− 1) and − 0.10 – 1.00 d− 1 (average 0.09 ±
0.27 d− 1) in the upper and lower euphotic zones, respectively. In the <5 
μm Chl a size fraction, grazing rates ranged from 0 to 2.71 d− 1 (average 
0.62 ± 0.77 d− 1) in the upper euphotic zone and 0–2.30 d− 1 (average 
0.57 ± 0.57 d− 1) in the lower euphotic zone (Table 2). The 

Fig. 2. Spatial distribution of properties in the upper (A–E) and lower (F–J) euphotic zone during ASGARD. (A, F) CTD-determined temperature, (B, G) nitrate, (C, H) 
≥5 μm Chl a, (D, I) bSiO2 and (E, J) diatom μ. For each property, the color bar under the lower-euphotic-zone panel applies to both light depths. Plots generated using 
Ocean Data View. Note: Transit station 1 not shown (see Table 1). 
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corresponding range in growth rates for the <5 μm Chl a size fraction 
ranged from 0 to 2.00 d− 1 (average 0.48 ± 0.54 d− 1) and − 0.42 – 1.77 
d− 1 (average 0.50 ± 0.54 d− 1) in the upper and lower euphotic zones, 
respectively. 

MZP grazing rates were significant at times relative to phytoplankton 
growth rates. When comparing MZP g to phytoplankton μ, Sherr et al. 
(2013) included all stations, regardless of whether or not MZP grazing 
was significantly resolved; for consistency, we report g μ− 1 for both size 

fractions in this manner (Table 2). However, for our calculations of 
averages, we considered 0 values for grazing when MZP was not sig-
nificant. For the ≥5 μm Chl a size fraction the percentage of grazing 
relative to growth ranged from 0 to 314% (average 47% ± 100%) and 
0–295% (average 51% ± 91%) in the upper and lower euphotic zones, 
respectively. For the <5 μm Chl a size fraction the percentage of grazing 
relative to growth ranged from 0 to 197% (average 87% ± 64%) and 
0–147% (average 97% ± 37%) in the upper and lower euphotic zones, 

Table 2 
32Si-based rate measurements: biogenic silica production, ρ (μmol Si L− 1 d− 1), total bSiO2-normalized production, Vb (d− 1), diatom growth, μ (d− 1); ±SD. Dilution 
based rate measurements: MZP grazing rates, g (d− 1) and phytoplankton growth rate, μ (d− 1) among size fractions (≥5 μm, <5 μm); mean ± SE of the regression fit, p- 
value for the regression fit is in parentheses. Abbreviations are “ns” (not significant) and “–” (no data). *Denotes Vb = diatom μ as “Live” bSiO2 (FlowCam derived) 
exceeded 100% of total bSiO2. As in Sherr et al. (2013) the g μ− 1 calculation for each experiment is done regardless of whether grazing is significant. †Denotes 0% when 
grazing was negative (i.e. below detection) or 100% when phytoplankton μ was negative and grazing positive.  

Station # Depth 
(m) 

ρ (μmol Si 
L− 1 d− 1) 

Vb (d− 1) diatom μ 
(d− 1) 

≥5 μm g (d− 1), 
p-value 

≥5 μm μ (d− 1), 
p-value 

≥5 μm g 
μ− 1 (%) 

<5 μm g (d− 1), 
p-value 

<5 μm μ (d− 1), 
p-value 

<5 μm g 
μ− 1 (%) 

Transit 1 35 <0.00 ±
<0.00 

0.01 ±
<0.00 

– – – – – – – 

Transit 2 5 0.10 ± 0.02 0.02 ±
<0.00 

0.06 0.81 ± 0.48 
(0.03) 

1.06 ± 0.48 
(ns) 

76 − 1.94 ± 1.36 
(0.03) 

− 2.68 ± 1.36 
(ns) 

†0 

Transit 2 24 0.22 ± 0.01 0.03 ±
<0.00 

– 0.34 ± 0.11 
(0.04) 

0.17 ± 0.11 
(0.01) 

199 0.82 ± 0.34 
(ns) 

− 0.41 ± 0.34 
(0.04) 

†100 

Transit 3 5 0.08 ±
<0.00 

0.01 ±
0.01 

0.30 0.54 ± 0.30 
(ns) 

0.28 ± 0.30 
(ns) 

195 – – – 

Transit 3 10 0.19 ± 0.05 0.03 ±
0.01 

0.79 − 0.32 ± 0.84 
(ns) 

− 0.50 ± 0.84 
(ns) 

†0 − 0.80 ± 0.58 
(ns) 

0.751 ± 0.58 
(ns) 

†0 

CBE9 5 0.02 ±
<0.01 

0.02 ±
<0.01 

*0.02 0.53 ± 0.25 
(ns) 

− 0.07 ± 0.25 
(ns) 

†100 0.61 ± 0.09 
(<0.01) 

0.35 ± 0.09 
(<0.01) 

175 

CBE9 26 0.10 ± 0.02 0.01 ±
<0.01 

– − 0.00 ± 0.17 
(<0.01) 

0.61 ± 0.17 
(ns) 

†0 0.68 ± 0.16 
(<0.01) 

0.46 ± 0.16 
(<0.01) 

147 

CBW5 7 0.05 ±
<0.01 

0.10 ±
<0.01 

– 0.15 ± 0.40 
(ns) 

0.10 ± 0.40 
(ns) 

142 0.36 ± 0.07 
(<0.01) 

0.49 ± 0.07 
(<0.01) 

74 

CBW5 29 0.02 ±
<0.01 

<0.01 ±
<0.01 

0.13 − 0.39 ± 0.20 
(ns) 

− 0.35 ± 0.20 
(ns) 

†0 0.33 ± 0.15 
(<0.01) 

0.56 ± 0.15 
(ns) 

†100 

CNL3 4 0.10 ± 0.01 0.05 ±
<0.01 

*0.05 0.57 ± 0.10 
(0.02) 

0.18 ± 0.10 
(<0.01) 

314 1.65 ± 0.35 
(<0.01) 

0.83 ± 0.35 
(<0.01) 

197 

CNL3 18 1.07 ± 0.19 0.07 ±
0.01 

0.09 0.41 ± 0.67 
(ns) 

− 0.18 ± 0.67 
(ns) 

†100 0.46 ± 0.14 
(<0.01) 

0.65 ± 0.14 
(<0.01) 

71 

DBO3.8A 3 1.81 ± 0.04 0.12 ±
<0.01 

0.29 − 0.06 ± 0.64 
(ns) 

0.01 ± 0.64 
(ns) 

†0 0.44 ± 0.13 
(<0.01) 

0.47 ± 0.13 
(<0.01) 

96 

DBO3.8A 13 2.03 ± 0.10 0.14 ±
<0.01 

0.20 0.42 ± 0.22 
(<0.01) 

1.23 ± 0.22 
(ns) 

34 0.66 ± 0.18 
(<0.01) 

1.09 ± 0.18 
(<0.01) 

61 

DBO3.3 5 0.02 ±
<0.01 

0.03 ±
<0.01 

0.09 3.33 ± 0.87 
(0.03) 

1.39 ± 0.87 
(<0.01) 

239 2.70 ± 0.85 
(<0.01) 

1.99 ± 0.85 
(0.01) 

136 

DBO3.3 22 0.09 ±
<0.01 

0.03 ±
<0.01 

0.09 − 0.06 ± 0.09 
(ns) 

− 0.06 ± 0.09 
(ns) 

†0 0.46 ± 0.08 
(<0.01) 

0.61 ± 0.08 
(<0.01) 

75 

CL3 6 0.02 ±
<0.01 

0.01 ±
<0.01 

0.05 − 0.17 ± 0.11 
(<0.01) 

− 0.67 ± 0.11 
(ns) 

†0 0.28 ± 0.05 
(<0.01) 

0.63 ± 0.05 
(<0.01) 

45 

CL3 22 0.03 ±
<0.01 

<0.01 ±
<0.01 

0.05 2.94 ± 0.56 
(0.02) 

0.99 ± 0.56 
(<0.01) 

295 2.29 ± 0.51 
(<0.01) 

1.77 ± 0.51 
(<0.01) 

130 

CL1 5 0.01 ±
<0.01 

<0.01 ±
<0.01 

0.18 − 0.79 ± 0.09 
(<0.01) 

− 0.50 ± 0.09 
(<0.01) 

†0 0.49 ± 0.18 
(<0.01) 

0.40 ± 0.18 
(0.02) 

123 

CL1 22 0.02 ±
<0.01 

<0.01 ±
<0.01 

0.06 0.34 ± 0.10 
(ns) 

− 0.09 ± 0.10 
(<0.01) 

†100 0.50 ± 0.10 
(<0.01) 

0.40 ± 0.10 
(<0.01) 

123 

DBO3.8 
bloom 

4 1.19 ± 0.21 0.08 ±
0.01 

*0.08 0.01 ± 0.15 
(<0.01) 

0.58 ± 0.15 
(ns) 

2 0.49 ± 0.17 
(ns) 

0.16 ± 0.17 
(0.01) 

†0 

DBO3.8 
bloom 

17 1.57 ± 0.26 0.11 ±
0.02 

*0.11 0.49 ± 0.23 
(<0.01) 

0.61 ± 0.23 
(ns) 

81 0.54 ± 0.07 
(<0.01) 

0.59 ± 0.07 
(<0.01) 

91 

IL4 5 0.03 ±
<0.01 

0.02 ±
<0.01 

0.18 − 0.52 ± 0.16 
(ns) 

− 0.26 ± 0.16 
(0.01) 

†0 0.02 ± 0.13 
(<0.01) 

0.48 ± 0.13 
(ns) 

†100 

IL4 22 0.01 ±
<0.01 

<0.01 ±
<0.01 

0.06 − 0.71 ± 0.90 
(ns) 

− 0.66 ± 0.90 
(ns) 

†0 0.09 ± 0.34 
(ns) 

− 0.06 ± 0.34 
(ns) 

†100 

CPL 6 4 0.05 ±
<0.01 

0.01 ±
<0.01 

0.21 0.12 ± 0.19 
(ns) 

− 0.13 ± 0.19 
(ns) 

†100 0.78 ± 0.13 
(<0.01) 

0.84 ± 0.13 
(<0.01) 

92 

CPL 6 16 0.04 ±
<0.01 

<0.01 ±
<0.01 

– 0.06 ± 0.15 
(ns) 

− 0.21 ± 0.15 
(ns) 

†100 0.46 ± 0.05 
(<0.01) 

0.34 ± 0.05 
(<0.01) 

134 

DBO2.4 5 0.18 ±
<0.01 

0.02 ±
<0.01 

0.47 0.20 ± 0.20 
(<0.01) 

0.63 ± 0.20 
(ns) 

33 − 0.22 ± 0.10 
(<0.01) 

0.08 ± 0.10 
(<0.01) 

†0 

DBO2.4 21 0.04 ±
<0.01 

<0.01 ±
<0.01 

0.12 − 0.60 ± 0.23 
(ns) 

0.15 ± 0.23 
(0.02) 

†0 0.86 ± 0.14 
(<0.01) 

0.75 ± 0.14 
(<0.01) 

114 

DBO2.2 4 1.21 ± 0.10 0.17 ±
0.01 

0.68 − 0.49 ± 0.19 
(<0.01) 

0.50 ± 0.19 
(0.02) 

†0 0.70 ± 0.39 
(0.03) 

0.82 ± 0.39 
(ns) 

†100 

DBO2.2 17 0.22 ± 0.02 0.03 ±
<0.01 

0.17 0.15 ± 0.11 
(<0.01) 

− 0.30 ± 0.11 
(ns) 

†100 0.69 ± 0.14 
(<0.01) 

0.63 ± 0.14 
(<0.01) 

109  
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respectively. As reported by Sherr et al. (2013), we also observed a 
major shift in g μ− 1 between bloom and non-bloom stations, but only for 
the large size fraction. Average (±SD) ≥5 μm g μ− 1 was 23% ± 35% 
(55% ± 102%) for bloom (non-bloom) stations. Whereas average < 5 
μm g μ− 1 was 64% ± 38% (79% ± 63%) for bloom (non-bloom) stations. 

4. Discussion 

4.1. Bottom-up regulation of phytoplankton growth rates 

Dilution experiments enable an assessment of both bottom-up and 
top-down factors concurrently. The caveat for comparing phytoplankton 
growth rates to bottom-up factors is that dilution experiments must 
successfully conform to the methodological assumptions (Landry and 
Hassett, 1982). Non-zero rates for the small-phytoplankton size class 
were quantified in 70% of our experiments, twice the number of ex-
periments where non-zero rates were quantified for large phyto-
plankton. A correlation analysis among all hydrographic (temperature, 
water depth), chemical (nitrate, ammonium, phosphate, silicic acid) and 
particulate (size fractionated Chl a, total bSiO2, live bSiO2) stocks, and 
process rates (<5 μm and ≥5 μm μ, MZP grazing on both size fractions, 
diatom μ, ρ, Vb) showed that the growth rate for small phytoplankton 
was significantly correlated with only the growth rate of large phyto-
plankton and the MZP grazing rate of small phytoplankton (Spearman 
Rho = 0.72, p < 0.01). These correlations suggest MZP controlled <5 μm 
μ but not biomass in this size fraction. This lack of correlation may be an 
artifact of the relatively invariant <5 μm biomass (Chl a range <0.1–1.1 

μg L− 1, average 0.3 ± 0.2 μg L− 1) and lower dynamic range than biomass 
in large cells, hence a correlation could not resolve a biomass trend. 
Additionally, the lack of correlation to hydrographic parameters and 
nutrients could reflect the tight coupling between small phytoplankton 
growth and MZP grazing at both light depths (i.e. MZP grazed, on 
average, 87% ± 64% and 97% ± 37% of production for upper and lower 
euphotic zone, respectively), suggesting that food web/ecological pro-
cesses (nutrient remineralization) were more important for sustaining 
<5 μm μ during our cruise. 

Given the consistency in observed growth and MZP loss rates for 
small phytoplankton, the remainder of the discussion focuses on pro-
cesses in the large phytoplankton size fractions, specifically for diatoms. 
Quantifiable non-zero growth rates in the large phytoplankton occurred 
in 35% of the experiments. The tight coupling between ≥5 μm Chl a and 
total bSiO2, live bSiO2, and ρ strongly support the notion that diatoms 
drove the signal in the large phytoplankton size fraction, consistent with 
previous regional studies (Baumann et al., 2014; Giesbrecht and Varela, 
2021). We leverage the independent isotope-based diatom growth rates 
in the remaining analyses due to the high frequency of zero rates 
quantified for dilution experiments (discussed below). 

There are few previous studies reporting ρ, Vb or diatom μ data in this 
region. During the Processes and Resources of the Bering Sea Shelf 
program from 1978 to 1981, Banahan and Goering (1986) reported ρ or 
Vb in the southeastern Bering Shelf region, the same spatial domain as 
more recent projects (e.g. BEST). Their sampling included higher ver-
tical resolution, but euphotic zone average ρ (i.e. their reported inte-
grated rate divided by euphotic zone depth) ranged from <0.1–1.1 μmol 
Si L− 1 d− 1, with their highest single-depth rates exceeding 2 μmol Si L− 1 

d− 1; these ranges are nearly identical to our observations. Similarly, 
their range in euphotic-zone averaged Vb was 0.04–0.18 d− 1, similar to 
our rates during the ASGARD cruise (note: these authors normalized to 
total particulate silica opposed to just bSiO2, suggesting rates were 
conservative). More recently, Giesbrecht and Varela (2021) reported the 
first measurements for ρ or Vb within the euphotic zone of the ASGARD 
domain (i.e. northern BS and CS) during July with multiple years of data 
(2013–2016). Giesbrecht and Varela (2021) observed higher maximum 
ρ and Vb values, with rates up to >3 μmol Si L− 1 d− 1 and >0.3 d− 1, 
respectively; however, the time-averaged ρ among all stations and 
summers was <0.5 μmol Si L− 1 d− 1 except for a single station in the 
Bering Strait (average ~2 μmol Si L− 1 d− 1) which was more variable. 
Similarly, the central tendency for average Vb among years and stations 
reported by Giesbrecht and Varela (2021) was <0.2 d− 1 for all stations 
except the Bering Strait (~0.3 d− 1). Yang et al. (2015) also used a 
dilution method approach in the CS (73◦–79◦ N) during summer under 
primarily low Chl a conditions (<0.6 μg L− 1); however, these authors 
used diatom cell counts to quantify growth, making a better comparison 
to our isotope-derived diatom μ (shown in Fig. 4D). These authors re-
ported a range of 0.16–0.45 d− 1, with an average of 0.30 ± 0.10 d− 1. 
Overall, rates during ASGARD appear comparable to previous studies (in 
both spring and summer) despite the anomalously low ice conditions 
during June 2017 (Fig. 1D). 

The comparison of Vb vs. silicic acid concentration can yield 
important information about whether diatoms may be kinetically 
limited by silicic acid availability. While kinetic limitation may not be 
intense enough to dramatically limit diatom growth, even moderate 
stress (e.g. uptake of Si at half saturation rates) has been linked to 
increased mortality through facilitation of viral infection both in labo-
ratory conditions and the California Current during upwelling (Kranzler 
et al., 2019). A saturable response (e.g. Michaelis-Menten kinetics) is 
expected when examining Vb vs. silicic acid concentration, yet such a 
trend is only apparent for a subset of our data (Fig. 4A). Saturable re-
sponses are observed when a single community (i.e. specific station and 
water depth) is amended with increasing silicic acid to observe the 
response of Si uptake, e.g. Giesbrecht and Varela (2021) during summer, 
whereas we report uptake rates among different communities across a 
natural gradient in silicic acid. Consequently, each community likely has 

Fig. 3. Changes in the net increase in Chl a (d− 1) with percentage of whole 
seawater between ≥5 μm Chl a and <5 μm Chl a fractions at stations DBO3.8A 
at 3 m where both size fractions had non-zero slopes (A) and CNL3 at 4 m where 
only the <5 μm Chl a fraction had a non-zero slope (B). If significant, Model-I 
linear regressions are shown. These stations are representative of our typical 
responses (other stations in Supplemental Fig. 1), specifically that <5 μm Chl a 
samples had non-zero MZP grazing rates whereas a majority of MZP grazing 
rates in the ≥5 μm Chl a size fraction was zero. 
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a different physiological acclimation state, sensu Lomas et al. (2014), 
which complicates using a Michaelis-Menten kinetic framework to infer 
limitation of diatoms by suboptimal silicic acid concentrations (hence 
using ANCOVA approach, discussed below). Low Vb values are associ-
ated with both high and low silicic acid concentrations (Fig. 4A). We 
infer this to be due to low diatom activity (e.g. early bloom phases, high 
nutrients) and/or an artifact of high detrital silica which biases Vb to be 
low (e.g. late bloom phase, low nutrients). The subset of samples that 
appear to have a Michaelis-Menten response (i.e. all Vb > 0.03 d− 1, 
except the DBO2.2, 4m sample) only share the commonality of high live 
bSiO2 percentage (73 ± 30%) vs. all other samples (18 ± 24%, Fig. 4A) 
and these differences are significant (Mann-Whitney U = 24, p = 0.01). 
Correcting for effects of detrital bSiO2 shows that diatom μ was well 
correlated to bottom-up factors (Fig. 4B and C). The relatively linear 
response, opposed to a hyperbolic response observed in short-term ex-
periments, e.g. Giesbrecht and Varela (2021), observed between diatom 
μ and nutrients (Fig. 4B and C) is consistent with acclimation to the 
mean environment, as alluded to for P by Lomas et al. (2014). Taken 
together, this suggests that silicic acid concentration did not limit 
diatom growth during ASGARD. 

Our data suggest that diatom μ may have been lower than physio-
logical maxima. Using Eppley’s classical empirical equation showing the 
change in phytoplankton growth with temperature (Eppley, 1972), 
upper euphotic zone diatoms grew at an average of 20 ± 19% of their 
maximum rate, and lower euphotic zone diatoms grew at an average of 
18 ± 24% of their maximum rate (Fig. 4D). Given the similarity of 
diatom rates to previous regional reports, it may be inferred that growth 
could have been limited in those studies also. Due to the high degree of 
correlation between silicic acid and nitrate concentrations (Spearman 
Rho = 0.94, p < 0.01), diatom μ increased linearly in response to in-
creases of both nutrients (Fig. 4B and C), thereby making it difficult to 
assign one as the limiting nutrient over the other; however, the ANCOVA 
results show that the interaction of nitrate and light provides the most 
predictive power for a one-parameter model. The rate of increase in 

diatom μ with increasing nutrient concentrations was also larger for the 
upper euphotic zone than lower euphotic zone. This separation by light 
depth suggests an important role for light and/or the interaction of light 
and nutrients in regulating diatom μ, as observed for lower latitude di-
atoms (Brzezinski et al., 2015; King and Barbeau, 2011). Even if the 
effect of light-nutrient interaction has a small absolute magnitude 
(compared to lower latitude systems), it could be proportionally more 
important in polar regions due to the relatively low growth rates con-
strained by ambient temperature. Given the result of the ANCOVA 
model fit to these data, i.e. the interaction of light and nitrate was the 
most important factor (explaining 66% of the data set variance), future 
regional work should explore diatom growth within the context of 
co-limitation. 

4.2. Do MZP control diatoms during spring? 

Many ecological interactions among zooplankton and phytoplankton 
are size-dependent. As phytoplankton increase in size, e.g. large diatoms 
and/or long chains, they typically become too large for consumption by 
most MZP and are more favorable for LMZP (e.g. large calanoid co-
pepods, krill), although studies do show BS LMZP prefer MZP (Campbell 
et al., 2016). However, many MZP (e.g. certain dinoflagellates) have 
evolved mechanisms to handle large particles at a fast rate in lower 
latitudes, especially diatom chains - which may be many times longer 
than their own body length (Jacobson and Anderson, 1986). While there 
have been many studies in the region, especially in the southeastern BS, 
reporting dilution experiment data, most experiments were not 
size-fractionated and those that did were largely conducted during the 
summer (Olson and Strom, 2002; Strom and Fredrickson, 2008). When 
considering the proxy of total Chl a (i.e. sum of ≥5 and < 5 μm Chl a 
fractions) during spring data from previous studies, the proportion of 
experiments with no significant MZP grazing (i.e. grazing = 0) was 
similar to our study (Fig. 5). However, when size-fractionating, the 
proportion of experiments with MZP grazing rates equal to zero diverged 

Fig. 4. Diatom Vb and μ vs. dissolved silicic acid concentration (A, B, respectively), (C) diatom μ vs. nitrate concentration, and (D) diatom μ vs. temperature during 
ASGARD (upper euphotic zone, filled circles, and lower euphotic zone, gray circles) along with a prior CS field study (upward triangles) reporting diatom growth 
rates from dilution experiments (Yang et al., 2015) relative to the empirical relationship for phytoplankton growth and temperature (black line) described by Eppley 
(1972). Error bars on A are SD. Geometric mean regressions and R2 are shown in B, C, with reported ANOVA F and p values. Point denoted by * not used in re-
gressions or ANCOVA analysis. 
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with plankton size, a trend not observed during summer studies (Fig. 5). 
Given the similarity in our data and prior regional work (when using 
total Chl a as a proxy), we suggest that diatoms during spring largely 
escape MZP grazing losses, especially during blooms, and we explore 
explanations for this apparent lack of grazing control. 

While large cells may be palatable for MZP, they do present issues of 
increased handling time and mechanical barriers. Two laboratory 
studies have demonstrated that MZP prefer diatoms with lower silica 
content vs. more silica-dense cells (Spillane, 2016; Zhang et al., 2017). 
Among all samples, only three (5 m DBO3.3, 4 m CPL6, 22 m IL4; 
Table 1) were dominated numerically by pennate diatoms (e.g. Fragi-
lariopsis, Pseudo-nitzschia; data not shown), yet only one of these three 
samples (5 m DBO3.3, Table 2) had significant grazing on large phyto-
plankton by MZP. Strom et al. (2017) also reported there is no evidence 
that coccolithophorid calcium carbonate plates protect large phyto-
plankton from MZP grazing. Coccolithophore cells are considerably 
smaller than diatoms, thus, the combined effect of phytoplankton size 
and biomineral content may reduce, but not eliminate MZP grazing 
rates, e.g. (Jacobson and Anderson, 1986). In the Bering and Chukchi 
environments, this size-selectivity of MZP for smaller phytoplankton 
may manifest if the large phytoplankton assemblage is dominated by 
heavily silicified chain-forming centric diatoms as opposed to lightly 
silicified chain-forming pennate diatoms (Taniguchi et al., 1976). Dur-
ing spring 2017, we observed diatom assemblages most of the time were 
dominated by centric diatoms. Thus, it does not appear that diatom 
diversity or biomineralization directly promoted escape from MZP 
grazing. 

Top-down control on MZP by LMZP could promote MZP grazing 
release from diatoms. Regional LMZP appear to prefer MZP, over di-
atoms, in their diets (Campbell et al., 2016). However, Campbell et al. 
(2016) also noted that diatoms were the main diet of LMZP at bloom 
stations during spring in the eastern BS due to the exceptional disparity 
between diatom biomass and MZP biomass (i.e. LMZP cannot avoid 
eating diatoms in bloom conditions). During the ASGARD cruise, LMZP 
abundances were highly variable among stations and typically domi-
nated by copepods (Kimura et al., 2020). None of the stations sampled 
by Kimura et al. (2020) were at our bloom stations (CNL3, DBO3.8A, 
DBO3.8, Table 1). The greatest LMZP abundances for the 2017 growing 
season (June–September) were observed in the month following the 
ASGARD cruise for the majority of LMZP species reported (Kimura et al., 

2020). While top-down control on MZP cannot be directly tested with 
these data, we suggest that this was not a main mechanism based on the 
high spatial and temporal variability reported by Kimura et al. (2020) 
and the observations by Campbell et al. (2016) that LMZP primarily 
consume diatoms (despite preferring MZP) under bloom conditions. 

The lack of significant grazing on the diatom size class by MZP may 
be a function of the time lags between these groups. During early bloom 
stages in this region, MZP growth rates are lower than diatoms due to the 
lower availability of phytoplankton prey; thus, the conditions of low 
MZP grazing losses for diatoms encountered during ASGARD may be due 
to this temporal disconnect (Sherr et al., 2013). Sherr and Sherr (2007) 
noted that heterotrophic dinoflagellates in the CS and Beaufort Sea are 
likely dominant consumers of diatom blooms during spring, consistent 
with other subarctic literature in the northern hemisphere (references 
therein). However, their analysis was largely based on comparison of 
standing stocks, without corresponding rate information for all data 
points. At the three stations with the highest proportion of grazing on 
large phytoplankton by MZP (CNL3, 4 m; DBO3.3, 5 m; CL3, 22 m; 
Table 2), FlowCam analysis (data not shown) showed that ciliates 
dominated MZP biovolume in two (CNL3, DBO3.3) whereas large di-
noflagellates (presumably heterotrophic) dominated only at CL3. 
Overall, the FlowCam-derived MZP biomass (based on allometry) was 
relatively low (average ~20 μg C L− 1, 1st – 3rd quartiles 6–30 μg C L− 1; 
Lomas, Krause, unpubl.), especially compared to ~100 μg C L− 1 esti-
mated phytoplankton carbon —inferred by converting average ≥ 5 μm 
Chl a (average 2.2 ± 4.4 μg L− 1) to carbon using a regional Carbon:Chl a 
ratio of ~50 from Lomas et al. (2012). This range is similar to the 
average MZP standing stocks observed in the BS during spring at 
phytoplankton bloom (average 42 ± 22 μg C L− 1) and non-bloom 
(average 9.2 ± 7.8 μg C L− 1) stations where dilution experiments were 
conducted (Sherr et al., 2013). Hence, the disparity between MZP 
grazing and diatom growth rates during early bloom stages observed 
during ASGARD appears to be due to the lag of MZP growth rate to 
availability of phytoplankton prey (i.e. MZP growth approaches 
maximum rates at high prey biomass levels). While diatom MZP grazing 
losses during summer in this region have been reported to be the lowest 
among the various phytoplankton groups (Yang et al., 2015), these data 
suggest that diatoms during the spring can grow (at times) with minor 
and/or insignificant losses due to MZP grazing in spring. This is 
consistent with the low proportional grazing on larger phytoplankton (i. 
e. ≥5 μm g μ− 1) between bloom (average 23% ± 35%) and non-bloom 
(average 55% ± 102%) stations. Even if including non-significant ≥5 
μm g μ− 1 station data, i.e. as done by Sherr et al. (2013), the ≥5 μm g μ− 1 

during bloom stations would increase (average 43% ± 46%, Fig. 6) and 
is nearly identical to bloom station g μ− 1 reported by Sherr et al. (2013) 
in the spring (average 42% ± 42%). Thus, under bloom conditions, 
much of the diatom carbon may be available for higher trophic level 
organisms and/or export. 

4.3. The fate of diatom organic matter during spring 

Despite diatoms typically being the largest cells among the phyto-
plankton community, their losses to MZP grazing consumption can be 
high in many oceanic regions. In the Southern Ocean from the Polar 
Front and southward, Selph et al. (2001) reported that MZP grazing rate 
on diatoms was 63% of diatom growth, indicating that a majority of 
diatom organic matter production was funneled through this MZP 
food-web pathway; this proportion is comparable to reported diatom 
losses to MZP during summer in the CS (Yang et al., 2015). Previous 
studies in the southeastern BS during summer show that MZP grazing on 
the largest phytoplankton size class (dominated by diatoms) either can 
consume ~50% (Strom and Fredrickson, 2008) or nearly 100% (Olson 
and Strom, 2002) of its production. These summer-season results are 
consistent with global trends (Calbet and Landry, 2004) in the propor-
tional losses of phytoplankton production to MZP grazing. However, our 
data support the observation and ideas expressed in Sherr et al. (2013), 

Fig. 5. Comparison of the frequency of dilution experiments where MZP 
grazing was zero (i.e. not resolved) for previously published spring (Connell 
et al., 2018; Sherr et al., 2009, 2013) and summer (Liu et al., 2002; Olson and 
Strom, 2002; Sherr et al., 2009; Stoecker et al., 2014a; Strom and Fredrickson, 
2008; Yang et al., 2015) studies in the southeastern BS and CS domains. Only 
summer studies reported size-fractionated rates. We compare our rates based on 
total Chl a (sum of size fractions for our study, black bars) and the 
size-fractionated components (≥5 μm light gray bars, <5 μm dark gray bars). 
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and discussed above, in that diatoms during this spring period can have 
pulsed periods of growth without major MZP grazing during bloom 
development, potentially funneling considerable carbon to higher tro-
phic levels and/or export. 

The historical context of ice extent within the ASGARD latitude 
domain shows that 2017 was a low-ice-extent anomaly (Fig. 1), how-
ever, this low-ice anomaly trend appeared to start earlier in the south-
eastern BS (Fig. 1) around 2014, coincident with other observations of 
extreme level of oceanic heat in Alaskan waters and the North Pacific 
more generally (Bond et al., 2015; Danielson et al., 2020; Walsh et al., 
2018). Our diatom productivity measurements during 2017 are similar 
to those of both Banahan and Goering (1986) in the southeastern BS, and 
within the ASGARD domain by Giesbrecht and Varela (2021) between 
2013 and 2016; suggesting that physical changes in the ice extent over 
time had not manifested in major shifts of diatom production by 2017. 
This is consistent with inferences from Lomas et al. (2012) regarding the 
need for at least a factor of two changes in total primary productivity to 
resolve climate change signals in the BS. 

The ρ data provide an independent metric of diatom productivity and 
using recently published Si:C for cold-adapted diatoms (Lomas et al., 
2019), we can convert diatom bSiO2 production into diatom-based 
primary production (PP). Because bSiO2 and ≥5 μm Chl a were so 

strongly correlated, we infer that any MZP losses for this size class 
represents loss of diatoms only; the non MZP-grazed diatom PP sets a 
conservative metric on the amount of diatom material which can be 
passed directly to higher pelagic trophic levels and/or exported to the 
benthos. We converted this direct loss by MZP to diatom carbon units, 
and then plotted it against the total diatom PP among bloom and 
non-bloom stations (Fig. 6). Overall, the 2017 ASGARD data suggest that 
during bloom conditions, the amount of available diatom PP which es-
capes MZP grazing is 20–50 times higher than available during 
non-bloom conditions. This range is nearly double the disparity in ab-
solute diatom PP between bloom and no-bloom conditions (i.e. former is 
~12-fold higher), suggesting that the bloom conditions not only favor 
creation of more organic material, but this material can be more effi-
ciently passed to higher trophic organisms and/or exported for con-
sumption in the benthos. 

The observation that a majority of spring season diatom PP can be 
available for pelagic higher trophic level consumers or export to the 
benthos, even during warm-anomaly years with very little sea ice, sug-
gests that there may be some resilience for Arctic diatoms functioning in 
a warming world. However, this idea has many caveats. IPCC reports 
predict significant warming in the Arctic region by the end of the cen-
tury (IPCC, 2014). A recent analysis by Krause and Lomas (2020) sug-
gested that such warming may reduce the diatom elemental density, 
which is significantly higher for cold-adapted diatoms vs. low-latitude 
diatoms (Lomas et al., 2019), and such a reduction in elemental den-
sity could converge cold-adapted diatoms with the elemental density in 
lower latitude diatoms, e.g. Menden-Deuer and Lessard (2000). If such a 
scenario were to happen, then the quality of diatom carbon per cell 
could be reduced (i.e. less element per cell), and thereby yield less ab-
solute diatom-based PP (i.e. C) even without declines in diatom abun-
dance. Thus, even if the lack of MZP grazing loss to diatom blooms 
during ASGARD 2017 were reflective of future scenarios in a warming 
world, potential thermally-driven changes in diatom elemental density 
may lower the absolute surplus diatom PP available for higher trophic 
organisms in spring. Additionally, warmer temperatures may stimulate 
both phytoplankton and MZP growth rates, thus, future MZP assem-
blages may be able to respond faster to the buildup of phytoplankton 
biomass, and reduce the inferred temporal lag in our study (and that 
discussed by Sherr et al. (2013) during spring). The combination of 
warming (which affects diatom elemental density) and/or increased 
MZP grazing losses both can reduce the surplus diatom PP in this system 
and modify the food web. Future efforts must attempt to disentangle 
these effects to better predict how organic matter will flow to higher 
trophic levels in these ecologically and economically important, but 
rapidly changing, regions within the broader Arctic. 
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A B S T R A C T   

Benthic bacteria and archaea can be considered biogeochemical engineers as they play a major role in organic 
matter (OM) degradation and nutrient cycling. As such, prokaryotic community structure, yielded from 16S 
rRNA amplicon sequencing, can reflect environmental conditions such as OM composition and quantity, nutrient 
availability, redox conditions, and natural/anthropogenic contaminants (e.g. petroleum hydrocarbons). To assess 
prokaryotic community structure, we sequenced marine sediments in the upper 10-cm layer on the northern 
Bering and southern Chukchi Sea shelves, a high-latitude region undergoing rapid environmental change. We 
then explored broader spatial patterns in community structure for surface sediments (upper 1 cm), incorporating 
samples from the Northeast Chukchi and Beaufort Seas in relation to environmental variables. Three assemblages 
were characterized at distinct depth horizons in the upper 10-cm sediment layer from the Northern Bering and 
Southern Chukchi benthos. One assemblage was exclusively found in sediments at greater than 1 cm sediment 
depth and contained a relatively higher proportion of anaerobic taxa (e.g. Anaerolineaceae, Desulfobulbaceae, 
and Desulfosarcinaceae). Overall, community distribution in the upper 10-cm reflected sediment grain size, OM 
quantity and composition, and possibly the influence of bioturbation. Two assemblages were characterized in 
surface sediments (upper 1 cm) across the broader Northern Bering and Chukchi Sea study area. A relatively high 
abundance of anaerobic taxa (e.g. SEEP-SRB4, Subgroup 23, and R76-B128) in one assemblage suggested 
comparatively suboxic sediments, and the other suggested allochthonous input of phytodetritus based on high 
abundance of diatom/particle associated microbes (e.g. Polaribacter, Dokdonia, and Ulvibacter), combined with 
high sediment Chl-a concentration. This latter assemblage may reflect depositional areas influenced by hydro-
graphic patterns. Prokaryotic community structure across the North American Arctic highlights regional dif-
ferences in environmental controls, with food-supply regimes influencing structure on the Bering-Chukchi inflow 
shelves, in contrast to the Beaufort interior shelves where nearshore heterogeneity (riverine input and terrige-
nous material) are major drivers of sediment prokaryote communities.   

1. Introduction 

Benthic prokaryotes, bacteria and archaea, are major mediators of 
biogeochemical processes at the sediment-water interface and within 
marine sediments. Unlike their more ephemeral counterparts residing in 
the water column, sediment prokaryotic communities can reflect both 
short-term changes in the environment as well as more consistent, long- 
term environmental features in a given habitat (Fuhrman et al., 2015; 
Zinger et al., 2011). Although taxonomic identity via 16S rRNA ampli-
con sequencing is not a reliable predictor of ecological function for most 
prokaryotes, the presence of certain families or genera can provide some 

indication of the quantity or quality of available organic matter (OM), 
trace metals, bioturbation, presence of naturally- or 
anthropogenically-derived hydrocarbons, and even redox conditions 
along a sediment depth gradient. (Baltar et al., 2018; Chen et al., 2017; 
Deng et al., 2020; Ferguson et al., 2017; Hoffmann et al., 2017; Kostka 
et al., 2011; Steenbergh et al., 2014). Despite the vast increase in 
research coverage of marine prokaryotes over the past few decades, 
many regions around the globe have yet to be surveyed. In the Northern 
Bering and Chukchi seas, benthic prokaryotic community structure has 
been patchily surveyed, with just one study in Northern Bering sedi-
ments and a handful of studies in deep-water Chukchi Plateau 
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sediments, leaving the vast majority of the broad, shallow 
Bering-Chukchi shelf unexplored with respect to bacteria and archaea 
(Dong et al., 2015, 2017; Park et al., 2014; Zeng et al., 2011). 

The Bering-Chukchi shelf is considered a highly productive and 
ecologically important habitat that supports foraging by an array of 
organisms including whales, pinnipeds, and sea birds, which in turn 
support subsistence hunting by indigenous coastal communities (Greb-
meier et al., 2006, 2015a; Grebmeier, 2012a; Grebmeier and Maslowski, 
2014). The high productivity of this region is fueled by the northward 
flow of three major water masses: nutrient-rich Anadyr-influenced water 
in the west, centrally located summer and winter variants of Bering Sea 
water, and warmer lower-nutrient Alaska Coastal Water to the east 
along the Alaskan coast (Gong and Pickart, 2015; Weingartner et al., 
2005; Woodgate, 2018). 

On productive continental shelves, such as the Northern Bering and 
Chukchi shelf, redox layering in marine sediments is relatively trun-
cated, as the high OM input fosters shallower suboxic and anoxic con-
ditions where only the upper few millimeters of sediment may be 
oxygenated (Jørgensen et al., 2005; Orcutt et al., 2011). Redox condi-
tions dictate OM degradation and burial, with accelerated degradation 
rates in oxic conditions, and higher rates of burial under anoxic condi-
tions (Arndt et al., 2013; Jessen et al., 2017; Zonneveld et al., 2010). 
Redox reactions and layering are almost completely microbially medi-
ated, and several studies have observed vertical stratification of micro-
bial community structure reflecting different redox conditions (Durbin 
and Teske, 2011; Gao et al., 2011; Jorgensen, 2006; Luna et al., 2013; 
Ravenschlag et al., 2000). In the absence of direct geochemical mea-
surements, benthic prokaryotes may provide a rough sense of redox 
conditions with sediment depth. Many factors affect how microbes 
catalyze the reactions that drive redox layering, such as sedimentation 
rates, bioturbation, sediment type, and bottom/pore-water nutrient 
concentrations, which can vary widely in time and space (Aller, 1994a; 
Canfield et al., 2005; Edlund et al., 2008; Emerson et al., 2004). As 
microbial community structure varies across multiple spatiotemporal 
scales and along biogeochemical gradients, broad baseline surveys of 
prokaryotic patterns are essential in understanding more localized pat-
terns in a region of interest (Ladau and Eloe-Fadrosh, 2019; Shade et al., 
2018). 

In addition to being a dynamic environment, Arctic shelves are also 
highly susceptible to climate change effects, which have already man-
ifested in reduced sea-ice extent, species range shifts, and changes in 
pelagic primary productivity, OM deposition, and hydrography, all of 
which may have major and varying impacts on macro-to microorgan-
isms (Arrigo and van Dijken, 2011, 2015; Grebmeier, 2012a; Moore and 
Stabeno, 2015; Nelson et al., 2014). In this ecologically important region 
that is relatively unstudied with respect to benthic prokaryotes and 
experiencing rapid environmental change, we used 16S rRNA amplicon 
surveys of sediment samples to 1) assess vertical structure of prokaryotic 
communities in sediments of the Northern (N) Bering and Southeastern 
(SE) Chukchi Seas, 2) investigate environmental correlates of prokary-
otic community structure in surface sediments (0–1 cm) on a broader 
spatial scale from the N Bering to the Northeast (NE) Chukchi Sea shelf, 
and 3) provide a contextual baseline for benthic prokaryotes in surface 
sediments across the North American Arctic from the N Bering to the 
Eastern (E) Beaufort Sea. 

2. Methods 

2.1. Collection 

To assess prokaryotic community structure with sediment depth, 
samples were collected in June 2018 from eleven stations in the N Bering 
and SE Chukchi seas as part of the Arctic Shelf Growth, Respiration, and 
Deposition Rate (ASGARD) field program, a component of the North 
Pacific Research Board Arctic Integrated Ecosystem Research Program 
(NPRB IERP; Baker, M.R. et al., 2022; Baker et al., 2020; https://www. 

nprb.org/arctic-program/about-the-program) (Fig. 1a). Samples were 
collected via multi-corer (Ocean Instruments MC-800) with 10-cm 
diameter tubes. One tube per station was allocated for the assessment 
of prokaryotic community structure via amplicon sequencing. The top 
water was siphoned from the surface of the core, which was then 
sectioned at 1-cm intervals down to 5 cm, then 5–7 cm, and 7–10 cm. 
Samples were immediately frozen in individual sterile bags at − 80 ◦C. 

To place the ASGARD study area into broader spatial context, we also 
analyzed additional samples of surface sediments (upper 1 cm) collected 
in July 2014 during the annual Canadian Coast Guard Service survey 
aboard the Sir Wilfred Laurier (SWL) across all five transects of the 
Distributed Biological Observatory (DBO1-5; Fig. 2). Seven of these 
stations directly corresponded to locations sampled in 2018 during 
ASGARD, allowing for limited comparison of community structure be-
tween the two sampling years. 

Prokaryotic community structure from the Bering-Chukchi 
(ASGARD + DBO) was also compared with data from our previous 
work in the adjacent Beaufort Sea for a broader regional comparison 
(Walker et al., 2021). Both DBO samples and Beaufort Sea samples were 
collected in 2014 via 0.1-m2 double van Veen grab using a 60-cc, 2.5 cm 
diameter sterilized syringe and frozen at − 20 ◦C shipboard then stored 
at − 80 ◦C onshore (Grebmeier and Cooper, 2014; Walker et al., 2021). 
The term North American Arctic will be used in discussions involving all 
analyses spanning the Bering-Chukchi (ASGARD + DBO) and Beaufort 
Sea sampling areas. 

2.2. Environmental data 

Environmental data were provided by each of the respective field 
programs, with some differences between programs in the suite of var-
iables measured. For ASGARD stations, sediment environmental vari-
ables were measured from replicate multi-core deployments at each 
station, including porosity, grain size, total organic carbon and total 
nitrogen (TOC, TN mg/g), stable isotope signature (δ15N, δ13C), and 
phytopigment concentration (Chl-a and phaeopigment μg/g) (Table S1). 
Porosity calculations and detailed methods for analysis of phytopigment 
concentration are described elsewhere (Walker et al., 2021, Charrier 
et al., this volume). TOC, TN, and stable isotope analysis were conducted 
at the Alaska Stable Isotope Facility at the University of Alaska Water 
and Environmental Research Center. Sediments were rinsed in 1N HCl to 
remove carbonates prior to analysis. Elemental and stable isotope ana-
lyses were conducted via continuous-flow isotope ratio mass spectrom-
etry using a Thermo Scientific Flash 2000 elemental analyzer and 
Thermo Scientific Conflo IV interfaced with a Thermo Scientific DeltaV 
Plus Mass Spectrometer. Stable isotope ratios were reported in δ nota-
tion as parts per thousand (‰) deviation from the international standard 
Vienna Pee Dee Belemnite (VPDB; carbon). Typically, instrument pre-
cision is < 0.2‰. 

A single multi-core tube was allocated for grain-size analysis at each 
ASGARD station. After removing top water, the upper 5 cm of the core 
was subsampled using a 60-cc syringe with the end cut off. In the 
onshore lab, the samples were wet- and dry-sieved after homogenization 
in 20 mL of 2 g L− 1 sodium hexametaphosphate and 30 mL of reverse 
osmosis (RO) water per 30–40 g of sediment. For wet sieving we used 
stainless steel 2-mm and 63-μm sieves; sediment remaining on each 
sieve was collected into a separate container and dried at 90 ◦C until a 
constant mass was reached. Dried sediment from the 63-μm sieve was 
further sieved through brass stacked sieves (mesh sizes 18, 35, 60, 120, 
and 230) on a shaker for 10 min. After sediment from each sieve was 
weighed, the silty-clay fraction was rehydrated with RO water and 30% 
hydrogen peroxide was added until bubbling ceased in order to remove 
organic material. The silt-clay fraction was incubated on a block heater 
(70 ◦C) for 60 min to decompose hydrogen peroxide, and then dried at 
90 ◦C until constant mass was reached. Mean phi was calculated using 
the Grain Size Distribution and Statistics (GRADISTAT v.8.0) package 
(Blott, 2010; Blott and Pye, 2006). Only the parameters mean phi and % 
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silt-clay were used in environmental data analysis. 
Bottom-water temperature and salinity data were collected during 

the ASGARD field program using R/V Sikuliaq’s Sea-Bird 9/11 CTD 
system. Data processing methods are briefly described in Charrier et al. 
(this volume). Bottom seawater characteristics were also measured via 
water collected from Niskin bottles during CTD deployments. Samples 
for nutrients were collected from the deepest sampled depths (~5 m 

above seafloor), filtered through 0.45-μm cellulose acetate filters, and 
frozen for later analysis at NOAA’s Pacific Marine Environmental Lab-
oratory. Nutrients (nitrate [NO3

− ], nitrite [NO2
− ], phosphate [PO4

3− ], 
ammonium [NH4

+], and silicic acid [H4SiO4]) were measured following 
protocols described in Becker et al. (2020) and utilizing the 
ortho-phthaldialdehyde (OPA) method for analysis of ammonium. It is 
important to note that ammonium analysis in frozen samples is less 

Fig. 1. Map of ASGARD sample stations and associated vertical sediment depth distributions of prokaryotic assemblages. (a). The stations on this map show where 
sediment cores were collected for prokaryotic community and environmental parameter analyses in 2018 as a part of the ASGARD program. The different symbols 
marking each station indicate the assemblage profile group across different sediment depth horizons (b). A depiction of the assemblage profile groups (Group 1, 
Group 2, Group 3, Group 4), which exhibited similar assemblage patterns with sediment depth. 
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accurate than those carried out onboard. To assess community structure 
correlations with possible denitrification, we calculated the ratio of 
ammonium + nitrate + nitrite to phosphate (DIN:P) for each sample. 

Environmental data for the DBO sites sampled aboard the SWL are 
publicly available, and in this study we included bottom water salinity, 
temperature, and bottom-water nutrient concentrations (mmol/m3; ni-
trite and nitrate, silicic acid, phosphate, and ammonium), and sediment 
chl-a (mg/m2), TOC (%), TN (%), C:N and grain size (phi 1–4, >5) 
(Table S2). Details of sample collection and processing for 2014 DBO 
environmental data are provided elsewhere (Cooper et al., 2014; 
Grebmeier and Cooper, 2014). 

2.3. 16S rRNA amplicon sequencing 

Genomic DNA was extracted from freeze-dried sediment samples 
using the Qiagen PowerSoil kit. Sample gDNA and a mock community 
DNA standard (Zymobiotics) were then run in parallel from gene 

amplification through library preparation. Revised forward (515FB) and 
reverse primers (806RB) from the Earth Microbiome Project (EMP) were 
used to amplify the V4 region following the EMP one-step PCR ampli-
fication protocol of the 16S rRNA gene, and library preparation was 
conducted using iTru adapters (Apprill et al., 2015; Caporaso et al., 
2011, 2012; Parada et al., 2016; Walters et al., 2016). Samples were 
sequenced on an Illumina MiSeq at the UAF Institute of Arctic Biology 
Genomics Core Laboratory. 

Sequenced samples were de-multiplexed using the Mr. Demuxy 
package (Cock et al., 2009). Demultiplexed sequences were run with 
mothur v1.43.0 on a high performance-computing cluster through UAF 
Research Computing Systems using a modified MiSeq standard oper-
ating procedure (Schloss et al., 2009). The sequencing error rate was 
calculated using the mock community samples which were subsequently 
removed prior to clustering. OTUs were clustered at 100% similarity 
using the OptiClust option in mothur, taxonomy was assigned to OTUs 
using the SILVA 138 mothur formatted reference database with a 

Fig. 2. Map and dendrograms of prokaryotic community structure exhibited in Bering-Chukchi surface sediments from ASGARD and DBO samples. The dendrogram 
above the map shows the assemblages for ASGARD surface sediments and the dendrogram to the left shows the assemblages exhibited in DBO surface sediments. The 
stations on the map are colored by assemblage and shaped based on year. The stations on the map are also put into context with respect to the DBO 1–5 transects 
located on the Bering-Chukchi Shelf. St. Lawrence Island is denoted by the abbreviation SLI. 
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bootstrap cutoff of 100% (Edgar, 2018; Glöckner et al., 2017; Wang 
et al., 2007; Westcott and Schloss, 2017). 

Three OTU tables were created using this method so that we could 
subsample to a higher number of sequence reads with the ASGARD 
samples and assess surface sediment samples among all the Bering- 
Chukchi shelf sites (ASGARD + DBO) prior to clustering OTUs with 
our published dataset from the Beaufort Sea. Therefore, an OTU table 
was created with each of the following: ASGARD samples only, all 
Bering-Chukchi surface-sediment samples (ASGARD + DBO), and all 
North American Arctic surface (0–1 cm) sediment samples (ASGARD +
DBO + Beaufort Sea). The samples in the resulting OTU tables were 
normalized to 29,000, 16,000 and 16,000 sequences respectively and 
converted to relative abundances. The OTU table with ASGARD samples 
was used to investigate how N. Bering and SE Chukchi benthic pro-
karyotic community structure varied with sediment depth, whereas the 
other two OTU tables were used to evaluated regional-scale spatial 
patterns in surface sediments (0–1 cm) across the Bering-Chukchi- 
Beaufort study area. 

2.3.1. Data analysis 
Statistical analyses and figure generation were all conducted using R 

(R Core Team, 2017). To assess the vertical (with depth in sediments) 
and horizontal spatial variation in prokaryotic community structure in 
Chukchi sediments as well as compare community structure between 
Chukchi and Beaufort sediments, we used hierarchical clustering anal-
ysis with the ward.D2 method using the vegan package (Murtagh and 
Legendre, 2014; Oksanen et al., 2007). The validity of the clusters, 
within-cluster dispersion, and significance differences in composition 
between clusters were investigated via a silhouette test, dispersion test 
(betadisper), and PERMANOVA (adonis) respectively (Oksanen et al., 
2017). To investigate how taxonomic composition differed with sedi-
ment depth, we looked at individual vertical profiles of relative abun-
dance for each of the top-100-most-abundant family-level taxa that 
exhibited clear changes with sediment depth. Indicator taxa analysis 
was performed using the indicspecies package to identify OTUs that 
distinguished clusters within Northern Bering and Southern Chukchi Sea 
sediments and in surface sediments across the broader Bering-Chukchi 
(Cáceres and Legendre, 2009; De Cáceres et al., 2010). The multipatt 
function was used to identify taxa specific to a single cluster, or indic-
ative of combinations of clusters, with a significance of ≤0.001 and a 
strength of ≥0.850 (i.e., ≥85% probability of occurrence within a given 
cluster or combination of clusters; Cáceres and Legendre, 2009). 

In order to assess how environmental parameters influenced com-
munity structure with depth in sediments, we qualitatively compared 
vertical assemblage patterns (Groups 1–4) and vertical environmental 
profiles using data from Table S1. To identify significant environmental 
correlates of prokaryotic community structure on a broader spatial scale 
with Bering-Chukchi Sea samples we used Canonical Analysis of Prin-
ciple coordinates (CAP) with a Bray-Curtis distance matrix using the 
capscale function in the R package vegan. The best model for CAP was 
identified based on variance inflation factors for each environmental 
parameter and a forward and backward stepwise model selection via 
permutation tests on adjusted R2 and p-values using the ordistep func-
tion. The significance of the correlations identified by CAP was inves-
tigated in R using PERMANOVA (adonis function), and correlation 
strengths were calculated using the cor function (Oksanen et al., 2017). 
CAP was conducted using only surface sediments (0–1 cm) from 
ASGARD and DBO sites combined, and a subset of environmental vari-
ables that were consistently sampled in both field programs (Table S2). 

3. Results 

3.1. Vertical distribution of prokaryotic communities within sediments (N 
Bering, SE Chukchi) 

When vertical prokaryotic community structure was assessed within 

the ASGARD study area, three clusters, i.e. assemblages, were identified 
(Fig. 1b, S1, and S2). Two assemblages, A and B, were restricted to the 
upper 5-cm layers, and one (assemblage C) exclusively occurred in 
subsurface sediments (below 1 cm). These assemblages occurred at 
different sediment depths among stations, but stations could be grouped 
based on similar distribution of taxa with depth (Fig. 1b). At the coastal 
stations in the SE Chukchi Sea (Group 1; CL3, CL1, DBO3.3, IL4), surface 
assemblage B occupied the upper 1 cm, with assemblage C found in 1-5- 
cm layers. Farther offshore at stations DBO 3.6 and DBO 3.8 (Group 2), 
surface sediments were occupied by a different assemblage (A), which 
was also distributed more deeply into sediments (0–7 cm). At two 
offshore stations farther south (group 3; CNL3 and CNL5), assemblage B 
occupied the entire 0-5-cm layer sampled. At stations south of the Bering 
Strait (Group 4; DBO 2.2, DBO 2.4, and CBE3), only surface assemblages 
A and B were observed, with assemblage A occupying all sampled depths 
with the exception of DBO2.4 where assemblage B was found in the 
upper 1-cm layer. These station groupings were used to further inves-
tigate the distribution of specific taxa with depth in sediments. 

Ten of the 100 most abundant families across sediment horizons 
showed clear qualitative variations in relative abundance with sediment 
depth, based on qualitative assessment of relative-abundance plots for 
each taxon (not shown). Stations with similar vertical distribution of 
assemblages A, B and C also exhibited similar taxonomic changes with 
depth (Fig. 3). Overall, the families Chitinovibrionaceae, Flavobacter-
iaceae, Nitrosopumilaceae, and Psychromonadaceae decreased in rela-
tive abundance with sediment depth, while Anaerolineaceae, 
Desulfobulbaceae, and Desulfosarcinaceae increased with sediment 
depth (Fig. 3). These trends are most apparent for station Groups 1 and 
2, where the magnitude of change in relative abundance with sediment 
depth was greater than for Groups 3 and 4. The following families were 
most abundant within certain station groups: Anaerolineaceae (Group 
1), Thiotrichaceae (Groups 2 and 3), Chitinovibrionaceae and Psychro-
monadaceae (Group 3), Nitrosopumilaceae and Pirellulaceae (Group 4). 

Three environmental variables exhibited significant correlations (P 
< 0.001) with community structure when plotted with the four station 
profile groups: porosity (R2 = 0.59), TOC (R2 = 0.55), and TN (R2 =

0.45). Overall, porosity, TOC, and TN values were higher for Groups 1 
and 2, and lower for Groups 3 and 4 (Fig. 4). 

3.2. Spatial distribution of sediment prokaryotic communities on a 
broader spatial scale 

When surface sediments (0–1 cm) from the ASGARD study area and 
DBO transects were examined separately via hierarchical clustering, 
only the two surface assemblages, A and B, were observed (Fig. 2). Of the 
seven stations that were sampled in both 2014 and 2018, only one 
(DBO2.2) differed in assemblage designation between years. When 
surface sediments of all samples from the Bering-Chukchi were com-
bined and analyzed via hierarchical clustering, all ASGARD samples 
were designated as assemblage B (Fig. S3). We compared the 25 most 
abundant families between assemblages A and B, and found that 
Desulfobulbaceae, Sva1033, Desulfocapsaceae, Desulfosarcinaceae Kir-
itimatiellaceae, Thermoanaerobaculaceae, BD2-2, and Anaerolineaceae 
were more abundant in assemblage A, whereas Rubritaleaceae, Psy-
chromonadaceae, Pirellulaceae, Rhodobacteraceae, and Colwelliaceae 
were more abundant in assemblage B (Fig. S4). 

Major differences between assemblage A and B were less apparent at 
the family level, and were further explored at the genus level by 
comparing relative abundance of the most abundant taxa and indicator 
taxa analysis (Fig. 5). The most abundant genera in assemblage A were 
SEEP-SRB4, Subgroup 23, R76-B128, MSBL3, Actibacter, and Mar-
itimimonas. The most abundant genera in assemblage B were Dokdonia, 
Colwellia, Persicirhabdus, Formosa, Portibacter, Roseibacillus, Roseobacter 
clade NAC11-7, Rubritalea, Sulfitobacter, Ulvibacter, Yoonia-Loktanella, 
Polaribacter, Rubripirellula, Blastopirelulla, Bythiopirellula, Rhodopir-
ellula, Geopsychrobacter, and Oleiphilus. Indicator taxa for assemblage A 
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were R76-B128, MSBL3, and Blastopirellula, Dokdonia, Rubritalea, Geo-
psychrobacter, and Oleiphilus for assemblage B. Iron reducing (Geo-
psychrobacter) and oil-degrading (Oleiphilus) taxa were markedly more 
abundant in stations CL3, CL1, DBO3.3 and IL4, offshore of Pt. Hope 
Alaska (Fig. 6). 

CAP performed on all Bering-Chukchi surface sediment samples 
indicated that temperature, salinity, Chl-a, NH4

+, PO4
3− , DIN:P, H4SiO4, 

and silt-clay were significant correlates across four CAP axes and 
accounted for 20% of the variance in community structure (R2 = 0.37, 
adj. R2 = 0.20, P < 0.001). Differences between assemblage A and B 
were most apparent along the CAP1 axis such that assemblage A stations 
were generally correlated with high % silt-clay sediments, in cooler 
bottom water, and higher nutrient concentrations (NH4

+, PO4
3− , and 

H4SiO4), whereas assemblage B sediments were sandier and character-
ized by a higher concentration of fresh phytodetritus (Chl-a) and 
warmer bottom waters (Fig. 7a). 

Variation within assemblage A was most apparent on the CAP2 and 
CAP4 axes, with separation between DBO1 (St Lawrence Island), DBO3 
(SE Chukchi Sea biomass hot spot), and DBO4 (NE Chukchi Sea) stations 
(Fig. 7a and b). The distribution of assemblage A stations along the CAP4 
axis indicated that DBO3 sediments had lower Chl-a and higher bottom- 
water DIN:P, whereas the two DBO1 stations nearest to St. Lawrence 
Island were highly correlated with Chl-a and moderately correlated with 
NH4

+ concentration and lower DIN:P in bottom waters. Along the CAP2 
axis, stations designated as assemblage A in the DBO4 area were highly 
correlated with elevated bottom water H4SiO4. DBO3 stations had 
higher bottom-water salinity and NH4

+ with siltier sediments, and DBO1 
stations were distributed more closely along the midpoint of the axes 
suggesting overlapping characteristics. 

Variation within assemblage B was exhibited along the CAP 3 and 
CAP4 axes (Fig. 7a and b). Along the CAP4 axis, ASGARD nearshore 
samples and those just north of the Bering Strait were in sediments with 

Fig. 3. Depth trends in relative abundance of 10 dominant taxa (family-level) for groups sharing the same microbial assemblage patterns with sediment depth. 
Overlaid on each plot are letters denoting the assemblage exhibited by each group and dotted lines where a transition between assemblages occurred. The figure 
legend is organized such that the aerobic and/or facultative taxa are depicted in lighter colors and anaerobic taxa are depicted in darker colors. Depth is measured as 
cm below seafloor (cmbsf). 
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high Chl-a concentration and low DIN:P in bottom waters, whereas 
DBO2 (N Bering) and DBO3 stations were in high DIN:P bottom waters 
with low sediment Chl-a. ASGARD and DBO3 samples from further 
offshore (e.g. DBO3.6, 3.8) were spread along the CAP4 axes, suggesting 
that these stations are located within an environmental gradient. Along 
the CAP3 axis, DBO2 and ASGARD stations were in more saline and 
higher-nutrient waters overlying siltier sediments, compared to near-
shore DBO3 stations. 

3.3. Chukchi vs. Beaufort sediments 

Three major homogenously dispersed clusters, or prokaryotic as-
semblages, were identified in surface sediments when additional sam-
ples were incorporated from the Beaufort Sea, including a Chukchi- 
Bering assemblage and two Beaufort Sea assemblages (nearshore and 
offshore) (Fig. 8). Substructure within these three assemblages sug-
gested the Bering-Chukchi included a similar community at DBO1 and 
DBO4, and another community at DBO5, DBO3, and DBO2, with 
ASGARD samples clustering among the nearest DBO stations nearest to 
them. One station in DBO4 and another station in DBO5 did not fit this 
pattern and were designated under the opposite assemblage. The 
Beaufort Sea offshore samples encompassed distinct assemblages east 
and west of the Mackenzie River. 

4. Discussion 

Three prokaryotic assemblages were detected in the upper 10 cm of 
N Bering and SE Chukchi Sea sediments; two assemblages (A and B) that 
were exhibited in surface sediments down to 7 cm, and one exclusively 
subsurface (below 1 cm) assemblage (C). A qualitative assessment of 
vertical profiles for sediment variables did not clearly identify specific 
sediment characteristics associated with the three prokaryotic assem-
blages, but rather indicated station Groups with similar vertical struc-
ture in the prokaryotic community (Figs. 1b and 3). Stations associated 
with Groups 1 and 2 were found in silty sediments with high porosity 
and high OM content, including higher nitrogen, and were the only 
stations to exhibit subsurface assemblage C. Groups 3 and 4 were found 
in sandier sediments with lower OM and nitrogen content and exhibited 
either assemblage A or B throughout. 

Assemblages A and B were also found in surface sediments (0–1 cm) 
throughout the broader Bering-Chukchi study area (ASGARD + DBO 
sites). Although these field programs occurred four years apart, the same 
assemblages were found at the seven stations sampled in both years, 
indicating that prokaryotic community structure on this spatial scale is 
likely a consistent feature of these surface sediments (Fig. 2). The 
strongest significant correlations with environmental parameters indi-
cated that assemblage A was characterized by silty sediments in cooler 
bottom water with higher nutrient concentrations (NH4

+, PO4
3− , and 

Fig. 4. Depth profiles of environmental parameters (porosity, TOC, and TN) that were significantly correlated with microbial community structure for each group. 
Groups are denoted by different line patterns, and colors of the points reflect the assemblage that was exhibited at the corresponding sediment depth. Sediment depth 
is measured as cm below seafloor (cmbsf) 
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H4SiO4), whereas assemblage B was associated with warmer bottom 
waters and sandier sediments with higher Chl-a content, indicating fresh 
phytodetritus deposition (Fig. 7a). In the following sections, we dive 
deeper into taxonomic composition in relation to significant environ-
mental correlates for prokaryote communities with sediment depth and 
within Bering-Chukchi surface sediments, and provide a broader context 
for distribution of benthic microbes in surface sediments across the 

North American Arctic. 

4.1. Vertical distribution of prokaryotic communities within sediments (N 
Bering, SE Chukchi) 

Vertical structure of prokaryotic communities in the ASGARD study 
area (Fig. 1a) reflects OM loading, sediment grain size, and potentially 

Fig. 5. Heatmap of indicator taxa and most abundant genus-level taxa for assemblages A and B across Bering-Chukchi sediments. Indicator taxa included in the 
heatmap are R76-B128, MSBL3, Blastopirellula, Dokdonia, Rubritalea, Geopsychrobacter, and Oleiphilus. The symbols above the heatmap represent functional groups 
reported in the literature for each taxon. 

Fig. 6. Distribution of oil degraders and iron reducers in relation to isoprenoid III and Fe concentrations in sediments on the Bering-Chukchi Shelf. Relative 
abundance (%) of oil degraders (Oleispira and Oleiphilus) and iron reducers (Geopsychrobacter) in sediments collected from a) ASGARD (2018) and d) DBO (2014). 
Concentrations of highly branched isoprenoid III in b) 2014 and c) 2017 (Koch et al., 2020). Iron (Fe) content (%) measured in Chukchi sediments in 2012 (e) 
(Astakhov et al., 2013). 
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the composition of OM as well as effects of bioturbation on sediment 
properties. Sites with higher OM content (Groups 1 and 2) exhibited a 
marked shift from aerobic to anaerobic taxa with sediment depth. 
Subsurface assemblage C occurred only in these siltier OM-rich sedi-
ments and was dominated by strict anaerobes, including OTUs from the 
bacterial families Anaerolineaceae, often associated with heavy OM 
loading, and the sulfate reducers Desulfobulbaceae and Desulfosarci-
naceae (Kuever, 2014; Sinkko et al., 2013; Wang et al., 2017; Watanabe 
et al., 2021). The genus Electrothrix, a member of the Desulfobulbaceae 
family, was relatively more abundant at stations where surface assem-
blage A was predominant (Groups 2 and 4). Electrothrix spp. are known 
as cable bacteria, which form a cable-like chain between deeper sulfidic 
sediments and surficial oxic sediments, performing electrogenic sulfur 
oxidation in the former and oxygen reduction in the latter (Burdorf et al., 
2017; Nielsen et al., 2010; Pfeffer et al., 2012). The metabolism of 
Electrothrix contributes to the formation of three distinct redox zones 
within the sediment: oxic, suboxic, and sulfidic/anoxic (Burdorf et al., 
2017; Nielsen et al., 2010). The abundance of Electrothrix thus suggests 
that assemblage A reflects relatively suboxic conditions supporting 
sulfur oxidation, which extend from the surface to >5 cm depth, as 
opposed to an abrupt and shallow oxic/anoxic boundary at 1 cm (Group 
1 sites) or a deeper oxic zone down to 5 cm (Group 3; Fig. 1b). 

Sandy sediments with low OM and nitrogen content (station Groups 
3 and 4) exhibited very little change in the relative abundance of taxa 
along the sediment depth profile and hosted just one assemblage 
throughout. Though low-OM sandy sediments generally exhibit more 

relaxed redox layering, the relatively uniform taxonomic profiles 
exhibited at these sites, as well as in siltier high-OM stations in Group 2, 
suggest bioturbation may also be homogenizing conditions across the 
upper layers of sediment (Kristensen, 2000). Bioturbation (i.e. advective 
mixing of sediments via movement of metazoan infauna) includes 
multiple activities such as burrowing, deposit-feeding, and excretion 
that can alter sediment biogeochemistry and thus redox layering (Aller, 
1982, 1994b; Kristensen et al., 2012). Based on macrofaunal sampling 
conducted in parallel during the ASGARD field program (Charrier et al., 
this volume), stations in Groups 2 and 3 were dominated by 
larger-bodied burrowing infauna such as bivalves. Bivalve biomass was 
highest at station CNL3 (Group 3), just north of Bering Strait and at 
Group 2 stations (DBO 3.6 and DBO 3.8; Charrier et al., this volume). 
Similarly, the homogeneous distribution of microbial taxa throughout 
the upper 5 cm of sediment was also observed at station DBO 2.2 (Group 
4), where ampeliscid amphipods dominate the macrofaunal biomass 
(Charrier et al., this volume). The dense networks of burrows created by 
these amphipods have a significant impact on oxygen and nutrient fluxes 
(Grebmeier and McRoy, 1989), which surely influence distribution of 
microbes at this sandy site. In contrast, biomass of small polychaetes was 
high at the nearshore Group 1 stations, where a shallow transition to the 
subsurface prokaryote assemblage (C) was observed; these 
smaller-bodied burrowers may also play an important role in bio-
turbation at these coastal sites, albeit over a more limited depth range in 
siltier, high-OM sediments. 

In addition to homogenizing and oxygenating sediments through 

Fig. 7. Environmental variables correlating with prokaryotic assemblage structure in Bering-Chukchi surface sediments. Ordination plots exhibiting the significant 
environmental correlates with the community structure of Bering-Chukchi sediment prokaryotes and are depicted in 2 different axes combinations: a) CAP1 and 
CAP4 axes and b) CAP2 and CAP3 axes. The table provides the correlation strength (R2) between the statistically significant (P < 0.001) environmental variables and 
associated axes. Note that DBO5 was not included as all three samples were lacking Chl-a measurements. 
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bioturbation, the high biomass of bivalves in the deeper ~5 – 7-cm 
sediment layers may enhance OM concentration at depth through sub-
duction of detritus and/or deposition of waste products. At station CNL3 
(Group 3) in particular, we found the highest relative abundance of 
OTUs belonging to the bacterial family Chitinivibrionaceae, typified by 
Chitinivibrio. This genus is composed of anaerobic bacteria which use 
chitin as their sole substrate, and have thus far been sequenced from 
livestock gut rumen and anoxic soda lake sediments (Henderson et al., 
2019; Sorokin et al., 2014, 2020). High abundances of chitin degrading 
microbes of the order Chitinophagales, as well as members of the orders 
Rhodobacterales and Thiotrichales, have been found in clam biodeposits 
(e.g. feces, pseudofeces; (Murphy et al., 2019). Though the family Chi-
tinivibrionaceae is not within the order Chitinophagales, members of 
both groups anaerobically degrade chitin. Furthermore, CNL stations 
also exhibited the highest abundances of OTUs within the Rhodo-
bacteraceae family (order Rhodobacterales) and the second highest 
abundances of OTUs within the sulfur-oxidizing Thiotrichaceae family 
(order Thiotrichales), which supports the presence of clam biodeposits 
(Murphy et al., 2019). Chitinivibrionaceae may also signal allochtho-
nous chitin detritus such as zooplankton carapaces. Experimental evi-
dence shows that addition of chitinous detritus to Arctic sediments leads 
to increased abundance of chitin-degrading bacteria and members of the 
Psychromonadaceae and Colwelliaceae families (Hoffmann et al., 
2017), which were also comparatively more abundant in CNL stations 
(Group 3). 

The effects of bioturbation on surrounding sediment microbes may 
vary among different types of burrowing infaunal organisms. In contrast 
to the activities of bivalves, many infaunal polychaetes construct bur-
rows, which increases the sediment surface area available for aerobic 
nitrification and can thus increase microbial nitrification rates and the 
abundance of nitrifying bacteria and ammonia oxidizing archaea (Aller, 
1988; Dale et al., 2019; Gilbertson et al., 2012). Polychaetes also 

produce mucus which can stimulate ammonium production and have a 
species-specific effect on nitrification (Gilbertson et al., 2012). Rela-
tively small, motile burrowing polychaetes were concentrated in the 
surface layers at stations in Groups 1 and 4 (Charrier et al., this volume), 
coincident with the highest relative abundances of the nitrifying 
archaea, Candidatus Nitrosopumilus. In addition, nitrifying bacteria in the 
genus Nitrospira were twice as abundant at Group 4 stations (Daims, 
2014; Daims et al., 2015). Microbes in the Candidatus Nitrosopumilus and 
Nitrospira genera can perform complete nitrification, oxidizing ammonia 
to nitrate (Daims et al., 2015; Stahl and de la Torre, 2012). This pattern 
is consistent with results of sediment-core incubation experiments con-
ducted during ASGARD, which measured the highest efflux of nitrate (7x 
the mean concentration across all stations) at DBO 2.4 (Group 4; Mincks 
et al. unpublished data), where high biomass of motile burrowing 
polychaetes was also detected in the surface layer. 

Overall, sediment characteristics and interactions with the macro-
faunal community seem to explain turnover in microbial taxonomic 
composition with sediment depth and the occurrence of the subsurface 
assemblage (C). However, these factors do not clearly explain the dis-
tribution of the two surface assemblages A and B within the ASGARD 
study area. We incorporated samples from a broader area to further 
investigate regional distribution of these surface assemblages. 

4.2. Spatial patterns in Bering-Chukchi surface sediments 

Spatially overlapping samples from two different years suggests that 
prokaryotic assemblage patterns, remain broadly consistent through 
time at a given site. Moreover, incorporation of the additional DBO 
samples with the ASGARD dataset yielded the same assemblages A and B 
in surface sediments over the broader study area that included sites 
farther south in the Bering Sea (DBO 1) and into the Northeast Chukchi 
(DBO4 and 5). Distribution of these two assemblages was best described 

Fig. 8. Dendrogram and map of prokaryotic com-
munity structure in surface sediments of the North 
American Arctic. The dotted line in the dendrogram 
denotes the division between the Bering-Chukchi and 
Beaufort seas and depicts the differences between the 
3 major assemblages in the North American Arctic: 
The Bering-Chukchi assemblage and the nearshore 
and offshore assemblages within the Beaufort Sea. 
The substructure within the Bering-Chukchi assem-
blage was such that the transects overlaying corre-
sponding benthic hotspots DBO1 (SLIP) and DBO4 
(NECS) hotspots were clustered together (SL + NE*), 
and the DBO5 (BC), DBO3 (SECS), and DBO2 (Chir-
ikov) hotspots were clustered together (BC* +SECS +
Chirikov). The asterisks denote that there is one sta-
tion within the NECS (DBO4) transect which clusters 
with the BC + SECS + Chirikov (DBO5+D-
BO3+DBO2) samples, and one station in the BC 
(DBO5) transect that were clustered with the SLIP +
NECS (DBO1 + DBO4) samples. In the Beaufort Sea, 
substructure within the offshore shelf assemblage was 
such that there were offshore sub-assemblages west 
and east of the Mackenzie River. The stations on the 
map are colored by substructure.   
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by sediment grain size, fresh phytodetritus (Chl-a), and bottom water 
characteristics (temperature, NH4

+, PO4
3− , and H4SiO4). The majority of 

assemblage A stations were located beneath nutrient-rich Anadyr- 
influenced waters, and assemblage B stations were commonly located in 
nearshore areas more likely influenced by less saline, low-nutrient 
Alaska Coastal Water (ACW; Danielson et al., 2017). However, varia-
tion in community structure among assemblage B sites reflects differ-
entiation between ACW and an Anadyr-influenced mixed water mass 
known as Bering-Chukchi Summer Water (BCSW), which is intermediate 
with respect to salinity and temperature and higher in nutrients than the 
ACW (Danielson et al., 2017). Similarly, variation among assemblage A 
sites indicated some differences between DBO4 stations in the NE 
Chukchi, which had lower salinity and higher H4SiO4 concentration 
suggesting influence of sea-ice melt and Chukchi Shelf Winter Water 
(high-H4SiO4 bottom water), compared to offshore DBO3 stations with 
Anadyr-influenced bottom water (Danielson et al., 2017). 

Analysis of environmental correlates also suggests that microbial 
community structure may reflect denitrification in sediments at certain 
stations. Bottom water with low DIN:P ratios may indicate active deni-
trification in underlying sediments, as nitrate and nitrite concentrations 
are drawn down (reduced) while phosphate concentrations remain 
relatively stable (Codispoti et al., 1991; Cooper et al., 1999; Souza et al., 
2014). Low DIN:P ratios were moderately correlated to nearshore DBO3 
stations (DBO 3.1–3.6), CL1, CNL3, IL4, CL3, DBO2.4, and DBO1 sta-
tions nearest to St. Lawrence Island (DBO1.6 and 1.8) (Fig. 7). When we 
investigated indicator taxa from these specific sites, 11 taxa were yiel-
ded, however they could not be classified past family-level and therefore 
we could not reliably attribute denitrification as a potential function of 
these microbes. Additional investigation into these taxa, via meta- or 
transcriptomic work could shed light on whether denitrification could 
be or is occurring. Thus far, studies investigating denitrification have 
largely focused on the NE Chukchi and broader Bering shelves, so it is 
difficult to draw direct comparisons with our findings (Chang and Devol, 
2008; Devol et al., 1997; McTigue et al., 2016; Mills et al., 2015). 
However, bottom-water DIN:P ratios at our stations near St. Lawrence 
Island and Barrow Canyon area are consistent with reports of relatively 
high nitrogen deficits and denitrification rates in these areas (Codispoti 
et al., 1991; Cooper et al., 1999; Horak et al., 2013; Mordy et al., 2021; 
Souza et al., 2014). While stations in Barrow Canyon were not included 
in our CAP analysis due to missing Chl-a values, the two nearshore DBO5 
sites (Barrow Canyon area) did exhibit the lowest DIN:P ratios of any 
sites sampled here. Low DIN:P ratios may result from processes other 
than denitrification, including bottom water residence time (Mordy 
et al., 2021) or the abiotic desorption of PO4 from particles results in 
high bottom water PO4 concentration and thus lower DIN:P ratios 
(Defforey and Paytan, 2018). Bottom water and sediment phosphate 
(dissolved and particulate) values tend to be high in the North American 
Arctic, but the DIN:P ratios overall are still typically within range of the 
Redfield ratio (Cooper et al., 1999; Goñi et al., 2019; Piper et al., 2016). 

Genus-level taxonomic composition of prokaryotes in surficial sedi-
ments from across the broader Bering-Chukchi study area provides 
further evidence that assemblage A reflects low-oxygen sediments 
relative to assemblage B locations. Anaerobic taxa such as SEEP-SRB4, 
Subgroup 23, R76-B128, MSBL3 and uncultured genera of the families 
Anaerolineaceae and Desulfobulbaceae were more frequently found at 
sites designated as assemblage A, and in higher relative abundance 
(Fig. 5; Dedysh and Yilmaz, 2018; Kuever, 2014; Schreiber et al., 2010; 
Sinkko et al., 2013; Van Vliet et al., 2019). Uncultured Desulfobulbaceae 
and the SEEP-SRB4 clade are sulfate-reducing bacteria, with the latter 
group most commonly sequenced from cold seeps where they may 
couple sulfate reduction to the anaerobic oxidation of non-methane and 
methane hydrocarbons (Kleindienst et al., 2012; Petro et al., 2019; Ruff 
et al., 2015; Schreiber et al., 2010). R76-B128, MSBL3, and uncultured 
Anaerolineaceae bacteria have largely been studied in the context of 
sludge digesters, but have been sequenced in marine sediments where 
they are thought to indicate heavy OM loading (Giongo et al., 2020; 

McIlroy et al., 2017; van Vliet et al., 2019; Vetterli et al., 2015; Zinke 
et al., 2018). Though OM loading was not a significant correlate of 
prokaryotic community structure, sediment TOC concentrations were 
significantly higher at assemblage A stations, suggesting that these sta-
tions did experience heavier OM loading. 

In contrast, assemblage B exhibited comparatively high abundances 
of diatom-associated aerobic bacteria such as Polaribacter, Persi-
cirhabdus, Formosa, Dokdonia, Loktanella, Portibacter, Ulvibacter, Rose-
obacillus, and Rubripirella (Fig. 5) (Alejandre-Colomo et al., 2020; Cheng 
et al., 2021; Crenn et al., 2018; Purohit et al., 2020; Tanaka et al., 2014; 
Unfried et al., 2018), which is consistent with the strong, positive cor-
relation between assemblage B stations and sediment Chl-a. Several of 
these taxa have also been linked to marine microplastics (Mu et al., 
2019). In N Bering and Chukchi Sea sediments, the most abundant 
microplastics were found offshore of Pt. Hope (near our stations CL1 and 
nearshore DBO3) and the Diomede Islands north of Bering Strait (CNL3, 
CNL5, DBO2), which were characterized by assemblage B including 
higher diversity and abundance of aerobic microplastic-associated taxa 
such as Dokdonia, Portibacter, Colwellia, Persicirhabdus, Rubripirellula, 
and Roseobacter (Basili et al., 2020; Cheng et al., 2021; Harrison et al., 
2014; Kallscheuer et al., 2020; Oberbeckmann et al., 2016; Purohit 
et al., 2020). 

Indicator taxa from both assemblages included microbes reported to 
have similar functional potential, with more taxa being associated with 
anaerobic metabolism in assemblage A and aerobic metabolism in 
assemblage B. For instance, in assemblage B, organisms such as Bac-
teroidetes spp. (Polaribacter) and Planctomycetes spp. (Rhodo- and 
Blastopirellula) are known to aerobically breakdown sulfated poly-
saccharides, whereas indicator taxa associated with assemblage A, both 
the R76-B128 and MSBL3 clades, anaerobically break down sulfated 
polysaccharides (Jeske et al., 2013; van Vliet et al., 2019, 2020; Wegner 
et al., 2013; Xing et al., 2015). Sulfated polysaccharides are exuded by 
micro- and macroalgae and bacteria, comprising a large proportion of 
marine snow, and are important in the global carbohydrate cycle. It is 
useful to know which organisms are capable of degrading them in both 
oxic and anoxic conditions, as these sulfate groups typically act as a 
barrier to organic matter breakdown by other microbes (Arnosti et al., 
2020; van Vliet et al., 2019). Therefore, these taxa characteristic of both 
assemblages A and B suggest that both communities are involved in the 
breakdown of sulfated polysaccharides but are likely performing this 
role under different redox conditions given the predominance of 
anaerobic taxa (assemblage A) over aerobic taxa (assemblage B). 

Indicator taxa analyses conducted separately for ASGARD and DBO 
samples also revealed higher relative abundances of obligate oil- 
degrading bacterial taxa (Oleiphilus and Oleispira) at stations near Pt. 
Hope (DBO3.3, CL3, IL4) compared to all other stations (Fig. 6), 
although much lower than abundances exhibited following acute oil 
exposure (Golyshin et al., 2002; Walker, 2022). Oleispira was only found 
at trace abundances throughout the region. It is a relatively ubiquitous 
oil degrader commonly found in cold and polar habitats, and aerobically 
degrades branched and straight alkanes (Guibert et al., 2012; Ribicic 
et al., 2018; Yakimov et al., 2003, 2007). Oleiphilus has been found in 
uncontaminated sediments underlying oligotrophic waters, and aero-
bically degrades both linear or branched aliphatic hydrocarbons (al-
kanes, alkenes, and alkynes) (Golyshin et al., 2002; Gutierrez, 2019; 
Head et al., 2006; Toshchakov et al., 2017; Yakimov et al., 2007). 
Elevated abundance of Oleiphilus relative to Oleispira suggests higher 
concentrations of certain hydrocarbon compounds at these stations. 
Given the interest in petroleum resource extraction in this region, we 
considered the possibility of natural seeps or oil contamination via 
exploratory drilling as potential sources of petroleum exposure for these 
sediment communities (Goldsmith et al., 2009). However, oil degraders 
were most abundant in surface sediments (0–1 cm), and are not likely 
responding to a deeper hydrocarbon source. Alternatively, obligate oil 
degraders may be responding to phytoplankton-derived alkanes and 
alkenes (Rontani et al., 2014, 2018; Volkman et al., 1994), which have 

A.M. Walker et al.                                                                                                                                                                                                                              



Deep-Sea Research Part II 207 (2023) 105224

12

been detected in this area as high concentrations of highly branched 
isoprenoids (HBI), specifically HBI III which is a C25:3 alkane typically 
utilized as a biomarker for pelagic phytoplankton (Koch et al., 2020; 
Meskhidze et al., 2015; Rontani et al., 2018). Consistently high depo-
sition of phytodetritus and associated HBI III in this area may result from 
slow currents and subsequent settling of phytodetritus (Koch et al., 
2020); slow currents (<0.05 cm s− 1) are reported around Pt. Hope 
(Charrier et al., this volume). Thus far, Oleiphilus has not been shown to 
degrade HBI, but does have genes which are upregulated during iso-
prenoid degradation in other taxa well known to degrade HBI (Alvarez 
et al., 2009; Toshchakov et al., 2018; Yakimov et al., 2007). The 
reportedly high concentrations of HBI III and Chl-a combined with the 
elevated abundances of Oleiphilus in this area suggests it is capable of 
degrading phyto-derived alkanes and alkenes. 

Indicator taxa may also reflect other environmental characteristics 
that are influencing prokaryotic communities that were not measured 
here. For example, elevated abundance of Geopsychrobacter was 
observed in specific locations (Fig. 6d). This genus is comprised of cold- 
tolerant anaerobic bacteria which can produce electrode-harvestable 
electrons, reduce iron and manganese, and form magnetite when 
reducing crystalline Fe (III) (Greene, 2014; Holmes et al., 2004). High 
abundances of these bacteria were observed near Pt. Hope (DBO3, CL1) 
and Pt. Barrow, which overlap with areas that have exhibited some of 
the highest surface sediment iron concentrations in the region (Fig. 6d 
and e) (Astakhov et al., 2013). In addition, the Chukchi Sea shelf is 
relatively replete with iron-rich diagenetic and hydrothermal ferro-
manganese nodules (Cui et al., 2020; Kolesnik and Kolesnik, 2015). 
Diagenetic processes favoring the precipitation of metals via sediment 
redox reactions are largely catalyzed by microbes (Burdige, 1993; Hein 
et al., 1997; Lyu et al., 2021); therefore, manganese and iron reduction 
by microbes may catalyze the formation of ferromanganese nodules 
(Burdige, 1993; Molari et al., 2020; Templeton et al., 2005). Several 
studies report specific microbes associated with metalliferous nodules, 
including Geopsychrobacter which was associated with ferromanganese 
nodules on the Arctic shelf in the Kara Sea (Shulga et al., 2021; Tem-
pleton et al., 2005; Tully and Heidelberg, 2013). Iron reduction can also 
lead to an efflux of iron-bound phosphate from sediment pore waters, 
which could be contributing to the low DIN:P ratios observed at near-
shore DBO3 and CL1 stations, further highlighting the complex role 
benthic microbes play in marine biogeochemical cycling (Jensen et al., 
1995; Rozan et al., 2002). 

4.3. Prokaryotic community structure in the North American arctic 

The distribution of prokaryotic assemblages across the broader North 
American Arctic region provides further insights into the factors influ-
encing community structure on different shelf systems. Beaufort and 
Bering-Chukchi sediments represent two different shelf systems: narrow 
interior shelf and shallow inflow shelf systems, respectively (Carmack 
and Wassmann, 2006). The northward advection of nutrient-rich waters 
supports high primary productivity and a robust benthic faunal popu-
lation on the Bering-Chukchi Shelf, whereas turbidity, terrigenous ma-
terial, depth variation, and longer sea-ice cover promote a latitudinally 
and longitudinally heterogeneous Beaufort Shelf environment which is 
comparatively lower in primary productivity and benthic biomass 
(Carmack and Wassmann, 2006; Goñi et al., 2013). The different pro-
karyotic community structures observed underscored the heterogeneity 
of the Beaufort Shelf, with sediments exhibiting distinct nearshore and 
offshore shelf assemblages, whereas Bering-Chukchi sediments exhibi-
ted just one assemblage throughout (Fig. 8; Walker et al., 2021). The 
nearshore Beaufort Sea is influenced by sea ice, coastal erosion, and 
several rivers including the Mackenzie River (4th largest in the Arctic), 
so this distinction between prokaryotic communities is not surprising 
(Dunton et al., 2006; Macdonald and Thomas, 1991; McClelland et al., 
2014). Substructure within the offshore Beaufort shelf assemblage in-
dicates a division between communities that occurred either west or east 

of the Mackenzie River, further highlighting the major impact of this 
river even in offshore shelf sediments near the slope (Walker et al., 
2021). 

Two sub-groups within the Bering-Chukchi assemblage almost 
exactly corresponded to two predominant food-supply regimes recently 
described by Feng et al. (2021), where long-term (decades) patterns of 
high biomass and abundance of benthic macrofauna have been 
observed; from north to south are the Barrow Canyon (BC), Northeastern 
Chukchi Sea (NECS), Southeast Chukchi Sea (SECS), Chirikov Basin 
(Chirikov), and St. Lawrence Island Polyna (SLIP) hotspots (Feng et al., 
2021; Grebmeier, 2012b; Grebmeier et al., 2006, 2015b). The local 
production of particulate food characterizes the NECS (DBO4) and SLIP 
(DBO1) hotspots, while the advective-supply regime encompasses the 
BC (DBO5), SECS (DBO3), and Chirikov (DBO2) hotspots (Feng et al., 
2021). We saw this same pattern reflected in prokaryotes, with the 
exception of one nearshore station in the NECS (DBO4) hotspot that 
clustered with those in the advective-supply regime and one offshore 
station in the BC (DBO5) hotspot that clustered with the local-supply 
regime (Fig. 8). The local-supply regime is characterized by compara-
tively weaker currents, greater influence of sea-ice algae, and greater 
reliance on locally produced organic carbon, whereas the advective 
regime is largely reliant on horizontal transport of organic carbon pro-
duced “upstream” in the N Bering Sea and deposited “downstream” (NE 
Chukchi), with benthic consumption exceeding local primary produc-
tion (Feng et al., 2021). Prokaryote community structure at the anom-
alous DBO4 station may reflect an advective-supply regime due to its 
proximity to the Alaska Coastal Current, similar to DBO5 stations nearer 
to shore in the BC hotspot which are also within the advective-supply 
food regime. Conversely the offshore station in the BC hotspot may 
reflect a local-supply food regime in waters closest to Barrow Canyon 
which are less likely affected by the faster moving currents along the 
coast (Edlund et al., 2008; Emerson et al., 2004). It is likely that the 
suboxic assemblage (A) and the diatom/particle-associated assemblage 
(B) are reflective of the local-supply and advective-supply food regimes 
respectively. On a smaller spatial scale within the Bering-Chukchi shelf, 
microbial assemblages are likely reflecting the complex flow through the 
Bering Strait which results in a combination of local and advective food 
sources, particularly with respect to the DBO3 stations in the SECS 
hotspot. 

5. Conclusions 

The vertical distribution of microbial communities within the upper 
10 cm in Bering-Chukchi sediments reflects OM and nitrogen loading, 
sediment type, and OM type (fresh phytodetritus or chitinous detritus/ 
biodeposits) and provides a rough indication of redox conditions; sedi-
ment conditions are also likely influenced by bioturbation. Combined, 
these insights can be used to predict areas in the sediment where high 
carbon burial or mineralization is more likely to occur. For instance, 
nearshore stations with silty clay, high OM and TN, and bioturbation via 
polychaetes (Group 1) would likely exhibit higher OM burial rates, and 
slower OM degradation rates below the 1-cm sediment layer due to the 
prevalence of anaerobic microbes. Conversely, sandy sediments with 
lower OM and TN with a high biomass of bivalves, found at offshore 
stations north of the Bering Strait, would likely exhibit less burial and 
faster rates of OM degradation throughout the 5-cm sediment horizon. 

Broader spatial coverage of Bering-Chukchi surface sediments from 
two different years suggests that there is a long-term/consistent two- 
assemblage prokaryotic community structure, one which is representa-
tive of comparatively suboxic sediments (A) and one which is charac-
terized by allochthonous input as evidenced by the abundance of 
diatom/particle-associated microbes (B). Although hydrography over 
the Bering-Chukchi shelf is complex and exhibits both intra- and inter-
annual variation, the overall distribution of prokaryotic assemblages 
reflected the consistent feature of cooler nutrient rich Anadyr-influenced 
water offshore, low-nutrient warmer water nearshore, and the 

A.M. Walker et al.                                                                                                                                                                                                                              



Deep-Sea Research Part II 207 (2023) 105224

13

associated depositional conditions. Zooming in to a smaller scale, 
looking at variation within each assemblage suggests that prokaryotic 
community structure may also reflect finer scale hydrography and 
deposition, and points to locations where microbial communities may 
influence bottom water nutrient profiles. 

The presence of specific taxa in surface sediments may indicate 
elevated levels of hydrocarbons and/or iron reduction particularly at 
stations surrounding Pt. Hope. Combined with the shallow turnover to 
relatively abundant anaerobic sulfate-reducing taxa, this pattern points 
to declining habitat quality in this area (Group 1 stations). In 2004, 
researchers found sulfidic dead zones in sediments near Pt. Hope where 
sediments were black, smelled of sulfide, and were littered with 
decaying epifauna (Feder et al., 2004). With potentially increasing pri-
mary production and subsequent deposition, we may be seeing more 
sulfidic dead zones in years to come. These data highlight the need for 
more regular and long-term sampling and characterization of benthic 
microbes in this region. Just two surveys of microbial community 
structure conducted here support findings from long-term macro--
benthic studies on the Bering-Chukchi shelf and reveal biogeochemical 
information that tend to be overlooked with respect to typical long-term 
environmental sampling designs. However, these surveys were con-
ducted four years apart and lack the resolution needed to place benthic 
microbes into the spatiotemporal context required for monitoring of 
ecosystem health and function (Buttigieg et al., 2018). 

As a whole, microbial community structure in the North American 
Arctic highlights the differences between the Bering-Chukchi inflow and 
Beaufort interior shelves. The cumulative environmental characteristics 
and associated food-supply regimes influence sediments and produce 
heterogeneous conditions (e.g., via riverine input of terrigenous mate-
rial) in nearshore Beaufort sediments. Changes in OM and riverine input, 
coastal erosion, and sea-ice extent are expected to continue under 
climate change, and surveys of microorganisms would be valuable to 
infer any changes in burial vs. degradation of OM. We recommend 
incorporating benthic microbial community structure surveys into any 
long-term monitoring programs in this rapidly changing Arctic marine 
ecosystem. For monitoring purposes, it would be beneficial to capture 
broad spatial coverage as a priority and collect vertical profiles where 
possible, being strategic about sampling cores in areas where there are 
marked differences in TOC, sediment type, and bioturbation. 
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A B S T R A C T   

Climate-induced changes in the composition of organic matter sources in Chukchi Sea sediments could have 
major implications on carbon cycling, carbon sequestration, and food sources for lower benthic trophic levels. 
The aim of this study was two-fold: (1) to identify the proportional contributions of organic matter from various 
primary producers (phytoplankton, terrestrial, and bacterial) to depth-stratified sediments (0–5 cm) across the 
Arctic Chukchi Sea shelf using essential amino acid (EAA) specific stable carbon isotope biomarkers; and (2) to 
experimentally evaluate sediment bacterial production under different temperature scenarios. Proportional 
contributions of EAA sources to surface sediments had little relationship with environmental variables across the 
Chukchi Shelf and only showed noticeably higher terrestrial proportions in surface sediments in a high- 
deposition region in the southern study area. Across all sediment depth strata, the majority of EAA in sedi-
ments (~76%) originated from terrestrial sources and may be indicative of accumulation over time due to slow 
degradation processes of this source within sediments. The different EAA sources showed no significant differ-
ences in proportional contributions with sediment depth except for phytoplankton-derived EAA, which decreased 
with increasing sediment depth. These patterns indicate a well-mixed upper sediment horizon, possibly from 
bioturbation activities by the abundant benthos. One EAA source assumed to respond quickly to changing 
environmental conditions are bacteria. To evaluate if and how bacterial production would respond to elevated 
temperatures, sediment bacterial production was measured experimentally using phospholipid fatty acid (PLFA) 
analysis. Bacterial production was initially (first 24 h) higher at 5 ◦C than at 0 ◦C; however, a drawdown of 
substrate or potential increase in predation activity and viral lysis resulted in bacterial production to subse-
quently be similar at both temperature settings. Overall results of this study suggest that terrestrial and bacterial 
carbon sources may become more prominent in a future, warmer Arctic. Identifying current patterns and po-
tential shifts in organic matter sources with changes in temperature can aid in the understanding of the con-
sequences of climate change in terms of organic matter presence and flow through benthic consumers that use 
these shelf sediments as feeding grounds.   
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1. Introduction 

Marine sediments of various lithologies make up the majority of the 
ocean floor (Dutkiewicz et al., 2015) and, especially on continental 
shelves and margins, constitute >40% of carbon cycling and long-term 
carbon sequestration in the ocean (Muller-Karger, 2005; Chen and 
Borges, 2009; Smith et al., 2015). Sediments play vital roles in a 
multitude of small- and large-scale processes, for example, from un-
derstanding regional distribution of carbon sources, and their roles in 
benthic food webs, to global carbon budgets. Carbon provenance is 
essential to all these processes, with the main sources to marine shelf 
regions coming from marine photosynthetic production (e.g. Hedges 
et al., 1997). Once organic matter has settled to the sediments, sediment 
properties such as grain size, permeability, and porosity drive the in-
teractions at the sediment-water interface and diagenetic processes 
(Klump and Martens, 1989; Santschi et al., 1990; Arndt et al., 2013). For 
example, water velocities influence both sediment grain size and organic 
carbon composition in marine sediments. These sediment properties 
influence exchange of O2 and nutrients with the overlying water column 
and can result in steep concentration gradients of biochemical properties 
with increasing sediment depth (Santschi et al., 1990; Glud, 2008). All 
these sediment conditions influence diagenetic processes of organic 
matter within the sediment and, thus, patterns of long-term refractory 
carbon storage or the release of bioavailable carbon (Burdige, 2007). 

Material derived from marine production is considered to contain 
large quantities of labile components, i.e. highly reactive and subject to 
fast degradation in sedimentary processes (Sun et al., 2007). Degrad-
ability decreases with increasing amounts of more structurally complex 
components, such as those frequently found in terrigenous sources 
(Hedges et al., 1997; Opsahl and Benner, 1997; Arndt et al., 2013). 
Additionally, degradation processes within the sediment are enhanced 
in the presence of O2 and rapidly decrease with decreasing O2 concen-
trations (Mermillod-Blondin et al., 2004; Wakeham and Canuel, 2006). 
While part of the deposited organic carbon on marine shelf systems is 
readily utilized at the sediment surface, excess or slow-degrading ma-
terial can be drawn down into deeper sediment layers by bioturbation of 
the benthic community (Kristensen et al., 2012). Once it reaches deeper 
sediment layers, organic carbon provides a food source for deeper 
sediment-dwelling organisms and is subject to degradation processes. 
The interplay of deposition, bioturbation, and degradation processes 
within the sediment influences the quantity, quality, and distribution of 
different carbon sources among sediment layers. Understanding the 
carbon source distribution with sediment depth is important for con-
siderations of long-term sequestration as well as availability of food 
sources for benthic organisms feeding within different sediment 
horizons. 

Despite the Arctic being the smallest of the world’s oceans, it receives 
a disproportionately large fraction of the global river discharge (about 
10%, Aagaard and Carmack, 1989), and its immense shelf areas play a 
major role in carbon sequestration (Stein and Macdonald, 2004). High 

marine biological productivity is concentrated within a short seasonal 
cycle, with the highest amount of primary production deriving from 
phytoplankton production, especially with reduced sea-ice cover and 
sea-ice production over the last decade (Ardyna and Arrigo, 2020; Lewis 
et al., 2020). Arctic shelf regions also receive large amounts of terrestrial 
carbon from river discharge, permafrost erosion, and glacial melt (e.g. 
Guo et al., 2004; Goñi et al., 2005; Yunker et al., 2005). Terrestrial input 
can make up close to half of the total carbon budget in some shelf seas of 
the Pacific Arctic, such as the Chukchi Sea (Belicka and Harvey, 2009), 
although this input is typically smaller than that from marine primary 
production (Stein and Macdonald, 2004). Under historically cold con-
ditions in the Chukchi Sea, a large proportion of the high marine primary 
production tended to be ungrazed in the water column and sank to the 
seafloor in tight pelagic-benthic coupling (Grebmeier and Barry, 1991). 
In the context of more recent years, the effects of earlier sea ice retreat 
and rising temperatures could include a shift in phytoplankton compo-
sition towards smaller-celled communities, reducing export to the sea-
floor (Hunt et al., 2002; Li et al., 2009). Although overall phytoplankton 
production in the Arctic has increased in recent years due to a longer 
growing season (Arrigo et al., 2008; Wassmann and Reigstad, 2011; Hill 
et al., 2017), reduced pelagic-benthic coupling could strongly affect the 
proportion of this carbon source in sediments and shift the proportional 
contributions of marine versus terrestrial production on the seafloor 
(Lalande et al., 2007). Increase in river discharge, permafrost melt, and 
coastal erosion could further increase amounts of terrestrial carbon on 
the shelf (Lantuit et al., 2012). Food webs in areas with increased 
amounts of terrestrial matter have shown an increase in trophic steps 
due to additional bacterial degradation of the refractory material, 
decreasing the amount of carbon availability to higher trophic levels and 
reducing trophic efficiency of the whole food web (Dunton et al., 2006; 
Bell et al., 2016). Although the high refractory components such as 
lignin and cellulose in terrestrial matter reduce the digestibility and 
assimilation of this matter to marine invertebrates (Cividanes et al., 
2002), a number of aquatic invertebrates contain enzymes that are able 
to hydrolyze these materials (Antonio et al., 2010), and recent studies 
have shown terrestrial sources to be common in Arctic marine inverte-
brate diets (Bell et al., 2016; Harris et al., 2018; Zinkann et al., 2021). 

Among the plethora of possible bacterial metabolic pathways, con-
version of particulate and dissolved organic carbon (POC and DOC, 
respectively) into bacterial cells (bacterial production) is especially 
important to build bacterial biomass in marine sediments that can be 
utilized by benthic organisms as food (Jiao et al., 2010). Among others, 
bacterial degradation processes are especially important in the pro-
cessing of terrestrial matter, although bacterial production based on 
terrestrial matter is lower than on marine microalgal material (Dyda 
et al., 2009). Generally, bacterial biomass decreases with sediment 
depth as labile carbon availability decreases and more refractory por-
tions increase (Fabiano and Danovaro, 1994). In addition to the carbon 
quality, O2, and nutrients to support redox-reactions, bacterial produc-
tion is also reliant on temperature (Mermillod-Blondin et al., 2004; 
Kristensen et al., 2012; North et al., 2014). While Arctic bacterial 
communities are adapted to low in situ temperatures, their optimal 
production rate is typically above polar temperatures (Knoblauch et al., 
1999). Bacterial degradation of POC requires production of extracellular 
enzymes; however, at low temperatures hydrolyzing efficiency de-
creases, resulting in less substrate made available (Arnosti and Jorgen-
sen, 2003). Bottom water temperatures on Arctic shelves are predicted 
to increase to 5 ◦C by 2050 (Wang et al., 2012), which may increase 
bacterial production and biomass in sediments substantially (Kirchman 
et al., 2009; Wiklund et al., 2009; Kritzberg et al., 2010). A higher 
proportion of bacterial biomass in marine sediments could increase their 
role in digesting terrestrial matter, as a food source for benthic organ-
isms, and ultimately change the proportions of the various carbon 
sources in Arctic shelf sediments. 

A method that can reliably distinguish among different carbon 
sources is essential to the goal of determining biosynthetic sources 
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contributing organic carbon to sediments. Biomarker approaches have 
been commonly applied to distinguish multiple sources in benthic food 
webs from the Arctic, employing bulk stable isotope analysis (e.g. Iken 
et al., 2010; Divine et al., 2015; Bell et al., 2016; McTigue and Dunton, 
2017; Harris et al., 2018) or fatty acid analysis (Mohan et al., 2016; 
Schollmeier et al., 2018). A combination of these two methods has been 
used to distinguish sea-ice and phytoplankton production and sepa-
rating terrestrial from marine sources (Budge et al., 2007; Oxtoby et al., 
2016, 2017; Paar et al., 2019). Highly branched isoprenoids (HBI) are an 
emerging tool to specifically trace sea-ice algal production in benthic 
consumers (Koch et al., 2020). Although each of these methods allow 
determination of specific production sources in marine consumers, few 
are able to distinguish among all production sources present in a system 
and entering the food web (Majdi et al., 2018). We applied essential 
amino acids (EAA) carbon stable isotope fingerprinting, which allowed 
us to complement these other biomarker methods and address some of 
the limitations of other approaches (Post, 2002; Larsen et al., 2013; 
Close, 2019). EAA stable isotope fingerprints only show marginal vari-
ations among phylogenetically close groups (i.e. carbon source end-
members) (Larsen et al., 2013, 2015), making this method a highly 
source-specific biomarker to distinguish marine, terrestrial and bacterial 
production. Another benefit of this method is that EAA stable isotope 
values are conserved across environmental conditions (Larsen et al., 
2013). 

The aim of this study was to identify the proportional contributions 
of various organic matter sources (phytoplankton, terrestrial, and bac-
terial carbon) within the top 5 cm horizon of sediments across the 
Chukchi Sea shelf. We hypothesized that the relative proportions of 
carbon sources across the shelf would vary spatially in response to 

environmental conditions. We further predicted that the proportions of 
phytoplankton-derived carbon would be highest in surface sediments 
while proportions of bacterial and terrestrially derived carbon would be 
higher in deeper sediment layers. Additionally, we hypothesized that 
higher temperatures (5 ◦C over ambient 0 ◦C) would result in higher 
bacterial community production within sediments. 

2. Materials and methods 

2.1. Sample collection 

Sediment samples used to examine carbon sources were collected at 
14 stations between 30 and 54 m water depths across the Chukchi Sea 
shelf during the Arctic Marine Biodiversity Observing Network 
(AMBON, www.ambon-us.org) cruise in August 2015 (Fig. 1). Single 
sediment samples were collected with a Haps core at stations where the 
core could penetrate the sediment. The top 5 cm of each core were sliced 
into 1 cm sections, each layer was then homogenized with a spatula, and 
frozen at − 20 ◦C in whirl packs. Deeper sediment layers (to 10 cm 
depth), mostly composed of condensed clay, were also analyzed for 
some stations to determine whether EAA depth trends could be detected 
in deeper sediments that may be less affected by bioturbation. However, 
EAA source contributions did not change over this additional sediment 
depth range and data are not presented. Sediment samples were trans-
ported frozen to the University of Alaska Fairbanks (UAF) for later 
processing. 

Environmental variables (Table 1), measured concurrently by col-
laborators at each station, included bottom temperature, bottom 
salinity, bottom oxygen, sediment grain size, sediment chlorophyll a 

Fig. 1. Chukchi Sea stations (black dots – essential amino acid analysis) and Bering Sea station (black triangle – phospholipid fatty acid analysis - PLFA) sampled for 
sediment during the AMBON 2015 and Aagaard and Carmack, 1989 cruise, respectively. 
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content, total organic carbon (TOC), bulk sediment carbon to nitrogen 
ratios (C/N), and bulk stable carbon and nitrogen isotope compositions 
(expressed as δ13C and δ15N values). Environmental data are available 
through the Marine Biodiversity Observing Network (MBON) Data 
Portal (https://mbon.ioos.us/, https://doi.org/10.25921/zqwr-at45). 
Bottom temperature, salinity and oxygen ranged from − 1.7 ◦C to 7.5 ◦C, 
31.0 to 32.7, and 230.0–335.3 μmol kg− 1, respectively. The majority of 
the sediments consisted of silt (phi ≥5, 17.5–97.1%, median 74.3%) 
with varying proportions of sand (phi 1–4, 2.7–82.3%, median 24.6%). 
Chlorophyll a concentration of the upper 2 cm sediment layer ranged 
from 5.5 to 17.4 mg/m2 and TOC ranged from 0.25 to 1.35%. Surface 
sediment bulk C/N (wt/wt) ratios ranged from 4.01 to 8.74, and δ13C 
and δ15N values ranged from − 21.2 to − 24.4‰ and 4.8–9.8‰, 
respectively. 

Sediment samples for microcosm experiments of bacterial produc-
tion were collected at one location in the northern Bering Sea 
(63.316643 ◦N, − 168.467905 ◦W) during the Arctic Shelf Growth, 
Advection, Respiration, and Deposition Rate Measurements (ASGARD) 
cruise in 2017 (Baker et al., 2020; https://www.nprb.org/arcti 
c-program). The upper 1 cm of eight Haps cores were taken and ho-
mogenized. Bottom water from the sediment sampling site was collected 
using a CTD rosette and filtered through GF/F filters (Whatman, approx. 
pore size 0.7 μm) to remove particles. Homogenized sediments in whirl 
packs were topped off with filtered seawater and stored at 0 ◦C onboard 
the vessel for three days before returning back to the UAF for experi-
mental set up. 

2.2. Determining organic matter sources using essential amino acid stable 
isotope analysis 

EAA specific stable isotope fingerprinting was used to identify car-
bon sources in sediments. This approach is based on the EAA of phylo-
genetically close groups (e.g. marine microalgae, terrestrial plants, 
bacteria) conserving specific stable isotope values that form character-
istic patterns (fingerprints) for these primary producer groups (Larsen 
et al., 2013, 2015). This makes it a highly source-specific biomarker and 
a powerful tool to trace primary production sources. 

For EAA extraction, homogenized sediment layers were freeze-dried 
for 24 h and dry weight per sample determined (150–220 mg). Dried 
sediments were transferred into culture tubes, 1 mL of 6-N hydrochloric 
acid (HCl) added, flushed with N2 to prevent oxidation, sealed and hy-
drolyzed at 110 ◦C in a heating block for 20 h (following Larsen et al., 
2013). The liquid phase containing amino acids (AA) was transferred 
into a 3 mL BD syringe™ connected to a 0.2 μm Millex-GP™ filter to 
remove any excess sediment material. The syringe filter was rinsed with 
approximately 0.25 μl of 0.1-N HCl to remove remaining AA. At this 
stage, norleucine (25 μl, Sigma-Aldrich, batch number BCBQ0497V) was 

added as an internal standard to each filtrate sample, and samples were 
evaporated to dryness under constant N2 flow in a 60 ◦C water bath. A 
cation exchange column equipped with Dowex 50WX8-400 ion ex-
change resin was prepared for each sample, rinsed with 0.01 N HCl, and 
each sample resuspended in 1 mL 0.01-N HCl, and added to its respec-
tive column. Amino acids in the sample solution remained on the resin. 
Bound AA were rinsed from the column with 4 mL 2-N ammonium hy-
droxide (Na4OH) in 1 mL increments and the combined eluents 
collected. These samples were then dried under constant N2 flow in an 
80 ◦C water bath for 2–4 h. Amino acid in samples were re-protonated by 
adding 1 mL 0.2-N HCl, the sample then flushed with N2, heated for 5 
min at 110 ◦C, and evaporated to dryness. Dried samples were acetylated 
using 2 mL acidified 2-propanol to convert non-volatile AA into volatile 
N-acetyl methyl ester derivatives, and samples capped and heated to 
110 ◦C on a heating block for 60 min. After cooling, samples were 
evaporated to dryness under constant N2 flow at 60 ◦C. Samples were 
washed twice with 0.5 mL dichloromethane (DCM) and evaporated to 
dryness at room temperature under a constant stream of N2. Samples 
were derivatized by adding 0.5 mL trifluoroacetic acid (N-TFA) and 0.5 
mL DCM, heated at 100 ◦C for 10 min, cooled, and evaporated to dryness 
at room temperature under a constant stream of N2. Then, 2 mL 
phosphate-buffer (PB) and 2 mL chloroform were added to each sample, 
shaken for 60 s, and centrifuged for 5 min at 600 g (3000 rpm). The 
chloroform layer (bottom layer) containing AA was transferred into new 
vials, while the remaining PB (top layer) was re-extracted twice with 1 
mL chloroform each (repeat shaking and centrifuging). Derivatized AA 
were then dried at room temperature under N2. To ensure full deriva-
tization, 0.5 mL N-TFA and 0.5 mL DCM were added to each sample vial, 
heated at 100 ◦C for 15 min, and then rinsed with DCM as described 
above. Ethyl acetate (250 μl) was added to each sample and transferred 
into 2 mL vials. δ13CAA values of AA were determined on a gas chro-
matograph isotope ratio mass spectrometer (GC-IRMS) equipped with an 
HP ULTRA-1 column (Agilent, 50 m × 0.32 mm x 0.52 μm) at the UAF 
Alaska Stable Isotope Facility. The following temperature program was 
used: 60 ◦C (3 min), 110 ◦C (3 ◦C min− 1) for 5 min, 190 ◦C (3 ◦C min− 1) 
for 5 min, then increasing at a rate of 10 ◦C min− 1 to 280 ◦C (8 min). 
Samples were injected using a split/splitless inlet (280 ◦C): injection 
volume 0.3 μL, carrier flow 0.8 min− 1, split flow 50 mL min− 1, purge 
flow 5.0 min− 1, split flow 50 mL min− 1, splitless time 1.0 min. 

Stable isotope ratios are reported in delta (δ) notation as ((Rsample/ 
Rstandard) − 1) x 1000‰, where R is the ratio of heavy to light isotope, 
and the standard for carbon was Vienna Pee Dee Belemnite (VPDB). To 
account for the addition and fractionation of carbon during the AA 
derivatization process, correction factors for each AA were calculated 
from known reference values for δ13C of pure AA according to O’Brien 
et al., (2002). Average reproducibility for the internal standard (nor-
leucine) from all analyses was ≤1.46‰. Corrected AA δ13C values were 

Table 1 
List of environmental variables at all sample stations on the Chukchi Sea shelf during AMBON 2015 cruise including bottom depth (m), bottom water temperature (◦C), 
bottom water salinity, bottom water oxygen (μmols kg− 1) sediment grain size (% phi), surface sediment chlorophyll-a content (mg/m2), surface sediment δ13C (‰), 
δ15N (‰), total organic carbon (%), and carbon to nitrogen (mass of C:mass of N) ratio. Data obtained from https://doi.org/10.25921/zqwr-at45.  

Station Depth (m) Temp Sal O2 (μmols kg− 1) >5 phi (%) Sed Chl a (mg/m2) δ13C (‰) δ15N (‰) TOC (%) C/N 

CL1 41 7.47 31.70 276.663 75.93 7.13 − 23.5 6.6 1.09 8.74 
CL3 42 4.73 32.14 255.831 97.19 12.21 − 22.2 7.6 1.24 6.94 
DBO3-6 54 4.18 32.60 236.325 70.11 17.38 − 21.5 7.2 1.04 6.41 
DBO3-8 44 3.82 32.75 255.018 74.65 16.42 − 21.2 7.8 1.08 6.23 
ML1-5 37 5.59 31.70 279.308 36.84 7.6 − 24.4 7.7 0.46 4.01 
ML1-11 38 0.10 32.40 330.706 80.28 5.48 − 22.5 9.5 1.02 6.48 
ML1-13 42 − 0.14 32.38 265.578 92.85 7.58 − 22.6 9.8 1.12 6.01 
ML3-6 42 − 1.19 32.27 335.298 63.43 14.45 − 22.9 7 1 7.57 
ML3-10 36 0.71 32.21 320.443 50.14 12.53 − 22 7.4 0.65 7.05 
ML3-14 40 1.63 32.23 318.266 93.09 13.73 − 22.1 7.6 0.98 7.18 
ML4-9 36 − 1.44 32.14 312.192 67.34 11.1 − 22.2 7.4 0.87 6.72 
ML4-14 44 − 1.15 32.48 269.068 94.58 16.59 − 21.9 8.1 1.35 6.75 
ML6-1 30 5.88 31.03 234.804 17.55 6.14 − 23.2 4.8 0.25 6.52 
ML6-11 46 − 1.66 32.47 229.964 73.95 9.97 − 22.7 7.6 0.95 7.16  
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normalized for each sample to their respective mean δ13C (δ13CEAA =

δ13CEAA – mean δ13CEAA) to create δ13CEAA fingerprints (e.g. Rowe et al., 
2019) for each sediment layer and allow for direct comparison of fin-
gerprints among samples. 

All AA samples were analyzed in triplicate and the following five 
essential AA separated: isoleucine (Ile), leucine (Leu), phenylalanine 
(Phe), threonine (Thr), valine (Val). The additional EAA lysine (Lys) and 
tyrosine (Tyr) were not consistently detected in all samples due to low 
concentrations. Additionally, to account for analytical variability among 
different extraction batches, an external AA standard (norleucine Sigma- 
Aldrich, BCBQ0497V) was analyzed with each extract batch. 

2.3. Sediment bacterial production incubations 

Phospholipid fatty acid (PLFA) analysis was used to determine bac-
terial production at different temperatures in sediment microcosm ex-
periments. PLFAs are a major component of bacterial cell membranes 
and a common biomarker used to identify the bacterial community and 
their biomass (Boschker et al., 1998; He et al., 2015). The objective was 
to track assimilation of labeled microalgal carbon into bacterial PLFAs 
under different temperature treatments. This allowed us to assess 
whether the bacterial community showed higher productivity at 
increased temperatures that are predicted for the Chukchi Sea shelf. 
Only PLFAs known to be bacterial markers were included in the analysis. 

A13C-labeled and non-labeled microalgal stock was grown prior to 
the ASGARD cruise at UAF according to Weems et al., (2012), to be used 
as substrate in microcosm experiments. An 8-L monoculture of the ma-
rine diatom Chaetoceros muelleri, supplied by Dr. R. Hopcroft (UAF), was 
incubated at 5 ◦C with 24 h light over a one-month period. Artificial 
seawater (Instant Ocean, S = 32) served as a medium to grow algal 
culture, and nutrient fertilizer (Guillard’s f/2 marine water enrichment 
+ silicate, concentration 50x) was added weekly (160 mL). Aeration and 
mixing were provided by bubbling the culture with an aquarium pump. 
The culture was subsampled weekly, at which time half of the batch was 
removed and replaced with artificial seawater and f/2 nutrients. The 
removed algal stock (4 L) was subsampled, with 2 L being centrifuged 
(4000 rpm, 2647 g, 5 min) and resulting pellets frozen at − 20 ◦C for the 
non-labeled algal stock. The remaining 2 L were incubated for another 
24 h with 1 mL of 13C-enriched sodium bicarbonate solution (1.7 g of 
98% 13C sodium bicarbonate in 100 mL distilled water added to 2 L 
culture) and afterwards centrifuged (4000 rpm, 2647 g, 5 min), and 
frozen at − 20 ◦C for the isotopically labeled algal stock. Multiple har-
vested batches of algae were homogenized to ensure a consistent algal 
food stock supplied to the microcosm treatments. Bulk carbon stable 
isotope values of algal stocks were determined using a GC-IRMS to 
ensure sufficient isotopic enrichment and for later calculation of carbon 
incorporation into bacterial PLFAs. The average bulk stable isotope 
value (δ13C) for the labeled algal stock was 2300.0‰, while the 
non-labeled algal stock averaged − 14.9‰. 

About 35 g (wet weight) homogenized natural sediment were placed 
into 50 mL Erlenmeyer flasks, and each flask was covered by approxi-
mately 30 mL of ambient filtered seawater. Erlenmeyer flasks were 
loosely covered with aluminum foil to prevent contamination and then 
randomly assigned to one of two temperature treatments. Temperature 
settings were chosen to be 0 ◦C (Treatment 1), representing current 
bottom water temperature on the Chukchi Sea shelf for much of the 
annual cycle (Weingartner et al., 2013), and 5 ◦C as a predicted 
increased bottom water temperature on the shelf by 2050 (Treatment 2) 
(Wang et al., 2012). Flasks were then placed on a shaker in the incubator 
at the respective temperatures to ensure sufficient O2 supply during the 
experiment. Isotopically labeled algal stock was supplied to half the 0 ◦C 
and half the 5 ◦C treatment flasks, while the other respective half 
received non-labeled algal stock. Algal stock was added at time zero (T0) 
at the beginning of the experiment at a concentration of 458 mg C m− 2, 
reflecting typical in situ daily organic carbon deposition rates in the 
Chukchi Sea at the time of sampling (Moran et al., 1997). Both 

temperature treatments were run concurrently with labeled and 
non-labeled algal food in parallel for 8 days; experiments were 
destructively sampled at eight times (0, 3, 6, 12, 24, 48, 96, and 192 h), 
when one flask per temperature and isotope label treatment was 
removed and contents frozen (− 20 ◦C) for later PLFA analysis. Each 
temperature treatment was conducted as a single replicate experiment. 

Sediment PLFA extraction followed methods described by He et al., 
(2015). Sediment samples from the experiments were freeze-dried for 
24 h and approximately 5.0 g sample sequentially extracted with 3.2 mL 
citric acid buffer, 4.0 mL chloroform, and 8.0 mL methanol. Then, 4.8 
mL citric acid and 6.0 mL chloroform were added to the combined su-
pernatants per sample, well shaken, and the sample kept at 4 ◦C in the 
dark overnight for phase separation. The bottom chloroform layer 
containing lipids was isolated, washed with methanol, and dried under 
constant N2 flow in a water bath (25–35 ◦C). Through solid phase 
extraction (SPE) gel chromatography, both neutral lipids and glycolipids 
were removed using chloroform and acetone, respectively. Remaining 
polar PLFAs were collected using methanol and dried under constant N2 
flow in a water bath (25–35 ◦C). PLFAs were esterified into fatty acid 
methyl esters (FAMEs) using methanol:toluene, potassium-hydroxide: 
methanol, n-hexane:chloroform, acetic acid, and deionized water, and 
80 μL of internal 19:0 fatty acid standard (nonadecanoate, Sigma 
Aldrich, batch number BCBT3339) was added at this stage for later PLFA 
quantification of PLFA concentrations. The top organic layer was 
retained, dried with N2, and stored at − 20 ◦C until analysis. The 
following temperature program was used: 60 ◦C (3 min), 110 ◦C (3 ◦C 
min− 1) for 5 min, 190 ◦C (3 ◦C min− 1) for 5 min, and increasing at a rate 
of 10 ◦C min− 1 to 280 ◦C (8 min). Samples were injected using a 
split/splitless inlet (280 ◦C): injection volume 0.3 μL, carrier flow 0.8 
min− 1, split flow 50 mL min− 1, purge flow 5.0 min− 1, split flow 50 mL 
min− 1, splitless time 1.0 min. 

Nomenclature A:Bn-C as defined in Budge (1999) was used to 
describe PLFAs, where A represents the number of carbon atoms in a 
given PLFA, B refers to the number of double bonds, and C the position 
of the double bond closest to the terminal methyl group. A bacterial acid 
methyl ester mix (BAME, Sigma-Aldrich, batch number BCBT4956) was 
used to identify bacterial PLFAs in samples. The BAME mix was analyzed 
using a GC-IRMS to identify peaks. Both BAME mix and extracted 
samples were run on a GC-IRMS to identify (using BAME mix) and 
quantify (using 19:0 nonadecanoate FA standard) peaks and determine 
δ13C values of PLFAs. For ease, PLFA were labeled with numbers refer-
ring to their sequence in the chromatograms (Table 2). 

Concentrations for each bacterial PLFA per gram of sediment in 
microcosm experiments were calculated as follows: 

PLFA
(μg

mL

)
=

(
19:0 concentration

19:0 peak area • PLFA peak area
)

dry weight sediment (g)

where, 19:0 concentration is the concentration of the internal standard 
added to each sample (230 μg/mL), and dry weight sediment refers to 
the total amount of freeze-dried sediment used for PLFA extraction in 
grams. In addition, isotope tracer assimilation into each bacterial PLFA 
over time was determined using a stable isotope mixing model 
(McMahon et al., 2006; Weems et al., 2012) as follows: 

Xtracer(%)=

[
δ13Csample − δ13Cinitial

δ13Calgal tracer − δ13Cinitial

]

• 100  

where, Xtracer refers to the fraction (%) of the tracer incorporated into 
bacterial PLFA, δ13Csample being the δ13C value of the PLFA at the time of 
sampling, δ13C initial is the initial δ13C value of PLFA at t0, and δ13Calgal 

tracer is the mean labeled algal δ13C value. 

2.4. Statistical analysis 

EEA values of endmembers were taken from Rowe et al., (2019) for 
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diatoms and terrestrial plants (samples analyzed in the same lab and 
instrumentation as in this study), while bacterial δ13CEAA were used 
from Larsen et al., (2013). While some of the data obtained from Larsen 
et al. (2013) were obtained from a different lab, all δ13CEAA measures 
were made relative to standards and were consistently expressed rela-
tive to the same primary standard (VPDB). Analytical precisions are very 
similar between labs for δ13CEAA measures (see Rowe et al., 2019; Larsen 
et al., 2013). Also, the data analyses involved normalization of the actual 
δ13CEAA relative to the means of the amino acids, which practically 
eliminates the importance of δ13C as the actual data used are the dif-
ference in per mil between amino acids. Average reproducibility for the 
internal standard (norleucine) from all analyses was ≤0.7‰. 

δ13CEAA values were distinct among these sources. A stable isotope 
mixing model in R (SIMMR, https://cran.r-project.org/web/packages/s 
immr/vignettes/simmr.htmL) was used to determine proportional 
contribution of EAA carbon from the various endmembers to sediments. 
This model is a commonly used tool to infer dietary proportions, based 
on various carbon sources (here phytoplankton, bacteria, terrestrial), 
assuming that all potential sources are considered in the mixing model 
and endmembers are isotopically distinct. Five EAA δ13C values (see 
above) were used to estimated proportional contributions using mass 
balance mixing equations within a Bayesian framework to determine the 
proportional (%) EAA carbon contributions of endmembers for each 
sediment depth section at each station (Appendix A). The upper two 
sediment layers (0–2 cm) were averaged to account for uneven sediment 
surfaces. Here, we used EAA source contributions in statistical analyses 
as a proxy for overall carbon contribution to sediments. 

Most statistical analyses were performed in R using the RStudio 
interface version 1.1.383 (http://www.rstudio.com). Prior to para-
metric statistical analyses, normality of data was tested using a Shapiro- 
Wilks test, homogeneity of variance using Levene’s test, and indepen-
dence using a chi-squared test. If necessary, data were transformed to 
meet assumptions. Significant differences in proportional contributions 
were determined of each endmember among sediment depth layers, and 
among endmembers within each sediment depth layer. For these ana-
lyses, stations were used as replicates. Significant differences were 
determined using analyses of variance (ANOVA) with Tukey’s honest 
significant difference post-hoc test at a significance level of α = 0.05. 
Differences in the proportional composition among stations was using 
non-metric multi-dimensional scaling (nMDS) to determine any poten-
tial grouping of stations. Environmental variables were included to 
determine whether any clusters were driven by environmental variables 
at representative stations. A BEST analysis (PRIMER version 7.0.13) 
determined relationships among average proportional carbon contri-
butions of all endmember groups in surface sediments (0–2 cm layer) 
and environmental variables: bottom temperature, bottom salinity, 

bottom oxygen, sediment grain size, sediment chlorophyll a content, 
TOC, bulk sediment C/N ratios, and δ13C and δ15N values (Table 1). The 
lack of station-level replication precluded analysis of significance in 
multivariate analyses. 

For the PLFA production of sediment bacteria under different tem-
perature incubations, significant differences in total bacterial PLFA 
concentration between temperature treatments were determined using 
t-tests (labeled and non-labeled trials combined for n = 2 per tempera-
ture treatment, significance level α = 0.05). 

3. Results 

3.1. Organic matter sources across sediments depths 

Normalized δ13CAA values of each sediment layer were averaged 
across stations for each EAA, and overall EAA isotope fingerprints were 
very consistent among depth layers (Fig. 2). Proportional contributions 
of EAA from the three endmember groups to sediment samples from 
SIMMR calculations were highly variable. On average, bacteria 
contributed 31.0% (5.7–50.1%), while phytoplankton averaged 30.1% 
(9.9–64.9%). Terrestrial carbon contributions (3.8–80.6%) made up the 
highest average carbon contribution with 38.8%. Visual inspection of 
the spatial distribution of average proportional contributions in the 0–2 
cm sediment layer did not reveal a clear pattern across the shelf 
although terrestrial contribution was especially high at the two mid- 
shelf stations in the southern Chukchi Sea (DBO3-8 and CL3, Figs. 1 
and 3). An nMDS confirmed the two mid-shelf stations to be distinct 
(Fig. 4). There was no significant relationship between proportional 
carbon contributions and environmental variables (BEST analysis). No 
significant differences in the proportional contributions among sedi-
ment layers were identified within either terrestrial or bacterial EAA (p 
> 0.05, ANOVA, Fig. 5). Only phytoplankton contributions were 
significantly higher in the top layer (0–2 cm) compared to the bottom 
layer (4–5 cm) (p = 0.04, ANOVA). With respect to the various EAA 
source composition within each depth layer, proportional contributions 
of terrestrial carbon in the 2–3 cm and 3–4 cm depth sediment layers 
were significantly higher compared to other carbon sources and signif-
icantly higher compared to phytoplankton in the 4–5 cm depth layer (p 
= 0.03, ANOVA) (Fig. 5). 

3.2. Bacterial production at different temperatures 

Total bacterial PLFA concentrations (all other PLFA were excluded 
from the analysis) in microcosm experiments between the 0 ◦C and 5 ◦C 
treatment (combining isotopically labeled and non-labeled trials for 
each temperature treatment) were significantly different (p = 0.02, t- 

Table 2 
List of phospholipid fatty acid (PLFAs) detected in microcosm marine sediment samples, respective PLFA numbers assigned in this study, and their source affiliations. 
Fatty acid nomenclature, e.g. 18:2n6, refers to the number of carbon atoms (18), number of double bonds (2), and position of first double bond.  

PLFA # PLFA name Nomenclature Source Literature 

7 Methyl-myristate C 14:0 Eukaryotes & Prokaryotes Crossman et al., (2006); Ding et al., (2009) 
8 Methyl-13-methyltetradecanoate iso-C 15:0 Gram-positive bacteria Crossman et al., (2006); Moore-Kucera and Dick, 2008 
9 Methyl-12-methyltetradecanoate anteiso-C 15:0 Gram-positive bacteria Crossman et al., (2006); Moore-Kucera and Dick, 2008 
10 Methyl-pentadecanoate C 15:0 Gram-positive & Gram-negative bacteria Bååth and Anderson (2003) 
14 Methyl-cis-9-hexadecanoate C 16:1 (cis-9) Gram-positive & Gram-negative bacteria Crossman et al., (2006); Zelles (1999) 
15 Methyl-palmitate C 16:0 Eukaryotes & Prokaryotes Crossman et al., (2006); Zelles (1999) 
16 Methyl-15-methylhexadecanoate iso C 17:0 Gram-positive bacteria Crossman et al., (2006); Moore-Kucera and Dick, 2008 
17 Methyl-cis-9,10-methylenehexadecanoate C 17:0 cyclo Gram-negative bacteria Crossman et al., (2006); Grayston et al., 2004 
18 Methyl-heptadecanoate C 17:0 Bacteria Grayston et al., 2004; Bååth and Anderson (2003) 
19 Methyl-2-hydroxyhexadecanoate 2-OH C 16:0 Unknown  
20 Methyl-linoleate C 18:2ω6 cis Fungi Grayston et al., 2004; Zelles (1999) 
21 Methyl-oleate C 18:1ω9 cis Gram-negative bacteria Crossman et al., (2006); Grayston et al., 2004 
22 Methyl-trans-9-octadecanoate C 18:1 (trans-9) Gram-negative bacteria Crossman et al., (2006); Grayston et al., 2004 
23 Methyl-stearate C 18:0 Eukaryotes & Prokaryotes Crossman et al., (2006); Bååth and Anderson (2003) 
25 nonadecanoate C 19:0 Standard  
26 Methyl-eicosenoate C 20:0 Eukaryotes & Prokaryotes Crossman et al., (2006); Zelles (1999)  
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test) (Fig. 6). Total bacterial PLFA concentrations over time were 
noticeably higher in the 5 ◦C treatment at 12 and 24 h, but given the low 
number of replicates (n = 2) only the difference at 24 h was significant 
(p = 0.01, t-test). The differences between the temperature treatments 
seemed to be driven by overall higher concentrations of the individual 
PLFAs tested at 5 ◦C; however, specifically C16:1 cis-9 (PLFA 14) and 
C17:0 (PLFA 18) were higher in the 5 ◦C treatment at 12 h and 24 h 
(Fig. 7, see Table 2 for PLFA identification). 

Only five PLFAs showed incorporation of isotopically labeled mate-
rial, indicated by changes in individual PLFA δ13C values of up to 500‰ 
throughout the experiment (Fig. 8). Other PLFAs only showed marginal 
changes in the PLFA δ13C values of ±15‰ and were not included in 
carbon incorporation analyses. The proportional contribution of carbon 
incorporated into these five main PLFAs from labeled algal material 
seemed to be higher in the 5 ◦C treatment compared to the 0 ◦C treat-
ment. The PLFA showing highest incorporation of labeled material was 

Fig. 2. δ13C values of five essential amino acids (EAA), averaged across Chukchi Shelf sediment depth layer sampled (n = 14) across all stations.  

Fig. 3. Mean proportional contributions (%) of three essential amino acid sources (bacteria, phytoplankton, terrestrial) for the 0–2 cm sediment layer across the 
Chukchi Sea Shelf. 
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C16:1 “cis-9” (PLFA 14) with proportions of carbon incorporation 
ranging from 0.16 to 33.56%. C15:0 (PLFA 10, 0.96–11.00%), C18:2w6 
cis (PLFA 20, 0.19–11.41%), C18:1w9 cis (PLFA 21, 0.65–4.35%) and 

C18:1 (trans 9) (PLFA 22, 0.95–8.03%) only showed small carbon por-
tions to be derived from labeled material. 

Fig. 4. nMDS mean proportional contributions (%) of three essential amino acid sources (bacteria, phytoplankton, terrestrial) for the 0–2 cm sediment layer across 
the Chukchi Sea Shelf. 

Fig. 5. Mean proportional contributions (%, mean ±
1 SD) of three essential amino acid (EAA) sources 
(bacteria, phytoplankton, and terrestrial) for each 
Chukchi Shelf sediment depth interval (cm, gray 
shades). Different letters above bars indicate signifi-
cantly (p < 0.05) different contributions among depth 
layers (n = 14 per sediment layer), separately for 
each EAA source. Lines above bars indicate significant 
differences of proportional EAA contributions among 
sources for each sediment depth layer (n = 14 per 
sediment layer and source). Different line types indi-
cate statistical results for each sediment depth layer 
(solid: 0–2 cm; small dash: 2–3 cm, dotted – 3–4 cm; 
long dashed – 4–5 cm). Asterisks above connecting 
lines represent significant differences (p < 0.05) be-
tween the sources within that sediment layer.   
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4. Discussion 

4.1. Distribution of sediment organic matter sources 

The unprecedented climate-induced changes occurring in the Arctic 
Ocean have the potential to influence the composition of organic matter 
sources in Chukchi Sea shelf sediments that are essential in carbon 
cycling and contribute to the base of the benthic food web. The goal of 
this study was to identify the proportional contributions of carbon 
sources within the top 5 cm sediment horizon of in situ sediments across 
the Chukchi Sea. Results revealed no clear spatial pattern of the three 
main carbon sources (phytoplankton, terrestrial, and bacterial) across 
the shelf in relation to environmental variables and only exhibited minor 
spatial patterns in terms of higher terrestrial proportional contribution 
at southern stations. Carbon sources in sediments were relatively well- 
mixed over the top 5 cm. However, phytoplankton contribution 
slightly decreased in deeper sediment layers and terrestrial matter was 

present in significantly higher proportions in deeper sediment depths 
(>2 cm) compared with other sources. Increased bacterial production at 
higher experimental temperatures indicated a potential increase in the 
proportion of bacterial carbon in a future, warmer Arctic. 

The analysis of proportional contributions using mixing models is 
dependent on the source information supplied. For example, predictions 
of endmember contributions will only include those sources supplied to 
the model. Conversely, every endmember that is supplied to the model 
will always result in the assignment of at least some proportional 
contribution (Phillips et al., 2014). Here, we included marine phyto-
plankton, terrestrial matter, and bacterial carbon as sources and 
excluded macroalgal carbon that has been included in other studies 
(Larsen et al., 2013, 2015; McMahon et al., 2016; Rowe et al., 2019). 
Macroalgae are uncommon along the Chukchi Sea coast (Mohr et al., 
1957; Wulff et al., 2009), and while the occasional drift of algal material 
offshore cannot be excluded, it is unlikely to be a common carbon 
subsidy into Chukchi shelf sediments. In addition, the potentially high 
biomass and important role of fungi in the degradation of organic matter 
is increasingly acknowledged (Raghukumar, 2017), but isolating and 
characterizing this endmember as a source is currently outside our 
ability. In addition, mixing models provide relative contributions of EAA 
and not absolute concentrations of carbon sources to a given sample. 
Hence, results will need to be interpreted within the framework of such 
potential limitations, but our ecological knowledge of the system 
allowed us to select the most likely sources, and results will be especially 
valuable in assessing potential shifts in relative sources in the future. 

Relative contributions of different EAA sources to sediments did not 
display a clear spatial pattern across the shelf and did not correlate with 
any environmental variables tested. The Chukchi Sea is characterized by 
distinct water masses of different temperature, salinity, and nutrient 
content, influencing the respective productivity regimes (Walsh et al., 
1989). However, all sampling sites for this study were located within the 
salty, cold, nutrient-rich, and highly productive Bering Shelf Anadyr 
Water, based on bottom temperature and salinity data taken during the 
cruise. Also, all sampling locations were similar in bottom depth. Similar 

Fig. 6. Total phospholipid fatty acid (PLFA) concentration attributed to bac-
teria in marine sediments over 192 h for two temperature treatments, 0 ◦C 
(light gray circle) and 5 ◦C (dark gray square) (mean ± 1 SD, n = 2 per 
treatment and time). The triangle at 0 h represents the sediment sample without 
addition of algae. 

Fig. 7. Phospholipid fatty acid (PLFA) concentrations in marine sediments over 192 h (time given in bars above graphs) at two temperature treatments (mean ± 1 
SD, n = 2 per treatment and time, except at 0 h), 0 ◦C (light gray) and 5 ◦C (dark gray). Specific PLFAs are listed on the x-axis with additional information given 
in Table 1. 
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productivity regimes for all stations based on water mass characteristics 
may in part explain the similarity of EAA sources across all sites. 

Although no clear spatial pattern was detected of EAA distribution 
with environmental variables, we observed higher contributions of 
terrestrial EAA at the two southern-most offshore stations in Hope Basin, 
north of the Bering Strait. Flow regimes can differ within a water mass 
and influence local environmental conditions, e.g. grain size, TOC 
content, and the deposition of suspended material. Current velocities on 
the Chukchi shelf vary depending on topography (Winsor and Chapman, 
2004), season (Woodgate et al., 2005), remote atmospheric forcing 
(Danielson et al., 2014), and the shelf isobath-density fields (e.g. 
Weingartner et al., 2017). Regions with lower flow variance are usually 
associated with smaller sediment grain size and higher deposition of 
organic matter, as the weaker currents allow smaller particle sizes to 
settle out of the water column (Blanchard et al., 2013; Pisareva et al., 
2015). Within the spatial and temporal variability of the overall depo-
sitional shelf of the Chukchi Sea (de Haas et al., 2002; Lepore et al., 
2007), the Hope Basin in the south-central Chukchi Sea is known 
regionally for the especially high deposition rates of organic matter 
(Grebmeier et al., 2015). Terrestrial matter in the Chukchi Sea mostly 
derives from the Anadyr River in Siberia and the Yukon River in Alaska 
(Li et al., 2017) with smaller contributions of the Kobuk and Noatak 
rivers in Kotzebue Sound (McManus and Smyth, 1970; McManus et al., 
1974; Naidu et al., 1982). For example, the Yukon River alone dis-
charges 2.02 1012 g TOC annually into the ocean (Guo and Macdonald, 
2006). Sea ice also can be a significant vector in the distribution of 
terrestrial matter beyond the coastal region farther onto the shelf and 
even into the deep basin in the Arctic (Yunker et al., 2005). Ocean 
currents slow north of the high-flow constriction presented by the Bering 
Strait, likely allowing for increased deposition of terrestrial matter in the 
Hope Basin region (Li et al., 2017). Terrestrial matter that is partially 
degraded during oceanic transport tends to associate with lithogenic 
particles, which increases their settlement in these high depositional 
regions (Mayer, 1994). This could explain the observed higher 

proportional contribution of terrestrial EAA in sediments in this region 
relative to the stations farther north and regions of swifter currents 
found closer to the Alaskan coast (e.g. Clement et al., 2005). Increased 
sediment sampling in this ecologically important benthic “hotspot” re-
gion (Grebmeier et al., 2015) would be useful to discern if terrestrial 
deposition is indeed a consistent feature in the area as the C/N ratio and 
δ13C values of sediments in the region, general indicators of terrestrial 
versus marine material (Naidu et al., 2000), were not strongly indicative 
of terrestrial matter. 

A slight decrease in phytoplankton proportion with increasing sedi-
ment depth across the top 5 cm sediment was the only significant depth- 
related trend for any of the EAA sources. Such concentration gradients 
are dependent on consumption, transport, and decomposition of this 
material in the sediment (Sun et al., 1991, 1994). Marine microalgae 
(phytoplankton and ice algae) are highly labile and material deposited 
onto the seafloor is quickly consumed at the sediment surface by benthic 
consumers (Sun et al., 2007). The most labile dissolved organic portions 
of microalgal matter, such as lipids, are also biodegraded within days by 
bacteria (Newell et al., 1981; Canuel and Martens, 1996). Bioturbation 
from feeding activity of marine invertebrates results in the drawdown of 
remaining particulate microalgal fractions into deeper sediment layers, 
although this drawdown likely diminishes in deeper sediment layers 
(Kristensen et al., 2012). The Chukchi Shelf, including the locations of 
sediment collections for this study, are characterized by high benthic 
invertebrate biomass with a variety of feeding types that contribute to 
bioturbation (Iken et al., 2010, 2019). These subducted particulate 
fractions of phytoplankton are typically more refractory and have 
degradation times on the order of weeks to months (Newell et al., 1981; 
Garber, 1984; Kristensen and Holmer, 2001), which could lead to higher 
proportions of microalgal EAA at greater depth. The observed decrease 
in phytoplankton EAA proportions with depth, however, suggests that 
degradation rates in deeper layers in our study region exceeded the rate 
of particle transport from surface sediment down to depth. These ob-
servations match previous observations that chlorophyll a and POC 

Fig. 8. Isotopically labeled (13C, black) and unlabeled (gray) portion of phospholipid fatty acid (PLFA) concentrations in marine sediments over time (h) at two 
temperature treatments (0 ◦C and 5 ◦C, n = 1 per treatment) for selected PLFA. 
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concentrations can show an exponential decrease with sediment depth 
(Sun et al., 1991, 1994). Hence, high deposition of microalgae onto the 
sediment surface, combined with some subduction from bioturbation 
and continued degradation within the sediments, can cause the 
depth-related gradient in relative proportions of phytoplankton we hy-
pothesized and observed. 

Terrestrial EAA contributions also were relatively consistent over 
sediment depth horizons, and were present in significantly higher pro-
portions compared with the other two sources in sediment depths >2 
cm. This is consistent with findings from Svalbard fjords, which showed 
higher amounts of lighter carbon isotope bulk organic material in sed-
iments deeper than 1 cm, which was attributed to increases in terrestrial 
matter (Koziorowska et al., 2016). The initial, and rate-limiting, step of 
degradation of organic matter is the extracellular enzymatic hydrolysis 
of the high-molecular-weight organic matter common for terrestrial 
matter (Arnosti et al., 1998; Arndt et al., 2013). Terrestrial matter 
contains a high amount of structurally highly complex components, e.g. 
macromolecules like lignin and cellulose, and other molecules with high 
numbers of double bonds (Hedges et al., 1997; Opsahl and Benner, 1997; 
Baldock et al., 2004; Garneau et al., 2009). While this typically renders 
terrestrial material as less labile than marine-derived matter, overall 
degradability of terrestrial matter also differs depending on its age. 
Ancient terrestrial carbon is highly recalcitrant, while modern material 
is somewhat more labile (Goñi et al., 2005; Kim et al., 2011). During the 
transport from shore onto of the labile fraction of terrestrial matter is 
already subject to degradation, increasing the refractory proportion of 
the residual material when finally deposited onto the seafloor (Canuel 
and Martens, 1996; Lee et al., 2004). Hydrolysis rates in subsurface 
sediments can actually be higher than in surface sediments, but effi-
ciency ultimately depends on how recalcitrant the material is (Teske 
et al., 2011). The remaining refractory portion of terrestrial matter after 
initial degradation in the water column and ancient carbon, which can 
make up the majority of total terrestrial carbon influx from Arctic rivers 
(Goñi et al., 2005), could have long degradation times, leading to 
accumulation in the deeper sediments (Canuel and Martens, 1996). 
These processes fit well with the observed pattern of higher proportion 
of the organic matter at these deeper layers being of terrestrial origin. 

The relatively high proportions of terrestrial EAA found in Chukchi 
Sea sediments are not unusual for Arctic sediments. Most terrestrial 
matter comes from discharge of large Arctic rivers as well as ground-
water seepage (McClelland et al., 2006). Permafrost and its accelerated 
melting due to climate warming also contribute substantial amounts of 
terrestrial matter to river discharge (Guo et al., 2007; Loiko et al., 2017). 
Terrestrial matter contributed 70% (Winkelmann and Knies, 2005) and 
up to 80% (Koziorowska et al., 2016) to the bulk organic carbon in fjords 
in the European Arctic, based on sediment bulk stable isotope analyses. 
The higher percentage values from the fjord systems likely derive from 
higher glacial input in such systems (Winkelmann and Knies, 2005; 
Koziorowska et al., 2016). While comparability of studies based on 
different methodology is limited, our values of about 50% terrestrial 
matter of the EAA sources are lower than those for overall carbon 
sources from fjord environments, but suggest that our values are likely 
not overestimated and that terrestrial contributions to sedimentary 
carbon exceeding those from marine phytoplankton is common. 

Contrary to our hypothesis, the proportional contributions of 
bacterially-derived EAA did not show any change with sediment depth. 
This is in contrast to studies conducted elsewhere (e.g. Mediterranean 
Sea), where bacterial biomass decreased with sediment depth because of 
a decline in concentration of labile compounds and relative increase of 
more refractory compounds less prone to bacterial degradation (Fabiano 
and Danovaro, 1994). Conversely, others have suggested that deeper, 
paleo-sedimentary archives can contain higher proportions of bacterial 
carbon compared to other carbon sources based on EAA fingerprinting 
(Larsen et al., 2015). In part this can be due to the overall dynamic 
nature of sediments in the shallow Chukchi Sea based on storms, ice 
scour, shelf currents, etc. (e.g. Toimil and Grantz 1976). This leads to 

overall shallow sediment accumulations of 2–6 m in the study region, of 
which the upper ~50 cm are of Holocene origin, overlying deeper 
Quaternary and Cretaceous layers (Phillips et al., 1988). Net sedimen-
tation rates are low with estimated <0.05 cm yr− 1 since the last ice age 
(Keigwin et al., 2006). Low net sediment accumulation and upper layer 
sediment mixing is also evident from the lack of layering of sediment 
trace metal distributions (Trefry et al., 2014). Bioturbation, in addition 
to dynamic hydrography, are likely reasons for this. Bioturbation sub-
ducts organic matter into deeper sediment layers, which also enhances 
ventilation rates within the sediment and influences physical, chemical 
and biological properties within the deeper sediments (Mermillod--
Blondin et al., 2004; Kristensen et al., 2012; North et al., 2014). For 
example, degradation processes are dependent on the availability of 
electron acceptors, which are directly influenced by processes such as 
bioturbation and can govern the types of diagenetic processes occurring 
with depth (Nealson, 1997; Fenchel, 2008). The increased O2 penetra-
tion into sediment depths from bioturbation (Kristensen and Holmer, 
2001; Mermillod-Blondin and Rosenberg, 2006) supports bacterial 
degradation of labile matter within the bioirrigated layer (Hulthe et al., 
1998; Kristensen et al., 2012). O2 penetration also increases the typically 
slow, thermodynamically limited anaerobic degradation rates of re-
fractory matter buried in these deeper sediment layers (Hulthe et al., 
1998; LaRowe and Van Cappellen, 2011). Despite O2 availability, the 
buildup of bacterial carbon is highly reliant on the amount and specific 
lability of the buried material (Legendre and Le Fevre, 1995; Pomeroy 
and Wiebe, 2001). A “priming” effect has been suggested for labile 
organic matter in deeper layers, where either the breakdown of this 
labile matter stimulates the production of extracellular enzymes that are 
active in degrading the more refractory material, or where the labile 
matter provides energy for a bacterial community that is then able to 
degrade the refractory matter (van Nugteren et al., 2009). Bacteria can 
assimilate available carbon in a matter of hours (Moodley et al., 2000), 
and cell lysis of dead bacterial cells releases nutrients and substrate that 
living bacteria are able to utilize to maintain bacterial community 
biomass. These processes may cause relatively constant bacterial 
degradation and production in all sediment depths and, therefore, the 
observed consistent bacterial EAA contribution across sediment depths. 

4.2. Sediment bacterial activity in a warming climate 

Bacterial activity in degradation processes is not only dependent on 
the degradability of the organic matter but also on temperature. While 
polar bacteria are physiologically well adapted with high specific 
metabolic rates that support activity at low in situ temperatures (Arnosti 
et al., 1998; Knoblauch et al., 1999), their activity is sensitive to in-
creases in water temperature. In fact, metabolic rates increase at optimal 
temperatures that are typically above in situ temperatures in polar sys-
tems (Rysgaard et al., 2004; Kirchman et al., 2005, 2009; Robador et al., 
2009). As hypothesized, our microcosm experiment showed increased 
bacterial production, although intermittent, at the higher temperature 
(5 ◦C) compared to the 0 ◦C treatment. This is similar to another Arctic 
study that found a six-fold increase in bacterial production at in-
cubations 6 ◦C above ambient conditions (Kritzberg et al., 2010). Thus, 
despite physiological adaptations to low temperatures, optimal growth 
rates are not achieved at in situ temperatures in Arctic bacteria and, 
bacterial community activity is lower compared to those in temperate 
regions (Pomeroy and Deibel, 1986; Middelboe and Lundsgaard, 2003; 
Kirchman et al., 2005, 2009). Higher bacterial production at higher 
temperatures has been attributed to increased substrate affinity of 
extracellular enzymes at warmer temperatures as well as increased 
substrate assimilation within the cell (Nedwell, 1999). As substrate 
availability in our incubation experiment was equal across both tem-
perature treatments, the increase in sediment bacterial production be-
tween treatments is attributable to temperature effects. This is similar to 
global (López-Urrutia and Morán, 2007) and Arctic (Kritzberg et al., 
2010) studies that found clear increases in bacteria production in 
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response to higher temperature if resource availability was equal. 
The higher bacterial community productivity at the higher temper-

ature treatment (5 ◦C) peaked at 12–24 h, after which bacterial PLFA 
concentrations started to level with those of the 0 ◦C treatment. The 
decrease in overall PLFA concentration (bacterial production) after 24 h 
in the 5 ◦C treatment could have been related to the availability of 
substrate (Thingstad et al., 2002). The substrate may become rapidly 
depleted in sediment incubation experiments that are not supplied with 
any additional nutrients, resulting in a rapid decrease in overall activity 
of the bacterial community within hours (Novitsky and Morita, 1977; 
Goldman et al., 1987; Lopez et al., 1998). For our experiment, no 
additional substrate was provided past the initial addition, likely leading 
to an increase in bacterial production from the higher rates supported by 
high temperatures. Once labile substrate was drawn down, resources 
were too limited to support the higher bacterial production rates at 5 ◦C. 
A similar decline in bacterial production was not observed at the 0 ◦C 
treatment, possibly because the lower production rates had not yet led to 
substrate limitation. Finally, increased predation of bacteria by flagel-
lates or meiofauna and viral lysis (Almeida et al., 2001) could contribute 
to the decrease in bacterial PLFA concentration after 12–24 h at higher 
temperatures. 

Changes in bacterial PLFA concentrations between the temperature 
treatments seemed to be largely driven by two PLFAs: C 16:1 (cis 9) 
(PLFA 14) and C 17:0 (PLFA 18). C 16:1 (cis 9) is produced by both 
Gram-positive and Gram-negative bacteria, while PLFA 18 is usually 
produced only by Gram-positive bacteria (Kaur et al., 2005). Although 
PLFA analysis is a widely applied tool enabling us to trace the fate of 
specific substances, such as methane and contaminants through bacte-
rial communities (Kaplan and Bott, 1989; Evershed et al., 2006; He et al., 
2015), the use of PLFAs as a biomarker for taxonomic resolution of the 
bacterial community is still debated (Ruess and Chamberlain, 2010; 
Frostegård et al., 2011). A good biomarker is defined by being highly 
source specific; however, while some PLFAs are assigned to specific 
groups of bacteria, they often are produced by multiple groups of bac-
teria, making taxonomic distinction of the bacterial community based 
on PLFA patterns difficult (Frostegård et al., 2011; Yao et al., 2014). 
Higher taxonomic resolution, such as from DNA-stable isotope probing 
(Radajewski et al., 2000), is needed to make detailed inferences about 
the specific groups of bacteria responsible for the differences observed. 
Although taxonomic resolution is coarse, overall PLFA presence and 
concentrations showed high overlap between the 5 ◦C and 0 ◦C treat-
ments, indicating that the differences in production were not due to 
major changes in community composition. 

Only five out of eleven bacterial PLFAs incorporated the isotopically 
labeled substrate throughout the incubation period (Table 3). Incorpo-
ration of labeled material into newly formed PLFAs seemed to be slightly 
higher in the 5 ◦C treatment, although only a small fraction 
(0.16–33.56%) of isotopically labeled carbon was incorporated during 
PLFA synthesis. This supports findings in previous studies of only mar-
ginal assimilation of labeled substrate into bacterial PLFAs (Boschker 
et al., 1998; Moore-Kucera and Dick, 2008). Labeled material is slightly 
higher in molecular weight and, therefore, may not be taken up pref-
erentially and incorporated into all PLFA by bacteria (Cifuentes and 
Salata, 2001). The incorporation of only small fraction of labeled PLFAs 
indicates that the majority of the bacterial community derived carbon 
from other substrates than the provided microalgae. These other sub-
strates probably included organic matter and dissolved organic carbon 
(DOC) present in the sediment, porewater and water supplied to the 
experimental set up, as well DOC released from predation and viral lysis 
of bacteria (Qiu et al., 2009) or internal carbon turnover in bacterial 
cells. In summary, these results suggest that expected elevated water 
temperatures in a future Arctic will increase bacterial production, which 
could be supported by the predicted higher phytoplankton production 
with the loss of sea ice (Arrigo et al., 2008). 

5. Conclusions 

In conclusion, carbon sources in Chukchi Sea sediments were rela-
tively well-mixed over the top 5 cm horizon with large proportions of 
terrestrial carbon. The effects of climate-driven changes in temperature 
are predicted to be especially prominent on Arctic shelves. Resulting 
changes in the strength of pelagic-benthic coupling and increases in 
riverine input have the potential to shift the composition of carbon 
sources in Arctic sediments. Additionally, temperatures higher than 
current in situ conditions will increase bacterial metabolism and pro-
duction in sediments, indicating a likely increase in this bacterial carbon 
source in a future, warmer Arctic. These potential shifts in carbon source 
contributions to the sediments could have strong implications for carbon 
storage or mobilization in sediments and the carbon flow through the 
Chukchi Sea benthic food web. 
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Table 3 
List of overall average (±1SD) individual phospholipid fatty acid (PLFA) δ13C 
values in marine sediments. Gray areas indicate PLFAs where incorporation of 
labeled material into newly formed PLFAs was detected (see Fig. 7).  

PLFA 
# 

Nomenclature 0 ◦C 
labeled 

0 ◦C 
unlabeled 

5 ◦C 
labeled 

5 ◦C 
unlabeled 

8 iso-C 15:0 − 18.0 ±
6.7 

− 23.5 ±
2.5 

− 20.8 ±
7.4 

− 23.5 ±
0.7 

9 anteiso C 15:0 − 11.8 ±
11.5 

− 23.7 ±
0.7 

− 14.0 ±
8.8 

− 25.7 ±
2.4 

10 C 15:0 149.2 ±
49.8 

− 20.3 ±
3.6 

116.6 ±
34.3 

− 19.3 ±
3.1 

14 C 16:1 (cis-9) 466.8 ±
267.0 

− 22.0 ±
1.4 

320.8 ±
77.7 

− 23.4 ±
1.8 

16 iso C 17:0 − 27.4 ±
2.8 

− 25.1 ±
1.4 

− 24.7 ±
1.3 

− 25.9 ±
0.8 

17 C 17:0 cyclo − 30.1 ±
4.9 

− 28.3 ±
2.2 

− 26.0 ±
3.2 

− 27.4 ±
1.9 

18 C 17:0 − 23.6 ±
7.7 

− 26.7 ±
0.6 

− 25.6 ±
1.3 

− 26.9 ±
1.9 

19 2-OH C 16:0 − 25.0 ±
4.7 

− 26.3 ±
1.2 

− 27.8 ±
3.7 

− 27.8 ±
2.0 

20 C 18:2ω6 cis 45.6 ±
93.2 

− 26.4 ±
1.2 

2.2 ±
18.9 

− 26.9 ±
0.9 

21 C 18:1ω9 cis 24.1 ±
36.7 

− 26.1 ±
0.8 

30.7 ±
21.4 

− 26.4 ±
1.2 

22 C 18:1 (trans- 
9) 

40.9 ±
64.2 

− 25.0 ±
0.8 

11.9 ±
8.7 

− 25.5 ±
0.6  
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Appendix

Appendix AStable isotope mixing model plot (displayed in two dimensions) based on the δ13C values of five essential amino acids (EAA; δ13CEAA) of 
three organic matter sources bacteria, phytoplankton and terrestrial plants (mean ± standard deviation). Shapes were used to represent the four depth 
strata of sediment samples at station ML1-13 (see Fig. 1). 
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Trait-based assessment of polychaete assemblages distinguishes 
macrofaunal community structure among four distinct benthic eco-regions 
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A B S T R A C T   

In a rapidly changing Arctic, effects of taxonomic and functional composition of infaunal benthic communities on 
ecosystem function are poorly characterized for many areas of the continental shelf environment. Infaunal 
macrobenthos perform essential ecosystem services in soft-sediment habitats, including sediment oxygenation, 
organic-matter burial, and nutrient regeneration. Changes in the distribution and composition of infauna are 
likely to impact these important processes. We investigated spatial patterns in macrofauna on the northern 
Bering and southern Chukchi Sea continental shelves in conjunction with a suite of environmental variables as 
part of the Arctic Shelf Growth, Advection, Respiration, and Deposition (ASGARD) project. Depth-stratified 
macrofauna samples (>500 μm) were collected from multi-cores in June 2017 and 2018. Abundance and 
biomass were recorded for broad taxonomic categories (phylum or class). Polychaetes were identified to family 
to capture well-described functional-trait information. Functional guilds were assigned to polychaete families, 
reflecting feeding mode, motility, and feeding structures. Macrofauna exhibited no significant spatial patterns 
when examined at higher taxonomic levels; however, analysis of polychaete families yielded three distinct 
station groups, and polychaete functional guilds yielded four distinct groups. These groups were aligned with 
variations in key habitat characteristics and suggest variation in ecosystem function across the study area. At 
sandy stations, tube-dwelling, particle-selective suspension and surface deposit feeders were relatively abundant, 
reflecting an advective system with moderate current speeds and low deposition. Sites with gravelly substrate 
and moderate levels of organic matter in deeper sediment layers likely experience sporadic organic-matter 
deposition and disturbance from scouring and were inhabited by larger-bodied species, including bivalves and 
subsurface deposit-feeding or carnivorous polychaetes. Muddy, offshore stations in the southern Chukchi Sea also 
contained large bivalves and large carnivorous polychaetes, with evidence of high bioturbation. At more coastal 
Chukchi Sea stations, macrofauna were dominated by small, motile polychaetes concentrated in the 1-cm surface 
layer, with indications of anaerobic conditions below. Overall, polychaete functional traits and vertical distri-
bution reflected the quality and quantity of organic matter input and the depositional environment inferred from 
grain size and current speed, with implications for biogeochemical cycling in sediments.   

1. Introduction 

The benthos accounts for a substantial portion of total secondary 
production in the Pacific Arctic (Walsh et al., 1989). Tight 
pelagic-benthic coupling sustains these benthic systems through large 
fluxes of phytodetritus to the seafloor (Grebmeier and McRoy, 1989; 
Grebmeier and Barry, 1991), resulting in high benthic biomass in 
ecologically important hotspots on the continental shelves (Grebmeier 
et al., 2015a). However, rapid environmental change (Huntington et al., 

2020), with unprecedented environmental conditions in 2017 and 2018 
(Baker et al., 2020b; Grebmeier et al., 2018), is altering the timing and 
nature of primary production in the region. These changes have influ-
enced the distribution of macrofaunal biomass and caused shifts in 
community structure and composition (Grebmeier, 2012; Grebmeier 
et al., 2015b; Goethel et al., 2019; Waga et al., 2020), likely impacting 
benthic organic matter consumption and carbon demand (Jones et al., 
2021). 

Given these rapid environmental shifts, it is critical to characterize 
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benthic ecosystems as a basis for assessing future changes to community 
structure and ecosystem function in the Pacific Arctic. Well-constrained 
ecosystem models for this region should include quantitative de-
scriptions of spatial patterns in macrofaunal abundance and biomass, 
which have been well described for the Pacific-Arctic shelves through 
multiple field campaigns and synthesis efforts (e.g. Grebmeier and 
Harvey, 2005; Grebmeier et al., 2015b; 2018). However, the benthos has 
been oversimplified in ecosystem models and aggregated at higher 
taxonomic levels, ignoring differences in functional roles among taxa 
(Whitehouse et al., 2014). For instance, in a Bering Sea modeling study, 
polychaetes were categorized as deposit-feeders or carnivores (Lovvorn 
et al., 2016), yet surface and subsurface deposit feeders have different 
impacts on sediment stabilization, oxygenation, organic matter burial, 
and remineralization in sediments (Aller, 1982; Jumars and Nowell, 
1984; Rhoads, 1974). Deposit feeders also exhibit niche partitioning 
based on feeding mode, consuming organic material of varying nutri-
tional quality and freshness (Josefson et al., 2002). Tentacle feeders 
generally select high-quality particles, while non-selective deposit 
feeders feed on lower-quality, diffuse food sources (Magalhães and 
Bailey-Brock, 2017). Consequently, carbon cycling will be mediated by 
different trophic pathways depending on the dominant deposit-feeding 
strategies present. Functional composition of benthic communities 
may thus provide additional insight into ecosystem processes that are 
also valuable to modeling efforts (Liu et al., 2019; Sutton et al., 2020). 
Moreover, functional-group approaches can capture ecologically 
meaningful patterns more efficiently without requiring the same level of 
specialized taxonomic expertise (e.g. Semprucci et al., 2018). 

Functional attributes of a community may be described in a variety 
of ways. Body size is a fundamental organismal trait, which, for 
example, delineates ecological roles of meio- and macrofauna (cf. 
Warwick and Clarke, 1984) and correlates with many biological pro-
cesses, such as metabolism (Brown et al., 2004). The distribution of 
individuals or biomass among body-size classes can reflect ecosystem 
processes and response to perturbation (e.g. Blanchard et al., 2017; 
Górska and Włodarska-Kowalczuk, 2017; Górska et al., 2020). Similarly, 
specific biological traits found in a faunal assemblage can highlight 
processes influencing community composition, such as the ability to 
avoid disturbance (Hinchey et al., 2006). Taxa may also exhibit specific 
traits that impact ecosystem processes, such as characteristic modes of 
bioturbation (Mermillod-Blondin et al., 2004) or organic matter and 
nutrient cycling (Norling et al., 2007). 

Community structure may be effectively characterized using a trait- 
based approach, considering biological traits rather than taxonomic 
identities of the fauna to explore ecological patterns (Degen et al., 2018). 
Formal approaches to functional-group analysis incorporate detailed 
descriptions of functional diversity, which include a range of traits 
known to influence ecosystem function (Tilman, 2001; Bremner et al., 
2006). Diversity indices typically used for taxonomic diversity, such as 
richness (number of groups) and evenness (distribution of individuals or 
taxa among groups), can also be applied to trait categories. In 
soft-sediment benthos, higher functional diversity and richness of 
macrofauna have been linked to higher nutrient fluxes, as well as in-
fluences on co-occurring assemblages of meiofauna (Braeckman et al., 
2010, 2011; Belley and Snelgrove, 2017). Variations in Arctic macro-
faunal community functional traits, in particular, have been shown to 
influence ecosystem function (Link et al., 2013; McTigue et al., 2016) 
and revealed partitioning of ecological niche space and ecosystem shifts 
due to disturbance (Kokarev et al., 2017; Liu et al., 2019; Sutton et al., 
2020). 

Functional redundancy occurs when multiple species perform similar 
functions, and the loss of one species can be offset by other species that 
perform similar ecological roles (Snelgrove, 1998; Bremner et al., 2006). 
High functional redundancy is thought to confer greater stability and 
resilience to change or disturbance (e.g. Hewitt et al., 2008). Macro-
faunal communities in the Bering and Laptev seas exhibit relatively low 
functional redundancy, with turnover along horizontal gradients 

(Kokarev et al., 2017; Liu et al., 2019). In contrast, functional redun-
dancy has been observed in epibenthic megafauna in the Arctic, which 
exhibit spatial and bathymetric variation in taxonomic composition 
despite consistent functional traits among sites (Rand et al., 2018; Sut-
ton et al., 2020; Zhulay et al., 2021). 

Polychaetes lend themselves particularly well to trait-based analysis 
of community structure, given their well-described traits that align 
closely with family-level taxonomy (Jumars et al., 2015). Polychaetes 
are highly abundant in soft-sediment environments, including in the 
Arctic (Conlan et al., 2008; Blanchard et al., 2013), and serve essential 
roles in the benthic ecosystem (reviewed by Hutchings, 1998). The 
feeding and bioturbation activities of polychaetes have critical effects on 
biogeochemical cycling, such as oxygenation of sediment, reminerali-
zation of organic material, and alteration of habitat for other infaunal or 
microbial communities (Aller, 1994; Hutchings, 1998; Pinto and Austen, 
2006). Relationships between polychaete communities and commonly 
measured environmental variables are also well documented (e.g. 
Sanders, 1958; Rhoads, 1974; Snelgrove and Butman, 1994). Not sur-
prisingly, polychaete communities thus demonstrate clear responses to 
small-scale habitat heterogeneity across the Pacific-Arctic shelf (Conlan 
et al., 2008; Blanchard and Feder, 2014). 

The overall objective of this study was to characterize spatial pat-
terns in macrofaunal communities and apply a trait-based approach for 
examining polychaete assemblages as potential indicators of ecosystem 
processes across the northern Bering and southern Chukchi Sea shelves. 
These shallow, seasonally ice-covered, and highly productive shelves are 
characterized by the net northward movement of cold, nutrient-rich 
Anadyr-Bering Sea Water in the west and warm, more nutrient-poor 
Alaska Coastal Water in the east (Carmack and Wassmann, 2006; Dan-
ielson et al., 2017). These water masses exhibit different productivity 
regimes, influencing organic-matter input and food web structure at the 
seafloor (Iken et al., 2010). Currents accelerate as flow is constricted 
through the Anadyr and Bering Straits (Danielson et al., 2014), pro-
moting water column mixing that locally enhances pelagic primary 
productivity (Walsh et al., 1989). Downstream of the Bering Strait 
constriction, the flow diverges across the wide and shallow Chukchi 
shelf, resulting in declines in current speeds and allowing suspended 
particulate material to settle to the seafloor (Grebmeier et al., 2015a). 

We describe major patterns in macrofauna community structure 
aggregated at higher taxonomic levels and focus on polychaetes to 
determine whether finer taxonomic or trait-based analyses better align 
with ecosystem characteristics and processes in this region. We hy-
pothesized that there would be distinct station groupings with similar 
assemblages of polychaete functional guilds related to environmental 
characteristics, such as sediment grain size and organic matter content. 
Our results suggest that, while key features such as depth are roughly 
consistent across the study area, current regimes and organic-matter 
deposition are spatially heterogeneous, resulting in distinct “eco-re-
gions” characterized by functionally different infaunal communities. 

2. Methods 

2.1. Sample collection 

Macrofaunal samples were collected from the northern Bering and 
southern Chukchi seas in June 2017 and 2018 aboard the R/V Sikuliaq as 
part of the Arctic Shelf Growth, Advection, Respiration, and Deposition 
(ASGARD) project (Baker et al., 2020a, 2022, Table 1; Fig. 1). Some 
sampling locations corresponded to long-term monitoring stations in the 
Distributed Biological Observatory (DBO) regions 2 and 3, also known as 
the Chirikov and Southeast Chukchi Sea (SECS) hotspots, respectively 
(Grebmeier et al., 2015a; 2010). Intact sediment cores were retrieved 
from 12 stations in 2017 and 11 stations in 2018 using an MC-800 
multi-corer with 10 cm-diameter tubes (Ocean Instruments, San 
Diego). Nine stations were sampled in both years. All stations ranged 
from 32 to 59 m in water depth (Table 1). Cores were allocated from the 
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Table 1 
Macrofaunal, environmental, and sediment characteristics from stations in the northern Bering and southern Chukchi Sea shelves in 2017 and 2018, including clustering group, latitude (N), longitude (W), macrofaunal 
abundance (ind. m− 2 ± standard deviation), macrofaunal biomass (g m− 2 ± standard deviation), depth (m), near-bottom water temperature (Temp., ◦C), near-bottom water salinity (Sal.), mean phi, percent silt/clay, 
surface chl-a (μg cm− 2), surface phaeo (μg cm− 2), surface chl-a:phaeo ratio, 0–10 cm chl-a inventory (μg cm− 2), 0–10 cm phaeo inventory (μg cm− 2), surface TOC (mg cm− 2), surface TN (mg cm− 2), surface C:N, and surface 
δ13C (‰).  

Station Group Latitude 
(◦N) 

Longitude 
(◦W) 

Macrofauna 
abundance 
(ind. m− 2) 

Macrofauna 
Biomass (g 
m− 2) 

Depth 
(m) 

Temp. 
(◦C) 

Sal. Mean 
Phi 

% 
Silt/ 
Clay 

Surface 
Chla (μg 
cm-2) 

Surf. 
Phaeo 
(μg 
cm-2) 

Surface 
Chla: 
Phaeo 

0–10 
cm chl- 
a (μg 
cm-2) 

0–10 
cm 
phaeo 
(μg 
cm-2) 

Surface 
TOC 
(mg 
cm− 2) 

Surface 
TN (mg 
cm− 2) 

Surf. 
C:N 

Surf. 
δ13C 

2017 
CL1 D 68.95 − 166.91 20879 ±

5534 
92 ± 94 48 0.3 32.1 6.16 0.76 81.24 37.89 2.16 127.40 86.19 6.78 0.91 7.51 − 22.62 

CL3 C 69.03 − 168.89 12762 ± 611 347 ± 145 53 2.0 32.8 6.67 0.90 32.83 32.73 1.00 87.42 175.00 6.03 0.85 7.10 − 22.22 
CNL3 B 66.50 − 168.96 26292 ±

4592 
2407 ± 1498 56 2.2 32.6 2.34 0.14 22.09 71.29 0.32 75.85 282.49 2.45 0.38 6.37 − 21.63 

CPL8 B 66.50 − 168.54 44181 260 52 3.96 32.6 3.592 0.272 27.73 58.22 0.48 48.84 104.14 3.00 0.40 7.55 − 22.34 
DBO2.2 A 64.68 − 169.10 26229 ±

10084 
480 ± 31 46 2.8 32.8 2.91 0.11 12.11 44.03 0.28 40.15 136.80 2.86 0.40 7.08 − 22.02 

DBO2.3 A 64.67 − 168.24 23555 ±
1260 

243 ± 26 39 2.4 32.4 2.411 0.084 6.57 15.30 0.43 24.06 37.14 1.64 0.24 6.97 − 21.39 

DBO2.4 D 64.96 − 169.89 8400 ± 2374 673 ± 418 48 2.6 32.8 3.06 0.11 8.20 26.03 0.33 35.79 106.27 4.39 0.65 6.74 − 21.77 
DBO3.3 D 68.19 − 167.31 25055 ±

3280 
145 ± 141 48 1.5 32.3 3.05 0.38 15.86 18.45 0.84 54.89 79.32 3.82 0.57 6.75 − 22.30 

DBO3.6 C 67.90 − 168.24 26754 ±
1823 

1742 ± 3 59 3.9 32.9 4.63 0.45 23.32 71.78 0.32 142.97 524.72 6.16 0.91 6.75 − 21.94 

DBO3.8 C 67.67 − 168.73 17571 ±
4141 

1399 ± 833 50 2.0 32.8 6.75 0.92 24.34 66.44 0.44 192.76 491.08 7.17 1.06 6.75 − 21.83 

IL2 D 67.54 − 164.88 22125 ±
3775 

309 ± 238 35 − 1.2 31.7 6.17 0.76 38.03 18.75 2.30 87.61 51.15 5.46 0.73 7.52 − 22.40 

IL4 D 67.40 − 165.84 29406 ±
11532 

19 ± 13 39 2.8 32.3 6.79 0.93 27.46 27.05 0.87 79.95 134.66 6.22 0.87 7.12 − 22.65 

2018 
CBE3 B 63.51 − 168.18 15406 ±

4867 
208 ± 346 32 1.1 31.7 4.51 0.3 1.20 4.00 0.30 6.82 32.36 4.71 0.68 7.19 − 22.48 

CL1 D 68.95 − 166.91 20924 ±
5475 

51 ± 8 46 0.0 31.9 6.16 0.76 4.92 4.03 1.21 12.58 29.42 7.96 1.04 7.74 − 23.09 

CL3 C 69.03 − 168.89 13348 ±
2265 

652 ± 117 53 − 0.6 32.4 6.67 0.90 2.65 4.66 0.57 9.95 38.96 6.72 0.99 6.86 − 22.10 

CNL3 B 66.50 − 168.96 17698 ±
2042 

2100 ± 515 56 1.9 32.5 2.34 0.14 5.85 5.66 1.00 15.66 39.75 4.50 0.70 6.44 − 21.88 

CNL5 C 67.00 − 168.96 10647 ±
3287 

1833 ± 911 48 1.5 33.0 5.00 0.48 1.41 4.76 0.30 16.11 39.01 5.52 0.76 7.21 − 22.40 

DBO2.2 A 64.68 − 169.10 28234 ±
8807 

386 ± 378 46 2.4 32.3 2.92 0.11 2.90 5.02 0.57 10.08 35.10 3.75 0.55 6.75 − 21.72 

DBO2.4 D 64.96 − 169.89 8149 ± 2049 337 ± 361 48 1.6 32.4 3.06 0.11 2.39 3.89 0.61 7.45 26.90 3.37 0.48 7.01 − 21.77 
DBO3.3 D 68.19 − 167.31 19523 ±

2994 
226 ± 107 48 0.5 32.5 3.05 0.38 3.90 2.99 1.29 10.29 30.44 5.18 0.71 7.04 − 22.41 

DBO3.6 C 67.90 − 168.24 11602 ±
4179 

535 ± 308 58 0.6 32.7 4.63 0.45 1.95 4.70 0.43 10.05 46.95 5.31 0.79 6.74 − 22.03 

DBO3.8 C 67.67 − 168.96 11255 ±
1594 

2702 ± 903 51 1.5 32.8 5.56 0.62 0.80 4.12 0.19 6.94 44.37 6.19 0.93 6.64 − 21.86 

IL4 C 67.40 − 165.84 12669 ±
3121 

118 ± 119 39 2.1 32.5 6.79 0.93 3.66 3.42 1.08 15.56 33.97 6.13 0.81 7.55 − 22.69  
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same deployments for analysis of environmental variables, as described 
below. 

Given logistical constraints on wire time, statistical replicates for 
macrofaunal samples were not collected at all stations, but at least two 
intact cores from different multi-core deployments (i.e. sampling repli-
cates) were collected at most stations. At some stations, multiple cores 
were processed from the same deployment (i.e. sampling pseudo- 
replicates), and data were averaged into a single mean value for that 

deployment before combining with other true sampling replicates to 
calculate a station average. Pseudo-replicates were included to better 
constrain sampling error, given that the area sampled by a single multi- 
core tube is relatively small (78.5 cm2). In 2017, a single core was 
retrieved at stations CPL8 and DBO2.3. Cores were sectioned into 0–1 
cm, 1–5 cm, and 5–10 cm depth intervals. Additional sampling coverage 
was achieved by including cores subsampled and/or used for other 
purposes, including grain-size analysis and shipboard oxygen-flux 

Fig. 1. Macrofauna sampling locations in the northern Bering and southern Chukchi Sea in 2017 and 2018. Nine stations were sampled in both years. Symbols based 
on hierarchical agglomerative clustering of polychaete functional guild abundances from Fig. 2. Station IL 4 clustered in Group D in 2017 and Group C in 2018. 

Table 2 
(a) Legend of polychaete functional guild codes. (b) Polychaete families and assigned functional guilds (based on Jumars et al., 2015). Codes that have multiple traits in 
parenthesis are families that are facultative feeders, display multiple modes of movement, or have common species within a family that display different traits.  

(a) 

Feeding  Motility  Structure 

I: Microphage (B): Subsurface D: Discretely motile (T): Tube T: Tentacle/palps 
A: Macrophage (S): Surface M: Motile (B): Burrow (N): Non-muscular eversible pharynx 
O: Omnivore (F): Suspension  (C): Crawl P: Muscular eversible pharynx  

(C): Carnivore/Scavenger  (S): Swim   

(b)  

Detailed guild Families 

Macrophage carnivores: A(C)D(B)P Glyceridae 
A(C)M(B/C)P Phyllodocidae 
A(C)M(B/C/S)P Nephtyidae 
A(C)M/D(B)P Sigalionidae 
A(C)M/D(C)P Polynoidae 
A(C)MP Sphaerodoridae 

Microphage subsurface deposit feeders: I(B)D(T)N Maldanidae 
I(B)D(T)T Pectinariidae 
I(B)M(B)N Capitellidae, Orbiniidae 
I(B)M(B)P Cossuridae, Sternaspidae 
I(B)M(B/S)N Opheliidae, Scalibregmatidae 
I(B)M/D(B/T)T Trichobranchidae 

Microphage suspension feeders: I(F)S(T)T Sabellidae, Serpulidae 
Microphage suspension/surface deposit feeders: I(F/S)D(T)T Oweniidae, Spionidae 
Microphage surface deposit feeders: I(S)D(B)T Flabelligeridae 

I(S)D(T)T Ampharetidae, Terebellidae, Trochochaetidae 
Microphage surface/subsurface deposit feeders: I(S/B)M(B)N Paraonidae 

I(S/B)M(B)T Cirratulidae, Magelonidae 
Microphage (unspecified) feeder: IDT Apistobranchidae 
Omnivores: OM(B/C)P Syllidae 

OM(C)P Dorvilleidae  
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incubations. Due to the differences in depth strata sampled in these 
additional cores, broad-scale spatial patterns in community structure 
were analyzed using data summed across the upper 10 cm of sediment, 
and results on the depth distribution of infauna are presented where 
available. All macrofauna samples were gently washed over 500-μm 
mesh using filtered seawater and preserved in 10% buffered formalin. 

2.2. Macrofaunal and polychaete community structure 

Preserved macrofaunal samples were stained with Rose Bengal and 
transferred to 70% isopropanol for sorting. A species-level taxonomic 
assessment of the macrofauna was beyond the scope of the ASGARD 
program, which primarily sought to generate process rate measurements 
and biomass data for multiple components of the food web to evaluate 
flows of energy and materials through this system. Macrofauna (N =
12,939) were thus identified to phylum, class, or order, counted, and 
wet mass was determined to 0.1 mg (e.g. de Smet et al., 2017; Flach 
et al., 2002). However, polychaetes could be easily identified to family, 
providing a basis for further classification into functional guilds based 
on feeding mode (microphage, macrophage/carnivore, or omnivore), 
motility (motile or discretely motile), and feeding structures (tentacles 
or palps, non-muscular eversible pharynx, or muscular eversible phar-
ynx), according to the scheme of Jumars et al. (2015; Table 2). Micro-
phage feeders were classified as suspension-, surface deposit-, or 
subsurface deposit feeders. Motility was distinguished by tube-dwelling, 
burrowing, crawling, or swimming behaviors. Polychaetes are consid-
ered motile if they exhibit burrowing, crawling, or swimming behavior. 
Discretely motile polychaetes are individuals that actively construct 
burrows or are tube-dwelling and can rebuild, extend, or move their 
tubes. Polychaete families can include specific taxa with different traits, 
so functional guild was assigned based on the most common trait or 
traits in each family, as listed in Table 2. For example, most Spionidae 
are discretely motile, but some boring species of Spionidae are consid-
ered sessile since they are unlikely to create new tubes (Jumars et al., 
2015). 

Abundance and biomass were calculated as the number of in-
dividuals and total wet weight m− 2 for spatial comparisons and m− 3 for 
comparison among sediment depth layers. The average size of in-
dividuals was calculated by dividing total biomass by total abundance (g 
indiv.− 1). Ecological statistics were applied as described below in 
examining spatial patterns using datasets for all macrofauna, polychaete 
families, and polychaete functional guilds. 

2.3. Environmental parameters 

Near-bottom water temperature and salinity data were collected 
using R/V Sikuliaq’s Sea-Bird 9/11 CTD system, whose sensor probes 
were calibrated by the manufacturer prior to each field season. For both 
temperature (◦C) and salinity (dimensionless practical salinity units), 
calibrated Sea-Bird CTD sensor data are typically better than ± 0.01 in 
accuracy and ±0.001 in precision. Full-resolution CTD data were pro-
cessed following manufacturer recommendations and averaged into 1- 
dbar bins. The processing included a visual inspection of all profiles 
for spikes, spurious inversions, and similar data issues; problem data 
were eliminated using linear interpolation between adjoining good data 
points. The average near-bottom water temperature at sampling stations 
was 2.02 ± 1.35 ◦C (ranging from − 1.2 to 3.96 ◦C) in 2017 and 1.15 ±
0.88 ◦C (ranging from − 0.6 to 2.4 ◦C) in 2018 (Table 1). 

Grain-size analysis was conducted for one core from each station by 
subsampling the core surface using a 60-cc plastic syringe to a depth of 5 
cm. Sediments were frozen at − 20 ◦C until analyzed. Grain-size distri-
bution was determined through a combination of wet and dry sieving. 
Samples were suspended in 20 mL of sodium hexametaphosphate (2 g 
L− 1) and 30 mL of reverse osmosis water to break up aggregates. The 
sample was then wet sieved through nested 2-mm and 63-μm sieves. 
Each size fraction was dried at 90 ◦C until a constant mass was achieved. 

Material retained on the 63-μm sieve was then dry sieved through a set 
of nested sieves on a shaker for 10 min (#18, 35, 60, 120, and 230 mesh 
sizes), and weights were recorded for each size fraction. The silt/clay 
fraction (<63-μm) was weighed, rehydrated with reverse osmosis water, 
and treated with 30% hydrogen peroxide (H2O2) until effervescence 
ceased, to remove organic material. Mineral material was held at 70 ◦C 
on a block heater for 1 h to decompose the H2O2, homogenized, and then 
dried at 90 ◦C until a constant mass was achieved. Mean phi and sorting 
coefficient were calculated using the Grain Size Distribution and Sta-
tistics (GRADISTAT v.8.0) package (Blott, 2010; Blott and Pye, 2001). 

Sediment cores used for the analysis of organic matter were 
sectioned into 0–1, 1–2, 2–3, 3–4, 4–5, 5–7, and 7–10 cm layers and 
subsampled. Chloropigment samples were wrapped in foil and frozen at 
− 80 ◦C until analyzed. Samples were thawed, homogenized, and sub-
sampled (1 cc) using a plastic syringe. Subsamples were suspended in 5 
mL of 100% acetone, vortexed, sonicated in an ice bath for 10 min, and 
extracted in the dark overnight at − 20 ◦C. Samples were then centri-
fuged for 5 min at 3000 rpm, and the supernatant was removed and 
transferred to a clean glass tube. Fluorescence of the supernatant was 
measured using a TD-700 fluorometer (Turner Designs, San Jose, CA, 
USA). Blanks of 100% acetone were subtracted from the sample fluo-
rescence. Samples were then acidified with 0.15 mL of 0.1 N HCl and 
measured again to determine phaeopigment concentrations. Each sedi-
ment subsample was extracted a second time, as above, and then dried at 
60◦ until a constant mass was achieved and weighed. Chlorophyll-a (chl- 
a) and phaeopigment (phaeo) concentrations (μg g− 1 dry sediment) from 
both extractions were then summed for each sample. A standard curve 
was produced using a chlorophyll-a standard (spinach extract C5753, 
Sigma-Aldrich; adapted from Arar and Collins, 1997). Sediment in-
ventories of chl-a and phaeo (μg cm− 2) were calculated for the upper 10 
cm of sediment using the volume-to-dry weight conversion derived from 
the 1-cc sample of sediment extracted. Chloroplastic pigment equiva-
lents (CPE) were calculated as the sum of chl-a and phaeo inventories. 

Additional subsamples from these same cores were analyzed for 
stable carbon isotope values (δ13C), total organic carbon (TOC) and total 
nitrogen content (TN; mg cm− 2), and carbon to nitrogen ratios (C:N) for 
the upper 1 cm of sediment. A subsample of the top 0–1 cm of sediment 
was frozen at − 80 ◦C and then freeze-dried. Samples were rinsed with 1 
N HCl until effervescence ceased to remove carbonates. Samples were 
then rinsed with reverse osmosis water and freeze-dried again. Samples 
were analyzed by the Alaska Stable Isotope Facility at the University of 
Alaska Fairbanks Water & Environmental Research Center. Elemental 
and stable isotope analyses were conducted via continuous-flow isotope 
ratio mass spectrometry using a Thermo Scientific Flash 2000 elemental 
analyzer and Thermo Scientific Conflo IV interfaced with a Thermo 
Scientific DeltaV Plus Mass Spectrometer. Stable isotope ratios were 
reported in δ notation as parts per thousand (‰) deviation from the 
international standard Vienna Pee Dee Belemnite (VPDB; carbon). 
Typically, instrument precision is < 0.2‰. 

We used hindcasts of ocean current speed from the Pan-Arctic 
Regional Ocean Modeling System (PAROMS) 3-D sea ice and ocean 
circulation model to characterize the advective environment at our 
sample sites and across the study region. The PAROMS model is 
configured with a horizontal resolution of about 5 km in our study re-
gion and 50 layers vertically through the water column. Forcings include 
wind stress, heat and freshwater fluxes, tides, and forcing through the 
side boundaries, which are located south of the Bering Sea and in the 
North Atlantic, far from the study region. For complete model de-
scriptions and data-model comparisons, see Curchitser et al. (2018) and 
Danielson et al. (2020). Based on a PAROMS hindcast integration of year 
2011, we computed the mean and standard deviation of the current 
speeds (m s− 1) over the upper 50 m of the water column (or to the 
seafloor where shallower) based on hourly snapshots of the flow field. 
The hourly model time step well resolves tides, inertial motions, and 
synoptic-scale flow events, which together account for over 95% of the 
total flow variance. Lovvorn et al. (2020) applied PAROMS 
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current-speed estimates to studies of sediment organic carbon in the 
northern Bering Sea, finding that the modeled currents proved to be the 
best predictor of long-term (exclusive of fresh microalgal biomass) 
organic carbon concentrations in the Chirikov Basin. 

2.4. Data analysis 

Multivariate analyses of community structure were conducted in 
PRIMER v7 (Clarke and Gorley, 2015) with PERMANOVA + add-on 
(Anderson and Gorley, 2008) for all macrofauna, polychaete families, 
and polychaete functional guilds. Echiurans and two unidentifiable 
polychaetes were excluded from the polychaete analysis so that the 
polychaete family dataset could be directly compared to the functional 
guild dataset. Bray-Curtis similarity matrices were calculated on 
4th-root transformed data and displayed on non-metric multi-dimen-
sional scaling (nMDS) plots to visualize similarities and differences 
among samples. Samples with similar taxonomic or functional compo-
sition were identified using hierarchical agglomerative clustering with 
group-average linking. A similarity profile (SIMPROF) procedure 
delineated statistically significant groupings. Similarity percentage 
(SIMPER) analyses were conducted to identify functional guilds 
contributing most to similarities within and dissimilarities between 
station groupings. 

Relationships between polychaete functional guild composition and 
environmental variables were examined using a distance-based linear 
model (DistLM) with a stepwise selection criterion based on adjusted R2, 
followed by distance-based redundancy analysis (dbRDA). After exam-
ining histograms, sediment chl-a inventory, phaeo inventory, chl-a: 
phaeo, CPE, and current speed were log-transformed. All data were 
normalized. Variables were removed prior to the analysis due to mul-
ticollinearity determined by Draftsman plots and Pearson’s correlation 
coefficients (>0.8), including mean phi, percent sand, chl-a inventory, 
phaeo inventory, and surface TOC. 

Univariate descriptors of polychaete functional-guild diversity 
included Margalef’s richness (d) and Pielou’s evenness (J′), which were 
calculated using PRIMER. Margalef’s richness calculates the number of 
taxa while accounting for the effect of sample size (Magurran, 2004). 
Pielou’s evenness describes the number of individuals in each taxon or 
functional guild (Pielou, 1975). A functional redundancy index was 

calculated by dividing the number of functional guilds by the number of 
polychaete families, as an indication of how many functional guilds are 
represented by multiple taxa (Rosenfeld, 2002). 

Differences in diversity indices, abundance, biomass, and average 
body size among station groups were examined using analyses of vari-
ance (ANOVA) and Tukey’s post hoc test, performed in R Studio. 
ANOVA assumptions were checked using the Shapiro-Wilk test for 
normality of residuals and Cochran’s C test for homogeneity of vari-
ances. When assumptions were not met, data were log-transformed. 
After transformation, variances were still uneven for polychaete 
biomass and size. 

3. Results 

There was no significant spatial pattern in community structure 
when all macrofauna were examined at higher taxonomic levels. Spatial 
patterns emerged when considering only polychaetes at the family level, 
with three statistically significant clusters of samples identified. Further 
spatial structure was revealed when examining patterns based on 
polychaete functional guilds, yielding four statistically significant clus-
ters (Groups A, B, C, and D; Figs. 1 and 2). Group C was composed of 
stations that had clustered with either Group B or Group D in the family- 
level analysis. Stations attributed to each of these four clusters are 
indicated on the map in Fig. 1, and these groupings are used to further 
explore patterns in community structure, including associations with 
environmental variables. Overall, polychaetes composed an average of 
40.2% ± 11.2% (ranging from 22 to 66%) of total macrofaunal abun-
dance. Polychaete abundance relative to total macrofauna increased 
with sediment depth (67% at the 5–10 cm layer), while the relative 
abundance of amphipods and bivalves decreased with sediment depth. 

3.1. Macrofauna 

There were no significant differences in total macrofaunal abun-
dance among the four groups (F3,19 = 2.70, p = 0.07; Table 3). Total 
macrofaunal biomass at sites in Group D was significantly lower than 
Groups B and C (F3,19 = 4.36, p = 0.02), and average individual size 
followed a similar pattern (F3,19 = 3.54, p = 0.03; Table 3). 

Polychaetes were the most abundant macrofaunal taxon in all groups 

Fig. 2. nMDS ordination of polychaete functional guild community structure (indiv. m− 2) from 2017 to 2018. Ordination based on hierarchical agglomerative 
clustering with group-averaged linkage on 4th root transformed data and Bray-Curtis similarity. Four significant station groupings circled in black based on the 
similarity profile test (SIMPROF). Arrows indicate trajectories from 2017 to 2018 for stations sampled in both years. 
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except Group A, where amphipods were the most abundant (Table 4). 
Groups B and C had similar relative abundances of the major taxa but 
differed in total macrofaunal abundance (Tables 3 and 4). Group D 
exhibited different composition than the other groups, with relatively 
high abundance of ostracods (14%), ophiuroids (5%), echiurans (4%), 
and echinoids (3%). Bivalves accounted for more than 50% of the 
biomass in Groups B, C, and D and were particularly high (88%) at 
Groups B and C sites. Amphipods had the highest biomass in Group A. 
Polychaetes had the second-highest biomass in all groups. In all groups, 
total macrofauna abundance was highest in the 1-cm surface layer 
(Fig. 3; Supplemental Table 1). Biomass showed a similar pattern except 
in Group C, where biomass was highest at the 5–10 cm layer primarily 
due to bivalves (Fig. 3; Supplemental Table 2). 

3.2. Polychaete community structure 

Polychaete abundance was significantly different among groups, 
with the post hoc test revealing that abundance was significantly lower 
in Group C compared to Group B (F3,19 = 5.72, p = 0.006; Table 3). 
There were no significant differences in polychaete biomass (F3,19 =

0.72, p = 0.55) or average size (F3,19 = 0.52, p = 0.67) among the 
groups; however, average polychaete biomass was highest in Group A 
(Table 3). Additionally, Group C had a high variance in average poly-
chaete size. 

The most abundant family was different in each group, although 
some families were abundant in multiple groups, such as Capitellidae, 
Spionidae, and Cossuridae (Table 4). One or two families dominated 
most groups; however, individuals were more evenly distributed among 
families in Group C. The most abundant polychaete families (>10% of 
relative abundance) in Group A were Paraonidae, Capitellidae, Spioni-
dae, and Terebellidae (Table 4). Group A also had the highest proportion 
of Maldanidae, which otherwise only occurred among the top 10 fam-
ilies at sites in Group B. Polychaete abundance was highest at Group B 
stations, where only three families (Capitellidae, Phyllodocidae, and 
Spionidae) accounted for ~75% of total polychaete abundance 
(Table 4). Group B also had a high proportion of Polynoidae and Pec-
tinariidae compared to the other groups. The most numerous families in 
the Group C polychaete assemblage included Nephtyidae, Sigalionidae, 
Cossuridae, and Flabelligeridae (Table 4). Group C also had low abun-
dance of Sabellidae and Capitellidae compared to other groups, and 
Syllidae and Paraonidae were notably absent. Family richness was 
highest at Group D sites, where Cirratulidae, Cossuridae, and Cap-
itellidae were most abundant (Table 4). Group D was the only group 
containing Apistrobranchidae, Magelonidae, Opheliidae, Oweniidae, 
and Serpulidae. 

Overall, 21 polychaete functional guilds were identified, with most 
guilds represented by only one or two families, suggesting little func-
tional redundancy over the study region when feeding type, motility, 
and feeding structure were considered (Table 2). Groups B and C were 

dominated by carnivores (~40–45%), although different families 
comprised the most abundant carnivores in each group: Phyllodocidae 
in Group B and Nephtyidae and Sigalionidae in Group C (Table 4). 
Subsurface deposit feeders made up the next largest proportion of the 
polychaetes at these sites (~26–36%), with Capitellidae the dominant 
family overall in Group B and Cossuridae the third most abundant in 
Group C. Deposit feeders, both surface and subsurface, accounted for 
~70% of the polychaetes in Groups A (e.g. Paraonidae and Capitellidae) 
and D (e.g. Cirratulidae, Cossuridae, and Capitellidae; Table 4). Motile 
burrowers were the most abundant motility type in all groups (Table 4). 
Group A had a large portion of tube-dwellers compared to the other 
stations (37%). The most common feeding structure in Group A was non- 
muscular eversible pharynx, followed by tentacles/palps (Table 4). The 
most common structure in Groups B and C was muscular eversible 
pharynx, followed by non-muscular eversible pharynx in Group B and 
tentacles/palps in Group C. In Group D, the most common feeding 
structure was tentacles/palps, followed by muscular eversible pharynx. 

Surface and subsurface deposit-feeding motile burrowers with non- 
muscular eversible pharynges, including guilds containing the abun-
dant families Paraonidae and Capitellidae, accounted for almost half of 
the polychaetes in Group A and thus accounted for a large portion of the 
dissimilarity between groups in pairwise comparisons to other sites 
(Supplemental Table 3). The subsurface deposit-feeders with non- 
muscular eversible pharynges were also abundant in Groups B and D, 
accounting for roughly ~20–30% of polychaetes. Mobile and discreetly 
mobile carnivores, including a combination of burrowing, crawling, and 
swimming behaviors, were abundant in Group B and C. SIMPER analysis 
indicated that within-group similarity in Groups A and D were attributed 
to the five most abundant guilds at those sites, as well as carnivores of 
lower abundance (Table 5; Fig. 4). Groups B and C were distinguished 
based on the abundance of four out of five of the most abundant guilds. 
Motile/discretely motile carnivores (Polynoidae) in Group B and bur-
rowing subsurface deposit feeders with muscular eversible pharynx 
(Cossuridae) in Group C were abundant guilds that did not contribute 
substantially to within-group similarity at these sites. Guilds that 
contributed to within-group similarity that were not in the top five of 
respective groups were A(C)D(B)P (Glyceridae) in all groups, I(S/B)M 
(B)T (Cirratulidae) in Group B, I(F/S)D(T)T (Spionidae) and A(C)M/D 
(C)P (Polynoidae) in Group C, and A(C)M/D(C)P (Polynoidae) and A(C) 
M(B/C/S)P (Nephtyidae) in Group D (Table 5). 

There were no significant differences in Margalef’s richness (d) of 
functional guilds among the groups (F3,19 = 2.63, p = 0.08), although 
Group D had the highest average richness (Table 3). Group B had a low 
Pielou’s evenness (J′) compared to Groups C and D (F3,19 = 4.62, p =
0.01; Table 3). In particular, Group C had low richness but high even-
ness, while Group D had high richness and high evenness. Group B had 
low richness and evenness. Additionally, Group D had higher functional 
redundancy (e.g. guilds I(S/B)M)B)T, I(B)M(B)P, I(B)M(B)N, and I(F/S) 
D(T)T each contained two families) compared to Group B (F3,19 = 4.62, 

Table 3 
Average macrofauna (including polychaetes) and polychaete abundance (individuals m− 2), biomass (g m− 2), and body size (g indiv.− 1) for each group (± standard 
deviation) for the upper 10 cm of sediment; and polychaete functional guild Margalef’s richness (D), Pielou’s evenness (J′), and functional redundancy index; as well as 
ANOVA F- and p-values and Tukey post hoc comparisons. Significant p-values are in bold.   

Group A Group B Group C Group D ANOVA Post-hoc 

Macrofauna 
Abundance 25,815 ± 2650 25,946 ± 12,963 14,497 ± 5429 18,852 ± 7190 F3,19 = 2.70, p = 0.07  
Biomass 367 ± 123 1367 ± 1129 1147 ± 881 225 ± 216 F3,19 = 4.36, p ¼ 0.02 B = C > D 
Average Size 0.02 ± 0.005 0.07 ± 0.06 0.09 ± 0.08 0.02 ± 0.03 F3,19 = 3.54, p ¼ 0.03 C > D 
Polychaete 
Abundance 8769 ± 990 11,903 ± 3193 5160 ± 2203 7792 ± 3226 F3,19 = 5.72, p ¼ 0.006 B > C 
Biomass 78 ± 17 46 ± 5 85 ± 141 37 ± 24 F3,19 = 0.72, p = 0.55  
Average Size 0.009 ± 0.003 0.004 ± 0.001 0.02 ± 0.02 0.005 ± 0.004 F3,19 = 0.52, p = 0.67  
Functional guild 
Richness 1.29 ± 0.29 1.18 ± 0.19 1.23 ± 0.20 1.48 ± 0.20 F3,19 = 2.63, p = 0.08  
Evenness 0.75 ± 0.03 0.64 ± 0.09 0.78 ± 0.06 0.77 ± 0.07 F3,19 = 4.62, p ¼ 0.01 C = D > B 
Redundancy 1.16 ± 0.03 1.02 ± 0.04 1.09 ± 0.08 1.16 ± 0.08 F3,19 = 4.62, p ¼ 0.02 D > B  
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Table 4 
Relative abundance (%) of dominant macrofauna, polychaete families, polychaete functional guilds, feeding types, motility, and feeding structures within each group 
of stations indicated in Fig. 1 with relative abundances (%). Numbers in parentheses indicate total number of classifications found in each group (i.e. total number of 
families or total number of functional guilds).  

Most abundant macrofauna in each group (>1%) 

Group A Group B Group C Group D 
Amphipoda – 36.85 Polychaeta – 45.44 Polychaeta – 35.56 Polychaeta – 41.34 
Polychaete – 33.97 Amphipoda – 27.00 Amphipoda – 32.00 Bivalvia – 14.66 
Bivalvia – 12.99 Bivalvia – 17.93 Bivalvia – 21.92 Ostracoda – 13.85 
Malacostraca – 6.84 Malacostraca – 2.80 Ophiuroidae – 2.97 Amphipoda – 9.41 
Ostracoda – 6.72 Echiura – 1.96 Ostracoda – 2.86 Malacostraca – 6.51 
Echinoidea – 1.46 Ostracoda – 1.53 Echiura – 1.64 Ophiuroidae – 4.66  

Gastropoda – 1.05 Malacostraca – 1.45 Echiura – 3.96    
Echinoidea – 3.06    
Gastropoda – 1.39 

Top 10 polychaete families 
Group A (19 families) Group B (17 families) Group C (20 families) Group D (28 families) 

Paraonidae – 26.50 Capitellidae – 31.72 Nephtyidae – 18.45 Cirratulidae – 28.32 
I(S/B)M(B)N I(B)M(B)N A(C)M(B/C/S)P I(S/B)M(B)T 
Capitellidae – 17.91 Phyllodocidae – 25.82 Sigalionidae – 15.42 Cossuridae – 15.97 
I(B)M(B)N A(C)M(B/C)P A(C)M/D(B)P I(B)M(B)P 
Spionidae – 14.28 Spionidae – 17.20 Cossuridae – 12.46 Capitellidae – 14.56 
I(F/S)D(T)T I(F/S)D(T)T I(B)M(B)P I(B)M(B)N 
Terebellidae – 13.13 Polynoidae – 5.69 Flabelligeridae – 12.11 Spionidae – 8.04 
I(S)D(T)T A(C)M/D(C)P I(S)D(B)T I(F/S)D(T)T 
Maldanidae – 5.87 Sigalionidae – 4.51 Capitellidae – 9.74 Sigalionidae – 6.06 
I(B)D(T)N A(C)M/D(B)P I(B)M(B)N A(C)M/D(B)P 
Glyceridae – 5.20 Cirratulidae – 4.35 Spionidae – 8.68 Polynoidae – 4.53 
A(C)D(B)P I(S/B)M(B)T I(F/S)D(T)T A(C)M/D(C)P 
Orbiniidae – 3.69 Nephtyidae – 2.45 Cirratulidae – 6.45 Glyceridae – 3.74 
I(B)M(B)N A(C)M(B/C/S)P I(S/B)M(B)T A(C)D(B)P 
Polynoidae – 3.51 Maldanidae – 2.28 Phyllodocidae – 4.35 Orbiniidae – 3.23 
A(C)M/D(C)P I(B)D(T)N A(C)M(B/C)P I(B)M(B)N 
Syllidae – 1.69 Glyceridae – 2.04 Polynoidae – 3.63 Nephtyidae – 3.17 
OM(B/C)P A(C)D(B)P A(C)M/D(C)P A(C)M(B/C/S)P 
Sigalionidae – 1.57 Pectinariidae – 1.31 Glyceridae – 3.43 Phyllodocidae – 2.20 
A(C)M/D(B)P I(B)D(T)T A(C)D(B)P A(C)M(B/C)P 

Top 5 polychaete functional guilds 
Group A (17 guilds) Group B (16 guilds) Group C (16 guilds) Group D (21 guilds) 

I(S/B)M(B)N – 26.50 I(B)M(B)N – 31.94 A(C)M(B/C/S)P – 18.45 I(S/B)M(B)T – 28.70 
Surface/subsurface, motile, burrowing, 

non-muscular 
Subsurface, motile, burrowing, non- 
muscular 

Carnivore, motile, burrowing/ Surface/subsurface, motile, burrowing, 
tentacles/palps crawling/swimming, muscular 

I(B)M(B)N – 21.60 A(C)M(B/C)P – 25.89 A(C)M/D(B)P – 15.42 I(B)M(B)N – 17.81 
Subsurface, motile, burrowing, non- 

muscular 
Carnivore, motile, burrowing/crawling, 
muscular 

Carnivore, motile/discretely motile, 
burrowing, muscular 

Subsurface, motile, burrowing, non- 
muscular 

I(S)D(T)T – 14.46 I(F/S)D(T)T – 17.25 I(B)M(B)P – 13.29 I(B)M(B)P – 16.77 
Surface, discretely motile, tube-dwelling, 

tentacles/palps 
Suspension/surface, discretely motile, tube- 
dwelling, tentacles/palps 

Subsurface, motile, burrowing, 
muscular 

Subsurface, motile, burrowing, muscular 

I(F/S)D(T)T – 14.28 A(C)M/D(C)P – 5.71 I(S)D(B)T – 12.11 I(F/S)D(T)T – 8.25 
Suspension/surface, discretely motile, 

tube-dwelling, tentacles/palps 
Carnivore, motile/discretely motile, 
crawling, muscular 

Surface, discretely motile, burrowing, 
tentacles/palps 

Suspension/surface, discretely motile, tube- 
dwelling, tentacles/palps 

I(B)D(T)N – 5.87 A(C)M/D(B)P – 4.52 I(B)M(B)N – 11.49 A(C)M/D(B)P – 6.06 
Subsurface, discretely motile, tube- 

dwelling, non-muscular 
Carnivore, motile/discretely motile, 
burrowing, muscular 

Subsurface, motile, burrowing, non- 
muscular 

Carnivore, motile/discretely motile, 
burrowing, muscular 

Polychaete feeding types 
Group A Group B Group C Group D 

Subsurface – 28.31 Carnivore – 40.62 Carnivore – 45.44 Subsurface – 35.60 
Surface/subsurface – 27.28 Subsurface – 35.57 Subsurface – 26.74 Surface/subsurface – 30.25 
Surface – 14.46 Suspension/Surface – 17.25 Surface – 12.50 Carnivore – 20.23 
Suspension/Surface – 14.28 Surface/subsurface – 5.30 Suspension/surface – 8.68 Suspension/surface – 8.25 
Carnivore – 12.46 Omnivore – 0.84 Surface/subsurface – 6.45 Suspension – 2.28 
Omnivore – 1.69 Surface – 0.29 Suspension – 0.15 Surface – 2.11 
Suspension – 1.51 Suspension – 0.13 Omnivore – 0.05 Omnivore – 1.15 
Unspecified Microphage – 0.00 Unspecified Microphage – 0.00 Unspecified Microphage – 0.00 Unspecified Microphage – 0.14 

Top 5 polychaete motility types 
Group A Group B Group C Group D 

Motile, burrowing – 48.88 Motile, burrowing – 37.24 Motile, burrowing – 31.22 Motile, burrowing – 64.82 
Discretely motile, tube-dwelling – 35.09 Motile, burrowing/crawling/swimming – 

28.34 
Motile, burrowing/crawling/ 
swimming – 22.80 

Discretely motile, tube-dwelling – 9.60 

Discretely motile, burrowing – 5.20 Discretely motile, tube-dwelling – 20.91 Discretely motile, burrowing – 15.54 Motile/discretely motile, burrowing – 6.06 
Motile/discretely motile, crawling – 3.51 Motile/discretely motile, crawling – 5.71 Motile/discretely motile, burrowing – 

15.42 
Discretely motile, burrowing – 5.46 

(continued on next page) 
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Fig. 3. Average abundance (individuals m− 3) and biomass (g m− 3) within each group of Amphipoda, Bivalvia, Polychaeta, and other macrofaunal taxa for each 
sediment layer. Scale for Group B biomass is different from other groups. Groups based on hierarchical agglomerative clustering from Fig. 2. 

Table 4 (continued ) 

Most abundant macrofauna in each group (>1%) 

Motile, burrowing/crawling/swimming – 
1.81 

Motile/discretely motile, burrowing – 4.52 Discretely motile, tube-dwelling – 
11.03 

Motile, burrowing/crawling/swimming – 
5.37 

Polychaete feeding structure types 
Group A Group B Group C Group D 

Non-muscular eversible pharynx – 54.08 Muscular eversible pharynx – 41.45 Muscular eversible pharynx – 58.78 Tentacles/palps – 41.69 
Tentacles/palps – 31.76 Non-muscular eversible pharynx – 35.20 Tentacles/palps – 29.56 Muscular eversible pharynx – 38.15 
Muscular eversible pharynx – 14.16 Tentacles/palps – 23.35 Non-muscular eversible pharynx – 

11.66 
Non-muscular eversible pharynx – 20.17  
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p = 0.02; Table 3). Group A also exhibited functional redundancy (e.g. 
guilds I(B)M(B)N and I(S)D(T)T each contained two families). 

Polychaete abundance gradually declined with sediment depth at 
Groups A and D, where abundance was about twice as high in the surface 
layer compared to the 1–5 cm layer (Fig. 3). In contrast, polychaete 
abundance declined rapidly in Group B, where surface abundance was 
almost four times higher than in the 1–5 cm layer. Group C showed 
relatively similar abundances in the 0–1 and 1–5 cm layers, with 
dominance of carnivores at all depths. Groups A and C show an opposite 
pattern in biomass compared to abundance trends, with biomass max-
ima in the 5–10 cm layer (Fig. 3), primarily attributed to the large 
carnivore Nephtyidae and high relative abundance of mid-sized sub-
surface deposit feeders. The large suspension feeder Sabellidae also 
contributed to the biomass maxima in Group A, and the large surface 
deposit feeder Pectinariidae contributed to Group C. In contrast, Group 
D had the greatest polychaete biomass in the surface layer (Fig. 3) due to 
a high abundance of carnivores (Polynoidae) and a few large surface 
deposit feeders (Trochochaetidae). Biomass peaked in the 1–5 cm layer 
in Group B (Fig. 3) with particularly high abundance of large carnivores 
(Nephtyidae) and a high abundance of small or fragmented subsurface 
deposit feeders (e.g. Maldanidae, Capitellidae). 

The surface layer at Group A sites had a high relative abundance of 
suspension and suspension/surface feeders compared to the other 
groups, although it was still a small portion at only 8%. There was a 
notably high relative abundance of carnivores at the 1–5 cm layer for 
Group B and the 1–10 cm layers for Group C. Groups A and D had a high 
relative abundance of surface/subsurface deposit feeders at depths. 
However, subsurface deposit feeders made up 22% of total abundance in 
the surface layer in Group D and 83% in the 5–10 cm layer where cap-
itellids were abundant. Group D also had a higher relative abundance of 
suspension feeders in surface layers compared to Groups B and C, but 
still small at only 4%. 

3.3. Environmental setting 

The selected DistLM model accounted for 41.2% of total variation in 
polychaete functional guild composition and included total nitrogen 
(TN), current speed, salinity, and percent silt/clay (Fig. 5). Some of the 
selected environmental predictors were highly correlated with other 
parameters not included in the model selection. TN was highly corre-
lated with total organic carbon (TOC). Percent silt/clay was highly 
correlated with mean phi, percent sand, and TOC. 

The first dbRDA axis was highly negatively correlated with TN and 
percent silt/clay, and the second dbRDA axis was most positively 
correlated with current speed and salinity (Fig. 5). These parameters 
suggest that organic matter and depositional environmental (i.e. current 
speed; muddy vs. sandy substrate) are important correlates of poly-
chaete functional structure. Groups A and B were distinctly separated 
from Group C along the first dbRDA axis, reflecting differences in sedi-
ment type and TN between sandier substrate with low TN in the 
northern Bering Sea and muddier sediments with high TN in the central 
Chukchi Sea. In contrast, distribution of sites in Group D along axis one 
overlapped with the other groups, reflecting more variability in sedi-
ment grain size among sites (Fig. 5). 

Group A consisted of two sites in the Chirikov basin (DBO2.2 and 
DBO2.3), which were characterized by sandy sediments, moderate 
current speeds, and low TN, TOC, and chl-a:phaeo, as well as higher δ13C 
values than the other groups (Figs. 6 and 7). Group B included stations 
directly north (downstream) of the Bering Strait constriction and station 
CBE3 east of Saint Lawrence Island, near the Yukon River delta. Grain 
sizes ranged from fine sand to very coarse silt with high current speeds 
and organic matter content similar to that of Group A. CBE3 had very 
low salinity (Table 1), reflecting freshwater input from the Yukon River. 

Groups C and D were composed of stations in the more northerly 
portion of the study area, characterized by muddy sediment and high 
TOC and TN (Fig. 6). IL4 was included in Group D in 2017 and Group C 

Table 5 
Similarity Percentages (SIMPER) polychaete functional guild contributions to similarity between samples within groups (%) with a 70% cut-off for low contributions. 
Average group similarity in parenthesis next to group name.  

Group A (72.86 avg) Group B (74.27 avg) Group C (76.83 avg) Group D (76.55 avg) 

I(B)M(B)N – 15.44 I(B)M(B)N – 15.80 A(C)M/D(B)P – 12.77 I(S/B)M(B)T – 13.15 
Subsurface, motile, burrowing, non- 

muscular 
Subsurface, motile, burrowing, non- 
muscular 

Carnivore, motile/discretely motile, 
burrowing, muscular 

Surface/subsurface, motile, burrowing, 
tentacles/palps 

(Capitellidae, Orbiniidae) (Capitellidae, Orbiniidae) (Sigalionidae) (Cirratulidae, Magelonidae) 
I(S/B)M(B)N – 15.35 I(F/S)D(T)T – 13.82 I(B)M(B)N – 12.50 I(B)M(B)P – 11.72 
Surface/subsurface, motile, burrowing, 

non-muscular 
Suspension/surface, discretely motile, 
tube-dwelling, tentacles/palps 

Subsurface, motile, burrowing, non- 
muscular 

Subsurface, motile, burrowing, muscular 

(Paraoinidae) (Spionidae) (Capitellidae, Orbiniidae) (Cossuridae, Sternapsidae) 
I(F/S)D(T)T – 11.81 A(C)M(B/C)P – 13.48 A(C)M(B/C/S)P – 12.04 I(B)M(B)N – 11.19 
Suspension/surface, discretely motile, 

tube-dwelling, tentacles/palps 
Carnivore, motile, burrowing/crawling, 
muscular 

Carnivore, motile, burrowing/crawling/ 
swimming, muscular 

Subsurface, motile, burrowing, non- 
muscular 

(Spionidae) (Phyllodocidae) (Nephtyidae) (Capitellidae, Orbiniidae) 
I(S)D(T)T – 11.16 A(C)M/D(B)P – 10.44 I(S)D(B)T – 11.10 I(F/S)D(T)T – 9.32 
Surface, discretely motile, tube-dwelling, 

tentacles/palps 
Carnivore, motile/discretely motile, 
burrowing, muscular 

Surface, discretely motile, burrowing, 
tentacles/palps 

Suspension/surface, discretely motile, 
tube-dwelling, tentacles/palps 

(Terebellidae, Ampharetidae) (Sigalionidae) (Flabelligeridae) (Spionidae, Oweniidae) 
I(B)D(T)N – 10.15 I(S/B)M(B)T – 8.99 I(F/S)D(T)T – 9.93 A(C)M/D(B)P – 9.21 
Subsurface, discretely motile, tube- 

dwelling, non-muscular 
Surface/subsurface, motile, burrowing, 
tentacles/palps 

Suspension/surface, discretely motile, 
tube-dwelling, tentacles/palps 

Carnivore, motile/discretely motile, 
burrowing, muscular 

(Maldanidae) (Cirratulidae) (Spionidae) (Sigalionidae) 
A(C)D(B)P – 9.96 A(C)D(B)P – 8.48 A(C)M/D(C)P – 9.17 A(C)M/D(C)P – 8.01 
Carnivore, discretely motile, burrowing, 

muscular 
Carnivore, discretely motile, burrowing, 
muscular 

Carnivore, motile/discretely motile, 
crawling, muscular 

Carnivore, motile/discretely motile, 
crawling, muscular 

(Glyceridae) (Glyceridae) (Polynoidae) (Polynoidae)   
A(C)D(B)P – 8.54 A(C)M(B/C/S)P – 7.23 
Carnivore, discretely motile, burrowing, 
muscular 

Carnivore, motile, burrowing/crawling/ 
swimming, muscular 

(Glyceridae) (Nephtyidae)    
A(C)D(B)P – 6.31 
Carnivore, discretely motile, burrowing, 
muscular 
(Glyceridae)  
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in 2018. Group C stations were located in the southern, offshore Chukchi 
Sea and included the southeast Chukchi Sea hotspot (DBO3.8, CNL5). 
Group D was mostly comprised of the coastal stations with lower salinity 
indicative of the Alaska Coastal Current. Chloroplastic pigment equiv-
alent (CPE) inventories were variable but included higher values in 
Group C, whereas chl-a:phaeo ratios were higher in Group D (Fig. 6), 
suggesting deposition of phytodetritus in both areas. Group D stations 
also had higher C:N and lower δ13C values, suggesting more refractory 
organic matter. Group D also contained station DBO2.4 in the Chirikov 
Basin, which had distinct community structure compared to the nearby 
DBO2.2 and DBO2.3 sites that made up Group A. The temperature at 
DBO2.4 was comparable to the warm temperature of Groups A and B. 
DBO2.4 had lower chl-a:phaeo, TOC, TN, and C:N, and higher δ13C than 
other Group D stations (Table 1). 

4. Discussion 

Macrofauna aggregated at higher taxonomic levels showed no sig-
nificant spatial variation in community structure across the study area, 
whereas examination of polychaete families alone indicated three 
distinct assemblages. Four polychaete assemblages were identified 
based on functional-guild composition. The distribution of these as-
semblages aligned with key benthic environmental variables, including 
grain size, current speed, and organic matter (OM) content. Although 
broad-scale environmental characteristics, such as substrate type and 
water mass distribution, influence spatial patterns in benthic biomass 
and community structure (Bluhm et al., 2009; Iken et al., 2010; Blan-
chard et al., 2013), variations in the functional characteristics of the 
infaunal community highlight additional features of interest. Sediment 
grain-size characteristics are well-known correlates of benthic assem-
blage structure (Sanders, 1958; Rhoads, 1974), as we observed here in 
the separation between the sandy, southern groups (Groups A and B) 
and the northern, muddy groups (Groups C and D). However, polychaete 
functional guilds indicate further differentiation among sites within 
these broader areas. 

4.1. Benthic “eco-regions” in the Alaskan Arctic 

We combined macrofaunal community structure and environmental 
information to describe four distinct benthic “eco-regions” we predict 
will exhibit differences in ecosystem structure and function (Fig. 8). The 
northern Bering Sea sites in the Chirikov Basin (Fig. 1; Group A; DBO2) 
constitute the Advective Region, where advective transport of sus-
pended particles supports a higher abundance of suspension feeders that 
capture and subduct organic material into deeper layers for access by 
subsurface feeders. Group B sites in the northern Bering and southern 
Chukchi seas make up the Dynamic Region, where a combination of 
scouring by strong currents and periodic deposition of large OM pulses 
supports high biomass of large bivalves as well as carnivorous and 
subsurface-feeding polychaetes. Coastal sites (Group D) receive a high 
flux of fine sediment and more refractory detritus to the seafloor, 
including inputs of terrestrial OM. These sites had the highest taxonomic 
and functional diversity, suggesting niche partitioning, which may be 
facilitated by more diverse sources of OM. Small-bodied infauna 
confined to the upper sediment layer likely have a relatively small effect 
on OM remineralization relative to microbial communities in this 
setting. The biomass hot-spot area farther offshore (Group C) constitutes 
the Depositional Region (Grebmeier et al., 2015a), where the high flux 
of labile OM supports communities of large-bodied infauna, such as 
bivalves, which may outcompete smaller taxa, and rapidly subduct OM 

Fig. 4. nMDS ordination of polychaete functional 
guild community structure from 2017 to 2018. Ordi-
nation based on hierarchical agglomerative clustering 
with group-averaged linkage on 4th root transformed 
data and Bray-Curtis similarity. Significant clusters 
circled in black based on similarity profile test (SIM-
PROF). The magnitude of the pie slices represent the 
relative abundance of polychaete functional guilds in 
the top three guilds contributing to within-group 
similarity in at least one group based on Similarity 
Percentages (SIMPER) procedure. The first three 
guilds in the legend are carnivores (A–C), followed by 
two subsurface deposit feeders (D–E), a suspension/ 
surface deposit feeder (F), and two surface/subsur-
face deposit feeders (G–H). See Table 2 for detailed 
guild information.   

Fig. 5. dbRDA displaying the relationship between polychaete functional guild 
community structure and environmental correlates. The selected model 
accounted for 41.2% of total variation and included TN, current speed, salinity, 
and percent silt/clay. 
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into deeper sediment layers. 
The Advective Region (Group A) consisted of the two eastern DBO2 

stations, characterized by sandy sediment and moderate current speeds. 
Sediment TN, TOC, and CPE measurements indicated relatively low 
amounts of OM in the sediments; however, these stations contained high 
abundances of polychaetes and other macrofauna, which must have 
either drawn down sediment OM pools to low levels or are sustained by 
consuming near-bottom suspended OM. Sandy sediment in this region 
suggests more energetic hydrodynamic conditions and erosion of finer 
particles, which would reduce phytodetritus deposition to the seafloor. 
Previous reports of low sediment TOC concentration and low sedimen-
tation rates are consistent with this scenario (Grebmeier, 1993), and 
mooring measurements in the Bering Strait region indicate high chlo-
rophyll content in resuspended particles that are advected northward by 
strong barotropic currents (Abe et al., 2019). Furthermore, the relatively 
high proportion of suspension-feeding polychaetes in the surface layer 
supports the notion that currents structure the macrofaunal community 
at these sites (Gontikaki et al., 2011; Lovvorn et al., 2020). 

Amphipods were the most abundant taxon and had high biomass at 
the Group A sites, especially at DBO2.2. The Chirikov Basin is a known 
amphipod hotspot and critical feeding ground for gray whales, and 
amphipods have been estimated to consume nearly all available carbon 

in this region (Coyle et al., 2007). Previous reports indicate dominance 
by the tube-dwelling Ampeliscidae in this region (Grebmeier et al., 
1989), although we found a diverse community of amphipod taxa in our 
samples based on a preliminary analysis of a subset of samples, including 
Ampeliscidae, Lysianassidae, Phoxocephalidae, Photidae, and Trypho-
sidae. Ampeliscids reside in tubes they construct, creating a feeding 
current to capture suspended particles or particles that are swept up 
from the surrounding sediment (reviewed by Conlan et al., 2019). 
Burrow-excavating species like ampeliscids exhibit a biodiffusive mode 
of bioturbation, which influences oxygenation and nutrient regeneration 
in sediments (e.g. Michaud et al., 2005; Kristensen et al., 2012). In the 
Beaufort Sea, the distribution of Ampelsica—a dominant taxon in the 
Chirikov Basin—was related to tolerance for high current speeds 
allowing this species to take advantage of high-nutrient areas (Conlan 
et al., 2019). We found high ampeliscid abundance in this Advective 
Region similarly characterized by rapid currents influenced by 
nutrient-rich waters. 

Tube-dwelling polychaetes with tentaculate or palp-feeding modes 
were also abundant in the Advective Region, such as Spionidae, Ter-
ebellidae, Sabellidae, and Ampharetidae. A relatively high portion of 
suspension (Sabellidae) and facultative suspension feeders (Spioindae) 
occurred in the surface layer, both of which exhibit particle selectivity 

Fig. 6. Boxplot of environmental parameters for each group including current speed (m s− 1), bottom-water salinity, percent silt/clay (%), CPE for the upper 10 cm of 
sediment (ug cm− 2), and chl-a:phaeo, TN (mg cm− 2), C:N, and δ13C for the upper 1 cm of sediment. Groups based on hierarchical agglomerative clustering 
from Fig. 2. 
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(Cavallo et al., 2007; Guieb et al., 2004; Mincks et al., 2008). Suspension 
feeding is favored in a specific range of current speeds, and many 
facultative species switch between suspension and deposit-feeding be-
haviors depending on fluid velocities and organic composition and 
density of suspended particles (Bock and Miller, 1997; Riisgård and 
Larsen, 2010). Additionally, these facultative suspension feeders, such 
as Spionids, grow faster when consuming high-quality suspended par-
ticles than when deposit feeding (Hentschel, 2004; Rossi et al., 2004). 
The abundance of suspension-feeding taxa in this advective region 
suggests that low OM content in the sandy sediment may be a poor 
reflection of the strength of pelagic-benthic coupling in this region, with 
many benthic taxa deriving their nutrition directly from particulate 
matter in the water column. 

Despite the high abundance of suspension feeders, the most abun-
dant polychaete feeding modes in the Advective Region were surface/ 
subsurface feeders, many of which were recovered from deeper sedi-
ment layers. Paraonidae primarily feed in deeper sediment layers and 
can move to the surface to feed after a fresh food pulse (Jumars et al., 
2015). They were most abundant in the 1–5 cm layer but also abundant 
down to 10 cm, suggesting they were primarily subsurface feeding. 
Paraonids and others with non-muscular eversible pharynges are 
generally non-selective, while those with tentacles display more particle 
selection behavior (Magalhães and Bailey-Brock, 2017). These 
non-selective polychaetes likely consume more refractory detritus that 
has been subducted and degraded by bacteria (Gontikaki et al., 2011). 
Similarly, capitellids and orbiniids were also common in Group A, both 
of which are burrowing subsurface deposit feeders with non-muscular 
eversible pharynges. Both capitellids and orbiniids are in the same 
functional group, contributing to the moderate functional redundancy in 
this region. The activities of suspension and surface feeders, including 
burrowing amphipods, may support the high biomass of subsurface 
species as they consume suspended material and sequester nutrients in 
deeper sediment layers through deposition of waste. The less selective 
feeding strategies of subsurface feeders may also facilitate physical 
resource partitioning of OM between these groups based on vertical 
stratification within the sediment (Jumars, 1978; Whitlatch, 1980; 
North et al., 2014). 

One of the stations within the Chirikov Basin (DBO2.4) clustered 
with the Coastal Region stations (Group D). During sampling, DBO2.4 

was solely in Anadyr Water, as opposed to the Advective stations (Group 
A), which were also influenced by Bering Shelf water. A boundary be-
tween the Anadyr Water and Bering Shelf Water may produce more 
variable hydrography at this site. Amphipods were less abundant at 
DBO2.4 than at Group A sites, whereas the abundance of ostracods and 
brittle stars was relatively high, consistent with Group D composition. 
DBO2.4 had a smaller abundance of certain tube-dwellers and a higher 
abundance of certain carnivores and burrowing deposit feeders 
compared to Group A stations. This heterogeneity within the Chirokov 
Basin illustrates the importance of considering subregional spatial scales 
in understanding community dynamics and ecosystem processes. 

The Dynamic Region (Group B) included one sampling site at the 
eastern end of St. Lawrence Island (CBE3) and two stations with sandy 
substrate directly north of Bering Strait (CNL3 and CPL8), all of which 
had high current speeds. Export flux in the CBE area was high during the 
time of sampling in 2018 (O’Daly et al., 2020). Seafloor conditions at 
CBE3 were similar to these more northerly sites, but salinity was lower 
given the proximity to the Yukon River plume. The Bering Strait stations 
in Group B had a larger percentage of gravel (1–2%) compared to other 
stations and generally have strong currents as water moves through the 
narrow Bering Strait constriction (Danielson et al., 2014). CBE3 also 
experiences similarly strong currents as the flow accelerates past the 
eastern tip of St. Lawrence Island (Danielson et al., 2006). Although the 
mean monthly Bering Strait transport is highest in the summer (Wood-
gate, 2018), instantaneous current speeds are often quite strong (e.g. 
70–100 cm s− 1) in the fall and winter, resulting in disturbance and 
resuspension (Abe et al., 2019). However, currents in the Bering Strait 
throughflow can be weaker in the spring, allowing the spring bloom time 
to settle, and leading to high sediment chl-a values (Abe et al., 2019). 

High dominance of relatively few families, especially the classic 
opportunists Capitellidae and Spionidae, could suggest a disturbed 
environment in this region (Rhoads et al., 1978), for example, due to 
scouring from the strong currents or periodic inputs of high OM 
enrichment, which can lower oxygen levels in sediments. However, the 
high abundance of large carnivorous polychaetes in Group B seems less 
likely in recently disturbed or anoxic areas; rather, deposition of the 
spring bloom during weaker phases of the currents may enhance overall 
biomass of prey species to sustain these larger predators. Carnivores 
were also abundant in the Depositional Region (Group C) slightly farther 

Fig. 7. (a) Mean and (b) standard deviation of current speeds (m s− 1) for the upper 50 m of the water column extracted from the Pan-Arctic Regional Ocean Modeling 
System (PAROMS) sea ice and ocean circulation model. 
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Fig. 8. Summary of four benthic eco-regions identified based on spatial patterns in polychaete functional guilds. Regions are arranged from left to right along a gradient of sandy substrate with low OM to muddy 
substrate with high OM. Regions correspond to groups of stations (A, B, C, and D) identified on the map in Fig. 1, and conditions are discussed in detail in section 4.1. Upper boxes indicate the nature of particle 
deposition to the seafloor. Color gradient in lower boxes indicates approximate depth of bioturbation and oxygen penetration. Taxa referenced in lower right corner of each panel indicate biomass dominants for each 
region. Polychaete functional guild diversity and redundancy levels are listed in the lower left of each panel. Text boxes highlight inferences made regarding differences in ecosystem function among regions, providing a 
series of testable hypotheses. Advective Region (yellow, Group A): Moderately fast currents transport suspended particles, supporting high abundance of suspension feeders. There was high abundance of small-bodied 
macrofauna with low biomass dominated by amphipods and polychaetes. There was high abundance of small-bodied polychaetes in the surface layer; biomass maximum at 5–10 cm. Polychaetes were dominated by 
surface and subsurface deposit feeders and large tube-dwellers. Dynamic Region (blue, Group B): High current speeds scour and resuspend surface sediment, with deposition during periods of less energetic flow. 
Abundant large-bodied macrofauna with high biomass dominated by bivalves. High surface abundance of small-bodied polychaetes with a biomass maximum at 1–5 cm. Polychaetes dominated by large carnivores and 
subsurface deposit feeders. Coastal Region (black, Group D): High export flux of local and advected detritus, including terrestrial material. Low abundance and biomass of small-bodied macrofauna, with biomass 
dominated by bivalves followed by polychaetes. Dominance of small-bodied polychaetes concentrated in surface sediments, dominated by subsurface and surface/subsurface deposit feeders. Depositional Region (red, 
Group C): Low abundance of large-bodied macrofauna leading to high biomass dominated by bivalves and large-bodied carnivorous and subsurface deposit-feeding polychaetes. Maximum abundance and biomass in 
deeper sediment layers. Evidence of bioturbation homogenizing sediment conditions. 
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north, providing additional evidence that organic enrichment impacts 
community structure. The dominant carnivores differed between the 
Dynamic and Depositional areas. Phyllodocidae were most abundant in 
the Dynamic Region (Group B). These motile predators feed with a 
muscular eversible pharynx (Jumars et al., 2015; Kędra et al., 2012; 
Sokołowski et al., 2014) and are known to consume other polychaetes 
(Michaelis and Vennemann, 2005). At Depositional (Group C) sites, 
Nephtyidae and Sigalionidae were common carnivores, both of which 
are motile predators that also feed with a muscular eversible pharynx. 
Sigalionids may be active hunters or sit-and-wait predators (Jumars 
et al., 2015). Nephtyids consume a variety of prey, including amphipods, 
foraminifera, and polychaetes (Gaston, 1987; Redmond and Scott, 
1989). Nephtyids were abundant throughout the upper 5 cm of sediment 
and often burrow right below the sediment-water interface (Jumars 
et al., 2015). 

As the flow field fans out over the wide and shallow Chukchi Shelf, 
velocity decreases in the Depositional Region (Group C; Fig. 8), allowing 
local and advected sources of OM to settle to the seafloor (Feng et al., 
2020; Grebmeier et al., 2015a). These stations are influenced by the 
nutrient-rich, highly productive Anadyr Waters and the somewhat less 
nutrient-rich Bering Shelf Waters, with high export flux of diatom 
detritus and viable diatom cells (O’Daly et al., 2020). Reduced current 
speeds were observed at these muddy stations, particularly along the 
international boundary line, including the high-OM benthic “hotspot” 
area near DBO3.8 and CNL5 (cf., Grebmeier et al., 2015a). Interestingly, 
although we detected high OM concentrations in this region, total 
macrofaunal abundance as well as polychaete abundance and biomass 
were low. However, total macrofaunal biomass and average macro-
faunal size were high. These trends may be due to the competitive 
advantage of a few large-bodied bivalves. For instance, Macoma calcarea 
responds rapidly to fresh material deposited on the sediment surface by 
using its long siphon to access OM before it becomes available to other 
deposit feeders (North et al., 2014). These large organisms can impact 
the abundance of smaller organisms due to a density-dependent effect on 
competition (Thrush et al., 2006), such that smaller taxa are excluded at 
this site. The physical disturbance of these large bioturbating bivalves 
may also exclude taxa such as tube-building polychaetes (Rhoads and 
Young, 1970). 

In contrast to the offshore “hotspot” sites, the Coastal Region (Group 
D) of the southern Chukchi Sea is generally influenced by the nutrient- 
poor, low-productivity Alaska Coastal Water (Danielson et al., 2017; 
O’Daly et al., 2020). These stations likely receive higher input of re-
fractory terrestrial material and marine detritus advected from the south 
that have been degraded during lateral transport, as suggested by 
depleted δ13C values and high C:N (Table 1; Feder et al., 2007; Iken 
et al., 2010). Group D sites had the highest number of polychaete fam-
ilies and high functional-guild richness, suggesting that niche parti-
tioning is resulting in a diverse community, which may be facilitated by 
a diversity of OM sources (e.g. locally produced pelagic and sympagic 
detritus, advected material, and terrestrial material). We found high 
TOC and TN at some sites, as well as high chl-a:phaeo in part attributed 
to a visible layer of newly deposited phytodetritus. Sample timing 
relative to phytodetritus depositional events, whether from ice-edge or 
open-water blooms, can influence measurements of sediment OM 
(Lovvorn et al., 2020). Our sampling occurred in June when all stations 
were ice-free; however, the receding ice edge would have fairly recently 
passed over the more northerly stations in this region, such that 
ice-derived detritus may still have been present on the sediment surface. 
One station in this region (IL4) was the only site showing evidence of 
changes in community structure between years and may reflect dynamic 
frontal or ice-edge conditions that affect advection and deposition of 
organic material. These dynamic frontal conditions may also contribute 
to the high polychaete diversity and functional redundancy observed at 
Group D sites. 

The Coastal Region was characterized by small-bodied fauna 
concentrated in the surface layer of sediment. Macrofauna and 

polychaete biomass were low in the Coastal Region, and average sizes 
were small, whereas meiofauna were highly abundant, particularly at 
CL3 (Charrier et al. in revision). Similar to Group A (Advective Region), 
tentaculate deposit feeders were the most abundant feeding type, sug-
gesting a predominance of particle-selective surface deposit-feeding 
strategies. Many subsurface deposit feeders were also found in the 
upper 1 cm. In contrast to other Group D stations, DBO3.3 had a high 
abundance and biomass of total macrofauna, which has previously been 
found under the ACW near Point Hope and some stations within the 
Chukchi Bight, likely supported by advected and resuspended organic 
material (Feder et al., 2007). 

4.2. Bioturbation potential 

The structure of macrofaunal communities directly impacts biogeo-
chemical cycling through bioturbation—a key function of benthic fauna 
with important consequences for nutrient regeneration and OM cycling 
(François et al., 2001; Solan et al., 2008; Braeckman et al., 2010; Kris-
tensen et al., 2012). Faunal traits affect bioturbation intensity, including 
burrowing, feeding mode, and degree of motility (Pearson, 2001). 
Among polychaetes, some of the highest bioturbation potential is 
attributed to large, tube-dwelling, head-down deposit-feeders, such as 
Maldanidae (Group A) and Pectinariidae (Group B), which were rela-
tively abundant in parts of our study area. Biogeochemical studies 
confirm the importance of these taxa in OM cycling, attributed to 
oxygenation of the sediment via burrow flushing (McTigue et al., 2016). 
Current speeds were a key factor distinguishing the Advective and Dy-
namic regions dominated by these taxa and may provide a basis for 
predicting high bioturbation potential of the benthic community based 
on environmental characteristics. 

Vertical position of the fauna within the sediment may also reflect 
the dominance of surface or subsurface fauna with differing burrowing 
modes. In all except the Coastal eco-region, polychaetes exhibited sub-
surface biomass maxima, and total macrofaunal abundance showed the 
same pattern in the Depositional Region (DBO3.6 and DBO3.8), with 
high biomass in the 5–10 cm layer dominated by bivalves. The effects of 
large bioturbating fauna were visible in the homogenization of sediment 
OM content across the upper 5 cm of sediment and in the homogenous 
distribution of sediment microbial communities dominated by aerobic 
taxa throughout the upper 7–10 cm, with evidence of an oxic/anoxic 
boundary below (Walker et al., 2023). High deposition of labile OM at 
these stations (O’Daly et al., 2020) likely stimulates bioturbation by 
macrofauna, leading to high rates of aerobic remineralization by large 
consumers and subduction of OM into deeper sediments (Aller, 1994). 

In contrast, the macrofauna were concentrated at the surface at the 
Coastal sites (Group D), with a shallow transition to an anaerobic mi-
crobial community at 1 cm (Walker et al., 2023). Low current speeds and 
high deposition rates likely lead to rapid burial of OM that escapes 
consumption by macrofauna in the surface sediments, creating these 
shallow anoxic conditions in sediments that drive small-bodied poly-
chaetes and other macrofauna to concentrate in the surface layer. 
Although smaller in size, some of the most abundant taxa in this region 
are highly motile tentaculate surface feeders, which do exhibit relatively 
high bioturbation potential (Pearson, 2001). Thus, bioturbation rates 
may be relatively high but limited to the unconsolidated surface, with 
these tentaculate feeders only transferring detritus particles to shallower 
sediment depths. Here, a relatively large fraction of detritus is likely 
processed via anaerobic microbial remineralization pathways beneath 
the sediment surface. 

4.3. Implications for ecosystem function in a changing arctic 

Alterations in benthic biomass and community composition have 
already been observed in response to environmental change in the 
Pacific-Arctic region (Goethel et al., 2019; Grebmeier, 2012; Stabeno 
et al., 2020; Waga et al., 2020), with likely impacts on carbon cycling 

B.R. Charrier et al.                                                                                                                                                                                                                             



Deep-Sea Research Part II 208 (2023) 105240

16

(Jones et al., 2021). A decline in phytodetrital input to the seafloor has 
been predicted (Lee et al., 2013; Moore and Stabeno, 2015), and model 
results for the Chirikov Basin suggest this decline will result in a steady 
loss of deposit feeders followed by a decline in carnivorous polychaetes 
(Lovvorn et al., 2016). However, deposit-feeding polychaetes remained 
relatively constant under simulated declines of different magnitudes 
south of St. Lawrence Island, and carnivorous polychaetes declined 
slightly (Lovvorn et al., 2016). These regional differences demonstrate 
the need for local, high-resolution data to inform the modeling (and its 
evaluation) of ecosystem function and potential impacts of environ-
mental change. 

The four polychaete functional assemblages identified in our study 
will likely respond differently to projected changes in food input and 
other environmental characteristics. We hypothesize that sites in the 
Advective and Dynamic regions in the Chirikov Basin and just north of 
Bering Strait (Groups A and B) with higher proportions of suspension 
and surface deposit feeders (e.g. Spionidae, Terebellidae) may be 
particularly at risk. These taxa are also discretely motile tube-dwellers, 
which, like amphipods, rely on water currents to supply suspended OM, 
contributing to their likely sensitivity to declines in primary production 
(Coyle et al., 2007). Taxa that rely more on fresh microalgae, such as 
protists, meiofauna, and tunicates, are likely to be more vulnerable, 
especially in the short term, to declines in phytodetrital inputs (Lovvorn 
et al., 2016). This vulnerability might also extend to polychaetes relying 
on higher-quality food particles, such as suspension and surface deposit 
feeders (Lessin et al., 2019), or juveniles of species that rely on discrete, 
labile food particles. For example, juvenile spionids feed on labile par-
ticles like fresh diatoms before experiencing an ontogenetic shift to 
detritus feeding (Hentschel, 1998), such that a reduction in labile par-
ticles could cause a recruitment bottleneck. In contrast, subsurface and 
non-selective deposit feeders may be somewhat buffered against de-
clines in phytodetrital input by a sediment food bank of organic matter 
(Mincks et al., 2005; Pirtle-Levy et al., 2009). These differing responses 
to environmental change based on functional traits may indicate that 
specific traits will be more susceptible, with deposit feeders potentially 
outcompeting suspension feeders. 

Polychaete functional diversity and functional redundancy varied 
among the four eco-regions. Functional diversity and redundancy were 
highest at Group D sites, followed by Group A, with the highest number 
of functional guilds and certain guilds represented by more than one 
family, including many motile subsurface deposit feeders and some 
tentaculate surface deposit feeders. The functional processes related to 
these specific guilds may be more resilient to disturbance than func-
tional guilds represented by only one polychaete family. When more 
than one taxa perform similar ecological roles, functional redundancy 
can contribute to ecological resiliency to disturbance (Bremner et al., 
2006; Snelgrove, 1998), and this relationship has been demonstrated for 
polychaetes in a variety of settings (e.g. Magalhães and Barros, 2011). 
However, functional redundancy was low overall, with most functional 
guilds represented by only one or two polychaete families. Low func-
tional redundancy was also determined for the whole macrobenthos in 
the Bering Sea (Liu et al., 2019). Accordingly, benthic ecosystem func-
tion in the Pacific Arctic may be susceptible to species loss or shifts in 
community structure caused by environmental change. 

Changes in phytodetrital input impact trophic groups differently 
(Lovvorn et al., 2016). However, the benthos is often oversimplified in 
ecosystem modeling due to a lack of available information (Whitehouse 
et al., 2014). This aggregation of the benthos at higher taxonomic levels 
or generic functional groups is insufficient to capture important aspects 
of ecosystem function. For instance, feeding type alone did not distin-
guish differences in proportional contribution of bacterial, phyto-
plankton, and terrestrial OM sources in the Chukchi Sea food web, 
suggesting the need to consider other traits, including motility and 
particle selectivity (Zinkann et al., 2021). Consequently, the differences 
among the four eco-regions identified here, which considered feeding 
type, feeding structure, and motility, can be used to inform ecosystem 

models through the Pacific Arctic. For instance, these eco-regions can be 
extended to other sites within the broader region by classifying sites 
based on similar grain size, current speed, and amount and quality of 
OM. These classifications can then be tested for similarity or differences 
in the taxonomic, functional, and vertical structure of the benthos. 
Additionally, these ecoregions can be used as subunits in ecosystem 
models to provide a more refined and high-resolution depiction of 
ecosystem processes, such as trophic dynamics and biogeochemical and 
carbon cycling, especially rapid, short-term processing of OM. These 
subregions can also be used to predict localized impacts of changing 
environmental conditions on benthic community structure and 
ecosystem function instead of applying a singular model to the entire 
Pacific Arctic, a region which has been shown here to have areas of 
distinct functional assemblages and ecosystem processes. 
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A B S T R A C T   

Our goal was to examine how the epibenthic invertebrate community in the Pacific Arctic Region might be 
affected by continued increases in ocean temperatures. We used epibenthic invertebrate catch and bottom 
temperature data collected on groundfish assessment and ecosystem surveys in the Bering and Chukchi seas from 
2009 to 2018 to determine the “preferred” temperature of all taxa. We grouped taxa into five clusters according 
to their similarity in median temperature and temperature range. We then used an ensemble of eight climate 
models under Representative Concentration Pathway 8.5 (RCP8.5) scenarios to project bottom temperature from 
present (2008) to mid-century (2050) and end of the century (2100). Based on these projections, we show how 
the amount and distribution of cluster-specific thermal habitat might change with ocean warming. We found that 
by mid-century there was a 50% decrease in thermal habitat for all clusters except for the most eurythermic 
cluster, and that thermal habitat contracted to the north. By the end of the century there was very little thermal 
habitat for all clusters, except the most eurythermic cluster, and habitat was further contracted to the north. The 
cold-water and stenothermic cluster, hypothesized to be the most vulnerable to ocean warming, had virtually no 
projected thermal habitat by the end of the century. These “losers” were primarily gastropods and the bivalve 
mussel Musculus sp. These taxa are some of the primary prey to the endangered Pacific walrus (Odobenus ros-
marus), which is harvested as a food resource in native Alaskan communities. Bivalves are prey for commercial 
flatfish such as yellowfin sole (Limanda aspera) and Alaska plaice (Pleuronectes quadrituberculatus). By 2100 the 
most eurythermic cluster, hypothesized to be the least vulnerable to warming, had projected suitable thermal 
habitat throughout most of the Bering and Chukchi seas, except nearshore coastal regions. The most abundant 
species of these “winners” was the basketstar Gorgonocephalus cf. arcticus. The loss of thermal habitat for all but 
the “winners” could impact the species diversity of the Bering and Chukchi seas because the “winner” cluster 
accounted for only 26 taxa or 8% of all taxa observed. Although temperature is a key determinant of habitat, a 
full habitat and ecosystem model is needed to provide more detailed predictions. In addition, more laboratory 
studies of thermal acclimation potential of Arctic benthic invertebrates are needed. Our results provide the first 
indications that the epibenthic invertebrate community in the Bering and Chukchi seas, which supports marine 
mammals, seabirds and human communities, may be seriously impacted by future ocean warming.   

1. Introduction 

Loss of sea ice and rise of ocean temperature are impacting Arctic 
ecosystems in the Pacific and Atlantic regions (Huntington et al., 2020; 

Polyakov et al., 2020; Renaud et al., 2015). Ocean warming has been 
shown to result in northward shifts in distribution (i.e., “borealization”), 
declines in abundance and shifts in community composition of 
ecosystem components such as plankton (Dalpadado et al., 2020; Eisner 
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et al., 2014), fish (Aune et al., 2018; Mueter and Litzow, 2008; Wisz 
et al., 2015), infaunal invertebrates (Grebmeier, 2012; Solan et al., 
2020), seabirds (Gall et al., 2016) and marine mammals (Davis et al., 
2020; Laidre et al., 2015). In contrast, the potential impacts of ocean 
temperature increase on epibenthic invertebrate community distribu-
tion and abundance have not been extensively examined. Northward 
shifts in the distribution of a small number of demersal species have 
been observed and attributed to ocean warming: crab and shrimp in the 
Bering Sea (Alabia et al., 2018; Mueter and Litzow, 2008; Parada et al., 
2010); shrimp in the Barents Sea and Western Eurasian Basin (Polyakov 
et al., 2020); crab and a clam in the Chukchi Sea (Sirenko and Gagaev, 
2007); and an Atlantic mussel in Svalbard (Berge et al., 2005). 

The potential impacts of future ocean warming is a critical knowl-
edge gap because the epibenthic invertebrate community, along with 
the infauna, supports a number of key upper trophic level predators 
including commercial groundfish, marine mammals, and seabirds 
(Bluhm and Gradinger, 2008; Packer et al., 1994; Whitehouse et al., 
2017). Arctic native communities depend heavily on many of these 
predators (including cetaceans, pinnipeds, and sea ducks) for nutrition 
and for cultural and spiritual fulfillment (Hovelsrud et al., 2008; Hun-
tington et al., 2020). 

The ability of organisms to exist across the local range of tempera-
tures is a significant component of fitness and temperature is regarded to 
be a key determinant of species distribution (Chown et al., 2009Calosi 
et al., 2010). Thus although the habitat of Arctic epibenthic in-
vertebrates is characterized by a variety of environmental variables in 
addition to temperature, such as: sediment type; depth; freshwater 
runoff; sea ice extent and ice algal production; water column primary 
production and export to the benthos; nutrients; oxygen; and ocean 
transport (Degen et al., 2016; Degen et al., 2015; Grebmeier et al., 2015; 
Hansen et al., 2020; Kedra et al., 2015), defining thermal habitat is a 
high priority for understanding the impacts of climate change on the 
epibenthic community. Other processes impact species distribution such 
as historical factors (species origin, dispersal barriers, etc.), statistical 
characteristics of the data (distribution of sampling efforts, catching 
efficiency), and data reliability (e.g., possible misidentifications and 
taxonomic problems). Although these factors play a role in shaping 
species distribution, we assumed that temperature was a primary factor, 
particularly when examining the possible effects of future ocean 
warming. Several studies of epibenthic invertebrates in a variety of 
ecosystems, the Bering Sea (Mueter and Litzow, 2008), the Barents Sea 
(Jørgensen et al., 2019), Antarctica (Griffiths et al., 2017) and Arctic 
oceans globally (Jørgensen et al., 2022; Renaud et al., 2015), have 
focused on thermal habitat in an effort to predict the impacts of ocean 
warming. 

Despite the critical need to understand the impacts of temperature on 
epibenthic invertebrates, very few temperature-dependent rate mea-
surements of benthic macrofauna have been made. The physiological 
capacity of benthic organisms to acclimate or adapt to warming or 
otherwise changing conditions is also understudied (Pörtner, 2010). A 
macrophysiological approach can be useful when physiological data 
from laboratory studies are not available. Macrophysiology is the study 
of interpopulation, interspecific and high taxonomic variation in phys-
iological traits over large geographical and temporal timescales. The 
overall goal of the approach is to understand the reasons for variation in 
physiological traits and the subsequent ecological implications, partic-
ularly in the face of substantial environmental change (Chown et al., 
2004). We took a macrophysiological approach by analyzing (at the 
population level) the thermal habitat of the entire sampled epibenthic 
community over a large geographical and temporal scale. 

Our objective was to study the potential impacts of ocean warming 
by using the range of temperatures at which all sampled epibenthic 
invertebrate taxa over the US Pacific Arctic have been observed over the 
past decade. We took advantage of a decade’s (2009–2018) worth of 
epibenthic invertebrate catch and temperature data from groundfish 
assessment surveys (Lauth et al., 2019) and ecosystem surveys of the 

Bering and Chukchi seas (including the Arctic Ecosystem Integrated 
Survey and the Arctic Integrated Ecosystem Research Program: Baker 
et al., 2020a,b; Mueter et al., 2017). Instead of defining taxa a priori to be 
Arctic or boreal, as other investigators have done (e.g., Renaud et al., 
2015), we used cluster analysis to group taxa by the median and the 
range of temperatures at which they have been observed during the 
reference period (2009–2018), similar to studies by Mueter and Litzow 
(2008), Jørgensen et al. (2019) and Griffiths et al. (2017). We used an 
ensemble of eight coupled climate models that participated in the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) to predict the 
mean increase in bottom temperature from present to mid-century as 
well as to the end of the century and calculated the amount and distri-
bution of seafloor thermal habitat (i.e., the area within the temperature 
range of each cluster of taxa). We posit that cold-water and stenothermic 
taxa would be highly susceptible to ocean warming (i.e., the “losers”), 
whereas warm-water and eurythermic taxa would be relatively tolerant 
to warming (i.e., the “winners”). We then discuss the impacts of pro-
jected changes in thermal habitat on epibenthic community diversity 
and Arctic foodwebs. 

2. Material and methods 

The study area for this work encompassed the Bering and Chukchi 
seas which are seasonally ice-covered shelves (<200 m depth) with 
currents typically flowing northward due to the difference in sea level 
between the Pacific and the Arctic (Aagaard et al., 1981). South and 
north of the shelf breaks are the Aleutian Basin and Central Arctic 
Ocean, respectively, and the two seas are separated by Bering Strait 
which is 88 km wide (Fig. 1a). The water masses of the Bering Sea 
include the nutrient-rich Anadyr Water, Bering Shelf Water, and the 
comparatively fresh and nutrient-poor Alaska Coastal Water 
(Coachman, 1986; Danielson et al., 2016). These water masses bring 
freshwater, nutrients, and organic matter into the Chukchi Sea through 
the Bering Strait (Danielson et al., 2016; Walsh et al., 1989). The Bering 
Sea is home to some of the most productive and lucrative demersal 
fisheries in the world (FAO, 2021). Alaska fisheries as a whole accounted 
for 57% of the weight and 35% of the ex-vessel value of total U.S. do-
mestic landings in 2020 (Hiatt et al., 2021). In comparison, the Chukchi 
Sea currently lacks large stocks of commercial groundfish and it is closed 
to commercial fishing in the US Exclusive Economic Zone (North Pacific 
Fishery Management Council, 2009). There are several human com-
munities that rely on the northern Bering and Chukchi seas for food 
security through subsistence harvest of marine mammals, fish and sea-
birds (Huntington, 2000). In addition, the Arctic ecosystem provides 
these communities with a means for social and cultural expression 
(Huntington, 2000). 

The epibenthic communities of the Bering and Chukchi seas were 
sampled during groundfish assessment and ecosystem surveys con-
ducted by National Oceanic and Atmospheric Administration (NOAA) 
National Marine Fisheries Service, Alaska Fisheries Science Center 
(AFSC) (Baker et al., 2020a,b; Lauth, 2011; Lauth et al., 2019; Mueter 
et al., 2017; Rand et al., 2018). While the Southeast Bering Sea has been 
surveyed annually for epibenthos since 1975, the other areas were 
surveyed less often and only since the 2000s. To minimize the effect of 
long-term trends, catch data were used from surveys from 2009 to 2018 
in the Southeast Bering Sea; 2010 and 2017 in the North Bering Sea; 
2012 and 2017 in the Chukchi Sea shelf; and 2013 in the Northeast 
Chukchi Sea around Barrow Canyon (Fig. 1b). The 83–112 Eastern 
bottom trawl was used for sampling in all years (Stauffer, 2004), with 
the exception of the 2017 Chukchi Sea survey which employed a 3-m 
plumb staff beam trawl (Abookire and Rose, 2005). For both nets, net 
mensuration equipment coupled with a GPS feed was used to calculate 
area swept and catch-per-unit effort (CPUE kg km− 2). Net width was not 
measured for the beam trawl because the beam keeps the net width 
constant. Catch was enumerated, weighed, and identified to the lowest 
taxonomic level feasible on board or from voucher specimens and 
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photographs after the surveys. Catch data of fish were removed before 
further analysis. 

Bottom water temperature data were collected at each trawl station 
using a Sea-Bird bathythermograph continuous data recorder attached 
to the headrope of the net (Sea-Bird Scientific, seabird.com). In addition, 
temperature and salinity with depth were measured with CTDs during 
the 2012 and 2017 Chukchi Sea surveys. 

The median temperature at all stations where each invertebrate taxa 
occurred in the data set was calculated. The temperature range of each 
taxa was calculated as the 10th and 90th percentiles of temperatures at 
all stations where it occurred. K-means clustering was used to group taxa 
by median temperature and range. K-means clustering is a method of 
vector quantization that partitions n observations into k clusters in 
which each observation belongs to the cluster with the nearest mean 
while minimizing the within-cluster variances (i.e., the squared 
Euclidean distances; Bock, 2008). The number of clusters (k) was chosen 
as a balance between the number of groups and the variance within 
groups. Bigger k results in a lower variance to the extreme case of k = n 
which results in variance of 0. The final k was selected by plotting the 
variance (sum of squares) within groups by the number of groups and 
observing the ‘elbow’, or where the slope of the decrease in variance 
changes from steep to shallow. 

The diversity represented by each cluster was assessed by calculating 
the number of taxa and the percent of all taxa (i.e., Alpha diversity). The 

relative abundance in each cluster was calcuated as the mean of the 
percent CPUE (kg km− 2) at all stations, where percent CPUE at each 
station was calculated as CPUE for each species at that station dividied 
by total CPUE at that station over all years. 

To select climate models for bottom temperature projections, model 
summer ocean temperature data from Representative Concentration 
Pathway 8.5 (RCP8.5) scenarios were interpolated on to the survey 
stations (by latitude, longitude and bottom depth). RCP8.5 combines 
assumptions about high population and relatively slow income growth 
with modest rates of technological change, leading in the long term to 
high energy demand and high greenhouse gas emissions in the absence 
of climate change policies (IPCC, 2014). This high emissions scenario is 
frequently referred to as “business as usual”, suggesting that it is a likely 
outcome if society does not make concerted efforts to cut greenhouse gas 
emissions. Visual comparison of model projections with CTD data 
collected during 2017 and 2019 on the Chukchi Sea surveys, indicated 
that 8 of the 22 models downloaded had relatively good agreement with 
the observed bottom temperature during those year. 

The data points from these 8 models were combined and separated 
into a northern (≥66◦ N), and a southern (<66◦ N) domain because the 
whole domain spans a large latitudinal range (54◦ N - 74◦N) which may 
contain large meridional gradients. Model projections for July and 
August were averaged because those months were when the surveys 
were conducted. Decadal average bottom temperatures were calculated 
for 2008–2017 (“present”), 2045–2054 (“mid-century”), and 
2091–2100 (“end-of-century”). 

Maps of the bottom temperature projections were generated by 
averaging model output within 100 km2 grid cells. The 8 projection 
models had varying spatial resolutions (from 0.18◦ Longitude to 1.71◦

Longitude), and the 100 km2 grid cell captured at least one data point for 
each model. 

The amount of thermal habitat available for each cluster of species 
was calculated as the proportion of the total study area projected to be 
within the temperature range for that cluster. Thermal habitat was 
calculated for each cluster for present, mid-century and end-of-century 
projections of bottom temperature. Maps of the distribution of thermal 
habitat for all clusters and decadal projections were also produced. 
ArcGIS Desktop 10.6, version: 10.6.0.8321 (www.esri.com) was used to 
create the maps. Because thermal habitat was based on species occur-
rence, and not weighted by biomass, we did not project habitat dis-
placements using center of gravity analyses such as in Fossheim et al. 
(2015). 

3. Results 

Variance within k-means cluster groups declined rapidly as group 
number increased from 1 to 5 in all regions (Fig. 2). For group numbers 
larger than 5, variance decreased less rapidly. Therefore group size (k) 
was chosen to be 5 for further analysis. 

The 5 k-means clusters were given qualitative descriptors arbitrarily 
based on average median and range of temperature for taxa in the 
cluster. Clusters for which median temperatures were 0.6 ◦C or less were 
designated as representing “cold-water” taxa. Clusters for which median 
temperatures were 2.5 ◦C or greater were designated as “warm-water”. 
“Stenothermic” clusters were those with a range of 2.8 ◦C or less and 
“eurythermic” clusters were those with a range of 5.5 ◦C–6 ◦C; “highly 
eurythermic” was a range of 9.0 ◦C (Table 1). 

Cluster A, the “cold, stenothermic” cluster and Cluster E, the “warm, 
high eurythermic” cluster contained the lowest proportion of taxa (12% 
and 8%, respectively; Table 1). Cluster D, “warm, eurythermic”, con-
tained the greatest proportion of taxa (38%). Cluster B, “cold, eury-
thermic” and Cluster C “warm, stenothermic” contained intermediate 
proportions of taxa (21% and 19%, respectively). Clusters B and D had 
the greatest proportional catch density (49% and 38%). The other 
clusters had catch densities less than 10% of total catch (Table 1). 

The most abundant taxa (in terms of biomass density) in Cluster A, 

Fig. 1. a)The Bering Sea and Chukchi Sea study area showing shelf breaks, 
Aleutian Basin, Central Arctic Ocean, Bering Strait, currents and/or typical 
water mass pathways and coastal human communities, b) Stations and years 
survey data used in the analysis. 
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“cold, stenothermic”, were Gastropoda and Musculus sp. at 3.8% and 3% 
of total catch density, respectively. Other taxa, occurring at less than 1% 
of catch density but greater than 0.1%, included echinoderms, sipun-
culids, and arthropods (Table 2). The most abundant taxa in Cluster B, 
“cold, eurythermic”, were Ophiura sarsii and Ophiura sp. at 39% of total 
catch density. Other taxa in this cluster included echinoderms, mollusks, 
chordates, gastropods, cnidarians, arthropods, and annelids. The most 
abundant taxon in Cluster C, “warm, stenothermic”, was Nuculana 
radiata. The other taxa caught at densities greater than 0.1% were a 
gastropod and a bryozoan. The most abundant taxon in Cluster D “warm, 
eurythermic”, was Chionoecetes opilio, at 9% of total catch density. Other 
taxa in this cluster included echinoderms, cnidarians, bryozoans, 
sponges, arthropods, gastropods, mollusks, cnidarians, chordates, and 
annelids. The most abundant taxon in Cluster E “warm, highly eury-
thermic” was Gorgonocephalus cf. arcticus. Other taxa in this cluster 
included arthropods, cnidarians, and echinoderms. 

Observed temperatures from the CTD data collected in 2017 and 
2019 fell within the range of model projections for both domains and 
were very close to the ensemble mean of the model in the northern 
domain (Fig. 3). However, in general, these eight models overestimated 
the mean bottom temperature in the southern domain. The spread in the 
projected temperature was larger in the northern domain compared with 
southern domain. This is more obvious in the latter half of the 21st 
century. Looking forward to the future decadal changes, model pro-
jections indicated an increase in average bottom temperature in the 
northern domain from 0.98 ◦C at present to 2.25 ◦C by mid-century (an 
increase of 1.27 ◦C) and to 5.60 ◦C by the end of century (an increase of 
4.62 ◦C). Model projections of the southern domain indicate an increase 
from 3.83 ◦C at present to 5.15 ◦C by mid-century (an increase of 

1.32 ◦C); and to 8.10 ◦C by the end of the century (an increase of 4.27 ◦C) 
(Table 3). 

The spatial distribution of model projections of bottom temperature 
shows the coldest water in the north and the warmest to the south and 
nearshore, as expected (Fig. 4). The range of the coldest water shrinks to 
the north from present (Fig. 4a) to mid-century (Fig. 4b) to end-of- 
century (Fig. 4c); and the temperature of waters to the south in-
creases. Bottom waters less than 0 ◦C virtually disappear by the end of 
the century (Fig. 4c). 

The present-day model projection of bottom temperature shows that 
there was the least thermal habitat for Cluster A “cold, stenothermic” 
(31% of the total survey area) and the most for Cluster E “warm, highly 
eurythermic” (96%) (Table 4). The other two eurythermic clusters, 
Clusters B and D, also had a relatively large proportion of thermal 
habitat available to them, 88% for both. There was an intermediate 
proportion of thermal habitat available for Cluster C, “warm, sten-
othermic” (61%). 

The amount of thermal habitat decreased for all clusters from present 
to mid-century, except for Cluster E for which there as an increase of 2%. 
The amount of thermal habitat available at mid-century ranged from a 
low of 13% for Cluster A and a high of 98% for Cluster E. The decrease in 
thermal habitat from mid-century to end-of-century was even greater 
than from present to mid-century. Thermal habitat for Cluster A virtu-
ally vanished by the end of the century, at 2%. There was 10% or less 
thermal habitat available for Clusters B and C, and 13% available for 
Cluster D. 72% of thermal habitat was available for Cluster E at the end 
of the century. 

The spatial distribution of thermal habitat, based on present-day 
model projections under RCP 8.5 scenarios, was similar for all clus-
ters, except Cluster A, “cold, stenothermic”, for which thermal habitat 
was confined to the north and west; and Cluster C, “warm, sten-
othermic”, whose thermal habitat did not extend as far north as the 
others (Fig. 5). Projected available thermal habitat contracts to the north 
for all clusters from present to mid-century, except for Cluster E, the 
most eurythermic (Fig. 6). By the end of the century the contraction to 
the north is so great that there is projected to be suitable thermal habitat 
for Clusters A-D only north of 65◦ N, in the northern Chukchi Sea. 
Thermal habitat for Cluster A is only found at the slope between the 
Chukchi Sea and Central Arctic Ocean (Fig. 7). The distribution of 
thermal habitat for Cluster E at the end of the century contracts very 
slightly to the north (approx. 10 km) and more noticeably to the west 
(approx. 30 km). 

4. Discussion 

An ensemble of eight coupled climate models projected a mean in-
crease in summer bottom temperature in the Bering and Chukchi seas of 
around 1.3 ◦C by mid-century and an even greater increase of around 
4.5 ◦C by the end of the century. Warmer waters were projected to 
expand northward, as expected; and the nearshore area, the location of 
the typically warm and low salinity Alaska Coastal Current (ACC; 
Coachman et al., 1975), was projected to be the warmest by the end of 
the century, as high as 12.3 ◦C. Although the climate models showed 
good agreement with observations in the northern domain, in the 

Fig. 2. Relationship between number of groups in k-means clustering and 
within-cluster variance (sum of squares). 

Table 1 
Median temperature and range for each cluster and percent of species in each cluster. “Cold” clusters are those which median temperatures 0.6 ◦C or less and “warm” 
clusters are those with median temperatures 2.5 ◦C or greater (arbitrarily defined). “Stenothermic” clusters are those with a range (10th to 90th percentile) of 3.5 ◦C or 
less; “eurythermic” clusters are those with a range of 5.5◦–6 ◦C and the “highly eurythermic” cluster has a range of 9.0 ◦C (arbitrarily defined). Number and percent of 
taxa and percent catch biomass density are also shown.  

Cluster Median temperature Temperature range (◦C) Magnitude of range Qualitative descriptors # of taxa % kg km− 2 

A − 0.3 − 1.5◦ – 2.0◦ 3.5◦ cold, stenothermic 40 (12%) 9% 
B 0.6 − 1.4◦ – 4.6◦ 6.0◦ cold, eurythermic 65 (21%) 49% 
C 3.4 1.8◦–4.6◦ 2.8◦ warm, stenothermic 60 (19%) 2% 
D 2.5 − 0.5◦ – 5.1◦ 5.5◦ warm, eurythermic 119 (38%) 38% 
E 2.8 − 0.7◦ – 8.3◦ 9.0◦ warm, highly eurythermic 26 (8%) 3%  

E.A. Logerwell et al.                                                                                                                                                                                                                            



Deep-Sea Research Part II 206 (2022) 105210

5

southern domain the models overestimated the bottom temperatures. 
This illustrates that models behave differently in different regions. This 
does add some uncertainty into our projections, which can be addressed 
in our future studies. There are several possibilities that explain why 
models overestimated the bottom temperature in the southern domain. 
One of them is the coarse resolution (both horizonal and vertical) of the 
models. Whether physical processes such as the freshwater input being 
properly resolved could be another one. This is out of the scope of our 
current study. In this study, only eight models were used for two reasons: 
1) these models are part of the group that simulated the sea-ice cover in 
good agreement with observations in their historical runs (Wang and 
Overland, 2015) – as we know sea ice plays an important role in regu-
lating the ocean temperature in these regions; and 2) these models have 
decent vertical resolution in the ocean model in our study region. The 
bottom temperature presented from these models is the interpolation of 
model grid averaged to the survey layer. Thus, some of the bias could be 
from the interpolation process. Despite the possibility of bias, our pro-
jections of bottom temperature are consistent with projected future re-
ductions of sea ice cover, and earlier seasonal spring sea ice retreat in the 
region (Wang et al., 2018). They are also consistent with analyses of past 
trends. For example, the heat content of the Chukchi Sea shelf has 
warmed significant in the summer and fall since 1922, and that rate has 
accelerated since 1990 (Danielson et al., 2020). In addition, sea-ice 
extent, concentration and duration have declined over the past two 
decades in the Chukchi Sea, and since 2014 in the Bering Sea (Baker 
et al., 2020a,b). 

Table 2 
Percent catch by species (or lowest taxon) in each cluster. Taxa with percent 
catch greater than or equal to 0.1% are shown, the rest of the catch is summed 
and shown as ‘Other’.  

Cluster A "cold, stenothermic" taxa 

Taxon % kg km-2 

Gastropoda 3.8% 
Musculus sp. 3.0% 
Urasterias lincki 0.4% 
Solaster dawsoni 0.3% 
Golfingia (Golfingia) margaritacea 0.3% 
Myriotrochus rinkii 0.2% 
Naticidae 0.2% 
Buccinum glaciale 0.1% 
Margarites 0.1% 
Pandalidae 0.1% 
Other 0.2% 
Grand Total 9% 

Cluster B "cold, eurythermic" taxa 
Taxon % kg km-2 

Ophiura sarsii 36% 
Ophiura sp. 3% 
Clypeasteroida 2% 
Nuculana pernula 1% 
Ocnus glacialis 1% 
Psolus fabricii 1% 
Halocynthia aurantium 1% 
Musculus discors 1% 
Buccinum polare 0.5% 
Leptasterias (Hexasterias) polaris 0.5% 
Gersemia rubiformis 0.3% 
Eualus sp. 0.3% 
Eualus gaimardii 0.3% 
Pagurus rathbuni 0.2% 
Leptasterias groenlandica 0.2% 
Polychaeta 0.2% 
Crossaster papposus 0.2% 
Euspira pallida 0.2% 
Astarte sp. 0.2% 
Buccinum sp. 0.1% 
Benthoctopus sp. 0.1% 
Eualus macilentus 0.1% 
Macoma calcarea 0.1% 
Leptasterias arctica 0.1% 
Other 0.4% 
Grand Total 49% 

Cluster C "warm, stenothermic" taxa 
Taxon % kg km-2 

Nuculana radiata 1% 
Pyrulofusus sp. 0.4% 
Alcyonidium gelatinosum 0.1% 
Other 0.04% 
Grand Total 2% 

Cluster D "warm, eurythermic" taxa 
Taxon % kg km-2 

Chionoecetes opilio 9% 
Bivalvia 4% 
Ctenodiscus crispatus 4% 
Asterias amurensis 3% 
Actiniaria 2% 
Echinarachnius parma 2% 
Alcyonidium disciforme 1% 
Gorgonocephalus sp. 1% 
Strongylocentrotus sp. 1% 
Porifera 1% 
Pagurus trigonocheirus 1% 
Hyas coarctatus 1% 
Solaster sp. 1% 
Neptunea heros 1% 
Ennucula tenuis 0.4% 
Evasterias echinosoma 0.4% 
Cyanea capillata 0.4% 
Neptunea sp. 0.4%  

Table 2 (continued ) 

Cluster A "cold, stenothermic" taxa 

Taxon % kg km-2 

Neocrangon communis 0.4% 
Gersemia sp. 0.3% 
Eucratea loricata 0.3% 
Stomphia sp. 0.3% 
Cryptonatica affinis 0.3% 
Buccinum scalariforme 0.2% 
Strongylocentrotus droebachiensis 0.2% 
Bryozoa 0.2% 
Gorgonocephalus eucnemis 0.2% 
Labidochirus splendescens 0.2% 
Chrysaora melanaster 0.2% 
Pyrulofusus deformis 0.2% 
Boltenia ovifera 0.1% 
Styela rustica 0.1% 
Neptunea communis 0.1% 
Scyphozoa 0.1% 
Eualus fabricii 0.1% 
Ascidiacea 0.1% 
Lethasterias nanimensis 0.1% 
Eualus belcheri 0.1% 
Pagurus capillatus 0.1% 
Cistenides sp. 0.1% 
Hyas lyratus 0.1% 
Anonyx sp. 0.1% 
Beringius sp. 0.1% 
Neptunea ventricosa 0.1% 
Tachyrhynchus erosus 0.1% 
Crangon dalli 0.1% 
Other 0.6% 
Grand Total 37.5% 

Cluster E "warm, highly eurythermic" taxa 
Taxon % kg km-2 

Gorgonocephalus cf. arcticus 2% 
Argis lar 0.3% 
Balanus sp. 0.3% 
Sclerocrangon boreas 0.2% 
Urticina crassicornis 0.1% 
Argis dentata 0.1% 
Stegophiura nodosa 0.1% 
Other 0.1% 
Grand Total 3%  
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Cold-water and stenothermic taxa, which we suggest would be the 
most vulnerable to ocean warming, were projected to experience the 
greatest decline in the proportion of thermal habitat available. Thermal 
habitat for these taxa, “the losers”, decreased by more than 50% by mid- 
century; and by the end of the century only 2% of the total Bering- 
Chukchi Sea region was projected to be within their temperature 
range. The scant thermal habitat that was projected to be available was 
distributed at the far north on the shelf break and slope between the 
northern Chukchi Sea and the deep Central Arctic Ocean basin. 

Temperature projections of the Arctic slope and basin were not exam-
ined for this study, but we suggest that even if bottom temperatures were 
projected to be suitable, the depth of the slope and the basin would not 
match the habitat requirements of these shelf-occupying taxa. In other 
words, retreat of shelf benthos can only continue until they reach the 
northern shelf break and slope, with local extinctions a likely conse-
quence. Similar to our predictions, northward range contractions of the 
commercially important snow crab (Chionoecetes opilio), driven by ocean 
warming and the shrinking of the Bering Sea cold pool, have been 

Fig. 3. Time series of July and August bottom temperature interpolated to the survey grid and then averaged over the northern (66–75 ◦N) and southern (54–66 ◦N) 
domain. Thin colored lines are based on each individual model, and thick black line indicates the ensemble mean of the eight models. Grey dots are the based on 
survey data (light grey dots are survey mean bottom temperature interpolated on the grid of each model; dark grey dot is the mean). 

Table 3 
Mean survey bottom temperature, decadal averages from the ensemble mean of the bottom temperature projection models, and temperature increases from present to 
mid-century and end-of-century (◦C).  

Domain Survey 2008–2017 2045–2054 2091–2100 Present to mid-century Present to end-of- century 

North 1.77 0.98 2.25 5.60 1.27 4.62 
South 2.86 3.83 5.15 8.10 1.32 4.27  
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documented (Parada et al., 2010). This may seem to contradict previous 
field and laboratory studies documenting positive impacts of warmer 
temperatures on snow crab growth and reproduction (Dawe et al., 2012; 
Konar et al., 2014; Kolts et al., 2015; Yamamoto et al., 2015; Fedewa 

et al., 2020). However, most of these studies were constrained to tem-
peratures at which crab are currently found, around − 1 to 6 ◦C and 
found optimum temperatures to be around 5 ◦C. These studies can not 
predict how crab will respond to temperatures that we forecasted will 
cover much of the Bering Sea and southern Chukchi Sea by the end of the 
century (up to 8.5 ◦C). In fact, a laboratory study that did test crab 
growth and bioenergetics at temperatures as high as 18 ◦C, showed that 
at temperatures above 7 ◦C metabolic costs exceeded caloric intake with 
negative impacts on growth (Foyle et al., 1989). 

Warm-water and highly eurythermic taxa, hypothesized to be the 
least vulnerable to ocean warming, were projected to experience the 
least decline in the proportion of thermal habitat available. Thermal 
habitat for these taxa, the “winners”, increased slightly from present to 
mid-century and then decreased from 98% to 72% of the study area by 
the end of the century. There was virtually no latitudinal shift in the 
available thermal habitat for these taxa, the reduction in available 
habitat was the result of a slight westward contraction away from the 
area of the ACC. 

Although temperature is regarded to be a key determinant of species 
distribution (Calosi et al., 2010; Chown et al., 2009), other environ-
mental factors have been shown to influence benthic marine species 
distribution. For example, at the level of an individual species, tem-
perature and depth both affected Tanner crab distribution in the eastern 
Bering Sea (Murphy, 2020). At the community level, depth, bottom 
temperature and oceanographic fronts delineated pelagic and benthic 
communities in the eastern Bering Sea (Baker and Hollowed, 2014). 
Water depth and substrate characteristics influenced epifaunal com-
munity structure in the Chukchi Borderland region (Zhulay et al., 2019), 
whereas substrate type and latitude influenced epifaunal community 
composition and distribution in the Russian and US sectors of the 
Chukchi Sea (Bluhm et al., 2009). In addition, model simulations 
showed that changes in sediment organic matter supply from pelagic 
phytoplankton sources can lead to shifts in benthic biomass and com-
munity structure (Lovvorn et al., 2016). Thus, a full habitat model 
incorporating other parameters such as depth, sediment type and export 
phytoplankton production coupled with an ecosystem model that cap-
tures trophic and competitive interactions would provide a more 
detailed picture of the possible future of Arctic benthic communities. 

A comparison of thermal thresholds of selected Arctic epibenthic 
invertebrate taxa and predicted changes in bottom temperature across 
the Pacific and Atlantic Arctic showed some similar results as our study 
(Renaud et al., 2015). Of the 65 species Renaud et al. (2015) analyzed 
(the majority of which were annelids), only seven of the Arctic species 
had clear upper temperature thresholds, and these ranged between 2 ◦C 
and 6 ◦C. These seven species are analogous to Clusters A through D 
which had upper temperature thresholds ranging from 2 ◦C to 5.1 ◦C. 
Similar to our conclusion that these clusters may experience a north-
ward contraction of suitable thermal habitat, Renaud et al. (2015) 
concluded that the northward progression of low-temperature isotherms 
suggest shrinking distribution ranges for these taxa in the future. Four-
teen of the boreal species that Renaud et al. (2015) studied showed clear 
lower temperature thresholds, ranging from 4 ◦C to 10 ◦C. By this 
definition, our study did not include any boreal species, the lower 
temperature thresholds of the taxa we examined ranged from − 1.5 ◦C to 
1.8 ◦C. Renaud et al. (2015) concluded that the boreal species with the 
lowest thresholds are expected to be the first to expand into the Arctic. In 
contrast, our results did not predict northward expansions of thermal 
habitat, only contractions of habitat to the north. This could be due to 
the fact that most of the taxa in our study were cold-water “Arctic” taxa, 
as defined by Renaud et al. (2015). 

In contrast to Renaud et al.’s (2015) study of benthic invertebrates 
and other studies on the distribution of fishes (e.g., Alabia et al., 2018; 
Polyakov et al., 2020), our projections of thermal habitat did not predict 
range expansions to the north, only contractions of habitat to the north 
and offshore. Alabia et al. (2018) documented changes in the distribu-
tions and trophic levels of Bering Sea epibenthic communities from 1982 

Fig. 4. Maps of bottom temperature forecasts (average of 8 models): a) present 
(2008–2017), b) mid-century (2045–2054), c) end of century (2091–2100). 
Temperature scale shown on Fig. 4c is the same for all maps. 
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Table 4 
Proportion of area within temperature range of each cluster based on model projections of bottom temperature at present (2008–2017), mid-century (2045–2054), and 
end of century (2091–2100).  

Cluster Temperature range Qualitative descriptors Proportion of area within temperature range # of Species 

Present Mid-century End-century 

A − 1.5◦ – 2.0◦ cold, stenothermic 31% 13% 2% 40 (12%) 
B − 1.4◦ – 4.6◦ cold, eurythermic 88% 51% 10% 65 (21%) 
C 1.8◦–4.6◦ warm, stenothermic 61% 38% 8% 60 (19%) 
D − 0.5◦ – 5.1◦ warm, eurythermic 88% 64% 13% 119 (38%) 
E − 0.7◦ – 8.3◦ warm, highly eurythermic 96% 98% 72% 26 (8%)  

Fig. 5. Maps of temperature-defined habitat for each cluster based on present-day model forecasts. Temperature scale is the same for all maps.  
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to 2016 with ocean warming. They observed a northward expansion of 
subarctic fish and crustacean species and an increase in community 
trophic level (more large groundfish) over time. In contrast to our 
analysis, which was of the entire epibenthic invertebrate community (at 
least as reflected in our catch data), their analysis was limited to catch 
data on 36 fish and 10 crustacean (crab and shrimp) species. Retro-
spective studies also show northward expansion of subarctic groundfish 
which would have competitive and predatory implications for Arctic 
benthic epifauna (Stevenson and Lauth, 2019; Eisner et al., 2020; Spies 
et al., 2020; Baker, 2021). 

There is also evidence for northward range expansions of demersal 
fish and shrimp species in the Barents Sea and Western Eurasion Basin 
(Polyakov et al., 2020). These previous studies documenting 

distributional shifts northward with ocean warming focused on fishes 
and a few crustaceans, not the epibenthic invertebrate community we 
examined. We did not examine whether North Pacific epibenthic 
invertebrate taxa, found south of the Bering Sea might find expand to the 
north and find suitable habitat in a warming Bering Sea. However, the 
relatively shallow depths of the Bering Sea shelf, compared to the depth 
of the slope and basin, might make the “new” habitat unsuitable for 
southern taxa. Analogous to the situation to the north, we suggest that 
the possibility of new species invading from the south with warming 
ocean temperatures might be constrained by the southern shelf break 
and slope. 

We also did not examine whether epibenthic invertebrates in the 
Gulf of Alaska could expand into the Bering Sea with ocean warming 

Fig. 6. Maps of temperature-defined habitat for each cluster based on mid-century model forecasts. Temperature scale is the same for all maps.  
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Dispersal of benthic invertebrates primarily occurs during the pelagic 
egg or larval stage through an interplay of two types of processes: 
physical (current flow and retention) and biological (vertical migration 
and directed horizontal swimming). Pelagic larval duration also impacts 
dispersal distances. Finally, prey availability, growth and predation 
have consequences for larval survival to settlement (Cowen and Spo-
naugle 2009). Past research suggested that long-distance larval dispersal 
between sub-populations was pervasive. However, more recent research 
indicates that dispersal distances are smaller and subpopulations are 
more isolated than previously thought (Cowen et al., 2007; Cowen and 
Sponaugle, 2009). There is a strong oceanographic connection between 
the Gulf of Alaska (GOA) and the Bering Sea (BS) by way of the narrow, 
high-speed Alaska Coastal Current which extends for more than 1000 
km along the coast of the GOA and through Unimak Pass to the BS 

(Stabeno et al., 1995). Simulation modeling studies of GOA fish show 
that eggs and larvae released in the western GOA can be advected into 
the BS (Parada et al., 2016; Gibson et al., 2019; Stockhausen et al., 
2019). Further study is required to determine whether benthic inverte-
brate populations of the GOA are relatively isolated as reviews of recent 
research suggest; or whether invertebrate eggs and larvae can disperse 
from the GOA to the BS as some fishes may and thus expand their 
population range with ocean warming. Our projections of changes in the 
distribution and extent of thermal habitat do not address the potential 
for changes in benthic invertebrate biomass over time. Decreases over 
the past three decades in biomass of benthic infauna (mostly bivalves, 
amphipods, polychaetes, and sipunculids) in the northern Bering Sea 
and increases in the southeast and northeast of the Chukchi Sea have 
been documented (Grebmeier, 2012; Grebmeier et al., 2006, 2018). The 

Fig. 7. Maps of temperature-defined habitat for each cluster based on end-of-century model forecasts. Temperature scale is the same for all maps.  
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decreases in the Bering Sea were attributed to the loss of sea ice and a 
weakening of the benthic-pelagic coupling that provides pelagic carbon 
to the benthos. The increases in the Chukchi Sea were attributed to 
higher export of pelagic production to the benthos resulting from a 
longer open water season. Increases in epibenthic biomass (mostly 
ophiuroids, snow crab Chionoecetes opilio, holothurians, and urchins) in 
the southeast Chukchi Sea, Norton Sound, and the southeast Bering Sea 
have been documented (Bluhm et al., 2009). Although snow crab 
abundance increased from the late 1970s to the 2000s in the Chukchi 
Sea (Bluhm et al., 2009), recent surveys show that snow crab stocks in 
the Bering Sea are in decline. Biomass of crab was the lowest on record in 
2021, continuing a declining trend that began in 2015 (Zacher et al., in 
prep.). To address changes in biomass, an ecosystem model that in-
corporates projections of primary production, pelagic consumption, 
supply of pelagic carbon to the benthos, benthic infaunal and epifaunal 
biomass and bottom temperature would be useful. 

The presently predicted changes in amount of thermal habitat 
available to epibenthic invertebrates could have reverberating impacts 
on whole Arctic food webs. The most abundant taxa (in terms of 
biomass) in the cold-water and stenothermic cluster, i.e.,. the “losers”, 
were gastropods and the bivalve Musculus sp. These taxa are prey to the 
endangered Pacific walrus (Odobenus rosmarus), which is harvested as a 
food resource in native Alaskan communities (Hovelsrud et al., 2008; 
Sheffield et al., 2001; Sheffield and Grebmeier, 2009). Bivalves, possibly 
including Musculus sp., are the primary prey to commercially important 
flatfish, such as yellowfin sole (Limanda aspera), Alaska plaice (Pleuro-
nectes quadrituberculatus), rock soles (Lepidopsetta spp.) and flounders 
(Atheresthes spp., Hippoglossoides robustus, and Platichthys stellatus). 
Small Pacific halibut (Hippoglossus stenolepis) also prey on bivalves (data 
from AFSC food habits collections as described in Livingston et al. 
(2017) (Aydin pers.com). The most abundant species in the warm-water 
and highly eurythermic cluster, i.e., the “winners”, was the basket star 
Gorgonocephalus cf. arcticus. Basket stars feed on zooplanktonic prey, 
such as euphausiids using their sticky tube feet and a sophisticated 
system of spines and hooks (Rosenberg et al., 2005). It is not known who 
their predators are. Our conclusions about these specific potential food 
web impacts are qualified by the coarse taxonomic resolution of our data 
on gastropods and bivalves. It is possible that these groups include 
species with different thermal preferences and that we have missed the 
fine-scale differentiation between individual gastropod and bivalve 
species responses. 

The predicted changes in thermal habitat could also impact the 
taxonomic diversity of the region. Thermal habitat for all taxa (except 
those with the broadest temperature range) contracted to the north, such 
that by the end of the century the projection was that south of 65 ◦N 
(Point Hope) there would only be suitable thermal habitat for the 
“winners”. This could have an impact on taxonomic diversity of the 
Bering-Chukchi Sea region because this cluster accounted for only 26 
taxa or 8% of all taxa observed. Our diversity calculations are based on 
data with varying levels of taxonomic resolution, so this estimate may be 
biased low because of the inclusion of catch data at resolutions higher 
than species. 

A key assumption of our approach was that the observed temperature 
ranges in the Bering to Chukchi Sea region were representative of spe-
cies local physiological tolerances. Laboratory studies of thermal accli-
mation potential of Arctic epibenthic invertebrate megafauna are scarce. 
Laboratory experiments have been conducted to determine the tem-
perature limit of 4 species from Kongsfjorden in Svalbard: a sea urchin 
(Strongylocentrotus droebachiensis), a gastropod mollusk (Margarites hel-
icinus), a bivalve mollusk (Serripes groenlandicus), and an amphipod of 
the genus Onisimus (Richard et al., 2012). The results were that the sea 
urchin and the gastropod could acclimate to the highest experimental 
temperature, 10.3 ◦C. These two species were in the “warm, broad 
range” cluster in our analysis, although their temperature range (as 
defined by the 10th and 90th percentiles) was up to only 5.1 ◦C. Richard 
et al. (2012) conclude that their results that Arctic species could 

acclimate to high temperatures “appear anomalous”, most likely 
because the Gulf Stream increases sea temperatures in Svalbard in 
summer to an average of 4 ◦C–6.5 ◦C, more similar to temperate regions 
than to other polar regions. Indeed, these temperatures are higher than 
most of our study area. The climate variability hypothesis predicts that 
high seasonal variation in ocean temperature, such as observed in 
temperate regions, will result in greater ability to acclimate to increased 
temperature compared to environments with less seasonal temperature 
variability such as the tropics and polar regions (Stevens, 1989). Sup-
porting this hypothesis, a number of thermal tolerance experiments have 
been conducted with Antarctic species in which most have demonstrated 
a narrow thermal tolerance range (Morley et al., 2011; Peck et al., 
2009a, 2009b, 2010). Laboratory acclimation experiments of Arctic taxa 
occurring in less variable and colder temperatures than previously 
studied are needed (Richard et al., 2012). It is also important to note that 
temperature increases within physiological tolerance extremes, but 
outside the ‘normal operating temperature range’ of an organism can 
result in lower growth and reproduction (Pörtner and Knust, 2007; 
Wang and Overgaard, 2007). 

A related assumption is that species have undergone adaptation to 
ocean temperatures at the regional scale. Local adaptation results in 
resident genotypes that have a higher fitness in their native habitat than 
do other genotypes from more distant populations. Local adaptation was 
once thought to be rare in marine invertebrates with planktonic larvae 
and potentially high rates of dispersal. But there is now considerable 
evidence that variation in temperatures across a variety of scales from 
vertical gradients in the intertidal to latitudinal gradients across the 
globe has led to divergence in physiological traits among populations of 
marine invertebrate taxa with a range of life histories, including 
planktonic dispersal (Sanford and Kelly, 2011). Thus, although some of 
the taxa that we predict will lose Arctic habitat with ocean warming 
have relatively widespread distributions into temperate latitudes, we 
assume that they have adapted to the cooler ocean temperatures of the 
Bering to Chukchi seas and will experience reduced fitness as tempera-
tures warm there. Examples of these taxa are brittlestars (Ophiura sarsii) 
(Pawson et al., 2009; Stöhr et al., 2019), mussels (Musculus spp.) (Zen-
etos et al., 2005) and nut clams (Nuculana pernula) (Kamenev, 2013). 
Although we assume that local adaptation to temperature has occurred 
over the past millenia, we also assume that there will be no significant 
evolutionary adaptation to ocean warming in the future because climate 
change will outpace the ability of species to adapt. Climate change in the 
Arctic has been and will likely continue to be rapid: sea temperatures 
have risen 1–3◦ in 40 years (Timmermans and Labe, 2020), and our 
projections are that sea temperatures are predicted to rise 4◦ over the 
next 80 years. This increase is more rapid than has been observed over 
the past million years or on record over the last glacial cycle (PAGES 2K 
Consortium et al., 2019) and is faster than normal evolutionary time-
scales (Peck et al., 2009b). We therefore suggest that it is unlikely that 
Arctic benthic macrofauna will be able to evolutionarily adapt to such a 
rapid increase in ocean temperature. 

5. Conclusions 

Model projections of ocean bottom temperature suggest that by the 
end of the century thermal habitat will be reduced for many Arctic 
epibenthic invertebrate taxa. We acknowledge that models informed by 
temperature alone and assumptions of future distributions based on past 
distributions have limitations. Although temperature is a primary 
determinant of habitat, a full habitat model incorporating other relevant 
environmental parameters such as sediment type and export production 
coupled with an ecosystem model that captures trophic and competitive 
interactions and additional information on species-specific plasticity 
and thermal tolerance thresholds would provide a more detailed picture 
of the possible future of Arctic benthic communities. In addition, more 
laboratory studies of thermal acclimation potentials of Arctic benthic 
invertebrates are needed. The potential for taxa from the North Pacific 
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and Gulf of Alaska to expand their range into a warming Bering Sea also 
deserves further study. Finally, continued monitoring of the distribu-
tion, abundance and species composition is needed to track changes and 
refine predictions about the future of this diverse and productive com-
munity that supports a number of upper trophic taxa and Arctic human 
communities. 
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Here we describe a correction to estimates of the size and species 
selectivity of two survey trawls in De Robertis et al. (2017a). In that 
study, trawl selectivity was investigated by equipping a modified Mar-
inovich survey trawl with recapture nets to estimate the degree to which 
organisms entering the trawl mouth escape during the capture process. 
On a subset of hauls, paired hauls with both the Marinovich and a larger 
Cantrawl trawl were conducted. The size and species selectivity of the 
nets was estimated by combining the catch data from both trawls in a 
statistical model. Escapement (E) from each section of the Marinovich 
was characterized as E = Cmar

fmar 
where cmar is the catch in the Marinovich 

recapture net in a given section of the net and fmar is the fraction of the 
trawl surface area covered by the recapture nets in that section. 

In De Robertis et al. (2017a), fmar of 0.022 was used in the forward 
portion of the trawl, and 0.055 was used in the aft portion of the trawl. 
We have discovered that these values were incorrectly computed. The 
correct value of fmar in the experimental configuration is 0.065 in the 
forward portion of the trawl, and 0.132 in the aft portion of the trawl. 
Here we summarize the impacts of this inadvertent error on the selec-
tivity estimates reported in De Robertis et al. (2017a). We also examine 
the effects of this error on the abundance estimates of acoustic-trawl 
surveys conducted in the Chukchi Sea in 2012 and 2013 as these sur-
veys applied these selectivity relationships to correct for the selectivity 
of the survey trawl (De Robertis et al., 2017b). 

The proportion of mesh area covered by the recapture net in De 

Robertis et al. (2017a) was incorrect for two reasons. First, the size of the 
recapture net was miscommunicated, and the number of meshes covered 
by the recapture net was under-estimated. Second, the codend was not 
included in the trawl diagram, and the area of the net covered by the 
fine-mesh (2 by 3 mm) codend liner was misinterpreted. We thus 
incorrectly assumed that the liner was placed in the aft section of the net 
during the survey rather than lining a separate, undocumented codend. 
These errors were discovered by comparing the trawl with the net dia-
gram. These errors could have been avoided by better documentation of 
the trawl and recapture nets, and verifying that the recapture nets and 
trawl matched the net plans as part of the experiment. Corrected dia-
grams of the trawl and recapture nets as used in the experiment 
(Figs. S1.1-1.2), and a protocol to estimate recapture net coverage in this 
and future studies (S2) are given as supplementary material. 

The primary consequence of under-estimating fmar by a factor of 3 in 
the forward section and 2.4 in the aft section is that escapement from the 
Marinovich trawl was over-estimated. Escapement from the Cantrawl 
was also over-estimated as this depends on the estimated abundance of 
fish in the volume sampled which depends on the estimated selectivity 
of the Marinovich (De Robertis et al., 2017a; their equation 9). The re-
ductions in estimated escapement can be visualized by comparing the 
revised calculations (Table 1 and Figs. S1.3-S1.7) with those in the 
original publication (their Table 2, Figs. 4–5 and 7–9). 

Although the qualitative pattern of escapement from different sectors 
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of the net is similar to that described by De Robertis et al. (2017a), the 
proportion of fish escaping though the meshes is smaller (Fig. S1.4). In 
general, the corrected probability of retention in both nets is higher, but 
the slope of the curves remains similar (Figs. S1.5-7). The length at 50% 
retention (L50), which is directly affected by the absolute value of 
escapement, decreases when fmar is corrected (compare Table 1 and De 
Robertis et al. (2017a), their Table 2). However, the slope of the curve 
defined by SR, which describes the difference in length at 75% and 25% 
retention (i.e. L75 - L25), is less affected. For example, for Arctic cod, the 
most abundant species, L50 for the Marinovich shifts from 6.2 to 5.2 cm 
after correction, while SR is unchanged at 2.2 cm. In the case of the 
Cantrawl, L50 shifts from 5.6 to 5.3 cm, and SR is unchanged at 0.8 cm. 
Stated another way, the primary impact is that the probability of 
retention increased in both nets (i.e. L50 decreased). For example, the 
probability of retaining a 4 cm Arctic cod increased from 0.11 to 0.23 for 
the Marinovich after correction, and 0.01 to 0.02 for the Cantrawl. 
However, SR was unaffected in this case. Thus, although the corrected 
results indicate that the trawls are more likely to retain these small fishes 
than initially estimated, the relative differences between different sizes, 
species and trawls are less affected. We regret the error, and the cor-
rected selectivity values and figures presented here should supersede 
those in the original publication. 

The primary application of these selectivity relationships was to es-
timate selectivity-corrected species and size distributions from trawl 
catches for use in acoustic-trawl abundance surveys (De Robertis et al., 
2017b). These survey estimates are a complex function of acoustic 
backscatter measurements, trawl catches, selectivity estimates, and the 
acoustic properties of the organisms. We re-computed the abundance 
estimates with the corrected selectivity estimates and find that as ex-
pected from prior sensitivity analyses (De Robertis et al., 2017b, their 

Table 3), the effect on abundance estimates is relatively modest. 
Total estimates for Arctic cod were within 0.7% of the previous es-

timates and those of other, less abundant species differed by at most 
9.9% (Table 1). In addition, the reduced selectivity shifted size distri-
butions sizes towards larger fish: mean length increased by up to 1.1% 
for Arctic and saffron cod, and by up to 7.9% for capelin and herring 
(Table 1). These differences are small because the acoustic-trawl esti-
mates are sensitive to the relative change in escapement between species 
and size classes (i.e. changes in size and species composition) rather than 
the absolute changes in escapement. Thus, the impact of the error 
described above on the acoustic-trawl abundance estimates reported by 
De Robertis et al. (2017b) is modest, and does not appreciably alter the 
conclusions of that study. A revised data set with abundances computed 
with the corrected fmar parameter is available for use in future studies 

(De Robertis, 2021).  

Table 1 
Revised logistic selection curve parameters with bootstrapped confidence in-
tervals. Methods are equivalent to those in De Robertis et al. (2017a) but with a 
correction for the degree of coverage of the recapture nets. L50 is the length in cm 
at 50% retention, and SR is the length in cm between 75 and 25% retention. 
Scientific names are follows: Arctic cod (Boreogadus saida), saffron cod (Eleginus 
gracilis), Arctic sand lance (Ammodytes hexapterus), Pacific capelin (Mallotus 
villosus). In the case of Arctic sand lance and capelin, some of the point estimates 
of L50 and SR fall outside of the 90% bootstrap confidence interval, which 
suggests that these values are affected by a small number of trawl hauls. Large 
values of SR imply little size selectivity across the observed size range. Note that 
A. hexapterus is referred to as Arctic sand lance (Orr et al., 2015), while this 
species was referred to as Pacific sand lance in De Robertis et al. (2017a,b).  

Species 
Group 

Marin. L50 
(cm) 
(90% CI) 

Marin. SR 
(cm) 
(90% CI) 

Can. L50 (cm) 
(90% CI) 

Can. SR (cm) 
(90% CI) 

Arctic cod 5.2 (4.7,5.9) 2.2 (1.6, 3.1) 5.3 (4.1, 5.8) 0.8 (0.7, 1.0) 
saffron cod 10.3 (8.3, 

19.7) 
6.1 (4.2, 
14.2) 

6.3 (− 15.5, 
24.4) 

1.1 (− 1.3, 3.3) 

Arctic sand 
lance 

11.1 (6.5, 
18.9) 

5.9 (2.1, 
15.6) 

257.2 (− 64.3, 
94.4) 

77.5 (− 19.7, 
24.9) 

capelin − 48.2 
(− 31.7, 45.7) 

− 88.8 
(− 56.3, 59.4) 

6.2 (− 4.3, 
18.5) 

1.0 (− 12.2, 
7.5) 

other fishes 9.3 (8.2, 
24.5) 

5.2 (4.3, 
15.7) 

13.0 (9.1, 
34.0) 

2.9 (1.8, 9.0) 

jellyfish 3.2 (− 0.8, 
3.8) 

1.3 (0.1, 1.5) 89.4 (− 437.6, 
557.7) 

52.6 (− 283.8, 
342.4)   
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Table 2 
Revised abundance of fishes by year and area estimated with acoustic-trawl methods in the 2012 and 2013 Arctic EIS surveys of the northern Bering and Chukchi 
continental shelf. The abundance in various survey sub-regions is given for comparison with the previously published results (De Robertis et al., 2017a; their table 3). A 

summary of the percent changes in abundance 
[(

Ncorr

Norig
− 1

)

*100
]

and mean length 

⎡

⎢
⎣

⎛

⎜
⎝

Lcorr

Lorig
− 1

⎞

⎟
⎠*100

⎤

⎥
⎦ comparing the original estimates of De Robertis et al. (2017b) 

(orig) and the corrected estimates (corr) is provided.  

Species Year N. Bering (No. 
fish) 

S. Chukchi (No. 
fish) 

N. Chukchi (No. 
fish) 

Entire area (No. 
fish) 

Common area 
(No. fish) 

Change in abundance (% in 
entire area) 

Change in length (% of 
mean length) 

Arctic 
cod 

2012 6.5⋅109 2.0⋅108 8.0⋅1010 8.6⋅1010 8.6⋅1010 − 0.2 0.5  

2013 2.8⋅102 2.3⋅109 2.5⋅1011 2.5⋅1011 2.4⋅1011 0.7 1.0 
Saffron 

cod 
2012 5.8⋅107 6.9⋅108 6.6⋅108 1.4⋅109 1.4⋅109 − 7.5 1.1  

2013 1.3⋅107 4.4⋅109 1.5⋅109 5.9⋅109 5.9⋅109 − 2.3 0.3 
Capelin 2012 3.3⋅108 2.9⋅108 7.5⋅108 1.4⋅109 1.1⋅109 − 5.2 7.9  

2013 6.2⋅108 3.3⋅107 1.1⋅109 1.8⋅109 1.7⋅109 − 9.9 3.9 
Herring 2012 1.3⋅109 1.7⋅108 1.3⋅107 1.5⋅109 1.5⋅109 1.1 2.0  

2013 7.5⋅109 4.2⋅107 1.5⋅105 7.6⋅109 6.6⋅109 − 0.1 0.8   
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A B S T R A C T   

Pelagic trawls are one of the primary methods of sampling midwater fishes. However, these trawls are species- 
and size-selective, and small fish can escape through trawl meshes. This can introduce uncertainty and bias into 
survey abundance estimates if not accounted for. The small, abundant pelagic fishes of the Alaska Arctic are 
challenging to sample with trawls as they are sufficiently motile to avoid small fine-mesh trawls but are also 
small enough to escape through the meshes of trawls designed to capture larger fishes. A pelagic herring trawl 
equipped with a fine-mesh codend liner was used to quantify the size and species composition of pelagic fishes 
during a baseline acoustic-trawl survey of the Chukchi Shelf. Subsequent experiments with recapture nets 
attached to the outside of the trawl netting suggested that escapement of small fishes was substantial, particu-
larly in the aft net section. Thus, the trawl was further modified by reducing the taper in the aft net section and 
adding a small-mesh section in front of the codend to potentially reduce escapement. Further use of recapture 
nets during two subsequent acoustic-trawl surveys confirmed that this trawl modification substantially increased 
retention of small fishes and resulted in less size selectivity. These improvements will reduce biases in estimates 
of abundance, size, and species composition of pelagic Arctic fishes. This work highlights the importance of 
quantifying escapement from survey trawls and demonstrates that escapement estimates can guide successful 
trawl modifications.   

1. Introduction 

Pelagic trawls derived from designs used in commercial fishing are 
widely used to sample midwater fishes in pelagic and acoustic-trawl 
surveys. These trawls rely on fish reactions to the netting to capture 
fishes, as most meshes are much larger than the fish. Pelagic trawls 
typically gradually decrease in diameter and mesh size from the trawl 
mouth, leading to a long intermediate section followed by a small-mesh 
codend. Most meshes in the forward and intermediate sections of a trawl 
are large enough to allow fish to escape. However, fish are reluctant to 
pass through these larger meshes, and instead orient themselves parallel 
to the netting (referred to as ‘herding’, see Glass et al., 1993). The 
herded fish swim parallel to the direction the trawl is towed and become 
increasingly concentrated as they tire and fall back towards the smaller 
diameter codend where they are retained in smaller meshes (Olla et al., 
1997; Kennelly and Broadhurst, 2021). The graduated mesh and gradual 
narrowing (taper) of this trawl design reduces drag so larger nets can be 
towed on a given vessel, increasing catch rates. However, if behavioral 

reactions to the trawl or swimming abilities are species- and size-specific 
(He, 1993), the catch composition will not be representative of the fish 
entering the trawl. Fish behaviors have been extensively exploited to 
reduce commercial catches of unwanted species and/or size classes 
(Kennelly and Broadhurst, 2002). Overall, trawl gear for commercial 
fishing is designed to maximize the catch rates of target species while 
reducing the proportion of unwanted species and/or size classes in the 
catch. 

The requirements for research survey trawls differ from those of 
commercial fish trawls. Ideally, a survey trawl should be unselective, 
capturing all species and size classes with equal efficiency. Unfortu-
nately, this rarely if ever, occurs in practice, so a more attainable aim is 
to design trawls that capture all species and sizes of interest at relatively 
high and constant efficiencies. Trawl catches can then be corrected for 
species/size selectivity if these average size- and species-dependent 
probabilities of capture (i.e. selectivity) are known (Bethke et al., 
1999; Kotwicki et al., 2017). If species and size selectivity are known 
without error, these corrections would fully account for trawl 
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selectivity. In practice, selectivity corrections are uncertain (Williams 
et al., 2011; De Robertis et al., 2017a). Thus, designing survey trawl gear 
with high catch rates is important: when the probability of retention is 
high, the absolute correction for selectivity will be smaller, and un-
certainties in the correction will result in smaller biases in the catch 
estimates. 

While there has been substantial effort to increase the selectivity of 
trawls to reduce unwanted bycatch (Kennelly and Broadhurst, 2021), 
comparatively little work has been conducted to design less selective 
pelagic trawls for research surveys or to quantify the selectivity of these 
survey trawls. Pelagic trawls designed for commercial fishing are 
regularly used as survey trawls (Bethke et al., 1999; Williams et al., 
2011). Fishes that escape from pelagic trawls are generally smaller than 
those retained (Matsushita et al., 1993; Suuronen et al., 1997) and a 
small-mesh liner is often added to the codend of survey trawls to 
improve retention of smaller fishes (Simmonds et al., 1992). This is a 
pragmatic first step as selection in the codend is often high (Matsushita 
et al., 1993; Wileman et al., 1996; Kennelly and Broadhurst, 2021). 
However, this does not address escapement from the meshes forward of 
the codend, which can be substantial, particularly for smaller organisms 
large enough to be retained in the codend but not the rest of the trawl 
(Williams et al., 2011; Herrmann et al., 2018). 

Although trawl selectivity can be investigated via gear comparisons 
(Kotwicki et al., 2017), acoustic and optical imaging (Williams et al., 
2013; Underwood et al., 2020), or small-mesh recapture nets to capture 
fishes escaping through the trawl meshes (Matsushita et al., 1993; 
Skúvadal et al., 2011), the selectivity of most survey trawls is unknown. 
In many applications, it is implicitly assumed that all species and size 
classes are equally likely to be retained by the survey trawl (Simmonds 
et al., 1992). While this assumption is sometimes acceptable, it is 
tenuous in other situations, such as in areas of mixed species and size 
aggregations. Quantifying trawl selectivity allows selectivity corrections 
to be incorporated into abundance estimates, thereby reducing a major 
source of uncertainty (Williams et al., 2013; Kotwicki et al., 2017). 

Selectivity corrections are particularly desirable in the context of 
acoustic-trawl surveys as species and size compositions derived from 
trawl sampling are used in combination with scattering models to 
convert acoustic backscatter into animal densities (Simmonds and 
MacLennan, 2005). In acoustic surveys, trawl sampling is used to esti-
mate the proportion of acoustic backscatter attributable to a given 
species and size class. In this application, the abundance of all species 
and size classes are inter-related. For example, if the proportion of one 
species or size class is under-estimated relative to other organisms, its 
abundance will be under-estimated. This will lead to an over-estimate of 
all other species and size classes present as they now represent a higher 
proportion of the observed backscatter (McClatchie and Coombs, 2005; 
De Robertis et al., 2017b). Therefore, selectivity corrections are desir-
able for acoustic-trawl surveys as errors in species or size composition 
introduced by trawl selectivity influence the abundance estimates of all 
organisms. 

The Pacific Arctic, which was sampled as part of the Arctic Integrated 
Ecosystem Research Program (AIERP, Baker et al., 2020, 2023), presents 
a challenging case in terms of the potential for biases to be introduced by 
trawl selectivity. The dominant pelagic fishes are small (~5 cm), and it is 
highly probable that they will be poorly retained in large-mesh trawls. 
However, they are also sufficiently mobile to avoid smaller fine-mesh 
nets designed for larval fishes and invertebrates (Kwong et al., 2018). 
Acoustic-trawl surveys of the Chukchi Sea required the ability to sample 
both large and small fishes, and a large Cantrawl pelagic trawl was used 
in an initial baseline survey (De Robertis et al., 2017b). A smaller 
Marinovich herring trawl was introduced in a subsequent survey after it 
became clear that small fishes likely to escape from the Cantrawl trawl 
dominated this Arctic pelagic fish community. The Marinovich trawl 
was equipped with a small-mesh codend liner in an effort to better retain 
small fishes (De Robertis et al., 2017a, 2021. Although the Marinovich 
trawl captured pelagic fishes in the Chukchi Sea more efficiently than 

the larger Cantrawl trawl, experiments with recapture nets indicated 
that escapement and size-selectivity remained high, particularly in the 
aft area of the trawl (De Robertis et al., 2017a; see De Robertis et al., 
2021 for a corrigendum). Specifically, the Marinovich trawl was selec-
tive in the size range of most pelagic fishes in this Arctic region. For 
example, only ~23% of 4 cm Arctic cod (Boreogadus saida), the most 
common species and size class in this environment, were retained. 
Retention of Arctic cod was highly size-dependent: ~10% at 3 cm and 
~45% at 5 cm. Given the relatively low catch efficiency and substantial 
size selectivity of the trawl, the aft section of the trawl where escape-
ment was highest was lengthened and smaller meshes were added for-
ward of the codend for use during the AIERP program in an effort to 
improve retention of all small fish species and to reduce the trawl 
size-selectivity. This study thus has two aims: 1) establish 
size-dependent selectivity curves for abundant fish species to correct the 
retained catch for escapement to reduce uncertainty in fish abundance 
estimates (Baker et al., 2022; Levine et al., 2023), and 2) evaluate 
whether the Marinovich trawl modifications increased the catch rates of 
small fishes present in this Arctic region. 

2. Materials and methods 

2.1. Trawl modification 

The trawl used in a previous survey of the Chukchi Shelf in 2013 (De 
Robertis et al., 2017b) is a symmetrical 4-seam Marinovich herring box 
trawl constructed of diamond (T0) meshes (Fig. 1a). This trawl (here-
after referred to as the mod-1 trawl) was modified from the original 
design by fitting the codend with a 2 by 3 mm oval mesh liner to improve 
retention of small organisms and enlarging the wings to allow it to be 
fished with oversized doors as this project required fishing both this 
trawl and a larger pelagic trawl without swapping trawl doors (De 
Robertis et al., 2017b). 

The trawl was further modified (Fig. 1b) to better retain the small 
fishes abundant in the study area (this version of the trawl is hereafter 
referred to as the mod-2 trawl). The aim was to increase capture rates of 
small fishes to reduce the uncertainties in estimates of the abundance, 
size, and species composition of pelagic fishes. Given that escapement 
was substantially higher in the aft area of the net, we focused on this part 
of the trawl. 

The modifications consisted of replacing the 3.8 cm mesh panel 
immediately forward of the codend with two new panels after reviewing 
the recapture net results and consulting with trawl manufacturers and 
commercial fishers. One panel was redesigned with the same mesh (3.8 
cm T0 meshes) but with a more gradual taper (Fig. 1b). A second panel 
of 1.9 cm T0 meshes was added immediately aft of the first new section, 
increasing the overall length of the mod-2 trawl by 249 1.9 cm meshes 
(Fig. 1b). The codend and 26.5 of the 1.9 cm meshes of the second new 
panel were lined with 2 by 3 mm oval mesh placed inside the netting 
(see grey shading forward of the codend in Fig. 1b). These modifications 
resulted in a more gradual taper towards the rear of the net and reduced 
the mesh size in the area immediately forward of the lined codend where 
escapement was greatest (De Robertis et al., 2021). Hereafter, the two 
forward panels of the mod-2 trawl are referred to jointly as the forward 
section, the two middle panels are referred to as the middle section, and 
the new small-mesh panel as the aft section (Fig. 1b). 

2.2. Recapture nets 

The mod-1 and mod-2 trawls were fitted with small-mesh recapture 
nets designed to quantify the degree to which fish escape through the 
mesh panels of the trawl (Nakashima, 1990; Williams et al., 2011). The 
recapture nets were constructed with the same 2 by 3 mm oval mesh 
material as the codend liner. They were designed with a 
diamond-shaped mouth equivalent to a 2.4 m stretched diamond mesh, 
a 2.6 m long tapered body, and codend (see De Robertis et al., 2021, 
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their Fig. S1.2 for details). The recapture nets were dyed black to reduce 
visibility and permanently attached to the trawl netting on the outside of 
the trawl. 

The mod-1 trawl was fitted with eight recapture nets: one in the 
forward section and one in the aft section on each of the four sides of the 
trawl (i.e. top, bottom, port and starboard). The recapture nets were 
placed at the center of each section (i.e. same number of meshes in front 
of and behind the recapture net, Fig. 1a). The number of meshes covered 
by the recapture nets was counted, and the proportion of the area 
covered by the recapture net was computed (see De Robertis et al., 2021, 
their section S2). The recapture nets covered 6.5% of the area in the 
front section and 13.2% of the area in the aft section. 

The mod-2 trawl was fitted with nine recapture nets in the center of 
the forward, middle, and aft sections of the net (Fig. 1). Recapture nets 
were mounted on the top, bottom, and starboard sides. To reduce the 
effort required to process the catch, we did not mount nets on the port 
side and assumed equal escapement from the port and starboard sides of 
the net. The recapture nets covered 6.5% of mesh area in the front 
section, 12.7% of mesh area in the middle section, and 30.5% of the 
unlined mesh area in the aft section. 

2.3. Field sampling 

The mod-1 trawl equipped with recapture nets was used in 30 hauls 
as part of a daytime acoustic-trawl survey of the continental shelf of the 
U.S. Chukchi Sea in summer (August–September) of 2013. These de-
ployments are described elsewhere (De Robertis et al., 2017a), but re-
sults are included here as a reference to judge the effectiveness of the 
subsequent modifications made to the mod-2 trawl. 

The mod-2 trawl equipped with recapture nets was used in summer 
(August–September) acoustic-trawl surveys in 2017 and 2019, which 
sampled the same area as the previous survey with the mod-1 trawl 
(Fig. 2). The mod-2 trawl was fished with Nor’Eastern Trawl Systems 3 

Fig. 1. Diagrams of the a) mod-1 and b) mod-2 
trawls. The mod-2 trawl is the result of replacing 
the aft-most 3.8 cm mesh panel of the mod-1 trawl 
forward of the codend with a new 3.8 cm mesh panel 
with more gradual taper, and adding a smaller mesh 
section forward of the codend (the modified sections 
are annotated as “new area”). The size and number of 
meshes of each panel are annotated (mesh lengths are 
the distance between the centers of two opposite 
knots of a stretched mesh) This box trawl is sym-
metrical with an equivalent top, sides and bottom. 
Therefore, only one side is depicted. For the purposes 
of analysis, the trawl body was divided into forward, 
middle, and aft sections of similar mesh size. The 
approximate location of the recapture nets in the 
center of each section is given by the grey diamonds. 
The 2 by 3 mm liner is indicated by grey shading.   

Fig. 2. Map of the study area indicating locations where the mod-1 and mod-2 
trawls were fished during acoustic-trawl surveys of the Chukchi Sea The 50 m 
depth contour is shown as a grey line. 
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m2 Series 2000 doors, synthetic rigging with 55 m long bridles, and 170 
kg weights on each wingtip. A Simrad FS70 3rd wire trawl sonar was 
mounted on the headrope to monitor trawl geometry and fish entering 
the net. A total of 75 hauls with the mod-2 trawl (Fig. 2, n = 32 in 2017, 
n = 43 in 2019) were conducted during daytime as part of an acoustic- 
trawl survey (Levine et al., 2023). Most trawls were shallow (average 
depth of 31.7 ± 32.3 m (mean ± SD), range 11.6–228.8 m), with 95% of 
hauls <40.2 m. The trawl was fished at 1.2 ± 0.2 m s− 1, and exhibited a 
vertical mouth opening of 7.8 ± 0.9 m and a horizontal opening of 7.5 
± 0.6 m while fishing. 

2.4. Biological sampling 

Catches in the codend and the recapture nets were weighed, sub-
sampled if large, sorted to species, and enumerated. The lengths of in-
dividuals in the codend (up to 60 for gadids and 20 for other species) and 
in each recapture net (up to 20) were measured to the nearest millimeter 
using an electronic measuring board (Towler and Williams, 2010). Fork 
length was measured for all species other than gadids and Arctic sand 
lance (Ammodytes hexapterus). Gadid lengths were not measured 
consistently across years: in 2013, fork length was measured, in 2017, 
total length was measured, and in 2019, standard length was measured. 
These measurements were converted to standard length using 
species-specific linear regressions (see Levine et al., 2023, their appen-
dix A) for further analysis. Sand lance were measured as standard length 
in 2013 and fork length in 2017 and 2019. Sand lance standard lengths 
were converted to fork length by multiplying by 1.065 (Frose and Pauly, 
2021). 

Small gadids [particularly age-0 Arctic cod, and walleye pollock 
(Gadus chalcogrammus)] could not be reliably distinguished at sea based 
on external morphology (Wildes et al., 2022). Thus, species for juvenile 
gadids in 2017/2019 were assigned probabilistically based on 
size-dependent genetic sampling of the catch (see Levine et al., 2023, 
their appendix B). In 2013, pollock were almost absent, and saffron cod 
(Eleginus gracilis), which are easier to distinguish at this size, were 
spatially distinct from Arctic cod (De Robertis et al., 2017b). The iden-
tifications of juvenile gadids in the 2013 survey are thus believed to be 
generally reliable (Wildes et al., 2022; Levine et al., 2023). 

2.5. Estimation of trawl selectivity 

The most abundant fishes in the catch, Arctic cod, saffron cod, 
walleye pollock, capelin (Mallotus catervarius), Arctic sand lance, (see 
Levine et al., 2023, their Fig. 2a–b), were aggregated by species for 
analysis. In addition, a grouping for ‘other fishes’ (i.e. all other fishes 
pooled) was defined. In the mod-1 trawl hauls catches of ‘other fishes’ 
were dominated by pricklebacks (Stichaeidae, 40%), sculpins (Cottidae, 
33.3%), and snailfishes (Liparidae, 13.5%). In the mod-2 trawl hauls, 
catches of ‘other fishes’ were dominated by pricklebacks (41.9%), 
sculpins (16.3%), and Pacific herring (16.2%). A selectivity relationship 
was fitted to the ‘other fishes’ complex as an approximate selectivity 
relationship is required to correct the size and species composition of 
low-abundance species encountered in the acoustic-trawl survey (Levine 
et al., 2023). However, given the differences in species and size 
composition, the selectivity of the ‘other fishes’ group should not be 
compared directly between the mod-1 and mod-2 trawl designs. For 
each species grouping listed above, hauls in which >10 individuals were 
measured were used for further analyses. 

Each specimen (i.e. a measured fish) was associated with a scaling 
factor indicating the total number of individuals that fish represents in 
the total catch if in the codend, or the total number of fish escaping from 
the trawl meshes if in the recapture nets. The scaling factor W for each 
measured individual i in the catch is defined as 

Wi,s,j =
1

pi,j,s
•

1
cj

(1)  

where pi,j,s is the proportion of individuals of species s in captured in 
trawl location j (referring to the codend or recapture net location) that 
were measured, and cj is the proportion of the area in location j covered 
by the recapture nets or codend liner. In the case of the mod-1 trawl, cj =

0.065 for the front recapture nets and 0.132 for the aft recapture nets. In 
the case of the mod-2 trawl, in the top and bottom sides of the trawl, cj 
was 0.065 for the front recapture nets, 0.127 for the middle recapture 
nets, and 0.305 for the aft recapture nets. Given that only the starboard 
side of the net was fitted with recapture nets, escapement was assumed 
to be equivalent from both sides. Escapement from both the port and 
starboard sides was approximated from the catch on the starboard side 
by fixing cj to account for the fraction of meshes on both sides of the 
trawl covered by the starboard recapture nets (front = 0.033, middle =
0.064, aft = 0.152). The codend was fully covered by the 2 by 3 mm oval 
mesh, thus cj = 1 for both trawls. 

The total number of fish of species s escaping from the trawl (Es) can 
be determined by summing the scaling factors for all fish measured from 
the recapture nets 

Es =
∑

i

(
Wi,s,j=recapture net

)
(2)  

Likewise, the total number of fish retained in the codend (Rs) is esti-
mated as 

Rs =
∑

i

(
Wi,s,j=codend

)
(3)  

2.6. Selectivity estimates 

Selectivity was treated as a binomial process, where a fish entering 
the net is either retained in the codend or escapes through the meshes. A 
logistic curve was used to model this as a length-dependent process. To 
estimate the parameters of the logistic curve, a generalized linear model 
was fitted (Millar and Fryer, 1999) where the dependent binomial data 
are logit transformed into a linear variable and two linear coefficients 
are estimated (i.e. the slope a and intercept b). 

The selectivity, as a function of length, l, is described as 

S(l) =
exp (a + bl)

1 + exp (a + bl)
(4)  

where S(l) represents the length-dependent probability of being caught 
in the codend. 

These coefficients can be re-defined (Williams et al., 2011) in terms 
of the length at which 50% of the fish are retained (L50 = -(a/b)), and the 
selection range (SR = (2 loge(3))/b which represents the length range 
between 25% and 75% retention). A length-dependent logistic function 
was parametrized from L50 and SR as 

S(l) =
(

1 + exp

(
k(L50 − l)

SR

)
)− 1

(5)  

where l is length in cm and k = 2 loge(3) (Millar, 1993). 

2.7. Bootstrap estimates of confidence intervals 

Uncertainty in the fitted selectivity relationships was estimated using 
a 2-stage bootstrap approach (Millar, 1993; Kotwicki et al., 2017). The 
approach considered uncertainty in both the haul catches (between-haul 
variation) and fish specimen lengths (within-haul variation). 
Between-haul variation was simulated by selecting n hauls with 
replacement from the n hauls used to fit equation (4) for each species. 
Within-haul variation was simulated by randomly selecting (with 
replacement) the same number of fish measured in the codend and the 
recapture nets as in the original haul from the measured individuals. The 
approach mimics the sampling of individual fishes in the catch by 
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separately sampling the escapees captured in the resample nets and the 
retained fish in the codend. The probability of selecting a given 
measured specimen, i was equivalent to its contribution to the propor-
tion of the fish retained in or escaping from the net (i.e., Wi). Given that 
the total number of escaped fish depends on the expansion factors of 
randomly drawn fish, which differ among the recapture nets, the total 
number of escapees varies between bootstrap replicates in a haul. 

Selectivity curves for each of 5000 bootstrap replicates were 
computed following equations (1)–(4). The approximate 95% confi-
dence intervals were computed for each size class were estimated by 
computing the 2.5% and 97.5% percentiles of the selectivity curves at 
that length. Confidence intervals for other descriptive parameters of 
interest (e.g. the proportion of fish or sizes of fish escaping from a given 
area of the net) were computed in an analogous fashion from the 
bootstrapped data sets. 

3. Results 

Similar species were captured in the mod-1 and mod-2 trawl de-
ployments. However, pollock were much more abundant in the mod-2 
trawl catches, and Arctic sand lance and saffron cod represented a 
larger proportion of the catch in the mod-1 trawl hauls (Fig. 3). Given 
the time differences (≥4 years) between sampling, the differences in 
species composition between trawls primarily reflect temporal changes 
in species composition in the study area (Baker et al., 2022, Levine et al., 
2023). Small fishes continued to be abundant in the study area, and large 
numbers were captured in the codend and recapture nets during the 
mod-2 trawl deployments (Table 1). For example, 355,390 Arctic cod 
were captured in the codend, 7596 in the recapture nets, and 6386 
Arctic cod were measured. 

The recapture net catches indicated that a consistently higher pro-
portion of fishes entering the trawl mouth were retained in the codend of 
the mod-2 trawl than previously observed with the mod-1 trawl 
(Fig. 4a). Escapees tended to be smaller than retained fish for both trawls 
(Table 1, Fig. 4b), and the ratios of mean size for retained and escaped 
fish were similar for the mod-1 and mod-2 trawls (Fig. 4b). The mod-2 
trawl exhibited lower and more uniform escapement from the top, 

side, and bottom of the trawl, and forward, middle, and aft sections of 
the trawl than the mod-1 trawl (Fig. 5). The mod-2 trawl exhibited less 
escapement from the aft section of the trawl than the mod-1 trawl, 
(Fig. 5, right panels). As the aft section of the mod-1 trawl was converted 
into the middle and aft sections of the mod-2 trawl (Fig. 1), it is infor-
mative to note that the combined escapement in the middle and aft 
sections of the mod-2 trawl was less than the escapement in the equiv-
alent aft section of the mod-1 trawl (Fig. 5, panels on right side). 
Escapement was highest in the middle section of the mod-2 trawl, and 
escapement was low in the new aft section of the mod-2 trawl (Fig. 5), 
likely due to the gradual taper and small meshes (Fig. 1). Although the 
retained fish tended to be larger than the escapees, escapees in the top/ 
side/bottom and the forward/middle/aft areas of the trawl were 
generally of consistent size (Fig. 6). Taken together, this indicates that 
the modification to the aft section of the mod-2 trawl reduced escape-
ment, and that escapement no longer disproportionately occurred in a 
particular area of the mod-2 trawl. 

For all species and length classes, a higher proportion of fish were 
retained in the mod-2 trawl than the mod-1 trawl (Fig. 7, compare the 
proportion of bars that are light grey in the histograms). The fitted 
selectivity curves demonstrate that the estimated probability of reten-
tion increased with length for all species, particularly for the smallest 
size classes (Fig. 7). Retention of Arctic cod, capelin, and Arctic sand 
lance was substantially higher for mod-2 than mod-1 for all size classes 
(Fig. 7, Table 2). The modifications also reduced size selectivity: this can 
be visualized by comparing the probability of capturing a large and 
small individual of each species. For example, the fitted selectivity 
curves in Fig. 7a indicate that a 5 cm Arctic cod was 5.2 times more 
likely to be retained than a 3 cm Arctic cod in the mod-1 trawl (i.e. a 
selectivity ratio of 0.47/0.09), but only 1.3 times more likely to be 
retained (0.91/0.71) in the mod-2 trawl. This indicates that the mod-2 
trawl exhibited both higher capture rates and lower size selectivity. 
Uncertainty in the fitted selectivity relationships was lowest for more 
abundant species and size classes (Fig. 7). For example, the bootstrapped 
95% confidence estimates of the selectivity curve for saffron cod for the 
mod-2 trawl were broad (Fig. 7b) as only six hauls with sufficient catch 
were available for analysis (Table 2). Similarly, few capelin were 

Fig. 3. Fish species composition based on codend catches of trawl hauls con-
ducted with the mod-1 and mod-2 trawls. 

Table 1 
Summary of the most abundant fishes captured in mod-2 trawl hauls equipped 
with recapture nets. The number of hauls in which >10 fish were measured is 
given, and the total numbers of individuals captured in the codend and all 
recapture nets combined are listed. The mean and standard error of the standard 
length of the specimens and the number of specimens measured also given. See 
De Robertis et al., 2017a, their Table 1 for an equivalent summary of catches for 
the mod-1 trawl hauls.  

Species # 
hauls 

Total # 
captured 

# in 
codend 

# in 
recapture 
nets 

Length 
(cm) in 
codend 
x ± SE, 
(n) 

Length 
(cm) in 
recapture 
nets x ±
SE, (n) 

Arctic 
cod 

51 362986 355390 7596 4.5 ±
0.0 
(4094) 

4.0 ± 0.0 
(2292) 

Saffron 
cod 

6 1206 1137 68 7.9 ±
0.2 
(291) 

4.9 ± 0.3 
(38) 

Pollock 57 116885 114501 2384 5.7 ±
0.1 
(3197) 

3.9 ± 0.0 
(997) 

Capelin 19 6967 6944 23 9.5 ±
0.1 
(495) 

8.7 ± 0.3 
(23) 

Arctic 
sand 
lance 

34 27442 26125 1317 7.9 ±
0.1 
(1899) 

6.3 ± 0.1 
(618) 

Other 
fishes 

57 29914 28456 1458 7.1 ±
0.1 
(1823) 

4.9 ± 0.0 
(1047)  
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captured in the mod-2 recapture nets, and some bootstrap realizations 
led to predictions that larger fish were less likely to be retained than 
smaller ones (Fig. 7d). Overall, the differences in selectivity across 
species for mod-2 trawl were similar to those for the mod-1 trawl. Arctic 
sand lance were less likely to be retained than other species at a given 
size (likely due to their elongated morphology), as were saffron cod. 

4. Discussion 

A higher proportion of fish entering the trawl were retained in the 
codend of the mod-2 trawl compared to previous sampling with the 
mod-1 trawl. This indicates that, as intended, the modification of the aft 
section of the mod-2 trawl substantially decreased escapement of small 
Arctic fishes. Escapement observed in the recapture nets was lower and 
no longer occurred disproportionately in a single area of the mod-2 
trawl, indicating that further alteration of a limited area of the mod-2 
trawl is unlikely to produce a substantial benefit. The mod-2 trawl 
also exhibited less size selectivity over the size range of fishes encoun-
tered. The increased capture rates and lower size selectivity of the mod-2 
trawl will reduce biases in estimates of abundance, size and species 
composition (Williams et al., 2011). The selectivity relationships 
derived from these data were applied to trawl catches of Arctic sand 

lance (Baker et al., 2022) and used to correct an acoustic-trawl survey 
for the size- and species-specific probability of escapement from the 
trawl (Levine et al., 2023). Applying these selectivity relationships 
avoids the assumption that all organisms and size classes are captured 
with equal efficiency, reducing biases in the abundance estimates 
(Williams et al., 2011; De Robertis et al., 2017b). 

The mod-2 trawl was modified to exhibit a more gradual taper in the 
aft areas of the net and a small-mesh panel was added in front of the 
codend (Fig. 1). The changes were motivated by previous work with 
recapture nets indicating that escapement in the aft part of the mod-1 
trawl was high (De Robertis et al., 2017a, 2021). The additional modi-
fications successfully decreased escapement in the aft area of the net 
compared to the mod-1 trawl (Fig. 5). Escapement of small fishes often 
increases in the aft trawl sections (Matsushita et al., 1993; Williams 
et al., 2011; Kennelly and Broadhurst, 2021), likely due to increased 
interaction with the netting due to increased concentration of organisms 
as the net reduces in diameter and decreased flow rates near the codend. 

Commercial pelagic trawls have generally been designed to exploit 
the behaviors of large fishes and are unlikely to be optimized to capture 
smaller individuals. Small fishes have limited swimming abilities and 
are likely to exhibit different behavioral responses during the capture 
process (He, 1993; Kwong et al., 2018). For example, a 5 cm fish would 

Fig. 4. Summary of a) proportion of fish entering the trawl retained in the codend and b) ratio in the mean length of the escaped/retained fish for the mod-1 and 
mod-2 trawls. The error bars show the observed values (all hauls pooled) and the error bars are 95% confidence intervals computed via bootstrapping of the haul 
catches and measured fish specimen lengths. The dotted line in b) indicates the expectation if the escaped and retained fish are of equivalent size. 
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have to swim at 24 body lengths s− 1 to keep pace with the forward 
progress of the trawl, which is well above its burst swimming capability 
(He, 1993). In this context, one should recognize that the modifications 
to the mod-2 trawl share common elements with commercial krill 
trawls, which are designed to capture small animals with relatively 
limited swimming capabilities. Krill trawls are long, comprised of small 
meshes, and have small mouth openings compared to pelagic trawls 
designed to capture large fishes (Herrmann et al., 2018). In addition, the 
gradual reduction in diameter (i.e. low taper) results in krill encoun-
tering meshes with a relatively low angle of attack, reducing escapement 
when they encounter the meshes (Krag et al., 2014). We did not directly 
observe the interaction of fish with the mod-1 and mod-2 trawl during 
the hauls. However we surmise that this may be an analogous situation 
as the reduced swimming speed and endurance of small fishes means 
that they are more likely to contact the netting than larger fishes as the 
speed of the net through the water may exceed their capability to 
maintain position and orientation relative to the netting (He, 1993; Olla 
et al., 1997). The combined effects of encountering trawl meshes at 
lower angles due to the more gradual taper and the presence of smaller 
meshes in the aft portion of the net where the small fishes are more likely 
to encounter the netting likely contributed to the higher catch rates of 
the mod-2 trawl. 

The selectivity of the pelagic trawls used in many survey applications 
is unknown. One reason for this is that field experiments to estimate 
selectivity are time consuming and expensive (Kotwicki et al., 2017). A 

practical advantage of the recapture net approach (Matsushita et al., 
1993; Williams et al., 2011) employed here is that the trawling was 
conducted during a survey (De Robertis et al., 2017b; Levine et al., 
2023) and thus did not require dedicated vessel time. This approach 
allowed a relatively large sample size (number of hauls and individuals 
captured) to be collected at minimal cost. Another benefit of conducting 
the recapture net study during a survey is that the trawls were conducted 
at the size and species compositions relevant to that survey. Further-
more, environmental conditions potentially influencing the capture 
process (e.g. temperature and light level: He, 1993; Ryer and Olla, 2000) 
will also be representative of those encountered during a survey. 

It is also important to recognize the limitations of the recapture net 
method. The recapture net method allows one to quantify the proba-
bility that a fish entering the trawl will be retained in the codend (i.e. 
mesh selection). Although selection within the body of the trawl is an 
important source of trawl selectivity (Nakashima, 1990; Williams et al., 
2011), recapture nets do not address the probability that a fish within 
the trawl path will enter the trawl opening. In other words, the approach 
does not account for reactions to the vessel or the trawl gear affecting the 
probability that the fish will enter the trawl (Handegard and Tjøstheim, 
2005; Kaartvedt et al., 2012). The magnitude of these reactions can be 
established by comparing trawl catches to other measurements of 
abundance such as acoustic observations (Handegard and Tjøstheim, 
2005; Somerton et al., 2011; Underwood et al., 2020). While these 
factors have not been characterized for Arctic fishes, small fishes may be 

Fig. 5. Escapement pattern in mod-1 and mod-2 
trawls derived from recapture net and codend 
catches. a,b) Arctic cod, c,d) saffron cod, e,f) pollock, 
g,h) capelin, and i,j) Arctic sand lance. Panels on the 
left depict the estimated proportion of individuals 
escaping through the meshes in the top, each side, or 
bottom of the trawl, or retained in the codend. The 
mod-1 trawl lacks a middle section (see Fig. 1). Panels 
on the right indicate the estimated proportion of fish 
entering the trawl mouth escaping through the for-
ward, middle, or aft net sections or retained in the 
codend. The points represent the observed means, 
and error bars represent 95% bootstrap confidence 
intervals. In some cases, error bars are small and 
obscured by the symbols.   
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less likely to avoid the net or be herded into the net due to their limited 
swimming ability (He, 1993). 

When selectivity is quantified using modified gear such as the 
recapture nets, the resulting selectivity may not be representative of the 
unmodified gear (Kotwicki et al., 2017). This is less of a concern in our 
case, as the recapture nets are permanently mounted for the duration of 
the survey and are considered integral to the trawl (i.e. the recapture 
nets will be used on future surveys). However, the recapture nets were 
mounted in the center of trawl sections, and the observed escapement in 
the recapture nets was assumed to be representative of escapement in 
the other uncovered meshes. The presence of recapture nets on the 
exterior of the trawl may affect flow patterns near covered meshes that 
may influence the rate of escapement. Although we did not evaluate 
whether the recapture nets affected the capture process, previous ob-
servations with cameras have indicated that recapture nets of similar 
design do not appreciably distort the shape of pelagic trawls or alter fish 
behavior compared to uncovered meshes (Matsushita et al., 1993; Wil-
liams et al., 2011). Methods to better characterize escape reactions 
occurring before fish enter the trawl mouth and potential biases related 
to sampling with recapture nets (e.g. whether fish behavior or flow 
patterns differing in meshes covered by recapture nets) remain impor-
tant areas for further work. While these potential biases are certainly 
important limitations, our view is that they should not deter future use 
of recapture nets for survey applications until better or more compre-
hensive methods to characterize trawl selectivity become available. 

There are few viable alternatives to the use of recapture nets which 
provide a practical approach to better understand mesh selection during 
the trawl capture process, which is too-often ignored in abundance 
surveys. 

One benefit of a using a moderately large pelagic trawl to sample 
small fishes is that the gear can also capture large fishes if they are 
present. During initial testing of the mod-2 trawl in the eastern Bering 
Sea, adult pollock up to 61 cm in length were captured (Honkalehto and 
McCarthy, 2015). The ability to detect the presence of large fish is 
important in rapidly changing environments such as the Alaska Arctic. 
For example, there is potential for adult gadids to colonize the Chukchi 
Sea from the south as the environment warms, as has happened in the 
Northern Bering Sea (Stevenson and Lauth, 2019). The lack of adult 
gadids in the mod-2 trawl catches described here provides evidence that 
pelagic adult gadids were not abundant during the 2017 and 2019 
AIERP program surveys (Levine et al., 2023). 

Trawls with both known and high capture probabilities are desirable 
as these characteristics lead to more accurate estimates of species 
composition, organism abundance, and size distribution. In the appli-
cation of Arctic acoustic-trawl surveys examined here, size and species 
selectivity have been reduced relative to the mod-1 trawl, and the 
probability of capture as a function of species and size has been estab-
lished. This reduces uncertainty (as selectivity has been quantified), and 
biases (as small fishes are more likely to be retained) in future analyses 
of the catch data, including acoustic-trawl surveys (Levine et al., 2023), 

Fig. 6. Length of fishes caught in recapture nets and 
codend of mod-1 and mod-2 trawls. a,b) Arctic cod, c, 
d) saffron cod, e,f) pollock, g,h) capelin, and i,j) 
Arctic sand lance. Panels on the left depict the lengths 
of fish caught in recapture nets on the top, side, 
bottom, or codend of the trawls. Panels on the right 
indicate the size of fish caught in the forward, middle, 
or aft net sections or the codend. The mod-1 trawl 
lacked a middle section (see Fig. 1). The points 
represent the observed means, and error bars repre-
sent 95% bootstrap confidence intervals. Note that no 
capelin were captured in the forward and aft recap-
ture nets of the mod-2 trawl and few were captured in 
the side (n = 3) and bottom (n = 2) recapture nets.   
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and analyses of trawl catches (Baker et al., 2022). Although the proba-
bility of retaining small fishes has been improved, as with all trawls, the 
trawl remains species- and size-selective. Thus, best practice is to correct 
the observed trawl catch (catchobs) of a given species with the fitted 
selectivity relationships (i.e. Catchcorr,l =

Catchobs,l
Sl , where S is the proba-

bility of retention in the trawl codend, and l is length) rather than 
assuming that the trawl catch is unbiased. 

Characterizing selectivity for different trawl gears can be advanta-
geous as it allows for improved trawl gear to be introduced as surveys 
evolve. The use of trawls with characterized selectivity allows the 
requirement for methodological consistency to maintain a consistent 
sampling bias to be relaxed in a survey time series. If selectivity has been 
quantified, corrections for selectivity can be implemented, and catches 

from different sampling gears can be combined. This was the case for 
development of acoustic-trawl surveys of the Chukchi Sea. A large 
pelagic trawl was replaced with the mod-1 trawl after it became clear 
that fishes were small (De Robertis et al., 2017b). Then, the mod-2 trawl 
was developed after it became clear that there was substantial escape-
ment in the aft area of the mod-1 trawl (De Robertis et al., 2017a, 2021). 
Gear with known selectivity would also improve confidence in conclu-
sions drawn from the comparison of sampling with different gears (e.g., 
Logerwell et al., 2015; Deary et al., 2021; Baker et al., 2022). This is 
particularly relevant to environments such as the Alaska Arctic where 
monitoring programs are not well-established, sampling methods are 
not well standardized, and data are scarce. 

Although this study focused on a particular application and ocean 
region, the principles are transferable to a broad range of applications 
with pelagic trawls. Understanding trawl selectivity is most important 
when estimates of absolute abundance are desired (as escapees will not 
be enumerated), or in cases where size and species composition are 
required but there are large differences in the probability of capture. In 
the case of acoustic surveys, the effect of trawl selectivity depends on 
several interacting factors: the size and species present, the target 
strengths of the species, and the degree to which species spatially 
overlap spatially (Williams et al., 2011; De Robertis et al., 2017b). In 
general, mixed aggregations of fish species spanning a large size range 
will be most impacted by trawl selectivity (Williams et al., 2011; Davi-
son et al., 2015). Likewise, acoustic trawl-survey estimates in areas with 
mixed-species aggregations of strong and weak acoustic scatters (e.g. 
fishes with and without gas-filled swimbladders) are highly sensitive to 
selectivity-induced biases in trawl species composition (McClatchie and 
Coombs, 2005; Davison et al., 2015). Recapture nets may prove useful in 
constraining uncertainties in global abundance estimates of mesopelagic 
fishes, which remain poorly quantified. Both trawl and acoustic-trawl 
abundance estimates of mesopelagic fishes are highly dependent on 
trawl selectivity (Koslow et al., 1997; Davison et al., 2015; Kwong et al., 
2018), and characterizing trawl selectivity will reduce the uncertainty in 
these estimates. 

This work highlights the utility of quantifying the size and species 
selectivity of pelagic survey trawls. The use of recapture nets allowed the 
primary area of escapement from within a survey trawl to be identified. 

Fig. 7. Summary of escapement and fitted selectivity 
curves for a) Arctic cod, b) saffron cod, c) walleye 
pollock, d) capelin, and e) Arctic sand lance. The top 
panel shows a size histogram with color shading 
representing the proportion of fish escaping through 
the meshes (dark grey) or captured in the codend 
(light grey) of the mod-1 trawl. The middle panel 
shows an equivalent histogram for the mod-2 trawl. 
The bottom panels compare the fitted selectivity 
curve and bootstrapped 95% confidence intervals for 
the mod-1 and mod-2 trawls. Pollock were effectively 
absent in the mod-1 data set.   

Table 2 
Parameters of logistic selectivity curves fitted to catch data from the mod-1 and 
mod-2 trawls. L50 represents the length in cm at which 50% of individuals are 
retained, the selection range (SR) is the length range in cm between 25 and 75% 
retention. Bootstrap estimates of the 95% confidence intervals of L50 and SR are 
given in parentheses. A negative SR indicates a prediction that small fish are 
more likely to be retained than larger fish. A negative L50 indicates that the 
length at 50% retention is poorly constrained, which occurs when capture 
probabilities are high for all sizes encountered). Insufficient pollock were 
captured during mod-1 trawl hauls to compute a selectivity curve. Other fishes 
refers to the grouping of all fishes other than those specifically listed below. 
These relationships should not be applied uncritically outside of the size ranges 
used to fit the relationships (see Fig. 7).  

Species mod-1 trawl mod-2 trawl 

L50 SR L50 SR 

Arctic cod 5.1 (4.6, 5.9) 2.0 (1.3, 3.0) 1.8 (− 0.3, 2.6) 3.1 (2.1, 6.2) 
Saffron cod 8.8 (6.6, 

30.7) 
4.6 (2.5, 
23.6) 

3.5 (− 6.1, 45.1) 5.0 (− 30.7, 
24.9) 

Pollock n/a n/a 2.1 (− 0.2, 2.9) 2.7 (1.7, 5.4) 
Capelin 10.2 (− 14.5, 

34.2) 
6.0 (− 40.4, 
49.4) 

− 19.0 (− 156.7, 
125.6) 

17.4 (− 72.0, 
95.4) 

Arctic sand 
lance 

12.0 (7.4, 
27.2) 

6.5 (2.5, 
25.8) 

5.2 (3.2, 5.8) 3.7 (2.5, 6.7) 

Other fishes 3.8 (3.6, 5.2) 0.7 (0.5, 2.0) 5.0 (4.0, 6.0) 2.9 (1.7, 4.3)  
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This allowed the trawl to be re-designed to reduce escapement, and the 
improved trawl performance could be quantified. Estimates of trawl 
selectivity were used to reduce biases in both the abundance and size 
composition of acoustic-trawl abundance estimates of small Arctic fishes 
(De Robertis et al., 2017b; Levine et al., 2023). The trawl gear was 
improved to reduce selectivity during these surveys and catches from the 
three different trawls used in this survey could be integrated into a 
consistent abundance survey time series by estimating and then ac-
counting for the impact of selectivity on abundance estimates. This work 
demonstrates that recapture nets can improve abundance estimates 
derived from sampling with midwater trawls, and that survey trawls 
can, and should, be modified to improve performance for specific 
applications. 
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A B S T R A C T   

Baseline surveys of offshore pelagic fishes in the eastern Chukchi Sea in 2012 and 2013 found that age-0 Arctic 
cod (Boreogadus saida) dominated the pelagic fish community in summer, with relatively few adults present in 
the region. Since this time, drastic changes in the ocean-atmosphere-ice feedback loop have led to continued 
warming, further reducing ice cover, and increased northward transport has led to an increase in Pacific-origin 
waters on the Chukchi shelf in summer. To examine potential bottom-up effects of these environmental changes 
on pelagic fishes in this rapidly changing environment, we extended a time series of large-scale acoustic-trawl 
surveys with additional surveys in 2017 and 2019. Age-0 Arctic cod were the most abundant pelagic fish in all 
four survey years, comprising 68–93% of fish abundance. However, age-0 walleye pollock (Gadus chalcog-
rammus), which were scarce (<0.1% of fishes) and confined to the southern Chukchi in 2012 and 2013, were 
present in high abundance (>21% of fish abundance) throughout the Chukchi shelf in 2017 and 2019. Age- 
0 Arctic cod were substantially more abundant in 2017 than in other years, possibly due to increased survi-
vorship of larvae under warm conditions. Unlike in 2017, Arctic cod and pollock were spatially separated in 2019 
due to enhanced transport, with Arctic cod primarily present in the northeastern portion of the survey area, 
which was characterized by cool surface and bottom temperatures. The substantial increase in abundance of age- 
0 pollock in recent years suggests that environmental conditions now allow this species to extend its northern 
range into the southern and central Chukchi Sea, at least on a seasonal basis. The changes in abundance and 
species composition of pelagic fishes in the 2012–2019 time series are tightly coupled to recent changes in sea 
ice, temperature, and the increasing transport of Bering Sea waters through Bering Strait into the Chukchi Sea. 
Given that the environment is expected to experience further warming and increased transport, these northward 
shifts in species distribution are likely to persist in the future.   

1. Introduction 

Arctic gadids, particularly Arctic cod (Boreogadus saida, also referred 
to as polar cod), have historically dominated the pelagic fish community 
in the Pacific Arctic ecosystem of the northern Bering, Chukchi, and 
Beaufort Seas (Alverson and Wilimovsky, 1966; Quast, 1974; Logerwell 
et al., 2015; De Robertis et al., 2017b). Arctic cod is a 
circumpolar-distributed species found throughout the Arctic Basin and 

surrounding marginal seas (Mecklenburg et al., 2018). Arctic cod are 
abundant lipid-rich (Copeman et al., 2017, 2022a) prey that serve as an 
energy-dense trophic link between lower trophic levels and piscivores 
such as seabirds and marine mammals (Bradstreet et al., 1986; Matley 
et al., 2012). Trophic mass balance models of the Chukchi Sea indicate 
that Arctic cod are central to the food web and represent a substantial 
portion of seabird (>20%) and piscivorous mammal (>40%) diets 
(Whitehouse et al., 2014). 
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The Chukchi Sea is warming rapidly: mean summer/fall water col-
umn temperatures in the Chukchi Sea have increased by 0.1 ◦C decade− 1 

over the past century (Danielson et al., 2020). This warming is likely to 
accelerate. Air temperatures in the Arctic are anticipated to increase by 
>5 ◦C by 2100 (Overland et al., 2019). Climate predictions suggest that 
the duration of seasonal ice cover will continue to decrease at a rate of 
0.94 days year− 1 (Wang et al., 2018) as wind patterns change, and 
transport of water, including heat, into the region continues to increase. 

The Chukchi is highly advective, with substantial transport of warm 
water from the Pacific entering through the Bering Strait in spring and 
summer (Woodgate et al., 2005; Stabeno et al., 2018). The associated 
northward heat flux helps to initiate the seasonal retreat of the Chukchi 
shelf sea ice (Woodgate et al., 2010). Transport through the Bering Strait 
has been increasing from its previous climatological average of ~0.8 Sv 
at a rate of ~0.01 Sv year− 1 in recent decades (Woodgate, 2018). Shorter 
periods of ice cover (Baker et al., 2020b) further reduce the albedo of the 
sea surface in spring and summer, increasing solar warming which 
further accelerates ice melt in spring and delays ice formation in fall 
(Danielson et al., 2020). Over the past decade in particular, changes in 
this ice-ocean-atmosphere feedback loop have resulted in a substantial 
shift in the sea ice extent and regional wind, with more extreme re-
ductions in sea ice occurring since 2017 (Stabeno and Bell, 2019; Bal-
linger and Overland, 2022). The impacts of these continued 
environmental changes on pelagic fishes such as Arctic cod remain 
unclear. 

The physiology and recruitment success of Arctic gadids is highly 
temperature-dependent and species-specific (Mueter et al., 2011; Laurel 
et al., 2016; Koenker et al., 2018). Changes in habitat suitability 
resulting from shifts in Bering Strait transport are particularly important 
for early life stages, for which survival is largely dependent on the ability 
to maximize growth and lipid stores prior to winter (Bouchard et al., 
2017; Copeman et al., 2022b). Thus, changes in transport of heat, 
reduction in sea ice, and increased solar warming in the Chukchi are 
likely to affect the abundance of fishes and their role in energy transfer 
within Arctic food webs. Continued warming may affect the relative 
abundance and distributions of different species (Laurel et al., 2016; 
Baker, 2021). For example, boreal (subarctic) species such as walleye 
pollock (Gadus chalcogrammus, hereafter pollock) and Pacific cod (Gadus 
macrocephalus) may benefit from warming (Marsh and Mueter, 2020), 
while Arctic species may be negatively impacted by reduced habitat 
(Baker, 2021) and increased competition (Bouchard et al., 2017). 

Globally, boreal species have expanded their distributions north-
wards into the Arctic as high-latitude regions have warmed (Wassmann 
et al., 2011). The Barents Sea, for example, is a shallow marginal sea of 
the Arctic Ocean which shares many commonalities with the Chukchi 
Sea (Hunt et al., 2013). Rapid warming in the Barents Sea has changed 
the spatial distribution of fish communities as subarctic species expand 
northward on the shelf (Fossheim et al., 2015), further extending their 
distributions into the Arctic Basin with the increased northward trans-
port of warm subarctic waters (Snoeijs-Leijonmalm et al., 2022). There 
is recent evidence of major shifts in the distribution of adult fishes in the 
Bering Sea, where boreal species such as pollock and Pacific cod have 
expanded their range northwards (Stevenson and Lauth, 2019; Eisner 
et al., 2020; Spies et al., 2020). Similarly, the southern limits of Arctic 
species such as Arctic cod have shifted further north, with boreal species 
taking their place (Marsh and Mueter, 2020; Baker, 2021). 

Northward advection from the Bering Sea structures the species 
composition of pelagic communities in the Chukchi Sea. Transport from 
the south brings planktonic organisms of Pacific-origin onto the Chukchi 
shelf (Eisner et al., 2013; Sigler et al., 2017) and variability in northward 
flow can alter their rate of transport across the shelf (Ashjian et al., 
2021). Northward advection across the Chukchi shelf is also hypothe-
sized to structure the spatial distributions of age-0 fishes, as the average 
current speeds surpass their sustained swimming abilities (Levine et al., 
2021; Vestfals et al., 2021). Age-0 gadids observed on the northern 
Chukchi shelf in summer are predicted to have been transported from 

spawning locations to the south in the northern Bering and southern 
Chukchi Seas (Vestfals et al., 2021). Age-1+ gadids are scarce in pelagic 
habitats of the Chukchi Sea (De Robertis et al., 2017b), likely because as 
juveniles they are transported northward off the shelf by the prevailing 
currents (Levine et al., 2021; Vestfals et al., 2021). Arctic cod exhibit low 
genetic differentiation across the Pacific Arctic (Nelson et al., 2020), and 
northward transport may be driving the connectivity of the population 
across the Bering, Chukchi, and western Beaufort Seas. However, 
increased northward transport may reduce the residence time for 
growth in high productivity regions on the Chukchi shelf, with negative 
consequences for juvenile survival (Levine et al., 2021). 

Surveys were conducted in 2012 and 2013 to establish a baseline of 
the distribution of pelagic fishes in the northern Bering and Chukchi 
Seas (De Robertis et al., 2017b). Similar to previous observations in the 
region (Norcross et al., 2013; Logerwell et al., 2015), large numbers of 
Arctic cod were observed, with the greatest abundances in the northern 
Chukchi Sea. However, these were primarily age-0 fish with an average 
length of 3.5 cm, with <0.3% larger than 6.5 cm (De Robertis et al., 
2017b). Given the relatively high abundances of age-0 fish at a critical 
life stage, the Chukchi shelf may serve as an important nursery area (De 
Robertis et al., 2017b; Levine et al., 2021). If so, continued warming of 
the Chukchi has the potential to negatively impact the growth and 
survival of this population. Given the dramatic recent changes in this 
environment (Ballinger and Overland, 2022), further investigations of 
environmental factors influencing Arctic cod abundance and distribu-
tion are needed to better understand how changing climate may alter 
this ecosystem. 

To examine longer-term trends in pelagic fishes in this rapidly 
changing environment, we extended the time series of pelagic fish sur-
veys collected in 2012 and 2013 with additional surveys in 2017 and 
2019. These surveys were designed to be comparable to the previous 
surveys, enabling us to assess the impacts of temperature and transport 
on the distribution of the abundant pelagic fish population in this highly 
dynamic region. The primary objectives of the study were to charac-
terize the abundance and distribution of the major pelagic fishes in the 
Chukchi Sea, and to identify environmental drivers that influence the 
Chukchi Sea pelagic fish community. Future changes in sea ice, tem-
perature, and transport that result from a changing climate on the 
Chukchi shelf are likely to be drastic and the consequences for the age- 
0 Arctic cod population are unclear. Our goal was to better understand 
the mechanisms structuring the pelagic fish community in the Chukchi 
Sea to improve predictions of how future environmental changes will 
affect these populations. 

2. Methods 

Acoustic-trawl (AT) surveys were conducted in the U.S. continental 
shelf region of the Chukchi Sea and coastal regions of the western 
Beaufort Sea (Fig. 1) as part of the North Pacific Research Board Arctic 
Integrated Ecosystem Research Program (Baker et al., 2020a). As 
detailed in section 2.3 below, AT surveys use targeted trawls in regions 
of high acoustic backscatter to ground-truth acoustic observations and 
convert acoustic backscatter to estimates of fish abundance by species 
and size (Simmonds and MacLennan, 2005), making it possible to effi-
ciently survey large areas. The surveys were conducted from 11 to 17 
August and 28 August to 27 September 2017, and 27 August to 26 
September 2019 on the R/V Ocean Starr (Figs. 1, A.1). Stations were 
arranged on a 1◦ longitude and 0.5◦ latitude grid in 2017. Transect 
spacing was increased to a 0.75◦ latitude grid in 2019. Sampling stations 
were occupied as the vessel reached these locations along the transects. 
The survey began in the northern Chukchi Sea and progressed south. The 
surveyed area was relatively shallow: bottom depths were <60 m in 93% 
of the survey area in 2017 and 91% of the survey area in 2019. Acoustic 
data were collected as the ship transited at ~3.3 m s− 1 along survey 
transects oriented in an east/west direction. To limit the potential bias 
caused by changing vertical distribution of species throughout the day, 
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only data collected during daylight were included in the analysis. In 
addition to the planned transects, observations collected during daylight 
while transiting between transects were also included in the analysis. 

Survey methods were consistent with previous work conducted in 
2012 and 2013 (De Robertis et al., 2017b), as described below. The 2012 
and 2013 surveys of the Chukchi Sea both took place from 7 August to 8 
September. This was approximately 3 weeks earlier than the surveys in 
2017 and 2019. These earlier surveys sampled the same area as in 2017 
(Fig. 1a), occupying the same stations. However, in 2012 and 2013, the 
vessel transited from south to north. Due to the differences in survey 
direction, the region south of 70.5 ◦N was sampled 15–40 days later in 
both 2017 and 2019 than 2012 and 2013, while transects north of 70.5 
◦N were sampled within the same 10–15-day period (Fig. A.1). 

2.1. Acoustic data collection 

Acoustic backscatter at 38 and 120 kHz was measured using a split- 
beam Simrad EK60 echosounder operating ES38B and ES120-7C trans-
ducers mounted at 3.7 m depth on the vessel’s hull. Data were collected 
using a pulse length of 0.5 ms at a ping rate of 2 Hz. In deep water (>250 
m), longer pulse lengths (1 ms at 120 kHz, 4 ms at 38 kHz) were used to 
increase signal-to-noise ratios, and the ping rate was slowed to ~0.3–0.5 
Hz. The echosounders were calibrated twice each survey at the shorter 
pulse length and once each survey at the longer pulse length using the 
standard sphere technique (Demer et al., 2015). Results from the two 
0.5 ms pulse length calibrations in each year were averaged before being 
applied in post-processing. Calibration results were consistent among 
surveys. Gains from the averaged pre- and post-survey calibrations for 
the 0.5 ms pulse length differed by 0.09 dB (2.2%) at 38 kHz and 0.17 dB 
(4.0%) at 120 kHz. Mean sound speed and absorption coefficients for 
each year were calculated from conductivity, temperature, and depth 
(CTD, Sea-Bird Electronics 911plus) sensor profiles conducted at survey 
stations (Figs. 1 and 39 profiles in 2017 and 46 profiles in 2019) and 
applied in post-processing. 

2.2. Midwater trawl sampling 

The species and size composition of pelagic acoustic scatterers was 
determined from targeted midwater trawls in areas of high backscatter. 
Acoustically observed fish aggregations were sampled using a modified 
Marinovich herring trawl equipped with the same fine-mesh 2 by 3 mm 

codend liner used in previous surveys (De Robertis et al., 2017b). 
Backscatter was generally evenly distributed throughout the survey 
area. Thus, many trawl hauls were conducted at the survey sampling 
stations (Fig. 1) for logistical convenience. The hauls targeted the depth 
of greatest backscatter at each location. Prior to the 2017 survey, the 
Marinovich trawl was modified with a redesigned aft section that 
resulted in lower selectivity and better retention of small fishes (De 
Robertis et al., 2022). Midwater trawls were conducted at 33 sites in 
2017 and 43 sites in 2019 (Fig. 1), with an average ship speed of 1–1.5 m 
s− 1 during trawling. Net openings and depths were monitored with 
either a Simrad FS70 or Marport Trawl Explorer net sounder attached to 
the headrope. The trawl opening was approximately 8 m horizontal by 
7.5 m vertical, with a mean headrope depth of 27.1 m (range 11.4–46.7 
m) in 2017 and 34.9 m (range 13.2–227.9 m) in 2019. 

Trawl catches were weighed, sorted, and identified to species. Fish 
lengths (3392 individuals in 2017, 9124 in 2019) and jellyfish bell di-
ameters (1211 individuals in 2017, 751 in 2019) were measured on a 
subsample of individuals from each trawl (up to 60 gadids, 10 of all 
other species) to the nearest 1.0 mm using an electronic measuring 
board (Towler and Williams, 2010). The protocols for length measure-
ment varied among years for the key gadid species. Age-0 gadid length 
was measured as total length in 2017 and standard length in 2019. To 
account for these differences, we conducted repeat measurements of 
fork, total and standard length on the same individuals and calculated 
linear models to convert among length types (Table A.1). 

Genetic analyses indicated that the field identifications of juvenile 
gadids were unreliable, particularly when distinguishing between age- 
0 Arctic cod and pollock (Wildes et al., 2022). Thus, genetic markers 
extracted from tissue samples from a subsample of measured gadid 
fishes (894 in 2017, 3155 in 2019) were used to confirm field identifi-
cations. For gadids with a tissue sample (40% and 56% of measured 
gadids in 2017 and 2019, respectively), the species identifications were 
updated based on the genetic identifications (see Wildes et al., 2022 for 
details). For the remaining measured gadids with no genetic identifi-
cation, species was assigned probabilistically based on the 
length-dependent species composition of the genetically identified in-
dividuals in that haul (see Appendix B). 

2.3. Data processing and abundance estimation 

Fish abundances were estimated by combining backscatter 

Fig. 1. Study area (highlighted by the red square on the inset map) in (a) 2017 and (b) 2019. The 40-, 100-, and 1000-m depth contours are shown.  
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measurements and size and species composition information from the 
genetically corrected trawl samples following the methods in De Rob-
ertis et al. (2017b). The 38 kHz acoustic backscatter was integrated in 
0.5 nmi along-transect intervals with a minimum Sv threshold of − 70 dB 
re 1 m− 1, excluding data shallower than 6.5 m (due to the draft of the 
ship) and deeper than 0.5 m above the seafloor. Trawl catches were 
corrected for size- and species-dependent net selectivity based on 
small-mesh recapture nets mounted to the trawl to account for the size- 
and species-specific likelihood of capture (De Robertis et al., 2017a; 
2022). Pacific cod were too scarce to estimate net selectivity for the 
species, so the selectivity relationship for pollock was applied as the fish 
are of similar origin and morphology. There were no estimates of 
selectivity for invertebrates so values for these species were not cor-
rected for selectivity; however, these species are very weak contributors 
to scattering relative to fish with swimbladders, and the lack of selec-
tivity corrections for these taxa is unlikely to affect the abundance es-
timates of other species (De Robertis et al., 2017b). 

The selectivity-corrected size and species composition estimates 
were combined with size- and species-specific scattering properties to 
allocate observed acoustic backscatter to each species in the catch. 
Target strength relationships from the literature were used to estimate 
acoustic scattering for each species in the trawl catch (see De Robertis 
et al., 2017b, their Table 1). The proportion of total areal backscatter 
attributable to each species was then calculated along acoustic transects 
using species and size compositions from the nearest trawl (De Robertis 
et al., 2017b, their equations 1-7). The AT method is best-suited for 
abundant, strongly-scattering species (Simmonds and MacLennan, 
2005). The analysis was thus limited to Arctic cod, pollock, Pacific cod, 
saffron cod (Eleginus gracilis), Pacific herring (Clupea pallasii), and 
capelin (Mallotus catervarius). These species accounted for 96.2% and 
63.7% of fish by number in the trawl catch in 2017 and 2019, respec-
tively. The contribution of other less abundant or weakly scattering 
species to the observed backscatter was estimated, but abundance esti-
mates were not reported. For example, as in previous surveys, we were 
unable to estimate Arctic sand lance (Ammodytes hexapterus) abundance 
using AT methods with confidence. This is because they are weak 
acoustic scatterers due to their lack of a swimbladder, which results in 
high uncertainty if stronger scatters are misclassified as sand lance 
(Yasuma et al., 2009; De Robertis et al., 2017b). 

2.4. Environmental data collection and processing 

At all stations, a CTD sensor was deployed from surface to ~5 m 
above the seafloor. Mean water column temperature and salinity was 
calculated at each station for the upper 10 m (hereafter referred to as 
surface temperature/salinity), and the deepest 5 m (hereafter referred to 
as bottom temperature/salinity) of each profile. Measurements were 
available from 39 stations in 2017 and 46 stations in 2019. To associate 

fish with environmental conditions, each 0.5 nmi interval of transect 
was assigned to the nearest CTD station, and the average fish abun-
dances (fish m− 2) for each grouping of intervals were calculated. Water 
mass classifications from Danielson et al. (2017) were used to describe 
station conditions based on temperature: 2 ◦C and 7 ◦C were used to 
represent the boundaries between Alaskan Coastal Water (>7 ◦C), 
Bering/Chukchi Summer Water (2–7 ◦C), and Bering Chukchi Winter 
Water (<2 ◦C). 

2.5. Availability of 2012 and 2013 data 

Acoustic estimates of abundance from surveys conducted in 2012 
and 2013 for Arctic cod, pollock, Pacific cod, saffron cod, Pacific her-
ring, and capelin (De Robertis, 2022; De Robertis et al., 2021) were 
included in our analyses to provide context for the new observations in 
2017 and 2019. Depth-stratified data from these surveys were not 
available; thus, only spatial comparisons were conducted across the four 
years of abundance estimates. Surface and bottom temperature and 
salinity as calculated for 2017 and 2019 were available from the 2012 
(68 CTD profiles) and 2013 (55 CTD profiles) surveys (Danielson et al., 
2017). A subsample of gadids collected in 2012 and 2013 (De Robertis 
et al., 2017b) were validated using the same genetic marker analyses 
used for gadids collected during the 2017 and 2019 surveys. This 
analysis indicated that, in contrast to the more recent surveys, few 
pollock were present in the survey region (0.2% of 1435 gadids analyzed 
from both years, Wildes et al., 2022). This provided confidence for 
further comparison of the 2017/2019 surveys with the 2012/2013 data, 
despite the potential for species misclassifications due to the lack of 
genetic-based species assignments in the 2012/2013 surveys. 

3. Results 

3.1. Results of the 2017 and 2019 surveys 

3.1.1. Trawl catches 
Catch rates were >6-fold higher in 2017 than in 2019 (mean catch 

per unit effort for all fishes of 0.248 fish m− 3 in 2017 and 0.034 fish m− 3 

in 2019) primarily due to high abundances of Arctic cod (0.189 fish m− 3 

in 2017 and 0.017 fish m− 3 in 2019). Trawl catches were dominated by 
small fishes (80% < 7.3 cm in 2017 and < 8.0 cm in 2019). Juvenile 
gadids (Arctic cod, pollock, saffron cod, Pacific cod), Arctic sand lance, 
pricklebacks (Stichaedae), Pacific herring, and capelin accounted for 
98.6% of catch by number (16.0% by weight) in 2017, and 93.4% of 
catch by number (6.7% by weight) in 2019 (Fig. 2a and b). These species 
accounted for 95.2% and 87.3% of the catch by number in 2012 and 
2013, respectively (De Robertis et al., 2017b). Jellyfish composed a 
small proportion of the catch by number (0.7% in 2017, 5.5% in 2019), 
but a large proportion of the catch by weight (83.8% of the biomass in 
2017, 93.1% in 2019). Chrysaora melanaster was prevalent throughout 
the survey area in both years, accounting for 60.8% of all jellyfish by 
weight in 2017 and 58.3% in 2019. Catch compositions of nearby trawls 
were relatively consistent (Fig. 2a and b), justifying the extrapolation of 
catch composition from nearest hauls to the fine-scale acoustic 
observations. 

Age-0 Arctic cod dominated the catch throughout the survey region 
in 2017, except in the southern Chukchi (south of 68.5 ◦N) where the 
catch composition was highly variable (Fig. 2a). Age-0 pollock were 
widely distributed and captured at lower abundance than Arctic cod 
throughout the survey area (Fig. 2a). The catch composition was more 
spatially stratified in 2019, with Arctic cod primarily restricted to the 
northeastern part of the survey area (Fig. 2b). The northwestern part of 
the survey area was dominated by pollock and Arctic sand lance. South 
of 71 ◦N, pollock were the most abundant fishes in the trawl catches, 
with capelin and Pacific herring occurring at some nearshore locations 
(Fig. 2b). 

Table 1 
Mean fish backscatter and total number of fish for abundant pelagic sound 
scattering species, estimated with acoustic-trawl methods in 2017 and 2019. The 
total area of the survey region was 1.48 × 105 km2 in 2017 and 1.53 × 105 km2 

in 2019, with ~92% of the survey area overlapping between both years. Low 
abundance fishes, e.g. Pacific cod, make up a low proportion of the backscatter 
and thus their abundance estimates are more uncertain. However, these esti-
mates are included here to provide a baseline for future assessments in the 
region.   

2017 2019 

Mean fish backscatter (sA, m2 nmi− 2) 1094.8 239.6 
Arctic cod 5.6 × 1011 9.8 × 1010 

Walleye pollock 1.5 × 1011 3.8 × 1010 

Capelin 1.3 × 1010 2.3 × 109 

Saffron cod 1.5 × 109 1.2 × 109 

Pacific cod 2.7 × 109 9.3 × 108 

Pacific herring Not present 2.0 × 109  
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3.1.2. Acoustic backscatter 
Mean backscatter in 2017 was 4.5-fold higher than in 2019 (Table 1). 

Acoustic backscatter in 2017 was high throughout the survey region 
north of 68 ◦N, coinciding with the areas where age-0 Arctic cod were 
numerically abundant in trawl catches (Fig. 2c). The greatest acoustic 
backscatter in 2019 occurred between 70 and 72 ◦N, where age-0 Arctic 
cod and pollock dominated the catch (Fig. 2b, d). Patchy high- 
backscatter schools in the southern Chukchi Sea in 2019 were attrib-
uted to Pacific herring (Figs. 2d, A.3). 

Age-0 gadids (i.e. Arctic cod, pollock, saffron cod, and Pacific cod) 
were the primary contributors to 38 kHz backscatter. Together, they 
accounted for 94.3% of the backscatter in 2017 and 88.3% in 2019. 
Capelin and Pacific herring were the next most abundant sound scat-
tering pelagic species, accounting for 1.9% of the backscatter in 2017 
and 5.5% in 2019. Although jellyfish dominated the biomass, they have 
a much lower mass-specific target strength than fishes with swim-
bladders (De Robertis and Taylor, 2014) and were not major contribu-
tors to the observed backscatter (<1.3% in both years). 

3.2. Acoustic estimates of fish abundance and distribution 

3.2.1. Abundance, distribution, and body size of arctic gadids 
Juvenile gadids dominated the acoustic-trawl abundance estimates 

in 2017 and 2019. They composed 98% of fishes in 2017 and 96% in 
2019. Arctic cod were most abundant, comprising 76.3% of fish abun-
dance in 2017 and 68.6% in 2019. Arctic cod also dominated AT 
abundance estimates in the previous 2012 and 2013, comprising >93% 
of fishes in both years. High abundances of small pollock were observed 
in 2017 and 2019. Pollock made up 21.1% of fishes in 2017 and 26.6% 
in 2019. This was substantially higher than the abundance of pollock in 
the earlier surveys, in which they were essentially absent; pollock 
accounted for only 0.1% of fishes in 2012 and < 0.001% of fishes in 
2013 in trawl catches north of 66 ◦N. Other species (Saffron cod, Pacific 
cod, capelin, and Pacific herring) were present at much lower abun-
dances in 2017 and 2019 (Table 1, Fig. A.3). Abundances of Arctic cod 
and pollock in 2017 were 5.7- and 4.0-fold greater than in 2019, 
respectively (Table 1). Arctic cod and pollock densities in 2017 were 
greater in the central and northern Chukchi compared to other survey 
years (Fig. 3). Furthermore, the relatively high densities of Arctic cod in 
2017 were widespread and extended throughout much of the shelf. 
Pollock were also distributed throughout the survey region at much 
greater densities than previously observed (Fig. 3e and f). 

The lengths of Arctic cod and pollock were consistent with age- 
0 fishes for these species (Fig. 4, Brodeur et al., 2002; Helser et al., 
2017). This classification for Arctic cod was confirmed by otolith aging 
of a subsample (n = 77) of fish captured in the 2017 survey (Chapman 
et al., 2022). Arctic cod length averaged 4.4 ± 0.5 cm (SD) in 2017, and 
4.7 ± 0.5 cm in 2019 (Fig. 4a). The Arctic cod in 2017 and 2019 were on 
average ~1 cm larger than those observed north of the Bering Strait in 
2012 and 2013 (mean length was 3.5 cm in both years, Fig. 4a). Fishes 
sampled on the same date were larger in the 2017 and 2019 surveys, 
suggesting they experienced higher growth rates than in 2012 and 2013 
(Fig. A.2). Pollock mean length was 4.9 ± 0.6 cm in 2017 and 5.2 ± 0.4 
cm in 2019 (Fig. 4b). The mean length of the few pollock present in 2012 
and 2013 was 4.9 ± 0.5 cm and 6.8 ± 0.7 cm, respectively. 

3.2.2. Environmental conditions and associations 
Arctic cod and pollock exhibited associations with temperature and 

salinity but these were not consistent among surveys (Fig. 5). Surface 
temperature and salinity at sampling stations ranged from 2.5 to 7.5 ◦C 
and 25.4 to 32.3 in 2017 (Figs. 5e), and 3.2–10.6 ◦C and 27.1 to 32.1 in 
2019 (Fig. 5g). Relative to other years, surface temperatures in 2017 fell 
within a relatively narrow band of intermediate temperatures. Bottom 
temperature and salinity ranged from − 0.7 to 6.5 ◦C and 31.0 to 34.7 in 
2017 (Fig. 5f), and − 1.4 to 10.6 ◦C and 29.1 to 34.7 in 2019 (Fig. 5h). In 
both years, the coldest surface and bottom waters were encountered in 
the northeastern portion of the survey area (Fig. A.4). 

In 2017, Arctic cod and pollock distributions overlapped broadly and 
both species inhabited similar water masses (Fig. 3c, g, 5e, f). In 
contrast, in 2019, the two species were spatially separated and experi-
enced different thermal environments (Fig. 3d, h, 5g, h). Pollock were 
the primary gadids in the southern and western portion of the survey 
area in 2019 (Fig. 3h), which exhibited warm (>7 ◦C) surface temper-
atures that typify Alaskan Coastal Water and warm (>2 ◦C) bottom 
waters typical of Bering/Chukchi Summer Water (Figs. 5g, h, A.4). 
Conversely, Arctic cod were largely restricted to the northeastern region 
of the survey area in 2019 (Fig. 3d), where surface temperatures were 
<7 ◦C (Figs. 5g, A.4d) and bottom temperatures were <2 ◦C, typical of 
Bering/Chukchi Winter Water (Figs. 5h, A.4h). 

Arctic cod and pollock were distributed closer to the surface in re-
gions with cold bottom water (Fig. 6). Fishes were relatively evenly 
distributed throughout the water column in 2017 (Fig. 6a and b) when 
water across the shelf was less thermally stratified (Figs. 5e, f, A.4c, g), 
and >65% of the total survey abundance was in areas with bottom water 
>2 ◦C. Only 25% of pollock and Arctic cod were in areas with bottom 
water >2 ◦C in 2019; fishes in these locations were more evenly 
distributed throughout the water column (Fig. 6c and d), with only 28% 
of the abundance shallower than 25 m. Arctic cod were largely restricted 
to areas with bottom waters <2 ◦C in 2019 (Figs. 5h and 6c), which was 

Fig. 2. Catch composition as proportion of individuals captured in each mid-
water trawl in (a) 2017 and (b) 2019. 38 kHz backscatter from fishes (sA, m2 

nmi− 2) along the survey transects during the c) 2017 and d) 2019 surveys. The 
size and color of each circle is proportional to the backscatter within each 0.5 
nmi along-transect interval. The 40-, 100-, and 1000-m depth contours 
are shown. 
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not the case in previous years (Fig. 5b, d, f). In the colder regions of the 
survey area (bottom temperature <2 ◦C), >55% of the fishes were 
shallower than 25 m in 2019, driven by the relatively large abundance of 
Arctic cod (and to a lesser extent, pollock) high in the water column 
(Fig. 6c and d). 

4. Discussion 

4.1. Abundance and distribution of fishes 

Observations from four surveys spanning a seven-year period suggest 
that the pelagic fish community in the Chukchi Sea is continuing to 
undergo rapid change associated with the accelerated warming 
observed over the past decade. While age-0 gadids continue to dominate 
the pelagic fishes on the Chukchi shelf (Logerwell et al., 2015; De 
Robertis et al., 2017b), their abundance and species composition were 
highly variable. Age-0 gadids were substantially more abundant in 2017 
relative to the other years, which was apparent in both the 
acoustic-trawl (AT) abundance estimates and the trawl catch. This was 
due to both a large increase in Arctic cod and an influx of pollock. While 

age-0 Arctic cod continue to be the dominant pelagic fish in much of the 
eastern Chukchi Sea, age-0 pollock, which were previously near-absent 
in the region, were present in substantial numbers in 2017 and 2019. 

Arctic cod, pollock, saffron cod, Pacific cod, and capelin were the 
most abundant species in 2017 and 2019. Pacific herring were also 
present in the southern portion of the survey area within Kotzebue 
Sound in 2019 (Table 1, Fig. A.3). With the exception of pollock, these 
same species were dominant in the 2012 and 2013 AT survey observa-
tions (De Robertis et al., 2017b) and in other recent surveys of the Pacific 
Arctic (Eisner et al., 2013; Goddard et al., 2014; Logerwell et al., 2015). 
Although we were unable to confidently estimate the abundance of 
Arctic sand lance using AT methods due to their weak acoustic scat-
tering, they were abundant in trawl catches in the central and north-
western portion of the survey region in 2019 (Fig. 2b; also see Baker 
et al., 2022). 

4.2. Relative abundances of age-0 and age-1+ gadids 

In comparison to the high densities of age-0 gadids present in the 
survey area, relatively few age-1+ gadids or other large fishes were 

Fig. 3. Density of Arctic cod estimated by acoustic-trawl methods in 0.5 nmi along-transect intervals in (a) 2012, (b) 2013, (c) 2017, and (d) 2019. Density of walleye 
pollock in (e) 2012, (f) 2013, (g) 2017, and (h) 2019. The 40-, 100-, and 1000-m depth contours are shown. In 2017 and 2019, the entire survey extent is shown. In 
2012 and 2013, plots for Arctic cod (a, b) show only the region north of the Bering Strait (66 ◦N). This encompasses all Arctic cod except for an aggregation of large 
(age-1+) individuals captured in one trawl in 2012 at 65 N (not shown; see De Robertis et al., [2017b], their Fig. 2). (i) Mean areal density (fish m− 2) of Arctic cod 
and pollock north of 66 ◦N. Pollock were present in 2012, but their density was too low to be visible. 
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observed. This is consistent with other surveys of both the pelagic (De 
Robertis et al., 2017b) and demersal (Goddard et al., 2014; Logerwell 
et al., 2015) communities in the eastern Chukchi Sea conducted over the 
past decade. Although fish captured in bottom trawls tend to be larger 
(Barber et al., 1997; Goddard et al., 2014; Maznikova et al., 2023a), 
their densities are substantially lower than the age-0 fishes observed in 
recent pelagic surveys (see discussion in De Robertis et al., 2017b). 
Historically, sampling in shallow (<20 m) nearshore regions of the 
Chukchi Sea suggests that densities of larger Arctic cod may be higher in 
those environments (Alverson and Wilimovsky, 1966; Thedinga et al., 
2013). There are also large colonies of piscivorous seabirds associated 
with these areas, indicating that larger fishes are likely present (Swartz, 
1966; Piatt et al., 1991). However, in contrast with these observations as 
well as surveys of the western Beaufort Sea (Craig et al., 1982; Frost and 
Lowry, 1983; Parker-Stetter et al., 2011), we did not observe many large 
Arctic cod in the pelagic environment of the Chukchi Sea surveyed in 
this study. 

Bottom trawls indicate that while relatively low in density (~0.01 
fish m− 2), age-1+ Arctic cod are present throughout the western 
Chukchi Sea (Maznikova et al., 2023a). Surveys of the Russian sector of 
the Chukchi shelf in 2018 found primarily age-1 to age-3 Arctic cod in 
the southern portion of the shelf, associated with the inflow of Pacific 
water through Bering Strait (Maznikova et al., 2023a). Farther north, 
age-0 and age-1+ Arctic cod have been observed along the shelf slope in 
the western Chukchi (Maznikova et al., 2023a). Juveniles were associ-
ated with the drifting sea ice and older individuals were found deeper in 
the water column, associated with warm Atlantic water. Similar aggre-
gations at depth of age-1+ Arctic cod have also been observed along the 
shelf slope in the eastern Chukchi (De Robertis et al., 2017b) and the 
Beaufort Sea (Geoffroy et al., 2016). It is hypothesized that these ag-
gregations of larger fish at depth may form as juveniles move deeper in 
the water column following northward transport off of the shelf (Levine 
et al., 2021; Maznikova et al., 2023a). 

Demersal sampling conducted concurrently with the 2017 and 2019 
surveys of the eastern Chukchi sea further support the observations that 
compared to age-0 fish in the midwater, age-1+ Arctic cod are relatively 
scarce in the region during the survey period. A 3-m plumb-staff beam 
trawl (Gunderson and Ellis, 1986) was used to sample demersal fishes 

and benthic fauna at survey sampling stations (66 trawls in 2017, 52 
trawls in 2019) (Logerwell and Cooper, 2021a, 2021b). While this net is 
small, the selectivity for the size distribution of age-1+ Arctic cod 
observed in the western Chukchi shelf (Maznikova et al., 2023a) is 
comparable to that of a larger trawl typically used for groundfish bottom 
trawl surveys (Kotwicki et al., 2017). Estimated total abundances of 
age-1+ Arctic cod in the survey area were 1.0 × 109 (0.007 fish m− 2) in 
2017 and 5.1 × 108 (0.003 fish m− 2) in 2019 (Logerwell and Cooper, 
2021a, 2021b). These densities are consistent with previous bottom 
trawl sampling in the eastern Chukchi Sea in which catches were pri-
marily age-1+ Arctic cod occurring at relatively low densities (0.01 
Arctic cod m− 2, Goddard et al., 2014; 0.001 to 0.08,Thedinga et al., 
2013; 0.04, Norcross et al., 2013; 0.006 to 0.02, Barber et al., 1997). 
Compared to the age-0 population observed in the midwater in the 
survey area (this study; De Robertis et al., 2017b), these relatively low 
densities of age-1+ Arctic cod would represent age-0 survival of <1% if 
the eastern Chukchi Sea was a closed system. In a comparable envi-
ronment such as the Barents Sea, age-0 Arctic cod survival is estimated 
to be approximately 10% (Marsh et al., 2020). Thus, consistent with the 
previous surveys, the relatively small age-1+ population present in the 
survey area in summer is likely the result of emigration of juveniles to 
other areas (De Robertis et al., 2017b; Marsh et al., 2020). Further, it is 
highly unlikely that the relatively low abundance of mature Arctic cod 
present in the area in summer have the reproductive potential to pro-
duce the population of age-0 Arctic cod observed in the acoustic-trawl 
survey (Marsh et al., 2020). 

We believe the scarcity of age-1+ gadids observed in the 2017 and 
2019 surveys accurately represent the pelagic community composition 
in the area surveyed, as they have been corrected for gear selectivity (De 
Robertis et al., 2022). The gadid lengths from both surveys are consis-
tent with acoustic observations made with an uncrewed surface vehicle 
in 2018, which inferred that pelagic fishes were primarily age-0 gadids 
based on the strength of echoes from individuals (target strength) and 
found little evidence of targets consistent with adult-sized gadids (Lev-
ine et al., 2021). The absence of large gadids in the midwater in 2017 
and 2019 cannot be attributed to the sampling gear, as the Marinovich 
herring trawl used in this study has retained larger individuals when 
used in other regions. For example, pollock up to 61 cm were captured in 
several Marinovich herring trawl hauls in the Bering Sea (Honkalehto 
and McCarthy, 2015). A bottom trawl (3 m vertical and 12 m horizontal 
trawl opening) similar in size to the Marinovich has also been effective 
at capturing adult pollock when fished in midwater (Kotwicki et al., 
2017). Thus, we are confident that our trawl sampling establishes that 
relatively few pelagic adult gadids were present in the midwater within 
the survey area. 

There is little evidence to support the presence of age-1+ Arctic cod 
in the near-surface region of the water column and above the sampling 
depth of the acoustic observations. No large gadids were caught in 
surface trawls using a large Nordic rope trawl (184 m long, ~315 m2 net 
opening) as part of a separate study conducted during the 2017 and 
2019 surveys (Farley and Levine, 2021a, 2021b). While adult Arctic cod 
may also be associated with sea ice (Ponomarenko, 2000; David et al., 
2016), our sampling was limited to ice free areas and little to no sea ice 
was present in the area during the period of the surveys in 2017 or 2019. 
It is possible that an age-1+ population is seasonally present in the 
eastern Chukchi Sea when sea ice is present. However, if these fish 
remain associated with sea ice into the summer, they likely migrate 
north, following the ice edge into the Beaufort and Arctic basin and were 
no longer present on the eastern Chukchi shelf by the time of the late 
summer surveys. 

4.3. Recent colonization of the Chukchi Sea by pollock 

The dramatic increase in age-0 pollock in the eastern Chukchi Sea is a 
recent occurrence. Small pollock and Arctic cod are difficult to distin-
guish based on external morphological characteristics in the field 

Fig. 4. Size distributions estimated by acoustic-trawl methods of (a) Arctic cod 
and (b) walleye pollock in each survey year. 
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(Mecklenburg et al., 2018). Without genetic analyses, we would have 
almost completely failed to identify the unexpected presence of pollock 
within the survey area in 2017 (Wildes et al., 2022). Post-survey genetic 
identification was necessary to accurately estimate abundances and 
distributions of each species (see Appendix B for details). Although the 
spatial coverage of tissue samples from previous surveys is more limited, 

the available genetic analyses suggest that pollock were scarce in the 
survey region in 2012 and 2013 (Wildes et al., 2022). 

Similar recent increases in pollock abundance have been reported in 
the western Chukchi Sea, where both age-0 and larger mature pollock 
have become substantially more abundant in the past decade. Though 
densities remain low (<0.005 fish m− 2), the total abundance of pollock 

Fig. 5. Surface and bottom temperature and salinity at CTD stations in (a, b) 2012, (c, d) 2013, (e, f) 2017, and (g, h) 2019, where the size of each point indicates the 
abundance of Arctic cod (green) and walleye pollock (purple) in the transect intervals associated with the station (see methods for details). CTD stations where fish 
density in the associated transect intervals was <0.001 fish m− 2 are indicated by a black x. 
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observed in bottom trawl surveys of the western Chukchi Sea in 
2018–2020 indicate a substantial increase relative to surveys prior to the 
recent period of intense warming that has occurred since 2017 (Emelin 
et al., 2022; Maznikova et al., 2023b). It is hypothesized that this pop-
ulation is primarily composed of migrants from the northern Bering Sea 
(Maznikova et al., 2023b), and abundances in summer have become 
large enough in recent years to support commercial fishing in the region. 

4.4. Increased body size of arctic cod 

Arctic cod were 25–35% (~1 cm) larger in 2017 and 2019 than in 
2012 and 2013. Although the timing of surveys in 2017 and 2019 was 
later than in the previous surveys, the increase in body size is too large to 
be attributed to survey timing alone. The summer is a period of rapid 
growth for age-0 gadids on the Chukchi shelf (Levine et al., 2021; Deary 
et al., 2021), and the more recent surveys in 2017 and 2019 occurred 
approximately 3 weeks later than those in 2012 and 2013. For a 3.5 cm 
Arctic cod at 9 ◦C, the temperature of maximum growth (Laurel et al., 
2017), an additional 21 days (reflecting the timing of later surveys in 
2017 and 2019) could explain approximately 0.5 cm of additional 
growth (based on Laurel et al., 2017, their Table 2 model B0). However, 
even at this maximum growth rate, this would only account for 
approximately half of the increased size observed in 2017 and 2019. 

Warmer water temperatures are likely to have contributed to the 
recent increases in Arctic cod body size. Mean water temperatures be-
tween the approximate timing of Arctic cod spawning and the survey 
dates (January to August, Fig. 7; Bouchard and Fortier 2011) in the 

Bering Strait (A3 mooring site, 66.29 ◦N, 168.96 ◦W, Woodgate, 2018; 
Woodgate and Peralta-Ferriz, 2021) in 2017 and 2019 were 0.5–1.5 ◦C 
warmer than in 2012 and 2013. This was driven principally by warmer 
conditions in spring and summer (Fig. A.5). Exceptionally warm tem-
peratures in spring 2017 were observed in the Bering Strait (Fig. A.5a), 
when water was 0.5 ◦C warmer than the same period in 2019 and > 1 ◦C 
warmer than in 2012 and 2013 (Fig. 7). Increased growth rates resulting 
from warmer temperatures may have led to larger individuals in 2017 
and 2019 (Laurel et al., 2017). Based on the growth rates of age-0 Arctic 
cod laboratory specimens reported in Laurel et al. (2017), the ~1 ◦C 
difference in temperature between the spawning period and survey 
(Fig. 7) could account for a ~0.5 cm increase in length by the time of the 
survey in September (Fig. A.2). 

Vertical habitat selection may have helped to maintain higher 
growth rates in regions of cold bottom water. In 2017, both Arctic cod 
and walleye pollock were relatively evenly distributed throughout the 
water column (Fig. 6a and b) when temperature contrast between sur-
face and bottom waters throughout the survey area was fairly low 
(Fig. A.4c, g). In 2019, when temperature contrast between the surface 
and bottom waters was higher (Fig. A.4d, h), distributions of both spe-
cies tended to be shallower in areas of cold bottom temperatures (Fig. 6c 
and d). This change in vertical distribution may reflect a behavioral 
choice. That is, both species may be avoiding colder deep waters where 
growth potential is reduced (Laurel et al., 2016). 

Increased survival of early-hatched Arctic cod larvae may have also 
contributed to increased mean size in 2017 and 2019. Observations of 
Arctic cod in the Canadian Arctic suggest that higher temperatures 
reduce time-to-hatch and improve the survival of early hatching larvae 
(Bouchard and Fortier 2011; Bouchard et al., 2017). Dupont et al. (2020) 
proposed that increased early-season survival rates would lead to older 
and larger age-0 Arctic cod. As length is strongly associated with hatch 
date (Bouchard et al., 2017), a greater proportion of older individuals 
leads to an increase in the mean length in the population. Improved 
early larval survival may also lead to increased size and lower mortality 
of age-0 fishes (Dupont et al., 2020), which may have contributed to the 
high abundances of age-0 Arctic cod observed in 2017. However, this 
increase in hatch survival does not necessarily equate with increased 
recruitment. Copeman et al. (2022a) found that Arctic cod in 2017 had 
significantly lower total lipids than in 2013, suggesting that though 
hatch success may increase as a result of warming, overwintering suc-
cess may be reduced. 

Fig. 6. Total abundance of Arctic cod (green) and walleye pollock (purple) by depth in the water column in (a, b) 2017 and (c, d) 2019. The lines in each panel 
partition the total abundance into regions where bottom temperatures were >2 ◦C (orange) and <2 ◦C (blue). 

Fig. 7. Mean transport (black dashed line) and bottom temperatures (blue 
dotted line) measured at Bering Strait (A3 mooring, Woodgate, 2018; Woodgate 
and Peralta-Ferriz, 2021) from January to August of each year (1998–2019). 
The years of the acoustic-trawl surveys (2012, 2013, 2017, 2019) are indicated 
by the grey-shaded regions. 
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4.5. Impact of temperature on sources of age-0 gadids in the eastern 
Chukchi Sea 

Although we do not know the source of the age-0 Arctic cod popu-
lation observed on the Chukchi shelf, modeling studies predict that the 
population likely originates in the northern Bering Sea and/or southern 
Chukchi Sea, and is subsequently advected north (Levine et al., 2021; 
Vestfals et al., 2021). Arctic cod are known to spawn under sea ice 
(Ponomarenko, 2000), and a migration path between spawning and 
feeding grounds has been proposed (Forster et al., 2020) where Arctic 
cod spawn near the ice edge in the northern Bering and Southern 
Chukchi Seas, follow the ice retreat north to seasonal feeding areas, and 
return to the spawning grounds in late fall. This migration may be 
altered by continued warming: the reduction in suitable habitat (bottom 
temperatures <2 ◦C) has led to decreases in Arctic cod in the northern 
Bering Sea in summer (Baker, 2021), indicating that spawning may be 
shifting further north onto the Chukchi shelf. 

The high abundances of age-0 pollock in the Chukchi Sea in recent 
years may be indirectly driven by increased temperatures in the north-
ern Bering Sea associated with decreased ice extent and earlier ice 
retreat (Danielson et al., 2020). Few pollock of any age class have been 
observed north of the Bering Strait in previous surveys (Quast, 1974; 
Norcross et al., 2013; Logerwell et al., 2015; De Robertis et al., 2017b; 
Maznikova et al., 2023b). Ice cover in the Bering Sea has historically 
supported the formation on the eastern Bering Sea shelf of an extensive 
“cold pool” – a region where cold (<2 ◦C) bottom waters persist in 
summer and early fall (Wyllie-Echeverria and Wooster, 1998; Stabeno 
and Bell, 2019). Adult pollock typically avoid the cold pool and move to 
the outer shelf of the Bering Sea when the cold pool is extensive (Kot-
wicki et al., 2005; Stevenson and Lauth, 2019). Reduced ice formation 
and shorter periods of ice cover lead to a diminished cold pool, which 
likely reduces the thermal barrier and enables adult pollock to remain on 
the inner and northern shelf throughout the year. 

The Bering Sea has experienced extreme warming in recent years, 
which drastically reduced the size of the cold pool in both 2017 and 
2019 (Stabeno and Bell, 2019; Baker et al., 2020b). Pollock distributions 
shifted northward during this period, resulting in high densities of adult 
pollock in the northern Bering Sea (Stevenson and Lauth, 2019; Eisner 
et al., 2020). Similarly, high abundances of juvenile and adult pollock 
were also observed in the Russian sector of the southern Chukchi Sea 
since 2018 (Maznikova et al., 2023b). The increased abundance of ju-
venile and larger mature pollock on the western shelf is attributed to 
passive drift and active migration from the northern Bering Sea, 
respectively (Emelin et al., 2022). Across the shelf, pollock were likely 
absent in 2012 and 2013 due to the presence of an extensive cold pool 
(O’Leary et al., 2020). Thus, the recent northward shift of pollock dis-
tribution combined with the prevailing northward transport has likely 
increased the supply of larval pollock to the Chukchi shelf. 

4.6. What led to the spatial separation of gadids in 2019? 

Given that Arctic cod and pollock were associated with distinct water 
masses in 2019, we hypothesize that the spatial separation between 
these species was driven by differences in spawning locations. Pollock 
were abundant in the central and southern portions of the survey area in 
2019, where surface temperatures exceeded 8 ◦C (Figs. 3 and 5). These 
temperatures indicate that pollock were largely present in Alaskan 
Coastal Water, which primarily originates on the inner Bering Sea shelf, 
driven by river input in spring and summer (Coachman et al., 1975; 
Woodgate et al., 2005). In 2012 and 2013, this water was restricted to 
nearshore regions of the eastern Chukchi. However, in 2019, Alaskan 
Coastal Water was found as far north as 72 ◦N and extended well 
offshore (Fig. A.4), likely due to southward winds forcing the current 
away from the coast (Morris, 2019; Woodgate et al., 2015). Age-0 
pollock were likely advected within this Bering Sea-origin water mass, 
potentially explaining their widespread distribution in the Chukchi Sea. 

The spatial separation in 2019 may reflect a northward shift in the 
spawning locations of Arctic cod as a result of further warming. Arctic 
cod and pollock overlapped broadly in 2017 (Fig. 3c, g), with both 
species co-occurring in the relatively narrow range of intermediate 
surface and bottom temperatures found in the survey area compared to 
other years (Fig. 5e and f). This suggests that spawning locations of 
Arctic cod may have overlapped with those of pollock in the northern 
Bering Sea where a reduced cold pool led to suitable conditions for both 
species (Baker, 2021). We hypothesize that Arctic cod were spawned 
farther north in 2019 than in 2017 due to the extreme low ice conditions 
(Stabeno and Bell, 2019). In 2019, Arctic cod were present largely in 
areas of cold (<2 ◦C) bottom waters (Fig. 5h) characteristic of Winter 
Water (Lowry et al., 2015; Woodgate, 2018; Danielson et al., 2020). This 
water mass would have been present over the Chukchi shelf prior to the 
input of warm Alaskan Coastal Water in spring, indicating that Arctic 
cod may have been spawned on the Chukchi shelf. However, the pollock 
spawning location may have been consistent with 2017, as they were 
once again present in areas characteristic of the Bering Sea-origin Alaska 
Coastal Water. 

Bering Strait transport between the approximate time of first 
spawning of Arctic cod and the survey (January to August) was sub-
stantially higher in 2019 relative to previous years (Fig. 7). Given that 
survey timing was similar in 2017 and 2019 (Fig. A.1), this increased 
transport likely led to a northward shift in the distributions of both 
species, and possibly led to the advection of a portion of the age-0 Arctic 
cod population off the Chukchi shelf by the time of the survey. A similar 
effect of transport has been observed in zooplankton: in years of weak 
westward winds, the dominant northward transport of water across the 
Chukchi shelf results in an increase in the presence of Bering Sea origin 
zooplankton in August near Pt. Barrow (Ashjian et al., 2021). This is 
consistent with the displacement of fishes to the north as observed in 
2019 when transport was high (Fig. 7). Conversely, strong west- and 
southward winds inhibit northward transport on the shelf, resulting in 
retention of plankton and small fishes (Ashjian et al., 2021; Levine et al., 
2021). 

4.7. The future of pelagic fishes on the chukchi shelf 

We propose that the observations of gadids in this short survey time 
series can be described by a conceptual model encompassing three 
environmental regimes. Under the conditions of the last decade (i.e., 
2012/2013 or “recent conditions”, Fig. 8a), ice in the northern Bering 
Sea retreats in May and June (Frey et al., 2015), the Chukchi Sea re-
mains relatively cool and surface waters reflect a mixture of melt water, 
Bering/Chukchi Summer Water, and Alaskan Coastal Water (Danielson 
et al., 2017). In this regime, age-0 Arctic cod, which are likely to have 
been spawned as far south as the northern Bering Sea (Vestfals et al., 
2021), are the dominant gadids on the Chukchi shelf in late summer. In 
late summer, they are primarily present in the northeastern Chukchi Sea, 
where they experience intermediate temperatures as Winter Water 
warms. These fish are then advected northwards during the fall towards 
the Chukchi and Beaufort shelf breaks and into the Arctic Ocean (Levine 
et al., 2021). 

Under warming ocean conditions such as those observed in 2017, 
when ice retreats from the northern Bering Sea earlier in spring (Wang 
et al., 2018), we propose a “warming” regime (Fig. 8b). Temperatures 
are warmer across the shelf as a result of decreased sea ice extent and 
earlier ice retreat. With a reduced cold pool in the Bering Sea, the 
density of spawning adult pollock near the Bering Strait increases. This 
leads to an increased supply of age-0 pollock in the northern Bering Sea, 
which are advected onto the Chukchi shelf (Eisner et al., 2020; Baker, 
2021; Emelin et al., 2022; Maznikova et al., 2023b). Hatch success of 
gadids also increases in warmer conditions on the Chukchi shelf, 
resulting in larger age-0 individuals in fall (Bouchard et al., 2017), 
which are subsequently advected farther north. Under low to typical 
transport conditions, the age-0 Arctic cod, likely originating in the 
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southern Chukchi or northern Bering Seas, have yet to be advected out of 
the southern and central shelf by late summer. 

Under a third, “warming and increased transport” regime exempli-
fied by 2019, northward transport increases as well as temperature 
(Fig. 8c; Woodgate, 2018). Pelagic age-0 pollock and Arctic cod continue 
to be present on the Chukchi shelf in summer. As a result of increased 
transport, the residence time of age-0 gadids on the Chukchi shelf de-
creases. Under this regime, age-0 Arctic cod likely originate further 
north than pollock; a nearly absent cold pool leads to a northward shift 
of the Arctic cod spawning population while adult pollock increasingly 
overwinter and spawn in the ice-free central and northern Bering Sea 
(Eisner et al., 2020) and possibly the southern Chukchi Sea (Emelin 
et al., 2022). Due to the increased northward transport, the population 
of age-0 Arctic cod is displaced towards the Chukchi shelf break and 
Beaufort Sea by late summer. The consequences of this displacement are 
unknown for Arctic cod. For example, it may result in a potential timing 
mismatch of their ontogenetic migration to take advantage of warmer 
Atlantic water along the Chukchi and Beaufort shelf breaks during 
transport off the Chukchi shelf in fall (Geoffroy et al., 2016). Age-0 
pollock that originate further south in the northern Bering Sea would 
be transported into the Chukchi along with the warmer water masses 
and dominate the gadid distribution on the central and southern shelf in 
late summer. 

Our analysis suggests that the anticipated continued warming of the 
Chukchi shelf (Danielson et al., 2020) will substantially alter ecosystem 
function. Under the two hypothetical environmental regimes repre-
senting the 2017 and 2019 surveys, the transition in gadid community 
structure could reduce the availability of high-quality prey to higher 
trophic levels in the Chukchi Sea as lower energy content subarctic 
species such as pollock continue to displace age-0 Arctic cod (Copeman 
et al., 2017). Additionally, it remains unclear if these boreal species can 
establish permanent populations, given the persistent near-freezing 
temperatures they would later experience on the shelf in winter 
(Woodgate et al., 2005; Stabeno et al., 2018). Even if pollock do colonize 
the area as they have in the northern Bering Sea (Eisner et al., 2020), 
they may experience lower rates of overwinter survival than the 
endemic species and the size of the adult population will likely continue 
to depend on the migration of pollock into the area (Emelin et al., 2022). 
Arctic cod, which may experience reduced lipid storage as a result of 
higher metabolic demands or reduced food quality in warmer conditions 
(Copeman et al., 2022a), are at a higher risk of starvation as they 

transition into wintering areas. A potential implication of this reduced 
survival would be a decrease in the total abundance of fishes in the 
Chukchi sea, at least on a seasonal basis. 

Further work to identify the winter spawning locations of both the 
Arctic cod and pollock observed on the Chukchi shelf is needed to better 
constrain the relationship between spawning location and transport. 
Spawning grounds for Arctic cod in particular are difficult to confirm 
due to seasonal ice cover. Without direct observations and tracking of 
spawning populations, we have a limited understanding of the spatio- 
temporal distribution patterns exhibited by age-0 gadids as they 
develop and return as adults, and the key environmental drivers that 
determine juvenile and adult survival and reproductive success. Year- 
round in situ observations of Arctic cod migration and transport, for 
example through remote sampling of environmental DNA (Wietz et al., 
2021) or target tracking from moored echosounders (Kaartvedt et al., 
2009), are needed to further confirm and quantify the roles of transport 
in the distribution and movement of these fish. 

If, as we hypothesize, the ongoing changes observed in the physical 
oceanography of the Chukchi Sea influence growth and transport of age- 
0 gadids, indirect environmental measurements could provide a basis for 
predicting future summer-time distributions of pelagic fishes in this 
region. Mooring-, satellite-, and shore-based observations as well as 
model-based predictions of ice, temperature, and transport are well 
established in the region (Frey et al., 2015; Woodgate, 2018; Janzen 
et al., 2019; Wang et al., 2018). These data sources are the basis for 
predictions of continued warming and higher transport into the Chukchi 
Sea. Northward shifts in the distribution of other marine animals have 
been associated with these changes in the physical environment. For 
example, changes in water mass transport have strongly influenced 
shifts in zooplankton distributions (Spear et al., 2020) which, in turn, 
have influenced distribution shifts of their mobile predators (e.g., sea-
birds, Kuletz et al., 2020). These shifts in populations, which are now 
also documented in the pelagic fish community, provide insight into 
potential future states of the Chukchi ecosystem. Developing a mecha-
nistic understanding of how the anticipated rapid increases in warming 
and transport in the Pacific Arctic will affect fishes is key to under-
standing future impacts on pelagic fish communities, their role in the 
ecosystem, and effective ecosystem management. 

Fig. 8. Hypothesized climate-driven shifts in the late 
summer distribution of the dominant pelagic gadids 
in the Chukchi Sea. (a) Under recent conditions of 
later ice retreat (2012 and 2013), Arctic cod are 
present in intermediate and cool waters across the 
Chukchi Shelf. (b) With increased warming and early 
ice retreat (as seen in 2017), age-0 Arctic cod increase 
in abundance and size as a result of increasing tem-
peratures. Increased presence of adult walleye 
pollock in the northern Bering Sea results in the 
transport of age-0 pollock into the Chukchi, where 
conditions are favorable for both gadid species. (c) 
With increased transport of warmer waters from the 
Bering Sea (as seen in 2019), Arctic cod are displaced 
further north, along with the intermediate tempera-
ture waters. Age-0 pollock from the northern Bering 
Sea are transported with the warmer waters and 
become the dominant gadid in the southern portion of 
the shelf. The 1000-m depth contour is shown to 
indicate the Chukchi shelf break.   
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A B S T R A C T   

Sand lance or sand eels (Ammodytes spp.) are small planktivorous forage fishes that play an integral role in 
pelagic ecosystems in the Northern Hemisphere. Arctic sand lance (Ammodytes hexapterus) is prevalent in the 
North Pacific in the Sea of Okhotsk, northern Bering Sea, Chukchi Sea, and Beaufort Sea. Few studies have 
focused on this species despite its critical position in energy transfer and trophic food webs. Recent surveys in the 
Chukchi Sea and Beaufort Sea have noted an increase in the prevalence of this species in concert with reduced ice 
extent. Sand lance are unique among forage species in having close associations with specific water column 
conditions as well as a reliance on specific sand substrates for burrowing. Life history and habitat dependency is 
influenced by both dynamic oceanographic conditions and static benthic substrata. This taxa, therefore, provides 
a unique opportunity to examine the potential expansion of a boreal species into Arctic marine habitats. We use 
comprehensive surveys conducted throughout the Chukchi Sea shelf over multiple years to evaluate spatial 
distribution and abundance relative to oceanographic variables in the water column and sediment composition 
on the seafloor. We applied logistic regression and generalized additive models to investigate presence and 
relative abundance of Arctic sand lance and to evaluate spatial distribution, as a function of oceanographic and 
benthic environmental variables. Spatial distribution shifted considerably between years in response to envi-
ronmental conditions. Arctic sand lance presence was influenced by surface water mass and positively associated 
with Alaskan Coastal Water. Relative abundance was positively associated with high surface temperature, low 
surface salinity, and coarser substrates. Evidence is mounting that the distributions of many boreal species are 
expanding on the margins of the Arctic. Our research reports increased aggregations of Arctic sand lance in the 
Chukchi Sea and at the highest latitude on record for this species, at the shelf break of the Arctic Basin.   

1. Introduction 

The Pacific Arctic has experienced recent accelerated warming 
(Overland et al., 2018; Huntington et al., 2020; Baker et al., 2020a). This 
has led to a reduction in sea ice thickness (Maslowski et al., 2012), loss of 
multiyear ice, reduction in sea ice volume (Overland et al., 2018), and 
lower winter ice extent maxima (Baker et al., 2020b). These shifts in the 
ecosystem have important implications for the distribution of fish spe-
cies, particularly those at the latitudinal limit of their distribution 
(Hollowed et al., 2013; Fossheim et al., 2015). While reduced ice cover 

may have negative implications for ice-associated species (e.g., Arctic 
cod, Boreogadus saida, Wyllie-Echeverria and Wooster, 1998; De Rob-
ertis et al., 2017a), it may be advantageous for subarctic fishes (Ste-
venson and Lauth, 2019; Farley et al., 2020; Baker, 2021). 

In high latitude ecosystems, abrupt and substantial changes in 
abundance and distribution have been observed in populations of 
several small pelagic forage fishes (Baker and Siddon, 2021), including 
capelin (Mallotus villosus; Anderson and Piatt, 1999; Carscadden et al., 
2013; Ingvaldsen and Gjøsæter, 2013; McGowan et al., 2020) and her-
ring (Clupea spp.; Hay et al., 2001; Yasumiishi et al., 2020). While Arctic 
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sand lance (Ammodytes hexapterus), has been well documented in the 
Bering Strait, southwestern and northeastern Chukchi Sea, the Beaufort 
Sea, and eastward to Hudson Bay (Mecklenburg and Steinke, 2015; Orr 
et al., 2015; Mecklenburg et al., 2018), recently, this species appears to 
be in much greater abundance in higher latitudes within the Arctic re-
gion (Falardeau et al., 2017). 

Sand lances or sand eels (Ammodytes spp., hereafter, sand lance) are a 
widespread group of forage fishes found in temperate, boreal, and Arctic 
regions of the Northern Hemisphere. These species are distinguished 
from other northern latitude forage fishes in their unique adaptation to a 
seasonally changing environment. These fish alternate between a 
pelagic schooling phase during summer foraging, and an overwintering 
phase during which they remain buried in benthic sediments (van Deurs 
et al., 2011; Baker et al., 2019a), typically in sand (Winslade, 1974a). 
These species also typically exhibit a distinct diel pattern (Baker et al., In 
Review), such that, in the summer season, these fish emerge in daylight 
hours to forage and remain buried in sediments at night (Winslade, 
1974a; Freeman et al., 2004; Engelhard et al., 2008). This reliance on 
sediments for refuge and rest results in a highly particular choice of 
sediment to facilitate rapid burrowing and respiration while buried 
(Greene et al., 2020, 2021; Baker et al., 2021). Sand lance prefer 
well-sorted coarse-grain substrates with no mud or silt (Meyer et al., 
1979; Pinto et al., 1984; Holland et al., 2005). Recent work suggests that 
sand lance schools are often intimately tied to the seafloor, with a 
portion of the school maintaining contact with the seafloor to avoid 
being advected from suitable bottom substrate (Johnsen et al., 2017). 
Due to their high affinity for specific substrates after settlement, sand 
lance distributions are typically patchy and migration between areas 
may be limited (Jensen et al., 2011; Wright et al., 2019). 

There are several species of Ammodytes in the North Pacific (Orr 
et al., 2015). Arctic sand lance is prevalent in the western North Pacific 
and North American Arctic, including the northern Bering Sea (NBS; 
north of 60◦N; Chandler et al., 2021; Baker, 2022) and Chukchi Sea (CS). 
Extremely little is known about this species, particularly in this region. 
These fish are not only distinct from other forage fishes in their life 
history, but difficult to detect using traditional survey methods. Lacking 
a swim bladder, sand lance are weak acoustic targets (Yasuma et al., 
2009) and difficult to detect using acoustic methods (though progress 
has been made in acoustic detection of sympatric species, see Freeman 
et al., 2004; Johnsen et al., 2009; Kubilius and Ona, 2012; Komiyama, 
2021). Also, with an elongate body and small total size, these fish are 
difficult to retain in most midwater tows (i.e., reduced catchability), 
even in nets modified to retain smaller fishes (De Robertis et al., 2017b, 
2021, this issue). In the North Sea and Japan, targeted surveys are 
prevalent to inform fisheries and directed management. Research on 
these fish in the eastern North Pacific, however, has largely been 
opportunistic. 

Data on forage fishes throughout the eastern North Pacific have 
typically been extrapolated from large-scale surveys designed to sample 
other species (e.g., groundfish, salmon). Data sources often include 
bottom or surface trawl surveys (Moss et al., 2009; Hollowed et al., 
2012; Hurst et al., 2012), midwater trawl surveys (Traynor, 1996), or 
opportunistic data collected during other assessments (Bakkala, 1992). 
Effective estimation of abundance and spatial distribution for forage 
fishes using these opportunistically-collected data is complicated by the 
mismatch between the survey intent and design and the traits and at-
tributes of these fishes. The precision and accuracy of survey abundance 
estimates, therefore, depends on the timing, sample resolution, extent, 
and gear selection of the survey. 

Several recent studies have noted range expansions for forage species 
in northern boreal systems and in the Arctic, with northward shifts in 
fish distributions in response to elevated temperatures and reduced ice 
cover. These trends are apparent in both the North Atlantic (Barents Sea; 
Ingvaldsen and Gjøsæter, 2013) and North Pacific (Bering Sea, BS; 
Hollowed et al., 2012; Baker, 2021). Climate conditions in the Pacific 
Arctic have been exceedingly warm, particularly in recent years, as 

noted in both observations (Baker et al., 2020a; Kodaira et al., 2020) and 
model predictions (Serreze and Francis, 2006; Liu et al., 2021). Dramatic 
shifts in the North Pacific suggest a profound shift in marine ecosystem 
structure (Huntington et al., 2020), exemplified by a marine heat wave 
persisting from 2014 to 2016 (Hu et al., 2017) and the lowest recorded 
decade of ice cover in the satellite era (Box et al., 2019). 

Poleward expansion of taxa (Beaugrand, 2009; Hollowed and 
Sundby, 2014) may occur in response not only to increased temperature, 
but also to habitat-related shifts such as the absence or reduction of ice 
extent and thickness in the Arctic Ocean (Stroeve et al., 2012). Fish may 
benefit from enhanced ice-edge or open water production dynamics 
(Hirawake and Hunt, 2020), enhanced light levels in high-latitude en-
vironments (Langbehn and Varpe, 2017) and the availability of new 
substrates, structure or benthic habitat (Grebmeier et al., 2006). Thus, 
characterizing water mass and oceanographic attributes is important to 
understanding fish response and movement (Logerwell et al., 2020). In 
the Gulf of Alaska, Pacific sand lance (A. personatus) abundance has been 
shown to increase linearly with environmental conditions leading to 
warmer ocean temperatures (Sydeman et al., 2017). Arctic sand lance 
may also increase in abundance or move northward in response to 
warming waters. These taxa present a particularly interesting case study 
for analyses of shifts in distribution in response to environmental con-
ditions, given sensitivity to both dynamic conditions in the pelagic 
environment (Sisson and Baker 2017; Baker et al., 2019a; Thompson 
et al., 2019) and static conditions related to benthic substrates (Bizzarro 
et al., 2016; Baker et al., In Review, a). 

Our analyses document the potential expansion of Arctic sand lance 
in the NBS and CS. To determine the extent to which Arctic sand lance 
might respond to warming in the Arctic, we explore the spatial distri-
bution of this species in response to dynamic oceanographic variables 
(temperature, salinity, water mass, and stratification) and benthic sub-
strates. We also explore whether there may be limiting factors that 
restrict the horizontal and vertical distribution of this species (light, 
temperature, oxygen). Results suggest that temperature is the main 
constraint to distribution in the Chukchi Sea and raise new questions as 
to whether benthic habitat and sand sediments are relevant in the 
summer foraging season. Results also provide insight on improved 
sampling approaches and explore statistical relationships informative 
for species distribution models and management of this ecologically- 
important species. 

2. Methods 

Several large-scale integrated studies were coordinated to better 
understand how reduced sea ice and the associated environmental 
changes influence marine ecosystems in the Bering and Chukchi seas. 
These include (1) the Arctic Integrated Ecosystem Survey (Arctic EIS, 
https://websfos.uaf.edu/wordpress/arcticeis/; Mueter et al., 2017) 
supported by the Bureau of Ocean Energy Management (BOEM), the 
Coastal Impact Assistance Program (CIAP) and the National Oceanic and 
Atmospheric Administration (NOAA) in 2012–2013; and (2) the North 
Pacific Research Board (NPRB) Arctic Integrated Ecosystem Research 
Program (Arctic IERP, https://www.nprb.org/arctic-program/about 
-the-program/; Baker et al., 2020b), which supported a second phase 
of Arctic IES sampling in 2017 and 2019. Arctic IES measurements were 
designed to record multiple indices of the marine biotic and abiotic 
environment, including midwater trawling for pelagic forage fishes and 
zooplankton. Ecosystem surveys were conducted to simultaneously 
assess physical conditions related to oceanographic characteristics, 
identify discrete water masses, and characterize benthic substrates. 

Data was derived from these two consecutive large-scale baseline 
surveys of the NBS and CS, including Arctic EIS in 2012 and 2013 and 
Arctic IERP-IES in 2017 and 2019. 

M.R. Baker et al.                                                                                                                                                                                                                                

https://websfos.uaf.edu/wordpress/arcticeis/
https://www.nprb.org/arctic-program/about-the-program/
https://www.nprb.org/arctic-program/about-the-program/


Deep-Sea Research Part II 206 (2022) 105213

3

2.1. Survey design 

Acoustic midwater trawl surveys were conducted August 7–25 in 
2012 and 2013 (F/V Bristol Explorer; De Robertis et al., 2017a) and 
August 25-September 25 in 2017 and 2019 (R/V Ocean Starr; Levine 
et al., In Review). In 2012 and 2013, these surveys covered the US 
continental shelf (mean depth = 38 m, range = 18–55 m) of the NBS and 
CS (59.75–73 ◦N). Sampling stations were conducted on a 1◦ longitude 
and 0.5◦ latitude grid. Conductivity-temperature-depth (CTD) casts 
were conducted at each station. Surface trawl samples were taken during 
daytime in the upper 20 m at predetermined sites. Midwater trawls were 
conducted during daylight hours at depths and locations where fish 
aggregations were detected through acoustics. Although trawling was 
targeted in areas of high backscatter in 2012 and 2013, later surveys 
(2017 and 2019) used pre-defined trawl stations, as pelagic fishes were 
relatively evenly distributed (Levine et al., In Review). A large midwater 
trawl (Cantrawl) was used in 2012 to estimate the abundance and dis-
tribution of near-surface and midwater fishes, continuing a timeseries 
from similar surveys in the NBS (Farley et al., 2020; Eisner et al., 2013). 

In the 2012 survey, it became clear that the fish assemblage in the 
eastern CS was dominated by small and/or juvenile fishes which were 
poorly retained in the Cantrawl (De Robertis et al., 2017b). Arctic sand 
lance (Fig. 1) were very poorly retained in this trawl (De Robertis et al., 
2021, this issue). Therefore, in the 2013 survey, a smaller modified 
midwater herring trawl (mod-1 Marinovich) equipped with a fine-mesh 
(2 × 3 mm) codend liner (see De Robertis et al., 2021, this issue; their 
Fig. 2 for trawl diagrams) was used in place of the Cantrawl to target 
acoustically observed fish aggregations. Sampling with recapture nets 
indicated that, although the mod-1 Marinovich was less selective and 
better retained small fishes, there was still substantial escapement 
(particularly Arctic sand lance) in the aft area of the mod-Marinovich 
trawl (De Robertis et al., 2021, this issue). In response, the aft area of 
the trawl was redesigned, reducing escapement of small fishes in the 
trawl (De Robertis et al., 2021, this issue). The mod-2 Marinovich 
captured Arctic sand lance more efficiently (see De Robertis et al., 2021, 
this issue their Fig. 7e), for example, the probability of retaining a 7 cm 
sand lance entering the trawl mouth was 0.16 for the mod-1 Marinovich 
and 0.74 for the mod-2 Marinovich. This improved mod-2 Marinovich 
was used during the 2017 and 2019 in the Arctic IERP surveys. 

The data included in this study focuses on the surveys in 2013, 2017, 
and 2019 (Fig. 2). Acoustic estimates are not used because sand lance 
are weak acoustic scatterers and account for a small and poorly esti-
mated fraction of acoustic backscatter in this survey (De Robertis et al., 
2017a, Levine et al., In Review). Acoustic-based estimates for sand lance 
could not be produced with confidence. Thus, the trawl samples 
collected during these acoustic-trawl surveys are used as an index of 
sand lance abundance. 

2.2. Midwater trawl sampling and trawl selectivity corrections 

Trawl catches were weighed, and organisms were identified to spe-
cies and enumerated. Selectivity corrections were used to correct trawl 
catches for the size-specific probability of retaining sand lance in the 
mod-1 and mod-2 Marinovich trawls. The observed catch (catchobs) of 
Arctic sand lance was corrected for escapement through the trawl 
meshes with the size-dependent probability of capture estimated for 
each trawl (Appendix, Fig. A-1; De Robertis et al., 2021, this issue; their 
Appendix, Tables 1–2) 

Catchcorr,l =
Catchobs,l

Sl
,

where S is the probability of retention in the trawl codend, and l is 
length). 

All statistical analyses are conducted on the selectivity-corrected 
abundance estimates, which compensate for the differences in escape-
ment as a function of size and the differences in escapement between the 
mod-1 and mod-2 Marinovich trawls. 

2.3. Environmental data – physical oceanography and water column 
attributes 

Data from CTD vertical water column profiles were compiled from all 
stations in each year, including latitude, longitude, depth, temperature 
and salinity. Surface salinity (PSU) and surface temperature (◦C) were 
calculated as the mean values within the surface waters (≤5 m); bottom 
salinity and bottom temperature reflect the mean of the deepest 5 m of 
the cast. Most casts were within 10 m of bottom. Mixed layer depth 
(MLD, m) was estimated from the water column profile of T (Δ0.2◦C 
from surface T), using the method described in de Boyer Montégut et al. 
(2004). Distinct water masses were also identified for both surface and 
bottom conditions on the basis of 1-m averaged T/S measurements, 
encompassed in six bounding boxes illustrated in temperature-salinity 
plots (Appendix, Fig. A-2). Water masses were classified following 
Danielson et al. (2017), with the further separation of Bering/Chukchi 
Winter Water, into two distinct classifications, based on salinity metrics 
reflective of CS and BS winter waters. The six distinct water masses 
identified in these surveys include: Melt water (MW), Bering/Chukchi 
Winter Water with salinity <32.4 (Bering origin, BSWW), Bering/-
Chukchi Winter Water with salinity >32.4 (Chukchi origin, CSSW), 
Bering/Chukchi Summer Water (SW), Alaskan Coastal Water (ACW), 
and Atlantic Water (AtlW). Vertical profiles for oxygen (% saturation) 
and light (Photosynthetically Active Radiation, PAR irradiance) were 
also constructed and plotted to illustrate trends in these variables ac-
cording to latitude and longitude. Profiles were constructed in R (R 
Development Core Team, version 4.1.1, tidyverse, magrittr, ggplot2). 
Descriptive statistics were extracted from the aggregate annual profiles 
to determine minimum and maximum values. Statistical analyses also 
examined differences between years. ANOVA was used with post-hoc 
tests to contrast individual years. Shapiro-Wilk test and Q-Q plots of 
residuals were used to test for normality, and where data were not 
normally distributed, the nonparametric Kruskal-Wallis test was 
applied. 

2.4. Environmental data – benthic substrates and sediment characteristics 

Van Veen surface sediment grabs were used to collect surficial sed-
iments at all stations in Arctic IERP/IES surveys in 2017 and 2019. All 
sediment samples (N = 76) were processed according to sediment pro-
tocols at the University of Washington Sediment Dynamics Laboratory 
(https://blogs.uw.edu/sediment/profiles/). All sediments were visually 
inspected and classified. Sample processing differed by sediment type as 
described below. 

2.4.1. Processing of coarse grain sediments 
Samples containing coarse grain sediments with minimal silt (N = 9) 

Fig. 1. Arctic sand lance (Ammodytes hexapterus); photo credit, Matthew Baker.  
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Fig. 2. Arctic sand lance catch per unit effort (m− 3) in Marinovich trawls at survey stations in the eastern Chukchi Sea (top plots); estimated Arctic sand lance catch 
per unit effort in Marinovich trawls with selectivity correction (bottom plots). 

Table 1 
Habitat variables associated with the pelagic environment; temperature is integrated temperature in CTD casts.  

Pelagic Habitat Variables – Water Column Metrics  

Temperature ◦C Primary Oxygen Saturation (%) PAR Irradiance(uE) Stations 

Year Mean ± SD Range Nobservations Mean ± SD Range Nobservations Mean ± SD Range Nobservations  

2012 3.87 ± 3.33 − 1.70-10.55 3808 102.35 ± 10.1 62–146 3623 27.71 ± 65.2 0–988 3664 110 
2013 3.85 ± 3.63 − 1.68-12.76 5575 89.53 ± 10.8 45–139 2236 39.65 ± 112.9 0–1074 789 139 
2017 3.47 ± 2.89 − 1.4-10.16 4760 89.57 ± 11.4 61–124 7760 16.88 ± 39.5 1–620 7760 128 
2019 4.15 ± 4.17 − 1.66-12.33 4942 97.69 ± 12.4 70–141 4942 25.94 ± 78.1 0–1057 4942 91  

Table 2 
Habitat variables associated with the pelagic environment; temperature and salinity include bottom and surface temperature values from survey stations within the 
common area of survey coverage (67.5 ◦N – 72.5 ◦N).  

Pelagic Habitat Variables – Surface and Bottom Waters  

Surface Temperature ◦C Surface Salinity (PSU) Bottom Temperature ◦C Bottom Salinity (PSU) Mixed Layer Depth (m) 

Year Mean (Min-Max) Mean (Min-Max) Mean (Min-Max) Mean (Min-Max) Mean (Min-Max) 
2013 5.39 (− 0.01-12.76) 29.01 (22.05–32.37) 1.46 (− 1.68-9.16) 32.28 (30.06–34.82) 25.13 (3.00–56.00) 
2017 5.72 (3.88–7.29) 31.27 (29.38–32.23) 3.11 (− 0.72-6.58) 32.23 (31.09–32.67) 23.67 (7.50–32.00) 
2019 8.44 (5.56–10.67) 30.13 (27.61–32.11) 4.37 (− 1.41-10.66) 32.01 (29.14–32.97) 13.26 (3.50–29.00)  
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were processed through dry sieving, using a RoTap particle analysis 
machine. Sediments were dried over a 24-h period in a 60 ◦C oven in 
aluminum tins prior to processing. Oscillating motion was used for a 
period of 15 min per sample to shake particles through a series of 
stacked test sieves ordered in φ increments. Sediment fractions were 
then weighed to determine sediment fractions at various grain sizes. 

2.4.2. Processing of mixed grain sediments 
Samples containing mixed sediment types (e.g., mud, sand, and 

gravel; N = 4) were processed through a wet sieving approach to 
separate coarse from fine grain particles using two subsamples. One was 
wet sieved to determine the ratio of coarse-to-fine sediments; the other 
processed to determine the sediment fraction within the fine sediments. 
Sediment samples were homogenized; 20 g of sample was added to a 
sedigraph jar and 0.05% Sodium Metaphosphate (NaPO3) dispersant 
was added. The sample was shaken and filtered in a 63 μm sieve and the 
fine fraction retained. The coarse fraction (>63 μm) was retained and 
separately rinsed and weighed. Final weights were used to determine % 
coarse materials and % mud. The coarse materials were subsequently 
evaluated using the RoTap particle analysis machine. The mud fraction 
was subsequently stored in a labeled sedigraph jar for fine fraction 
analysis. 

2.4.3. Processing of fine grain sediments 
Samples composed of only fine grain sediments (N = 63), and the 

fraction of fine sediments retained from mixed grain samples were ho-
mogenized and evaluated using a laser particle size analyzer (Beckman- 
Coulter LS 13–320 with Aqueous Liquid Module) at the University of 
Washington. For muddier samples, 0.3–0.5g were used in the analysis 
and 1.5–2g for sandier samples. This approach uses a relatively small 
mass of sediment dispersed in water and is able to characterize sediment 
between 1 μm (very fine clay) and 500 μm (medium sand). 

2.4.4. Analysis of sediment attributes 
Sediment attributes of processed samples were calculated using the 

GRADISTAT program (version 9.1; Blott and Pye, 2001). GRADISTAT 
was used to evaluate grainsize distribution and categorize sediment 
characteristics, including coarse-scale descriptive terminology (e.g., 
gravel = particle size ≥2 mm to < 64 μm; sand = particle size ≥63 μm to 
< 2 μm; and silt = particle size ≥2 to < 63 μm), as well as finer scale 
qualitative descriptions and quantitative metrics on mean grain size, 
sorting, skewness, and kurtosis. Statistics were calculated using the 
Method of Moments in Microsoft Visual Basic. Grain size parameters 
were calculated logarithmically (using the phi scale; Krumbein and 
Pettijohn, 1938). Sediments were described in size classes according to 
Wentworth (1922) and evaluated according to Gravel-Sand-Mud and 
Sand-Silt-Clay classification schemes according to Folk (1954) following 
standardized scales and recommended classification procedures (Blott 
and Pye, 2012). Linear interpolation was used to calculate statistical 
parameters according to the Folk and Ward (1957) graphical method 
and derive physical descriptions (e.g., “very coarse sand” and “moder-
ately sorted”, Appendix, Table A-1). Parameters evaluated in analyses 
included mean grain size (xφ), distributional spread relative to the mean 
(sorting, σφ), symmetry of the distribution (skewness, Skφ) and the 
concentration relative to the mean (kurtosis, Kφ). All metrics were 
calculated on a logarithmic scale using the Methods of Moments 
approach (Appendix, Table A-2). 

2.5. Spatial analyses – environmental associations of fishes (benthic 
sediments) 

Interpolated maps of the Arctic IES dataset on sediment grain size, 
sorting, skew and kurtosis were generated using ArcGIS (version 10.8) 
with inverse distance weighting (IDW) interpolation. 

2.6. Spatial analyses – environmental associations of fishes 
(oceanographic characteristics) 

Marinovich trawls were conducted adjacent to or between stations 
where oceanographic data were collected on water column character-
istics (CTD casts) and benthic sediments (Van Veen sediment grabs). To 
link these datasets, we used the ‘haversine method’ in R (R Development 
Core Team, version 4.1.1, package distHaversine; https://www.rdocu 
mentation.org/packages/geosphere/versions/1.5-10/topics/distHave 
rsine) to determine the closest station to each trawl with spherical 
trigonometry. This method assumes a spherical earth, ignoring ellip-
soidal effects (Sinnott, 1984). Interpolated maps for annual conditions 
related to surface temperature, bottom temperature, surface salinity, 
bottom salinity, surface water mass, bottom water mass, and MLD were 
generated using ArcGIS with IDW interpolation. These data were used to 
develop interpolated maps of these metrics for the study area. 

2.7. Statistical analysis and model development 

Qualitative sediment attributes (e.g., descriptive sediment cate-
gories, sorting level, modal distribution) and qualitative metrics asso-
ciated with oceanographic conditions (e.g., surface and bottom water 
mass definitions) were analyzed using Chi Square tests for presence and 
absence of Arctic sand lance and analysis of variance (ANOVA) for 
relative abundance of Arctic sand lance. Tukey HSD tests were used for 
pairwise comparisons. All statistical analyses were conducted in R (R 
Development Core Team, version 4.1.1). 

Generalized linear models (GLMs) and generalized additive models 
(GAMs) are commonly used to account for the effects of environmental 
factors on population abundances (Maunder and Punt, 2004). GAMs are 
nonparametric extensions of GLMs in which linear predictors are 
replaced by smoothed additive predictors. The smoothed predictors are 
used to deal with nonlinear relationships between the response variable 
and explanatory variables (Hastie and Tibshirani, 1990; Guisan et al., 
2002). Regression analysis was used to infer relationships between the 
predictor variables and the presence or absence of Arctic sand lance in 
mid-water trawls. Specifically, logistic regression, using GLMs (R 
Development Core Team, version 4.1.1) was used to determine the 
extent to which various physical parameters associated with the benthic 
environment (depth, sediment grain size, sorting, skew, kurtosis, 
percent mud, percent sand) and water column (surface temperature, 
bottom temperature, surface salinity, bottom salinity) explained the 
presence and absence of Arctic sand lance in midwater trawls. Variables 
related to spatial location (latitude, longitude) and year were included in 
the initial full model. As binary data, presence-absence was modeled 
with the logit link and variance function, where the modeled response 
was predicted as the log odds of an event. Likelihood ratio tests were 
used to evaluate nested models and predictor variable significance, 
using a step function. Likelihood derived measures, including percent 
deviance explained and the Akaike Information Criterion (AIC) were 
also evaluated. 

GAMs (R Development Core Team, version 4.1.1, mgcv package) 
were used to evaluate the extent to which the same set of physical 
variables influenced the abundance of Arctic sand lance sampled in 
midwater nets. Nonlinear relationships are common between fish den-
sities and environmental factors. Abundance data were highly variable 
with extreme values, as is often observed for pelagic fishes. To account 
for this, a negative binomial distribution (MASS library) was applied to 
address overdispersion. A stepwise approach to model selection was 
applied. Parameters were estimated using generalized cross-validation. 
Non-significant terms (evaluated on p-values) were iteratively 
removed using backward stepwise term elimination until the general-
ized cross validation score (GCV) was minimized (Wood, 2001, 2006). 
Deviance explained (analogous to variance in a linear regression), 
adjusted R2, and GCV scores were calculated. 
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3. Results 

3.1. Trawl survey metrics and estimated fish densities 

Most midwater mod-Marinovich trawls were conducted in relatively 
shallow waters (<50 m; mean depth = 43.88 ± 27.11, range = 16–300 
m, N = 118; Appendix, Fig. A-3). The spatial distribution of Arctic sand 
lance varied considerably between years, with the highest densities in 
the nearshore and northeast CS in 2013, south-central CS in 2017, and 
offshore north-central CS in 2019 (Fig. 2). Presence of Arctic sand lance 
at sampled stations was significantly higher in the most recent year 
(2019) than other years (ANOVA, F2,115 = 4.94, P = 0.009; Tukey HSD 
pairwise comparisons 2013–2019 and 2017–2019, P < 0.024), reflect-
ing a wider distribution in that year. Although 2019 was also charac-
terized by the highest prevalence and the largest sand lance densities 
(1.11 ± 0.07 × 102 fish m− 3; Fig. 3), no significant differences in 
abundance (selectivity-corrected catch per unit effort) were found be-
tween years (ANOVA, F2,115 = 1.70, P = 0.187; Tukey HSD all pairwise 
comparisons, P > 0.204). 

3.2. Physical environment 

Both oxygen and light at depth may be limiting habitat features if 
levels are below thresholds for effective respiration or vision. Oxygen at 
depth is critical to the persistence of fish in benthic sediments and light 

levels must be sufficient to enable foraging or communicate diel cues. 
PAR was highly variable within and across years. Light attenuated with 
depth and often reached the detection limit of the sensor near the sea-
floor (Table 1, Fig. 4). Oxygen levels were high throughout the water 
column, remaining above a minimum of 60% saturation (Fig. 4). Given 
the shallow depth of the CS shelf, high oxygen levels, and near constant 
light in Arctic summer, neither oxygen nor light are likely limiting 
variables constraining Arctic sand lance habitat. 

Water mass characteristics varied considerably across the observed 
years (Table 2). In the areas of common coverage (67.5 ◦N – 72.5 ◦N), 
both surface temperature (ANOVA, F2,108 = 16.03, P < 0.001) and 
bottom temperature (Kruskal-Wallis, Х2

2,108 = 15.58, P < 0.001) values 
were significantly different across all years. There was a directional 
trend in warming, with the coolest year in 2013 (surface temperature =
5.39 ◦C ± 3.56 SD; bottom temperature = 1.46 ◦C ± 3.27 SD), elevated 
temperatures in 2017 (surface temperature = 5.72 ◦C ± 0.86 SD; bottom 
temperature = 3.11 ◦C ± 2.09 SD) and further elevated temperatures in 
2019 (surface temperature = 8.44 ◦C ± 1.48 SD; bottom temperature =
4.37 ◦C ± 3.68 SD). Notably, surface temperature in 2019 was signifi-
cantly higher than earlier years (Tukey HSD, 2013–2019 diff = 3.06 ◦C, 
72–4.4 ◦C 95%CI, P < 0.001, 2017–2019 diff = 2.72 ◦C, 1.17–4.27 ◦C 
95%CI, P < 0.001). Trends in salinity were less clear, with significant 
differences between years in surface temperature (Kruskal-Wallis, 
Х2

2,108 = 31.88, P < 0.001), but no directional trend. No differences were 
noted in bottom salinity across years (Kruskal-Wallis, Х2

2,108 = 3.48, P =
0.175; Table 2). MLD differed across years (Kruskal-Wallis, Х2

2,108 =

20.56, P < 0.001), such that in 2019, MLD was much shallower than in 
preceding years (ANOVA, F2,108 = 20.56, P < 0.001***; Table 2). MLD in 
2019 was approximately half the depth of the two previous years (Tukey 
HSD, 2019–2013 diff = − 11.09 m, − 7.29 to − 16.46 m 95%CI, P <
0.001, 2019–2017 diff = − 10.41 m, − 5.10 to − 15.72 m 95%CI, P <
0.001). Analysis of water mass indices, used to integrate and interpret 
temperature and salinity data, noted that ACW was far more prevalent at 
the surface in 2019 (71%) relative to earlier years (2013 = 30%; 2017 =
4%) in the area of common survey coverage, comprising the majority of 
surface waters in 2019. ACW was also present at depth, comprising 7% 
of bottom water in 2019, while it was absent in 2013 and 2017 bottom 
waters. 

Chukchi sediments sampled in this survey were almost exclusively 
soft substrates (Appendix, Fig. A-4). Only a minority of sampled sedi-
ments (N = 12, 16%) featured sand content at levels approximating 
suitable habitat for burial in sand lance (Fig. 5). Distribution of sediment 
grain size (mean φ = 4.60 ± 1.22, range = − 1.37 to 7.28) was trimodal 
with significant peaks at sediment grain sizes approximating very fine 
sand (φ = 3–4), coarse and medium silt (φ = 4–6) and fine silt (φ = 6–7). 
Analysis of sediment type along a gravel-sand-mud (GSM) matrix 
demonstrated that most sediments distributed along the mud-sand axis, 
skewed predominantly towards mud (Fig. 5). Most sediments had low 
gravel content, though several of the areas with high sand content also 
featured moderately high levels of gravel. An analysis of sediment type 
along a sand-silt-clay (SSC) matrix demonstrated that most sediments 
were less than 50% sand and were strongly skewed towards silt, rather 
than clay sediments. Spatial trends were evident in the latitudinal dis-
tribution of sand and mud in survey stations, where percent mud 
increased as a function of latitude, comprising >40% of the total sedi-
ment in most sampled areas (R2 = 0.16, P < 0.001, Appendix Fig. A-5). 

3.3. Spatial correlations in fish distribution, oceanographic conditions, 
and benthic substrates 

Sediment attributes and their spatial distribution were analyzed 
within and interpolated across the sampled area (Table 3, Fig. 6). 
Several attributes related to sediment characterization were positively 
correlated with latitude, including silt (R = 0.53, P < 0.001) and mean 
sediment grain size (R = 0.54, P < 0.001; Fig. 7). In contrast, sand (R =
− 0.50, P < 0.001), skew (R = − 0.21, P = 0.022), and kurtosis (R =

Fig. 3. Boxplot of annual densities of Arctic sand lance (m− 3) in Marinovich 
trawls at survey stations in the Chukchi Sea (whiskers represent 95% confi-
dence intervals). 
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− 0.30, P < 0.001) were negatively correlated with latitude. None of 
these variables had a distinct longitudinal gradient (Fig. 7). 

Attributes of the physical oceanographic environment were also 
analyzed within and interpolated across the sampled area (Fig. 8). 
Nearly all water column characteristics were strongly defined by both 
latitudinal and longitudinal gradients. Analyzed across all years, surface 
temperature (latitude, R = − 0.58, 95%CI = − 0.69 to − 0.44; t116 =

− 7.59, P < 0.001, longitude, R = − 0.57, 95%CI = − 0.68 to − 0.43; t116 
= − 7.4, P < 0.001), bottom temperature (latitude, R = − 0.68, P <

0.001; longitude, R = − 0.57, P < 0.001), surface salinity (NS; longitude, 
R = − 0.50, P < 0.001), and bottom salinity (latitude, R = 0.61, P <
0.001; longitude, R = 0.28, P = 0.002) had significant geospatial cor-
relations (Fig. 7). Correlations for most oceanographic variables 
remained constant across years, in both direction and magnitude. 
However, some important and significant differences emerged. Lat-
itudinal trends in surface temperature evident in 2013 (R = − 0.81) 
weakened in later years (2017, R = − 0.43; 2019, R = − 0.56). Lat-
itudinal trends in surface salinity reversed direction in 2019 (R = 0.03) 

Fig. 4. Plots of vertical water column for: (a) oxygen concentrations (percent saturation), and (b) light (PAR, μEm2s), showing the relative saturation and light 
intensity by latitude and longitude. 
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relative to earlier years (2017, R = − 0.08; 2013, R = − 0.21); longitu-
dinal trends in surface salinity also weakened in 2019 (R = − 0.38) 
relative to earlier years (2017, R = − 0.67; 2013, R = − 0.53). Latitudinal 
trends in MLD also reversed in recent years (2017, R = − 0.14; 2019, R =
− 0.15), compared to 2013 (R = 0.17). 

Spatially, abundance of Arctic sand lance was positively correlated 
with both latitude (R = 0.24, P = 0.011) and longitude (R = 0.18, P =
0.048) in 2019. Neither latitude, longitude, nor depth were significant in 
any other year. In 2019 distributions were most pronounced offshore in 
the northern and central area of the Chukchi shelf. This marked a 
northward shift compared to earlier years. In both 2017 and 2019, 
distributions moved offshore, compared to 2013 where densities were 
most pronounced proximate to the shoreline. In all years, Arctic sand 
lance appeared abundant in the flow path of the ACC and BSC. Large 
aggregations were prevalent at Point Hope (Tikiġaq) and Cape Lisburne, 
the central channel, and in the areas north and west of Hanna Shoal 
(Fig. 8). 

3.4. Influence of qualitative environmental metrics on presence-absence 
and relative abundance 

Presence of Arctic sand lance was evaluated using qualitative met-
rics, including sediment distribution modality (e.g., unimodal, bimodal, 
trimodal, polymodal), sediment sorting (Appendix, Table A-2), nominal 
classification at coarse-scale (Appendix, Table A-1) and fine-scale reso-
lutions (Appendix, Table A-1), and surface and bottom water masses 
(Appendix, Fig. A-1). Barplots of these metrics were developed to 

illustrate their relative prevalence in the sampled area (Fig. 9). The most 
prevalent sediment type throughout the sampled area was sandy mud 
(47%, N = 55), followed by muddy sand (17%, N = 20) and mud (15%, 
N = 18). All coarse sediment categories combined (slightly gravelly 
sand, gravelly sand, sandy gravel) accounted for approximately 21% (N 
= 15) of sampled stations. In extremely fine sediments sampled in the 
Beckman-Coulter LS, silt comprised the greatest fraction (sand, mean =
26.84%, range = 6–79%; silt, mean = 59%, range = 26–98%; clay, 
mean = 14%, range = 5–25%). Sediment modality was highly variable, 
with the exception that unimodal distributions were extremely rare (2%, 
N = 3). Nearly all sediments in the area sampled were characterized as 
very poorly or poorly sorted (93%, N = 110). Surface water masses 
featured ACW (40%, N = 47), SW (35%, N = 41), and MW (25%, N =
30). Bottom water masses were largely SW (59%, N = 70), with fewer 
incidences of CSWW (23%, N = 27), ACW (12% N = 14), BSWW (4% N 
= 5) and ATLW (2% N = 2). 

Chi-Squared tests and ANOVA were applied to evaluate differences 
in presence and abundance of Arctic sand lance relative to descriptive 
classifications for water mass and sediment. Presence of Arctic sand 
lance was not associated with nominal sediment classifications (Х2

6 =

6.62, P = 0.357), even when these were condensed into aggregate sand 
and mud categories (Х2

1 = 0.00, P = 0.95). Presence of Arctic sand lance 
was also not associated with sediment sorting (Х2

4 = 1.99, P = 0.737) or 
sediment modality (Х2

3 = 2.67, P = 0.446). Presence was associated with 
surface water mass (Х2

2 = 9.75, P = 0.008), though not bottom water 
mass (Х2

4 = 4.18, P = 0.381). Significant differences in relative abun-
dance of Arctic sand lance were noted relative to surface water mass 

Fig. 5. Sediment type in each sampled station in the eastern Chukchi Sea (○), superimposed on composition pyramids for gravel-sand-mud (GSM) and sand-silt-clay 
(SSC). Sediment types considered to constitute viable habitat for Ammodytes spp. (e.g., sand substrates with limited gravel and minimal silt) are shown in white; those 
sediments not suitable to Arctic sand lance are shaded gray. 

Table 3 
Habitat variables associated with the surficial sediments on the seafloor.  

Benthic Habitat Variables – Sediment Metrics 

Dataset Depth (m) Particle Diameter (φ) Sand (%) Mud (%) Gravel (%) 

Arctic IES Integrated Dataset, N = 1861 Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range 
224 ± 343 0–3950 3.94 ± 1.22 0–5 37.99 ± 30 0–99 55.15 ± 32 0–100 3.91 ± 12 0–96  
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(F2,115 = 4.30, P = 0.016) and to a lesser extent, sediment modality 
(F3,114 = 2.29, P = 0.082). Tukey HSD noted higher densities in ACW 
relative to SW (diff = 0.012, range = 0.02-0.00, P = 0.016) and reduced 
prevalence in MW (diff = 0.001), but no significant difference between 
ACW and MW (P = 0.133). No significant differences in Arctic sand 
lance abundance were observed for sediment classifications, even when 
these were condensed into aggregate sand and mud categories (F1,116 =

0.18, P = 0.669). Boxplots illustrate the relative fish densities associated 
with sediment classifications and water masses (Fig. 9). 

3.5. Influence of quantitative environmental metrics on presence-absence 
and relative abundance 

Presence of Arctic sand lance was best explained using a model 
(GLM, logistic regression, family = binomial) with latitude (z115 = 2.87, 
P = 0.005) and MLD (z115 = − 2.07, P = 0.041). Explanatory variables 
evaluated in competing models included the following quantitative 
metrics: latitude, longitude, depth, percent sand, percent silt, mean 
sediment grain size, sediment sorting, sediment skew, sediment kurtosis, 

Fig. 6. Interpolated (IDW) maps of benthic sediment characteristics, including mean grain size (xφ), sorting (σφ), kurtosis (Kφ), and skew (Skφ). Points indicate 
locations of sediment samples taken in 2017 and 2019. 
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surface temperature, bottom temperature, surface salinity, bottom 
salinity, and MLD. Analyses included all years observed. Year was not 
included as an explanatory variable as it was clear that there was sig-
nificant inter-annual variation. We applied models to identify conditions 
and habitat attributes important in predicting presence and distribution 
across time. Relative abundance of Arctic sand lance was best explained 
with a model (GAM, R2

adjusted = 0.14, Deviance explained = 21.2%) 
including latitude (P = 0.015), surface temperature (P = 0.024), surface 
salinity (P = 0.042), and mean sediment grain size (P = 0.021). 
Explanatory variables considered in competing models were the same as 
previously stated. The shape of the functional forms indicated that 
biomass density of sand lance was positively associated with increased 
latitude, warmer surface temperature, coarser grain sediments, and 
lower levels of salinity (Fig. 10). 

4. Discussion 

The distribution and abundance of Ammodyes spp. appears to be 
responsive to the effects of multiple environmental factors, including 
dynamic variables such as surface temperature and salinity and mixed 
layer depth, as well as more static variables, such as sediment type). 
Describing essential habitat is an important step toward understanding 
and conserving species in the context of ecosystem-based fishery man-
agement (Laman et al., 2018). Information on species-specific distribu-
tion may be used to produce distribution maps at spatial scales relevant 
to management and better inform survival, recruitment, and life history 
dynamics (Gibson et al., 2022). 

4.1. Role of environmental variables in defining arctic sand lance 
presence and abundance in the Chukchi Sea 

Our best model for the presence of Arctic sand lance included 

latitude and mixed layer depth. Results for presence/absence suggest 
that advective processes may be important in distribution for this species 
in this region and confirms that latitude is not a limitation if thermal 
conditions are met. Our best model for abundance included latitude, 
surface temperature, surface salinity, and mean sediment grain size. 
Surface water mass not included in the best model, but was also shown 
to be statistically significant. While surface conditions (temperature, 
salinity) were important in predicting abundance, conditions in the 
lower water column (i.e., bottom temperature, bottom salinity, bottom- 
associated water mass) appeared to have little influence on sand lance 
distribution. The importance of surface temperature, surface salinity, 
and surface water mass, suggests that these conditions are either asso-
ciated with advantageous pelagic foraging in summer or reflective of 
attributes of surface waters that influence advection and/or retention 
(Levine et al., 2020). While mean sediment size was important in pre-
dicting abundance, most sediment characteristics (percent sand, percent 
mud, skew, kurtosis, sorting) had limited explanatory power. This may 
reflect the coarse resolution of bottom sampling, the relatively uniform 
attributes in sediments in the CS shelf, and/or provide evidence that 
Arctic sand lance have limited reliance on benthic sediments during 
Arctic summer. 

4.1.1. Water masses 
In previous studies in the region, Sigler et al. (2017) noted that 

distributions of plankton and pelagic fish assemblages were most 
influenced by processes associated with bottom depth, water mass, 
stratification, and productivity. Due to the importance of the flow fields 
and topography in this region, these processes are often intricately 
linked (Mordy et al., 2020). Water masses transport nutrients and or-
ganisms from the BS northward and the attributes of the NBS and CS 
continental shelf waters are strongly influenced by the 
northward-flowing Bering Strait flow field. Water flowing through 

Fig. 7. Spatial correlations of oceanographic (water column) and benthic (substrate) attributes, relative to latitude (◦N, top and middle row) and longitude (◦W, 
bottom row). Points represent individual survey stations (all years combined) and shaded areas represent 95% confidence intervals. 

M.R. Baker et al.                                                                                                                                                                                                                                



Deep-Sea Research Part II 206 (2022) 105213

11

Fig. 8. Interpolated (IDW) maps of annual abundance of Arctic sand lance in the eastern Chukchi Sea, contrasted to physical oceanography, including surface and 
bottom temperature, salinity, and water mass classification. 
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Bering Strait is routed across the Chukchi shelf through Herald Canyon 
in the west, Barrow Canyon in the east and the Central Channel across 
the mid-shelf (Weingartner et al., 2005; Danielson et al., 2014). This 
ecosystem connectivity between the NBS and CS is also reflected in 
patterns of species distribution (Spear et al., 2020). 

In our analyses, ACW and SW were present at surface and depth and 
were positively associated with Arctic sand lance distributions. ACW 

(7–14 ◦C, 20–33 PSU) had the warmest and freshest water observed in 
these surveys, influenced by coastal freshwater discharges and warming 
related to solar radiation in a shallow water column. ACW moves north 
along the Alaskan coast. This relatively low-salinity water has attributes 
associated with terrestrial discharge (Coachman et al., 1975; Iken et al., 
2010), including inputs from the Yukon River, the Kuskokwim River, 
and other coastal drainage basins. ACW, which is warmer, fresher, and 

Fig. 9. a. Barplots of the number of stations with various sediment and water column attributes, characterized according to sediment type, modality of sediment 
grain size distribution, sediment sorting, surface water mass, and bottom water mass; b. Boxplots of fish densities associated with sediment and water column at-
tributes, including, sediment type, modality of sediment grain size distribution, sediment sorting, surface water mass, and bottom water mass. 

M.R. Baker et al.                                                                                                                                                                                                                                



Deep-Sea Research Part II 206 (2022) 105213

13

nutrient-poor (Springer and McRoY, 1993), is typically spatially coin-
cident with shallower depths, although sufficient winds can spread these 
waters offshore to deeper regions (e.g., Danielson et al., 2017); this 
appeared to be the case in 2019. Stratification in the area where ACW 
occurs drives productivity patterns, vertical nutrient fluxes, and 
resource availability for plankton and planktivorous fishes. SW (0–7 ◦C, 
30–33.5 PSU) is a compilation of coastal and shelf waters. Other water 
masses (MW, BSWW, CSWW) were less associated with Arctic sand 
lance. MW (-2-7 ◦C, 25–30 PSU) is present at the surface only and re-
flects seasonal ice melt with low temperatures and low salinity. BSWW 
(-2-0 ◦C, 30–32 PSU) is commonly referred to as “cold pool” water 
(Takenouti and Ohtani, 1974). CSWW (-2-0 ◦C, 32–33.5 PSU) has a 
similar temperature profile with higher salinity values. Trends in Arctic 
sand lance shown here suggest their distribution is strongly associated 

with water mass and correlated with warmer and fresher waters. It also 
suggests the potential for the expansion of this species in the context of 
climate change, increased ocean temperature, reduced sea ice cover and 
duration (reduced MW), and the potential increased extent of ACW due 
to increased coastal permafrost melt and increased river discharge. 

Evidence elsewhere suggests that Ammodytes spp. are euryhaline, 
occurring in estuaries as well as the open ocean (Inoue, 1967; Reay, 
1970); thus salinity likely has limited effect in limiting distribution. 
Temperature, however, is more restrictive. While Ammodytes spp. are 
eurythermal as a group and found in temperatures from 1 ◦C (A. dubius; 
Scott, 1973) to 24 ◦C (A. japonicus, Inoue, 1967), individual species 
appear to be more constrained; thermal tolerance ranges for individual 
species appear to span approximately 12 ◦C (Reay 1970). Thermal 
structure is likely an important environmental forcing (Henriksen et al., 

Fig. 10. GAM results of the best model describing sand lance abundance as a function of latitude, surface temperature, surface salinity and mean sediment grain 
diameter (φ). Each plot represents the effect of the specific variable on sand lance abundance, given the inclusion of the other explanatory variables. Lines display the 
smoothed fits of covariates modelling. Shaded areas represent standard error around the estimated covariate main effects. Tick marks on the x-axis (rug) are observed 
data points. 
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2021). More research is needed to further define these thresholds for 
Arctic sand lance. 

4.1.2. Seafloor and sediments 
The NBS and CS are shallow (30–80m; McManus, 1977). Despite this 

narrow depth range, bathymetry depth exerts control on the flow fields 
and circulation (Spall, 2007) and therefore influences the distribution of 
water masses and associated attributes (Sigler et al., 2017; Dunton et al., 
2005). Arctic sand lance appeared widely distributed across the shelf, 
suggesting that distance to shore was not a critical limitation. Our results 
contradict studies that presume sand lance habitat to be predominantly 
nearshore (Gotthardt et al., 2005; Ostrand et al., 2005). This has inter-
esting implications for understanding sand lance dynamics over broad 
oceanic shelf systems. While sand lance are often associated with 
shallow waters, sand lance are consistently observed at depths >80 m 
(Baker et al., 2019a) in areas of high bathymetric relief (e.g., California 
Current, Gulf of Alaska; Greene et al., 2020; Baker et al., 2019b) and may 
be found at depths up to 250 m (D. Lowry, personal communication). 
One assumption underlying the importance of depth to sand lance 
habitat is that bottom currents often decrease at depth (Wright et al., 
2000), which could have implications for oxygen levels and sediment 
composition (Wright et al., 2000). Habitat limitations related to depth 
may be less pronounced in areas with glaciated bathymetry and high 
mixing and/or tidal exchange (e.g., California Current, Gulf of Alaska) 
or consistently active currents (NBS, CS). On the CS shelf, currents 
remain strong at depth with high speed near bottom currents, particu-
larly in the ACC. 

Most studies suggest that sand lance are highly specific in their 
choice of sediments (Inoue, 1967; Pinto et al., 1984), with a preference 
for clean sandy substrate with minimal mud or silt (Meyer et al., 1979; 
Holland et al., 2005; Baker, unpublished data). Sand lance have been 
shown to occur predominantly in areas of coarse sand (Macer, 1966; 
Scott, 1973), with a median particle size of 0.25–2.0 mm, and to avoid 
sediment with silt content >10% (Wright et al., 2000). Sediment cate-
gories including sand, slightly gravelly sand, and gravelly sand are 
considered suitable habitat (Holland et al., 2005). Most of the sediment 
in the NBS and CS has high silt content. Where the coastal current is 
strongest, sediment is comprised of relict deposits of sand and gravel 
from glacial deposits or metamorphic bedrock, but silt content is still 
above expected thresholds for viable sand lance habitat. Arctic sand 
lance distributions did not exhibit strong associations with substrate 
type. There are several potential explanations. One is that the spatial 
resolution of sampling was not sufficient to detect discrete fine-scale 
areas of suitable habitat. Another is that these fish may not associate 
with sediments in the Arctic summer; this might occur as a behavioral 
adaptation to maximize foraging opportunities in a high-production 
environment with a short feeding season and near-constant light 
(approximately 24 h April–August). 

4.1.3. Oxygen and light 
Both oxygen and light at depth may be limiting habitat features if 

levels are below thresholds for effective respiration or vision. Oxygen at 
depth is critical to the persistence of fish in benthic sediments and light 
levels must be sufficient to enable foraging or communicate diel cues. 
While the influence of prolonged moderate (60% oxygen saturation) and 
severe hypoxia (35% oxygen saturation) has been shown to influence 
sand lance, Ammodytes tobianus in Danish waters (Behrens et al., 2007, 
2010), sand lance exhibit physiological adaptations for reduced oxygen 
levels (Quinn and Schneider, 1991) and are able to tolerate oxygen 
tensions as low as 2 ml/L (Inoue, 1967). GiIl cavities and brachiostegal 
membranes are large and have been shown to expand while buried in 

sediments (per. obs, M. Robards). As visual foragers, most fish depend 
on light to locate prey (Aksnes and Giske, 1993; Utne-Palm, 2002; Evans, 
2004); light limitations may therefore influence spatial (Aksnes et al., 
2004; Kaartvedt, 2008) and seasonal (Varpe and Fiksen, 2010) distri-
bution patterns. In laboratory experiments, sand lance activity has been 
shown to be directly related to light intensity (Winslade, 1974b; Baker, 
unpublished data). Winslade (1974b) demonstrated that foraging ac-
tivity was maximal at light intensities between 100 and 1000 lux, 
reduced at 10 lux and extremely low at <0.1 lux. For reference, the 
range of water column mean PAR values in our survey (15-40 µE m-2 
s-1) translates to 800-2000 lux (Thimijan and Heins, 1982). 

Water column attributes related to oxygen and light were evaluated 
to determine whether either might present limitations. Oxygen satura-
tion levels observed in these surveys (the lowest oxygen concentrations 
observed were 4.4 ml/l with a saturation of 61%) suggest that this is not 
a limiting factor in the water column, though it may be limiting in 
certain sediments. Light levels observed also suggest light is not a 
limiting factor in this environment in this timeframe. Eliminating these 
environmental attributes as potential habitat limitations allows us to 
interpret inter-annual shifts in distribution in this area as a function of a 
narrower set of oceanographic properties. 

4.2. Seasonality and diel patterns 

Diel vertical migration (DVM) is observed in sand lance (Hobson, 
1986; Inoue, 1967; Reay, 1970). Fish school in the day while feeding, 
and burrow at night (Winslade, 1974b; Freeman et al., 2004; Engelhard 
et al., 2008). Laboratory experiments suggest twice daily migrations into 
the water column to feed rather than a single long extended outing 
(Inoue, 1967; Robards et al., 1999; Baker et al., In Review, b). The 
extreme photoperiod and light in the Arctic summer, however, alters the 
trade-offs in DVM (Kaartvedt and Titelman, 2018). Characterized by 
extreme seasonality (dark, ice-covered winters; 24-hr daylight, 
open-water summers), seasonal differences in foraging opportunities 
and growth are more pronounced than at lower latitudes (Berge et al., 
2015). In these high-latitude summer conditions, there is minimal 
distinction between day and night; diel patterns in behavior may be 
eroded (Inoue, 1967; Kühlmann and Karst, 1967). In plankton, DVM is 
evident in autumn and spring when the day–night cycle is pronounced 
(Falk-Petersen et al., 2008), but absent in the Arctic during the midnight 
sun (Manno and Pavlov, 2014). Studies of fish behavior have noted 
similar patterns in Arctic summer, where differences in night and day-
time behavior were minimal (i.e., limited DVM), with extensive periods 
of uninterrupted shoaling within the water column (Gjelland et al., 
2009). 

Pelagic schools of sand lance (Ammodytes spp.) are typically 
observed in close association or even physical connected to favorable 
sandy bottom areas (Johnsen et al., 2017). Yet while studies elsewhere 
suggest a high degree of site-fidelity and connectivity to marine sedi-
ments (Gauld, 1990; Jensen et al., 2011; Wright et al., 2019), Ammodytes 
spp. have also been shown to emerge for several months to forage (van 
Deurs et al., 2010), before returning to the sand for overwintering refuge 
(O’Connell and Fives, 1995; Henriksen et al., 2021). In extreme high 
latitudes, reliance on sediments in summer may be absent or much 
reduced, perhaps used only where available, with site fidelity not 
maintained. Our failure to demonstrate a strong association with 
coarse-grained sediments suitable for burial may indicate that Arctic 
sand lance are not using sediments during the summer season. It may be 
that in the Arctic environment, with high production and constant light, 
these fish are entirely pelagic and not dependent on benthic environ-
ments in this season. Other species observed in this region are also 

M.R. Baker et al.                                                                                                                                                                                                                                



Deep-Sea Research Part II 206 (2022) 105213

15

characterized by stark seasonal trends in patterns of distribution, 
strongly defined by either environmental seasonality (e.g., Arctic cod; 
De Robertis et al., 2017) or life history (e.g., capelin; Ressel, 2019). Data 
from moored echosounders suggest dramatic seasonal variability in fish 
abundance on the Chukchi shelf overall, with marked reductions 
abundance in winter and spring months (Levine et al., In Review). These 
year-round observations indicate that these fish exhibit high seasonal 
variability with marked reductions in fish abundance in winter and 
spring months, likely driven by passive transport in and out of the region 
(Levine et al., In Review). Sand lance may also migrate extensive dis-
tances to forage in the Arctic summer and return to suitable benthic 
habitats elsewhere to overwinter. Bimodal length distributions suggest 
that the Arctic sand lance sampled include multiple year classes (see 
Matta and Baker, 2020), supporting the idea that these fish either 
remain in this area to overwinter or successfully emigrate and return 
over multiple years. Maturation schedules in these fish (see Zhukova and 
Baker, 2022) in this region remain unknown. 

4.3. Movement and evidence for advection 

Variation in abundance may result from variability in the delivery of 
larvae to settlement areas (Poloczanska et al., 2004). There is evidence 
for a general northward latitudinal shift of NBS-CS larval fish assem-
blages in recent warm years (2018–2019), supported by strong north-
ward winds and advection (Axler et al.,). Recent patterns in this region 
suggest fish communities track environmental change and suggest that 
warming may lead to rapid borealization in the Arctic (Levine et al., In 
Review). Net transport in the Chukchi is to the northeast (Stabeno et al., 
2018) with potential for passive transport north. Acoustic mooring data 
indicates that movement of small fishes is consistent with regional ocean 
transport (Levine et al., In Review). Passive hydrodynamic mechanisms 
(e.g., frontal retention; Franks, 1992) should be examined in closer 
detail. In an analysis of larval fishes, Logerwell et al. (2020) noted that 
larval fish distributions remained constant with respect to water mass 
type. Sigler et al. (2017) also found distinct fish communities to be 
associated with distinct water masses in the region, particularly ACW. 
This suggests strong connectivity between the NBS and CS and the 
importance of advection. 

The horizontal extent of movement in sand lance populations is 
thought to be relatively limited (Hobson, 1986; Haynes and Robinson, 
2011), but not fully known. Daily movements may be limited to a few 
kilometers (2–5 km; Kühlmann and Karst 1967; Pinto et al., 1984; van 
der Kooij et al., 2008; Engelhard et al., 2008; Robinson et al., 2013), 
though dispersals of 30–60 km have been documented over multiple 
years (Gauld, 1990). In areas with tidal exchange, distances between the 
centers of gravity for day and night distributions are <15 km (Engelhard 
et al., 2008); it is likely that sand lance use tidal movements, given 
observed swimming speeds of 1–1.5 km h–1 (A. tobianus; Kühlmann and 
Karst, 1967). How individual species might be able to capitalize on 
advective processes is less clear. Engelhard et al. (2008) found that sand 
lance increased foraging distances in years of high abundance, sug-
gesting the importance of density dependent forcing, as well as the ca-
pacity for range expansion. 

4.4. Indications of latitudinal shifts in distribution to the north 

The sub-Arctic oceans support some of the world’s largest fish pop-
ulations and fisheries (Hollowed and Sundby, 2014), and evidence 

suggests that climate change will drive shifts to the north (Hollowed 
et al., 2013; Baker and Hollowed, 2014; Fossheim et al., 2015). The 
prevalence of Arctic sand lance in the CS in recent years suggest pole-
ward movement north and/or increased survival of this species. Our 
results complement similar patterns noted in poleward shifts in Pacific 
cod distributions (Cooper et al., In Press), where multiple age classes of 
Pacific cod were observed in the CS. Results also mirror patterns in the 
distribution of adult walleye pollock abundance in recent years 
(2017–2019), which has increased in northern regions of the BS shelf in 
both the US and Russian sector (Eisner et al., 2020; Baker, 2021). Age-0 
pollock have recently become highly abundant in the Chukchi sea 
(Levine et al., In Review, this issue; Wildes et al., 2022, this issue). 
Similar patterns are observed in the Barents Sea, which has experienced 
dramatic transformations of Arctic fish communities towards subarctic 
and boreal species in recent warm-water anomalies (Fossheim et al., 
2015; Kortsch et al., 2015). Observations in the North Sea suggest that 
increases in temperature have driven changes in fish community 
composition and shifts in spatial distribution, also mostly to the north 
(Beare et al., 2004; Perry et al., 2005); analysis of acoustic backscatter in 
sail drone autonomous surface vehicle surveys demonstrate a northward 
trend in sand lance (Komiyama, 2021). Other studies in the North Sea 
and the Gulf of Alaska also document a deepening in vertical distribution 
(Perry et al., 2005; Dulvy et al., 2008; Barbeaux and Hollowed, 2018). 
These trends have interesting implications for the Bering-Chukchi 
complex, given its relatively uniform and shallow depth. Our analyses 
here focused on physical drivers and mechanisms influencing fish 
abundance and distributions. Further research aims to examine life 
history, age and growth, and potential response to prey fields and food 
web interactions. 
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Appendix

Fig. ure A-1. Water mass definition and T/S plots for 2017 and 2019 sample stations in the Chukchi Sea (note midwater trawls were not conducted at all sample 
stations). Data were assigned to a distinct water mass as illustrated here, using bounding boxes that encompassed all observed water masses: Alaskan Coastal Water 
(ACW), Melt Water (MW), Bering-Chukchi Sea Summer Water (SW), Bering Sea Winter Water (BSWW), Chukchi Sea Winter Water (CSWW), and Atlantic 
Water (AtlW). 

Fig. ure A-2. Experimentally-derived selectivity curves showing the fraction of Arctic sand lance entering the trawl mouth that were retained in the cod-end mod-1 
and mod-2 Marinovich trawls. The lines represent the fitted selectivity curve and the shading represents bootstrapped 95% confidence intervals. The modified mod-2 
trawl substantially increased retention of Arctic sand lance. See De Robertis et al. (In Review) for details.  
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Fig. ure A-3. Maximum depth sampled in midwater trawls and number of trawls completed at depth.  

Fig. ure A-4. Photo of typical Arctic sediments.   
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Fig. ure A-5. Bubble plot of percent sand fraction (scaled to relative percent sand) according to spatial distribution (A); and the relationship between percent sand 
(B) and percent mud (C) as a function of latitude.  

Table A-1 
Sediment Classification  

Sediment Type, φ 

Gravel (φ < - 1) 
Very Coarse Sand (− 1 to 0) 
Coarse Sand (φ = 0 to 1) 
Medium Sand (φ = 1–2) 
Fine Sand (φ = 2 to 3) 
Very Fine Sand (φ = 3 to 4) 
Coarse Silt (φ = 4 to 5) 
Medium Silt (φ = 5 to 6) 
Fine Silt (φ = 6 to 7) 

(continued on next page) 
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Table A-1 (continued ) 

Sediment Type, φ 

Very Fine Silt (φ = 7 to 8) 
Clay (φ > 8)  

Sediment Nominal Categories Coarse-Scale 

Sandy Gravel (N = 3) 
Gravelly Sand (N = 2) 
Slightly Gravelly Sand (N = 7) 
Muddy Sand (N = 7) 
Sandy Mud (N = 44*) 
Slightly Sandy Mud (N = 3) 
Mud (N = 10)  

Sediment Nominal Categories Fine-Scale 

Sandy Medium Gravel (N = 1) 
Sandy Very Fine Gravel (N = 2) 
Medium Gravelly Medium Sand (N = 1) 
Slightly Fine Gravelly Medium Sand (N = 1) 
Slightly Very Fine Gravelly Medium Sand (N = 4) 
Fine Silty Medium Sand (N = 1) 
Fine Gravelly Fine Sand (N = 2) 
Slightly Very Fine Gravelly Fine Sand (N = 2) 
Very Coarse Silty Fine Sand (N = 4) 
Medium Silty Fine Sand (N = 3) 
Fine Silty Fine Sand (N = 1) 
Very Fine Sandy Very Coarse Silt (N = 14*) 
Very Fine Sandy Coarse Silt (N = 1) 
Fine Sandy Medium Silt (N = 11) 
Very Fine Sandy Medium Silt (N = 14) 
Medium Silt (N = 14*)   

Table A-2 
Method of Moments (logarithmic)  

Mean Standard Deviation Skewness Kurtosis  

xφ =

∑
fmφ

100 σφ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

f(mφ − xφ)
2

100

√

Skφ =

∑
f(mφ − xφ)

3

100σφ3 Kφ =

∑
f(mφ − xφ)

4

100σφ4  

Sorting (σφ) Skewness (Skφ) Kurtosis (Kφ)  
Very well sorted 0.35 Very fine skewed >+1.30 Very platykurtic <1.70 
Well sorted 0.35-0.50 Fine skewed +1.43 to +1.30 Platykurtic 1.70 to 2.55 
Moderately well sorted 0.50-0.70 Symmetrical − 1.43 to +1.43 Mesokurtic 2.55 to 3.70 
Moderately sorted 0.70-1.00 Coarsely skewed − 1.43 to -1.30 Leptokurtic 3.70 to 7.40 
Poorly sorted 1.00–2.00 Very coarse skewed <-1.30 Very leptokurtic >7.40 
Very poorly sorted 2.00–4.00     
Extremely poorly sorted >4.00      
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Wright, P.J., Christensen, A., Régnier, T., Rindorf, A., van Deurs, M., 2019. Integrating 

the scale of population processes into fisheries management, as illustrated in the 
sandeel, Ammodytes marinus. ICES J. Mar. Sci. 76, 1453–1463. 

Wright, P.J., Jensen, H., Tuck, I., 2000. The influence of sediment type on the 
distribution of the lesser sandeel, Ammodytes marinus. J. Sea Res. 44, 243–256. 

Wyllie-Echeverria, T., Wooster, W.S., 1998. Year-to-year variations in Bering Sea ice 
cover and some consequences for fish distributions. Fish. Oceanogr. 7, 159–170. 

Yasuma, H., Nakagawa, R., Yamakawa, T., Miyashita, K., Aoki, I., 2009. Density and 
sound-speed contrasts, and target strength of Japanese sandeel ammodytes 
personatus. Fish. Sci. 75, 545–552. https://doi.org/10.1007/s12562-009-0091-3. 

Yasumiishi, E.M., Cieciel, K., Andrews, A.G., Murphy, J., Dimond, J.A., 2020. Climate- 
related changes in their biomass and distribution of small pelagic fishes in the 
eastern Being Sea during late summer 2002-2018. Deep-Sea Res. II 181104907. 

Zhukova, K.A., Baker, M.R., 2022. Gonadal maturation and maturity staging of the 
Pacific sand lanсe Ammodytes personatus (Ammodytidae). J. Ichthyol. https://doi. 
org/10.1134/S0032945222050241. 

M.R. Baker et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0967-0645(22)00199-0/sref126
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref126
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref127
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref127
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref127
http://refhub.elsevier.com/S0967-0645(22)00199-0/optzr29y58hQy
http://refhub.elsevier.com/S0967-0645(22)00199-0/optzr29y58hQy
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref128
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref128
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref128
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref129
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref129
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref129
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref130
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref130
https://doi.org/10.1016/j.seares.2008.07.003
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref132
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref132
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref132
https://doi.org/10.1007/s00227-011-1691-x
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref134
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref134
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref135
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref135
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref136
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref136
https://doi.org/10.1016/j.dsr2.2022.105165
https://doi.org/10.1016/j.dsr2.2022.105165
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref138
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref138
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref138
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref139
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref139
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref140
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref141
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref141
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref143
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref143
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref143
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref144
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref144
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref145
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref145
https://doi.org/10.1007/s12562-009-0091-3
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref147
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref147
http://refhub.elsevier.com/S0967-0645(22)00199-0/sref147
https://doi.org/10.1134/S0032945222050241
https://doi.org/10.1134/S0032945222050241


Deep–Sea Research II 205 (2022) 105177

Available online 9 September 2022
0967-0645/Published by Elsevier Ltd.

The role of temperature on overwinter survival, condition metrics and lipid 
loss in juvenile polar cod (Boreogadus saida): A laboratory experiment 

Louise A. Copeman a,b,*, Michelle A. Stowell b, Carlissa D. Salant b,c, Michele L. Ottmar a, 
Mara L. Spencer a, Paul J. Iseri a, Benjamin J. Laurel a 

a Alaska Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Hatfield Marine Science Center, Newport, OR, 
97365, USA 
b Cooperative Institute for Marine Ecosystem and Resources Studies, Hatfield Marine Science Center, Oregon State University, Newport, OR, 97365, USA 
c Ocean Sciences Centre, Memorial University, Logy Bay, Newfoundland, A1C 5S7, Canada   

A R T I C L E  I N F O   

Keywords: 
Boreogadus saida 
Lipids 
Energetic condition 
Winter 
Temperature 
Fulton’s K 
Hepatosomatic index 

A B S T R A C T   

In the Arctic, winter warming and loss of sea ice pose largely unknown risks to keystone species and the marine 
ecosystem that they support. Young-of-the-year juvenile polar cod, Boreogadus saida, are an energy-rich forage 
fish that accumulate high levels of lipid in the summer but retain a relatively small body size during the winter. 
To address winter bioenergetics and survival, we held age-0 juveniles under simulated winter conditions (food 
deprived, 24-hr darkness) at a range of four constant temperatures (− 1, 1, 3, 5 ◦C). Our goals were to 1) 
determine how age-0 polar cod utilize lipid energy in muscle and liver across variable temperatures and dura-
tions of food deprivation, 2) understand temperature- and size-dependent impacts on survival and 3) provide 
energy loss models using multiple condition metrics that are commonly used in fisheries science (lipids, 
morphometric ratios, body weight). These data have relevance to projecting winter outcomes for polar cod 
sampled pre-winter, when fish are more easily sampled in the field. As expected, in the absence of food, juvenile 
polar cod better conserved lipids and survived longer at colder temperatures. There was no negative impact of 
cold extremes on this pattern; for example, 50% mortality was at 170 days when polar cod were held at − 1 ◦C, 
compared to only 94 days when they were held at 5 ◦C. During the first 28 days of simulated winter, polar cod 
preferentially catabolized triacylglycerols from muscle tissue, then depleted this storage lipid class in their 
muscle and liver until starvation. Mortality occurred when whole-body lipid concentrations fell below 12.4 mg 
g− 1 wet weight. Temperature-dependent declines in morphometric condition (hepatosomatic index and Fulton’s 
K) and lipid content were parameterized and developed into temperature-dependent condition loss models. 
Applying a laboratory-based lipid loss model to field-collected polar cod demonstrated that winter survival is 
highly sensitive to small changes in temperature between − 1 and 1 ◦C when fish are in good condition at the end 
of the preceding summer. Alternatively, fish in poor summer condition cannot survive winter relying exclusively 
on stored energy reserves, and will be required to forage throughout the winter. Collectively, these results 
suggest that lipid-based indices offer a sensitive means of predicting overwintering success for polar cod expe-
riencing climate-driven changes in summer and winter habitats in the Arctic.   

1. Introduction 

Although studying the overwintering ecology of fish is logistically 
challenging in cold and ice-covered marine systems (Berge et al., 
2020b), improved understanding of species-specific winter survival 
trajectories is crucial to projecting population dynamics in the era of 
climate change (Heintz et al., 2013; Hurst, 2007; Siddon et al., 2013a). 

In the Arctic, winter conditions are particularly severe (long, cold, dark, 
and ice-extensive), and likely require specific physiological adaptations 
for survival, such as cold tolerance and high lipid storage. Therefore, 
climate change impacts on species distributions in the Arctic and 
sub-Arctic may be manifested by a species’ ability to capitalize on 
warmer summer growth conditions (e.g. grow fast while storing fat) 
while also having the physiology to survive persistently harsh, dark 
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overwintering environments (Copeman et al., 2017, 2020; Geissinger 
et al., 2021; Geoffroy and Priou, 2020). The vulnerability of polar cod 
(Boreogadus saida) to climate warming is particularly concerning, given 
their role in channeling energy from plankton to upper trophic levels 
such as marine mammals, birds, and other fishes in Arctic environments 
(Hop and Gjosaeter, 2013; Whitehouse et al., 2014). Estimates from the 
Canadian Arctic indicate that polar cod can funnel up to 75% of the 
carbon between zooplankton and top predators, such as seabirds and 
whales (Welch et al., 1992). Changes in the distribution and abundance 
of polar cod will therefore likely lead to broad trophic, subsistence 
hunting and economic impacts (Huntington et al., 2020; Huserbråten 
et al., 2019; Marsh and Mueter, 2020). Unfortunately, studying these 
and other Arctic fish species is logistically challenging outside the 
summer open-ice period (Geoffroy and Priou, 2020). 

Laboratory studies provide a tractable way of examining over-
wintering processes in high-latitude marine fish that are difficult to 
sample under the ice (David et al., 2016; Flores et al., 2012). Juvenile 
gadids have been focal species in laboratory experiments, with results 
being used to validate several field observations of size-dependent 
overwintering mortality (McCollum et al., 2003; Shoup and Wahl, 
2011; Sogard, 1997). Experimental studies also provide a means of 
characterizing rates of energetic loss in juveniles during the winter 
period (Gotceitas et al., 1999; Sogard and Olla, 2000). Finally, by 
manipulating overwintering environments (e.g. food, temperature), 
laboratory experiments can examine impacts on survival and condition, 
which in turn will allow annual forecasting of fish recruitment under 
different oceanographic conditions (Geissinger et al., 2021; Gotceitas 
et al., 1999; Kooka, 2012; Sogard and Olla, 2000). We performed ther-
mal winter experiments that were simulated in the absence of food. 
There is little information on the degree of feeding in age-0 polar cod 
from October through the winter, but low ration feeding and a high 
proportion of empty stomachs have previously been reported (Geoffroy 
and Priou, 2020). Therefore, here we have established the lower bounds 
on winter survival times; further work including the impact of low 
winter feeding rations will be needed to better constrain polar cod 
survival and lipid loss models. 

The physiological response of polar cod to environmental variability 
provides an indication as to whether and how these species will persist 
with continuing climate change. Juvenile gadids must develop, grow 
and store lipid rapidly during their first year to minimize predation and 
maximize overwintering survival (Copeman et al., 2008; Geissinger 
et al., 2021). This is especially important in the Arctic, where the sum-
mers are short and the winter-spring season has prolonged temperatures 
<0 ◦C (Bouchard and Fortier, 2008). Food availability is highly seasonal 
in Arctic systems (Wassmann, 2006), with consumers utilizing elevated 
summer lipid storage as an efficient strategy to survive extended winter 
conditions characterized by lower food availability (Copeman et al., 
2016; Falk-Petersen et al., 2009; Kattner et al., 2007; Leu et al., 2011). In 
general, high-latitude fish are presumed to have physiology adapted to 
growing faster at colder summer temperatures than fish from lower 
latitudes, but within a narrower range of temperature preference and 
tolerance (stenothermic, Farrell and Steffensen, 2005; Pörtner and Far-
rell, 2008). Recent experimental studies have supported these assump-
tions (Laurel et al., 2016), but it is also clear that the thermal response of 
polar cod shifts across ontogenetic stages (Koenker et al., 2018b; Laurel 
et al., 2017, 2018). These results strongly emphasize the need to gather 
species-specific thermal response information spanning development 
across multiple critical time periods (Houde, 2008). 

There are currently no studies on the overwintering physiology of 
Arctic gadids or how these and more well-studied sub-Arctic species may 
respond to changing winter environments resulting from climate 
change. It is possible that juvenile polar cod utilize alternative devel-
opmental and energy storage strategies to maximize overwintering 
survival compared to sub-Arctic congeners (Copeman et al., 2020). Field 
studies indicate that saffron cod (Eleginus gracilis) overwinter at smaller 
sizes in the northern extremes of their range (Chukchi and Beaufort seas) 

than in more southern areas (Gulf of Alaska and southeastern Bering 
Sea) (Helser et al., 2017). Furthermore, Copeman et al. (2016) found 
that age-0 saffron cod from the Chukchi Sea were smaller (<55 mm, 
standard length (SL)) and had a much higher lipid concentrations 
(19 mg g− 1 wet weight (WWT)) at the end of their first summer than fish 
in the Bering Sea (>75 mm with 12 mg g− 1 lipid). These findings suggest 
that gadids living at high latitudes are selected to store seasonal pulses of 
food as lipid energy rather than prioritizing accelerated growth. 
Comparative studies of gadids also indicate that age-0 polar cod store 
higher concentrations of lipid in their tissues (31 mg g− 1 WWT) than 
other gadid species (i.e. saffron cod, ~16 mg g− 1, Copeman et al., 2020, 
2017). 

The goal of this study was to determine the size-, temperature- and 
condition-dependence of overwintering survival in juvenile polar cod 
held under simulated winter conditions in the laboratory. Our specific 
objectives were to parameterize the rates of juvenile mortality and en-
ergy loss (mass, condition, lipid storage) and to determine the minimum 
energetic state necessary for survival. Further, we aimed to develop lab- 
based models that can be applied to field observations of contrasting 
annual pre-winter fish condition to evaluate energetic limitations on 
overwintering survival. We hypothesize that high energy-density (pre- 
winter) and cold thermal conditions (winter) are necessary for elevated 
winter survival of juvenile polar cod in the Arctic. 

2. Methods 

2.1. Culture of juvenile polar cod 

Broodstock for this experiment were originally collected as juveniles 
(age-1) in 2014 from the Beaufort Sea (Prudhoe Bay, AK, 70.383◦N, 
− 148.552◦W) and were then held at the Alaska Fisheries Science Cen-
ter’s (NOAA) laboratory in Newport, Oregon. Broodstock (age-3+) were 
maintained in a 6-m tank under seasonally adjusted temperatures 
ranging from 5 ◦C in the summer to 0.5 ◦C in the winter. In 2016, fish 
showed signs of maturity in early March and were checked daily by 
gently squeezing the abdomen to determine if eggs were freely flowing, 
clear and hydrated. Egg batches were made by combining the free- 
flowing eggs of a single female with the milt of three males in a dry, 
stainless steel bowl nested in crushed ice (following Laurel et al., 2018). 
A total of four egg batches were constructed in this manner and then 
transferred to four corresponding meshed 4-L baskets floating in 2 ◦C 
water baths for incubation. 

After 4 weeks, egg batches were mixed and transferred to three 400 L 
upwelling tanks to hatch and be cultured on live food. Larvae were 
reared at 2–3 ◦C on a 12:12 dark-light cycle and fed enriched rotifers at a 
density of 5 prey mL− 1 twice daily for a 4-week period. After 4 weeks, 
enriched Artemia were provided at a density of 1.5 prey mL− 1 in addition 
to rotifers. After 10 weeks, live prey consisted entirely of Artemia and 
was supplemented with dry food (Otohime A, Marubeni Nisshin Feed 
Co., Tokyo) twice daily (Koenker et al., 2018a, 2018b). At 20 weeks, 
juvenile fish were transferred to 3-m diameter round tanks with 
flow-through seawater maintained at 5 ◦C, and were gradually weaned 
onto a gel food (diet details as in Copeman et al., 2017 and Copeman 
et al., 2013). Juvenile fish (40–65 mm SL) were available for this 
experiment at ~7 months after initial egg fertilization in the laboratory. 
Polar cod were of similar size and lipid density (~55 mm SL; 30 mg 
lipids g− 1 WWT) to those measured in late summer/fall collections in the 
Chukchi Sea during 2013 (Copeman et al., accepted). 

2.2. Temperature-dependent overwintering experiment 

On October 13, 2016, age-0 juvenile polar cod were transferred from 
their holding tank and separated into a series of smaller experimental 
tanks (n = 12; dimensions 66L × 46H × 38W cm) held in an adjacent 
laboratory. Following transfer, fish were gradually acclimated (tem-
perature change of <0.5 ◦C per day) to their respective overwintering 
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temperatures (− 1, 1, 3 or 5 ◦C) and held with flow-through, tempera-
ture-controlled seawater over the course of the experiment. The cold end 
of the temperature range (− 1 ◦C) was chosen based on the lowest 
thermal habitat that could be maintained in the laboratory. Polar cod 
have been found in water ranging from − 1.5 to 1 ◦C during the fall/ 
winter in the Beaufort Sea (Benoit et al., 2008, 2014). The warmer range 
of experimental temperatures represents extreme end-of-century fall/-
winter warming projections over the northern Bering and Chukchi Shelf 
(Kristiansen pers. comm., Farallon Institute). Three replicate tanks were 
used per temperature, with each tank containing 50 fish. Fish were fed 
during the 12-day acclimation period but were not fed during the 
simulated overwintering experimental period. All tanks were covered in 
black tarp to keep fish in dark conditions throughout the entire exper-
iment, and were checked daily for mortalities using a red-lens flashlight. 
Mortalities were retained (− 80 ◦C) for subsequent condition and lipid 
analysis (see below). 

On October 24, 2016, the experiment was initiated by subsampling 
10 fish per tank for standard length (SL, to 0.01 mm) and wet weight 
(WWT, to 0.01 g). Sampled fish were 42–64 mm SL and 0.55-2.34 g 
WWT, and there was no significant difference in mean SL across tem-
perature treatments (ANOVA F3,8 = 1.31, p = 0.34). All sub-sampled fish 
were frozen (− 80 ◦C) for later condition analyses based on WWT 
(n = 10), dry weight (DWT, n = 7) and tissue-specific lipid content 
(n = 3, sampling numbers as in Table 1). After 28 days of winter con-
ditions (November 22, 2016), 6 fish per replicate tank were measured 
and frozen for later condition analyses based on WWT (n = 6), DWT 
(n = 3) and lipid content (n = 3). The final sampling period occurred 
when each temperature treatment approached 60-50% survival of the 
population, after adjusting for fish removals due to sampling events. 
Time to ~50% mortality was temperature dependent and ranged from a 
low of 94 days at 5 ◦C to a high of 170 days at − 1 ◦C. At this time, all 
surviving fish in the tank were euthanized, processed for length and 
weight (n = 9 to 24 per tank), and frozen for later condition analyses 
based on WWT (n = 7 to 20), DWT (7–10) and lipids (n = 3, Table 1). 

2.3. Condition metrics 

During morphometric and lipid processing, fish were removed from 
the − 80 ◦C freezer in small batches (n < 10) and were kept on ice during 
sampling to prevent lipid break-down. Fish were rinsed with water, 
patted dry and immediately measured for SL and WWT (to 0.001 g). Fish 
intestinal tracts were removed and livers were dissected and weighed on 
a microbalance (to 0.001 mg). A subset of eviscerated bodies and livers 
were dried separately at 65 ◦C to a constant weight (~1 week) and 
reweighed to calculate Fulton’s K and hepatosomatic index (HSI) based 
on DWT (equations below). Conversion factors between tissue-specific 
WWT and DWT were also calculated and used to express lipids per 
DWT of tissue analyzed for lipids. Generally, the condition factors below 
are considered size-corrected within the length range studied in our 
experiment (see Supplementary Materials A). Liver and body weights 
were used to calculate the condition factors shown below:  

• Fulton’s Kwet = (Whole body WWT(g)/(SL(cm)3) * 100.  
• Fulton’s Kdry = (Whole body DWT(g)/(SL(cm)3) * 100.  
• HSIWET = (Liver WWT(mg)/Whole Body WWT(mg)) * 100.  
• HSIDRY= (Liver DWT(mg)/Whole Body DWT(mg)) * 100.  
• Concentration of total lipids per WWT = (Iatroscan summed lipid 

classes (μg))/(WWT of tissue (mg)).  
• Concentration of total lipids per DWT = (Iatroscan summed lipid 

classes (μg))/(WWT of tissue (mg) * temperature and time-tissue 
specific conversion factor (DWT:WWT)). 

2.4. Lipid analyses 

Tissue-specific lipid analyses of muscle and liver were conducted for 
total lipids and lipid classes. Lipid analyses were performed on whole 
livers and ~300-mg samples of dorsal muscle that excluded the skin. All 
samples for lipid analyses were stored in chloroform under nitrogen in a 
− 20 ◦C freezer and were extracted and analyzed within 6 months of 
sampling. Total lipids were determined using thin layer chromatography 
with flame ionization detection (TLC/FID) with a MARK V Iatroscan 
(Iatron Laboratories, Tokyo, Japan) as described by Lu et al. (2008) and 
Copeman et al. (2017). Extracts were spotted on duplicate 
silica-gel-coated Chromarods, and a three-stage development system 
was used to separate wax esters, triacylglycerols, free fatty acids, sterols 
and polar lipids. Polar lipids are mostly phospholipids, with minor 
amounts of other acetone mobile polar lipids. The first rod development 
was in a chloroform: methanol: water solution (5:4:1 by volume) until 
the leading edge of the solvent phase reached 1 cm above the spotting 
origin. The rods were then developed in hexane: diethyl ether: formic 
acid solution (99:1:0.05) for 48 min, and finally rods were developed in 
a hexane: diethyl ether: formic acid solution (80:20:0.1) for 38 min. 
After each solvent development, rods were dried (5 min) and condi-
tioned (5 min) in a constant humidity chamber (~32%) that was satu-
rated with aqueous CaCl2. Following the last development, rods were 
scanned using Peak Simple software (ver. 3.67, SRI Inc.) and the signal 
detected in millivolts was quantified with calibration curves using the 
following commercial standards from Sigma (St. Louis, MO, USA): 
cholesteryl stearate (wax esters), palmitic acid (free fatty acids), 
cholesterol (sterols), L-alpha-phosphatidylcholine (polar lipids). A 
specialized standard was purified by column chromatography to be used 
for triacylglycerols (Boreogadus saida liver oil), using methods from 
Ohman (1997). Calibrated relationships between lipid class areas and 
standard lipid amounts (μg) had correlations with an r2 > 0.98 for all 
classes. 

Tissue-specific lipid concentration (mg g− 1 WWT) was converted 
back to whole-body lipid concentrations for comparison with field 
samples and to examine the relationship between fish length (SL mm) 
and whole-body total lipids (mg). Field samples were half-body ho-
mogenates of polar cod minus the digestive tract and the head (see 
methods in Copeman et al., accepted). Laboratory tissue-specific values 

Table 1 
Allocation of samples from age-0 polar cod overwintering experiment. Sampled 
fish and mortalities were processed for condition metrics based on WWT 
(n = 526), DWT (n = 374) and detailed tissue-specific lipid classes (n = 140).  

Temperature − 1 ◦C 1 ◦C 3 ◦C 5 ◦C 
Replicate tanks 3 3 3 3 
Fish per tank 50 50 50 50 

Time-0: October 24, 2016 Number of fish sacrificed per tank 

Total fish sampled per tank 10 10 10 10 
Condition: hepatosomatic index WWT 10 10 10 10 
Condition: hepatosomatic index DWT 7 7 7 7 
Tissue specific lipid class analyses 3 3 3 3 

Day 28: November 22, 2016 Number of fish sacrificed per tank 

Total fish sampled per tank 6 6 6 6 
Condition: hepatosomatic index WWT 6 6 6 6 
Condition: hepatosomatic index DWT 3 3 3 3 
Tissue specific lipid class analyses 3 3 3 3 

50% mortality Number of fish sacrificed per tank 

Total fish sampled per tank 8–9 9 5–10 5–8 
Condition: hepatosomatic index WWT 8–9 9 5–10 5–8 
Condition: hepatosomatic index DWT 13–15 9–19 2–7 2–5 
Tissue specific lipid class analyses 3 3 3 3 

Mortalities Number of mortalities 

Total fish sampled per tank 13–15 15 10–16 10–14 
Condition: hepatosomatic index WWT 13–15 15 13–20 8–16 
Condition: hepatosomatic index DWT 7–9 9 4–10 4–8 
Tissue specific lipid class analyses 3 3 3 3  
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were converted to whole-body concentrations by multiplying the tissue- 
specific liver and muscle concentrations (mg g− 1) by the mass of the 
liver (g) or the whole-body weight minus liver weight (g), respectively. 
This gave the total lipid (mg) in the whole fish, which was then divided 
by the mass of the whole fish (g). Digestive tracks were assumed to have 
negligible weight, as the experiment was run during food deprivation. 

2.5. Temperature and size effects on survival 

Prior to pooling tanks into temperature populations for survival 
analyses, we performed Kaplan-Meier survival curves to examine tank 
effects within each temperature treatment (Fig. 1). A log-rank test with 
χ2 statistic was used and found no statistical difference between tanks 
(Holm-Sidak family error rate of 0.05). We then used Cox regression to 
determine the significance of covariates size (SL, mm) and temperature 
on time to polar cod mortality (SPSS version 26). Events were classified 
as mortality or removals (censures) due to sampling events. The signif-
icance of each covariate, as well as the temperature-dependent hazard 
function for winter mortality, is reported. A two-way ANOVA at the time 
of 50% population mortality was used to determine the effects of tem-
perature and survival status on the mean SL (mm) of age-0 polar cod 
(Fig. 2). 

2.6. Calculation of relative weight and lipid loss 

Relative body-weight loss (WWT, g) and lipid loss (total lipid, mg) 
were determined by subtracting the measured value at the time of 
sampling from the predicted value at the beginning of the experiment, 
assuming no change in SL (mm) (see Figs. 3 and 4). The instantaneous 
rate of mass loss or lipid loss (percent per day) for each individual was 
therefore calculated as: ([ln (final mass) - ln (initial mass)]/dura-
tion) × 100. Temperature-dependence of weight loss and lipid loss was 
described using a polynomial function (SigmaPlot 14) with tank means 
as the level of observation. 

2.7. Effects of temperature on size de-trended condition loss 

Temperature-specific effects on condition metrics over the duration 

(days) of winter were analyzed by fitting polynomial functions (Sig-
maPlot 14). To describe the continuous temperature-dependent rate- 
loss, we fit temperature-specific (− 1, 1, 3, 5 ◦C) linear regressions be-
tween condition metrics (Fulton’s K, HSI, and lipids per weight) and 
days of winter (Figs. 5a, 6a and 7c), and then fit a linear regression 
between temperature and these temperature-specific slopes (K day− 1, ln 
(HIS+1) day− 1, lipid concentration day− 1) (see Figs. 5b, 6b and 7d). HSI 
was natural-log-transformed (ln) to allow for a linear model fit between 
condition and days of winter. Condition factors are expressed per WWT 
and per DWT (for condition metrics per DWT, see supplementary ma-
terials). All analyses were run on tank means (n = 3), with numbers of 
individuals sampled per tank as in Table 1. 

Using models developed in this experiment, we plotted the days to 
starvation over a wide range of temperatures for both laboratory-reared 
and field-collected fish that had divergent end-of-summer energetic 
condition (Fig. 8). We used values from fish collected on the central 
Chukchi Shelf in a previous cold year (2013) compared to a contem-
porary warm year (2017) (Copeman et al., accepted). Fish possibly had 
divergent lipid levels due to different summer temperatures and 
zooplankton availability on the Chukchi Sea during those years (as 
discussed in Copeman et al., accepted). Starvation levels (12.4 mg g− 1 

WWT) and the lipid loss model were determined from experimental 
treatments. Days to starvation were calculated as the days required to 
decrease in lipid concentration from end of summer levels (2013, 
34.7 mg g− 1 and 2017, 16.0 mg g− 1) to starvation status, 12.4 mg g− 1. 

3. Results 

3.1. Survival 

The time to 40–50% population mortality was significantly different 
across temperature treatments (ANOVA 50% survival: F3,8 = 92.93, 
p < 0.001). Polar cod had a mean survival time to ~50% mortality of 
170 ± 11 days at − 1 ◦C compared to only 94 ± 1 days at 5 ◦C (Fig. 1). 

There was no significant difference in survival functions between 
tanks (n = 3) within temperature treatments (i.e. 1 ◦C, log rank Mantel- 
Cox, χ2 (2) = 1.106, p = 0.58) and therefore all individuals were pooled 
into temperature populations for survival analyses. We ran a Cox 

Fig. 1. Kaplan-Meier cumulative survival curves for juvenile polar cod (Boreogadus saida) in temperature-dependent (− 1, 1, 3 and 5 ◦C) overwintering experiments, 
shown as a function of days of exposure to experimental conditions. Data are shown using all individual fish pooled by temperature treatment after finding no 
significant tank effects (p < 0.05). Fish removed for sampling were considered censored from the population. 
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regression with the covariates of SL (mm) and temperature (◦C) to 
explain days to overwinter mortality (significant model fit, χ2 
(2) = 248.22, p < 0.001, Table 2a). The regression coefficients predict 
the hazard of overwinter mortality with a positive coefficient for tem-
perature (b = 0.722, SE = 0.073, p < 0.001) indicating that warmer 
temperatures were associated with higher mortality, while a negative 
coefficient for SL (b = − 0.28, SE = 0.02, p < 0.001) indicated that larger 
size was associated with reduced mortality (Table 2b). 

The hazard ratio reflects the multiplicative change in the probability 
of overwinter mortality per unit increase in the covariate (Table 2b). A 
hazard ratio of 1 indicates no change in mortality per unit of the co-
variate, whereas a ratio greater than 1 is associated with positive slopes 
and a value less than 1 is associated with negative slopes. For each unit 
change in SL, the model predicted a 28% decrease in overwintering 

mortality at any given time during our simulated winter conditions. For 
the categorical temperature variable, the hazard ratio was assessed 
relative to the reference − 1 ◦C treatment, which had the longest winter 
survival times (Fig. 1). Relative to fish at − 1 ◦C, polar cod at 1 ◦C had a 
hazard ratio of 2.5, those at 3 ◦C had a ratio of 19, and finally those at the 
warmest temperature (5 ◦C) had a hazard ratio of 72. 

For visualization purposes, we compared the size (SL, mm) of polar 
cod at the time the population reached 50% mortality as a function of 
survival status and temperature (Fig. 2). There was no significant dif-
ference in size due to temperature (ANOVA, F3,18 = 2.66, p = 0.08). 
Across all temperatures, fish that died were significantly smaller (mean 
SL of 53.5 ± 0.8) than fish that survived (mean SL of 61.1 ± 0.7 mm, 
ANOVA, F1,18 = 51.44, p < 0.001, Fig. 2), emphasizing again that larger 
size provides a winter survival advantage. 

Fig. 2. Across all temperatures, polar cod (Boreogadus saida) that survived past 50% population mortality (S) were significantly longer in standard length (SL, mm) 
than fish that died prior to 50% population mortality (M). The mean SL of mortalities was 53.5 ± 0.8 mm, while the mean SL of survivors was 61.1 ± 0.7 mm. The 
asterisks over the survivor bars indicate that they were significantly longer than fish that died within the same temperature treatment (p < 0.05). 

Fig. 3. The relationship between length and (a) weight as well as (b) total lipid for age-0 polar cod at the beginning of the experiment (‘pre-winter’) and at the time 
of mortality during the experiment (‘winter mortality’). The winter mortality length-weight model is the theoretical lower weight and lipid threshold that juvenile 
fish must maintain for survival during winter. 
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Fig. 4. Rate of temperature-dependent (a) weight 
loss and (b) lipid loss for age-0 juvenile polar cod 
during simulated overwintering laboratory experi-
ments. Experiments were run at − 1, 1, 3 and 5 ◦C 
until ~50% population mortality. Data are tank 
means (n = 3 per temperature) of individual 
weight loss over time. Temperature-dependent 
weight loss and lipid loss were determined using 
the difference in weight or lipid at the time of 
mortality as compared to length-based pre-winter 
models (See Fig. 3).   

Fig. 5. Fulton’s K condition factor based on WWT of age-0 juvenile polar cod 
(Boreogadus saida) shown (a) over the full overwintering experiment and (b) as 
a temperature-dependent rate of loss function. Data in 5a are the means of three 
tank values (±1 SE) for sampled fish (circles) and mortalities (stars) at each 
temperature treatment (− 1, 1, 3, 5 ◦C). Fish that died had an average Fulton’s 
Kwet of 0.44. The temperature-dependent rate of loss function (b) relates the 
slopes of relationships in 5a to temperature. Correlation coefficients for Kwet in 
panel (a) were r2 = 0.97 at − 1 ◦C, r2 = 0.91 at 1 ◦C, r2 = 0.96 at 3 ◦C and 
r2 

= 0.98 at 5 ◦C. 

Fig. 6. Natural log of the hepatosomatic index (HSI) based on WWT of age- 
0 juvenile polar cod (Boreogadus saida) shown (a) over the full overwintering 
experiment and (b) as a temperature-dependent rate of loss function. Data in 6a 
are the means of three tank values (±1 SE) for sampled fish (circles) and 
mortalities (stars) at each temperature treatment (− 1, 1, 3, 5 ◦C). Fish that died 
had an average HSIwet of 0.67 and Ln (HSIwet+1) of 0.51. The temperature- 
dependent rate of loss function (6b) relates the slopes of relationships in 6a 
to temperature. Correlation coefficients for HSI WWT in panel (a) were 
r2 

= 0.98 at − 1 ◦C, r2 
= 0.94 at 1 ◦C, r2 

= 0.98 at 3 ◦C and r2 
= 0.79 at 5 ◦C. 
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3.2. Relative weight loss and lipid loss models 

The length-weight and length-lipid relationships for age-0 polar cod 
at the beginning of the experiment (‘pre-winter’) were compared to the 
relationships among fish that died during the experiment (‘winter 
mortality’, Fig. 3). The winter mortality length-weight and length-lipid 
models are the theoretical lower thresholds that juvenile fish must 
maintain to survive. Temperature-dependent weight loss (Fig. 4a, linear 
model, r2 = 0.94) and lipid loss (Fig. 4b, linear model, r2 = 0.68) both 
showed a significant negative slope, with elevated percentage loss per 
day at warmer temperatures. The rate of relative lipid loss 
(slope = − 0.13) was approximately twice the rate of relative weight loss 
(slope = − 0.057), indicating that during starvation, polar cod are uti-
lizing tissue lipids while continuing to maintain body weight, likely by 
the retention of water to their tissues. 

3.3. Morphometric condition loss models 

Temperature-specific Fulton’s K based on both WWT (Fig. 5) and 
DWT (Supplementary materials B) were accounted for by the duration of 
winter conditions (temperature-specific r2 ranged from 0.83 to 0.98). 
The relationship between the rate of change in Fulton’s Kwet and Kdry 
and overwintering temperature (T, ◦C) were defined using the following 
linear regressions: 

Loss of Kwet day− 1 = − 2.13 × 10− 3 - 1.72 × 10− 4 (T), r2 = 0.90 
(Fig. 5b). 
Loss of Kdry day− 1 = − 2.92 × 10− 4- 3.37 × 10− 5 (T), r2 = 0.97 (Sup-
plementary materials B). 

Fig. 7. Total lipids per WWT (μg mg− 1) shown in (a) the liver, (b) muscle tissue and (c) estimated whole bodies of age-0 polar cod (Boreogadus saida) over the full 
overwintering experiment. Data are tank means (n = 3) for sampled fish (circles) and mortalities (stars) at each temperature treatment (− 1, 1, 3, 5 ◦C). Fish that died 
had an average whole-body total lipid per WWT of 12.4 mg g− 1. The temperature-dependent rate of lipid loss in whole fish (7d) relates the slopes of relationships in 
7c to temperature. Correlation coefficients for total lipids per WWT (mg g− 1) in panel (c) were r2 = 0.98 at − 1 ◦C, r2 = 0.97 at 1 ◦C, r2 = 0.98 at 3 ◦C and 
r2 

= 0.94 at 5 ◦C. 

Fig. 8. Days to starvation based on the lab-determined temperature-dependent 
lipid loss model: 
Lipid loss (mg g− 1 WWT) day− 1 = − 18.79 × 10− 2 -2.12 × 10− 2 * (T), r2 = 0.77 
(Fig. 7d). 
Scenarios are shown for experimental fish, as well as polar cod (Boreogadus 
saida) from the central Chukchi Sea in a cold year (2013, Copeman et al., 2020) 
and a warm year (2017, Copeman et al., accepted) to demonstrate variability in 
time to starvation for fish of different nutritional status over a wide range of 
temperatures. The mean lipid concentration values from fish sampled in the 
Central Chukchi Sea (68.25–70.74◦N) are given in Table 5. 
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Condition measurements taken on mortalities allowed us to define 
the mean ± SD starvation condition for Kwet and Kdry as 0.44 ± 0.063 
and 0.066 ± 0.0058, respectively. 

Temperature-specific HSI based on both WWT (Fig. 6) and DWT 
(Supplementary materials C) were also accounted for by the duration of 
winter conditions (r2 ranged from 0.79 to 0.98). HSIwet and HSIdry were 
ln-transformed and the relationship between the rate of condition loss 
and winter temperature were defined using the following linear 
regressions: 

Loss of ln (HSIwet+1) day− 1 = − 0.67 × 10− 2 - 0.06 × 10− 2 * (T), 
r2 = 0.91 (Fig. 6b). 
Loss of ln (HSIdry) day− 1 = − 1.74 × 10− 2 - 0.15 × 10− 2 * (T), 
r2 = 0.89 (Supplementary materials C). 

HSI metrics taken on fish that died allowed us to define the mean 
mortality stage for HSIwet and HSIdry as 0.67 ± 0.35 and 0.87 ± 0.5, 
respectively. 

3.4. Lipid concentration loss models 

At time-0, fish ranged in SL from 42 to 66 mm and showed no sig-
nificant relationship between length and whole-body lipid concentra-
tion per WWT (r2 = 0.002, Supplementary materials A). Temperature- 
specific tissue lipid concentrations were calculated for whole fish over 
the duration of the experiment (Table 3) from measurements of tissue- 
specific levels in liver (Table 4a) and muscle (Table 4b). Most of the 
lipid loss was due to a proportional decrease in the neutral storage lipids 
(triacylglycerols, TAG), which decreased from 86% in the liver and 56% 
in the muscle to 8% and 2%, respectively (Table 4). Fish that died were 
characterized by low total lipid concentrations (12.4 mg g− 1 WWT, 
whole bodies) and high relative proportions of polar lipid (PL, ~70%) 
and sterols (ST, ~20%), a state indicative of only membrane structures 
remaining, with little lipid-based energy storage. 

Across all temperatures, we measured a rapid decline in muscle tis-
sue lipid concentrations from 29.1 ± 5.5 mg g− 1 WWT at time-0 to 
20.8 ± 3.8 after day 28 of simulated winter (Fig. 7b). The opposite trend 
was measured in liver tissue, which increased in lipid density from 
290.3 ± 56.7 on day-0 to 334.9 ± 62.3 mg g− 1 at day 28 (Fig 7a). Polar 
cod have small amounts of liver tissue relative to muscle mass and they 
store high proportions of lipid (TAG) in their muscle, which explains the 
general decrease in whole-body lipid concentrations from time- 
0 (41.4 ± 5.3 mg g− 1 WWT) until day 28 (33.1 ± 6.0 mg g− 1, Fig. 7c). 
The same trends were measured for total tissue-specific lipids based on 

DWT (Supplementary materials D). Both muscle and liver tissue 
decreased rapidly in lipids from day 28 until 50% population mortality 
(Fig. 7a and b, Table 4a,b). 

Temperature-specific lipid concentrations for whole fish based on 
both WWT (Fig. 7c) and DWT (Supplementary materials D) were 
accounted for by the duration of winter exposure (r2 ranged from 0.86 to 
0.99). The temperature-dependent rates of whole body lipid concen-
tration (mg g− 1 weight) loss were accounted for using the following 
linear regressions: 

Lipid loss (mg g− 1 WWT) day− 1 = − 18.79 × 10− 2 - 2.12 × 10− 2 * (T), 
r2 = 0.77 (Fig. 7d). 
Lipid loss (mg g− 1 DWT) day− 1 = − 90.18 × 10− 2 - 8.76 × 10− 2 * (T), 
r2 = 0.64 (Supplementary materials D). 

Lipid measurements on fish that died allowed us to define the mean 
WWT-based and DWT-based lipid composition at mortality as 

Table 2 
The fit of (a) Cox regression analyses for the effect of polar cod SL (mm) and categorical covariate temperature (◦C) on survival time as well as the (b) slope and hazard 
ratio for SL and temperature treatments with reference to − 1 ◦C, the treatment with the longest survival times.  

(a) 

Omnibus Tests of Model Coefficients 

− 2 Log Likelihood Overall (score) Change From Previous Step 

Chi-square df Sig. Chi-square df Sig. 

1103.01 248.22 4 <0.001 275.00 4 <0.001  

(b) 

Variables in the Equation  

Slope B SE Chi-square (Wald) df Sig. Hazard ratio 
Exp(B) 

95.0% CI for Exp(B) 

Lower Upper 

Standard Length (mm) − 0.28 0.02 171.30 1 <0.001 0.76 0.73 0.79 
Reference temperature: 
− 1 ◦C   

102.60 3 <0.001    

1 ◦C relative to − 1 ◦C 0.93 0.27 11.57 1 <0.001 2.54 1.49 4.35 
3 ◦C relative to − 1 ◦C 2.95 0.37 64.97 1 <0.001 19.16 9.35 39.29 
5 ◦C relative to − 1 ◦C 4.28 0.44 95.68 1 <0.001 72.21 30.63 170.20  

Table 3 
Mean ± standard deviation of the estimated whole-bodied total lipids, total lipid 
concentrations per WWT and total lipid concentrations per DWT (μg mg− 1) from 
polar cod sampled at time-0, day 28, in surviving cod at the time of 50% pop-
ulation mortality, and in fish that died (n = 9 fish per temperature-time).  

Sampling time Temp Total lipid 
per fish (mg) 

Total lipid 
concentration per 
WWT (μg mg− 1) 

Total lipid 
concentration per 
DWT (μg mg− 1) 

Time-0 − 1 37.5 ± 12.6 42.0 ± 5.6 210.8 ± 26.5  
1 43.1 ± 10.2 40.0 ± 4.2 194.3 ± 20.1  
3 53.5 ± 17.0 44.6 ± 3.0 217.6 ± 20.2  
5 49.3 ± 15.4 38.4 ± 5.6 189.4 ± 29.0 

Day 28 − 1 36.3 ± 12.5 36.2 ± 6.3 186.4 ± 26.5  
1 27.3 ± 7.9 32.1 ± 7.7 165.8 ± 36.0  
3 39.7 ± 14.4 33.5 ± 3.1 178.9 ± 14.5  
5 32.6 ± 10.6 30.7 ± 4.8 175.6 ± 26.8 

Survivors at 
50% 
population 
mortality 

− 1 8.2 ± 1.9 10.9 ± 1.3 60.8 ± 7.6  

1 7.8 ± 1.2 10.4 ± 1.6 59.6 ± 8.8  
3 9.5 ± 3.0 9.6 ± 1.3 55.8 ± 8.1  
5 11.0 ± 6.5 12.0 ± 4.6 74.1 ± 28.1 

Mortalities − 1 5.7 ± 0.8 11.8 ± 1.1 61.1 ± 5.2  
1 5.2 ± 1.8 14.1 ± 6.4 75.0 ± 34.3  
3 5.6 ± 1.1 12.6 ± 2.4 71.0 ± 20.1  
5 6.2 ± 1.5 11.6 ± 2.2 66.2 ± 12.7  
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Table 4 
Mean and standard deviation of the lipid composition in (a) liver and (b) muscle for polar cod that were sampled at time-0, day 28, in survivors at the time of 50% population mortality, and in fish that died (n = 9 fish per 
temperature-time). Data are shown for total lipids per whole liver and muscle (mg), total lipid concentrations per WWT (μg mg− 1), total lipid concentrations per DWT (μg mg− 1), and proportions of total lipid as tri-
acylglycerols (TAG), free fatty acids (FFA), sterols (ST) and polar lipids (PL).  

Sample type Time Temp Total lipid in tissue (mg) Total tissue lipid (μg mg− 1 WWT) Total tissue lipid (μg mg− 1 DWT) % TAG % FFA % ST % PL 

(a) Liver Time-0 − 1 12.1 ± 7.7 298.5 ± 52.3 485.8 ± 85.1 87.3 ± 3.0 8.1 ± 2.4 1.3 ± 0.6 3.4 ± 0.6  
1 18.1 ± 8.1 303.5 ± 78.8 494.0 ± 128.2 85.7 ± 5.5 7.8 ± 2.9 2.0 ± 0.8 4.5 ± 2.4  
3 18.8 ± 12.0 288.8 ± 41.2 469.9 ± 67.1 88.9 ± 3.9 5.6 ± 1.6 1.7 ± 1.0 3.9 ± 1.6  
5 16.3 ± 8.9 275.0 ± 63.8 458.5 ± 106.4 85.1 ± 3.4 8.8 ± 2.9 2.1 ± 0.8 4.7 ± 1.2 

Day 28 − 1 14.9 ± 6.9 334.6 ± 46.6 554.2 ± 77.2 89.8 ± 4.9 5.5 ± 4.3 1.1 ± 0.5 3.6 ± 1.4  
1 9.6 ± 4.4 320.7 ± 47.3 541.9 ± 79.9 91.4 ± 2.2 4.7 ± 1.9 0.8 ± 0.2 3.1 ± 1.6  
3 16.5 ± 7.6 338.7 ± 40.5 556.2 ± 66.5 89.6 ± 4.1 5.6 ± 2.2 1.1 ± 0.3 3.7 ± 2.0  
5 14.2 ± 6.3 345.6 ± 102.8 669.5 ± 199.1 91.0 ± 2.9 4.7 ± 1.6 1.1 ± 0.3 3.3 ± 1.5 

Survivors at 50% population mortality − 1 0.1 ± 0.1 13.3 ± 2.0 58.4 ± 8.6 0.7 ± 1.7 25.2 ± 8.2 14.3 ± 3.0 59.7 ± 7.6  
1 0.2 ± 0.2 14.3 ± 8.6 61.8 ± 37.2 5.7 ± 13.4 19.8 ± 4.0 14.5 ± 4.0 59.9 ± 12.4  
3 0.3 ± 0.4 16.8 ± 7.7 73.1 ± 33.6 6.5 ± 12.4 20.4 ± 8.9 11.8 ± 2.9 61.4 ± 14.7  
5 0.3 ± 0.3 24.2 ± 12.6 103.8 ± 54.0 17.4 ± 17.0 24.7 ± 7.0 9.7 ± 4.6 48.2 ± 17.6 

Mortalities − 1 0.1 ± 0.0 11.3 ± 2.4 56.0 ± 12.2 – 13.2 ± 7.8 14.7 ± 1.3 72.1 ± 8.5  
1 0.0 ± 0.0 9.0 ± 2.1 45.2 ± 10.3 – 17.2 ± 12.3 15.5 ± 2.9 67.3 ± 12.0  
3 0.1 ± 0.0 10.2 ± 3.6 53.0 ± 19.5 – 16.1 ± 9.0 16.8 ± 4.4 67.1 ± 7.8  
5 0.1 ± 0.1 13.2 ± 7.2 73.0 ± 40.1 3.9 ± 8.5 18.0 ± 15.8 15.0 ± 5.6 63.2 ± 13.4 

(b) Muscle Time-0 − 1 25.4 ± 6.6 30.7 ± 5.4 174.0 ± 30.4 56.4 ± 4.82 8.2 ± 1.4 5.5 ± 1.1 29.9 ± 3.3  
1 25.0 ± 3.5 25.0 ± 2.6 140.4 ± 14.8 52.4 ± 3.9 9.6 ± 1.4 6.3 ± 0.7 31.7 ± 2.9  
3 34.7 ± 9.0 31.7 ± 5.6 178.3 ± 31.5 58.1 ± 4.4 7.3 ± 0.7 5.7 ± 0.8 28.9 ± 3.1  
5 33.0 ± 9.1 27.6 ± 5.4 153.6 ± 30.2 54.4 ± 6.5 8.6 ± 1.3 6.2 ± 0.7 30.9 ± 5.8 

Day 28 − 1 21.5 ± 6.5 22.8 ± 2.7 133.0 ± 15.5 50.5 ± 6.3 5.8 ± 1.2 5.9 ± 0.7 37.9 ± 5.4  
1 17.7 ± 5.7 21.5 ± 5.7 123.2 ± 32.7 39.9 ± 15.6 6.7 ± 2.0 8.85 ± 4.4 44.6 ± 9.6  
3 23.2 ± 8.0 20.6 ± 2.3 124.1 ± 14.0 49.0 ± 3.3 6.1 ± 1.1 6.8 ± 0.7 38.0 ± 3.6  
5 18.4 ± 4.9 18.4 ± 2.8 115.9 ± 17.6 42.6 ± 7.5 6.6 ± 2.4 7.5 ± 1.1 43.3 ± 5.4 

Survivors at 50% population mortality − 1 8.1 ± 1.8 10.9 ± 1.4 60.5 ± 7.5 – 7.4 ± 3.6 19.0 ± 1.5 73.7 ± 4.0  
1 7.7 ± 1.2 10.3 ± 1.5 58.9 ± 8.8 0.7 ± 2.0 7.6 ± 1.0 19.5 ± 1.4 72.2 ± 2.3  
3 9.2 ± 2.8 9.5 ± 1.4 54.5 ± 8.0 0.1 ± 0.2 6.5 ± 4.6 18.7 ± 1.4 74.7 ± 5.0  
5 10.6 ± 6.5 11.8 ± 4.7 73.1 ± 29.2 6.9 ± 18.1 10.9 ± 4.5 17.0 ± 4.3 65.2 ± 12.7 

Mortalities − 1 5.6 ± 0.9 11.8 ± 1.1 60.3 ± 5.5 – 6.0 ± 3.3 20.0 ± 1.9 74.0 ± 4.6  
1 4.8 ± 1.5 13.0 ± 2.1 68.5 ± 10.8 – 3.7 ± 2.1 20.2 ± 1.2 76.2 ± 2.3  
3 4.8 ± 2.1 13.1 ± 2.7 69.7 ± 5.5 – 5.3 ± 2.3 19.0 ± 2.2 75.7 ± 3.9  
5 6.1 ± 1.5 11.5 ± 2.4 65.3 ± 13.3 – 4.3 ± 2.7 19.9 ± 1.3 75.9 ± 3.6  

L.A
. Copem

an et al.                                                                                                                                                                                                                            



Deep-Sea Research Part II 205 (2022) 105177

10

12.4 ± 2.0 mg g− 1 and 65.3 ± 10.9 mg g− 1, respectively. 
The importance of late-summer lipid storage and winter tempera-

tures for survival of age-0 polar cod is shown in Table 5 and Fig. 8. Tissue 
concentrations of lipids in polar cod from the central Chukchi Sea in 
2013 (Copeman et al., 2020) and 2017 (Copeman et al., accepted) were 
used with the rate of loss equation (mg g− 1 WWT) 
day− 1 = − 18.79 × 10− 2 - 2.12 × 10− 2 *(T, ◦C), r2 = 0.77 (Fig. 7d) to 
calculate survival times. Specifically, we calculated the time for lipids to 
decline from observed field values to experimentally-determined star-
vation levels (12.4 mg g− 1) (Table 5) across a wide range of continuous 
simulated winter temperatures from − 2 to 6 ◦C (Fig. 8). Starvation 
resistance at − 1 ◦C was projected to be over 200 days in high-lipid fish 
from the colder year 2013, compared to less than 30 days in low-lipid 
fish from the warmer 2017. Further, small changes in temperature at 
the cold end of the overwintering range made a large difference in 
survival projection of high-lipid fish in 2013 (i.e. 30-day difference from 
− 1 to 1 ◦C), but little difference to the low-lipid fish observed in 2017 (i. 
e. 6-day difference from − 1 to 1 ◦C, Table 5, Fig. 8). Survival of 
high-condition fish is dependent on winter temperatures, while 
poor-condition fish had low survival times across the full range of 
temperatures (24–13-day starvation resistance between − 1 and 5 ◦C) 
(Fig. 8, Table 5). 

4. Discussion 

Polar cod are adapted to highly seasonal environments, requiring 
rapid accumulation of summer energy reserves and cold winters to 
survive periods between productivity peaks. The importance of pre- 
winter size, lipid storage and winter temperature were highly 
apparent in our study. Age-0 polar cod conserved lipids and survived 
longest in our coldest winter temperature treatment (− 1 ◦C). We 
contend that, in the field, polar cod overwintering success will be highly 
dependent on summer lipid storage, as well as the availability of cold 
fall-winter Arctic thermal habitat. 

4.1. Polar cod thermal habitat 

Results from our study indicate that the optimum thermal habitat 
(− 1 ◦C) for energy conservation agrees with temperatures of maximum 
age-0 fish abundance from winter field surveys (Benoit et al., 2008; 
Geoffroy et al., 2016). Chukchi Sea pelagic larval polar cod are 
distributed within the warm (0–7 ◦C) upper 20 m of the water column 
until they metamorphose into pelagic juveniles during the summer 
(~27–35 mm, SL) (Deary et al., 2021; Vestfals et al., 2019). In late 
summer and early fall, juveniles begin to descend to deeper waters and 
are found within the top 100 m at average surface water temperatures of 
~5 ◦C (De Robertis et al., 2017; Levine, 2021). During this period, 
extensive diel vertical migrations have been noted, with polar cod 
feeding primarily on Calanus spp. at the surface at night, and returning 
to depth during the day, thus avoiding visual predators (Bouchard and 

Fortier, 2020; Geoffroy and Priou, 2020). After attaining a SL of 
~50 mm (August through October), the majority of the Beaufort and 
Barents seas population descends to depths >100 m for the remainder of 
the winter season (Benoit et al., 2014; Geoffroy et al., 2016; Geoffroy 
and Priou, 2020). After November, prey levels in surface waters decrease 
and vertical migration activity slows. From late fall onward, age-0 polar 
cod are thought to generally remain in cold (1 to − 1 ◦C) epipelagic 
layers for the remainder of the winter season (Darnis and Fortier, 2014; 
Mueter et al., unpublished). Age-0 polar cod in our experiment mini-
mized winter energy loss at temperatures <0 ◦C with no apparent acute 
effects of low temperature prior to reaching the point of energetic 
starvation (lipids per WWT = 12.4 mg g− 1, HSIwet = 0.67, Kwet = 0.44). 
It is likely that they utilize antifreeze proteins in the liver and/or gills as 
a metabolically cost-effective way to utilize these extremely cold habi-
tats (Chen et al., 1997; Fletcher et al., 2001; Geoffroy and Priou, 2020). 

Increased fall temperatures following warm summers may doubly 
impact polar cod by not only causing them to more rapidly metabolize 
their limited lipid reserves, but also by delaying the availability of 
sympagic food. Ice-associated diet sources have previously been shown 
to sustain many keystone polar organisms throughout the winter 
(Geoffroy and Priou, 2020; Kohlbach et al., 2017a, 2017b). Danielson 
et al. (2020) noted that recent decade-scale heat retention in the Bering 
and Chukchi Seas has resulted in additional fall cooling time required for 
sea-ice formation. Recent fall and winter ocean-to-atmosphere heat 
fluxes have been anomalously large and associated with elevated air 
temperatures and increased southerly winds, resulting in lower fall/-
winter sea-ice production and extent (Danielson et al., 2020; Woodgate, 
2018). 

4.2. Polar cod lipid allocation 

As predicted, high mortality occurred when polar cod energy re-
serves (e.g. lipids) were exhausted during winter starvation (e.g. 
Thompson et al., 1991; Ludsin and DeVries, 1997). Application of lab-
oratory rates to realized variability in field-collected polar cod lipid 
storage (Copeman et al., 2020) indicates that lipid content has an 
important bearing on winter survival potential. The annual variation in 
lipid density of field-collected fish from the Central Chukchi Sea (2013: 
34.7 ± 18.7 vs. 2017: 16.0 ± 6.4 mg g− 1 WWT) was particularly striking, 
despite fish being similar in size (2013: 43.4 ± 3.9 vs. 2017: 47.2 ± 10.3 
SL, mm) (Copeman et al., accepted). Relative weight loss and lipid loss 
models demonstrated that polar cod rapidly utilize lipids and substitute 
water into their tissues to maintain body mass. This strategy is typical of 
cold-water fish species during starvation periods (Dutil and Lambert, 
2000; Maddock and Burton, 1994) and makes lipid a more rapid indi-
cator of changing nutritional status than mass based on wet weight. 

Our food deprivation models illustrate that winter thermal condi-
tions are either highly important following summers that support juve-
nile fish in good nutritional condition (e.g. 2013), or are potentially 
irrelevant when preceding warm summer conditions result in a low 

Table 5 
The importance of energetic condition and winter temperatures for days of starvation resistance in age-0 polar cod. Lipid concentrations in polar cod from the central 
Chukchi Sea in 2013 and 2017 are used to demonstrate variability in time to starvation for field-collected fish of different nutritional status. The equation for lipid loss 
(mg g− 1 WWT) day− 1 = − 18.79 × 10− 2 -2.12 × 10− 2 * (T), r2 = 0.77 was used to calculate the days to starvation lipid storage levels under the four different exper-
imental temperatures (− 1, 1, 3 and 5 ◦C). Data are mean ± standard error of lipid composition in field-collected age-0 polar cod in the Central Chukchi Sea 
(68.25–70.74◦N, Copeman et al., 2020; Copeman et al., accepted) and the model shown in Fig. 8.  

Year Lipids concentration in 
polar cod from the Central 
Chukchi Sea 

Change in lipid concentration (μg 
mg− 1, WWT) between end of 
summer and mortality levels 

Duration of 
starvation resistance 
at − 1 ◦C (days) 

Duration of 
starvation resistance 
at 1 ◦C (days) 

Duration of 
starvation resistance 
at 3 ◦C (days) 

Duration of 
starvation resistance 
at 5 ◦C (days) 

2013 
(n = 30) 

34.7 ± 3.4 22.3 136 108 90 77 

2017 
(n = 35) 

16.0 ± 1.1 3.6 24 18 16 13 

Mortality 
levels 

12.4       
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nutritional state. Ecosystem warming and loss of sea ice have direct 
metabolic effects on polar cod, but also cause a mosaic of cascading 
indirect food web impacts (Sigler et al., 2016S, 2014). In the neigh-
boring Bering Sea, oscillating thermal conditions have been shown to 
influence food web dynamics that, in turn, have impacted fish energetic 
condition, stated as the Oscillating Control Hypothesis (Heintz et al., 
2013; Hunt et al., 2011a,b; Mueter et al., 2011). This theory links var-
iable sea/ice extent to the timing of the spring bloom and resultant ju-
venile walleye pollock (Gadus chalcogramma) and Pacific cod (Gadus 
macrocephalus) recruitment across alternating warm and cold phases in 
the southeastern Bering Sea (Farley et al., 2016; Heintz et al., 2013; 
Hunt et al., 2002, 2008, 2011). During cold phases, March ice-associated 
phytoplankton blooms are important in fueling the production of large, 
lipid-rich zooplankton that have been found to be essential to juvenile 
walleye pollock fall lipid storage and overwintering survival (Duf-
fy-Anderson et al., 2019; Kimmel et al., 2018). In contrast, during warm 
phases, this ice-edge phytoplankton production is reduced, and is 
replaced with a later pelagic bloom and reduced numbers of large, 
lipid-rich copepods in the late summer. It is possible that similar 
ecosystem dynamics may influence the food web and fall condition of 
age-0 polar cod in the central Chukchi Sea with continued warming. 
Regardless, the high prioritization for energy storage observed in 
small-bodied polar cod suggests that there is a high winter starvation 
mortality risk in the Arctic (Ivan et al., 2015; Renaud et al., 2018). 

High levels of lipid storage in polar cod muscle tissue may offset their 
limited capacity to store energy reserves in their liver at a small size. 
Proportionally large, lipid-rich livers are not found in gadids until 
>60 mm in standard length, which represents the second year of growth 
for Arctic gadids, compared to the first year in sub-Arctic gadids (Helser 
et al., 2017; Laurel et al., 2007). Copeman et al. (accepted) demonstrate 
that age-0 Chukchi Sea polar cod at a given size (~60 mm) store twice 
the lipid (mg) of similarly-sized sub-Arctic congeners, which is likely an 
adaption to a short growing season. Size-dependent overwintering suc-
cess may be even more pronounced in lower latitude regions than in the 
Arctic, due to higher predation rates (Laurel et al., 2003; Lough and 
O’Brien, 2012) and more variable size demographics during late fall/-
winter at lower latitudes (Geissinger et al., in review). 

4.3. Condition loss models 

The use of multiple different condition metrics allows our data to be 
broadly applied to fisheries research and other laboratory experiments 
that may have only one metric, such as length-weight. We present three 
types of size-corrected condition metrics: Fulton’s K, a morphometric 
condition index based on weight at length (Froese, 2006; Nash et al., 
2006); HSI, a morphometric index that expresses liver weight relative to 
body weight, and is often referred to as a metric of lipid storage (Aune 
et al., 2021; Guy and Brown, 2007); and lastly, tissue-specific and 
whole-body explicit measurements of lipid. The ease of performing 
morphometric condition measures can allow for the processing of larger 
numbers of individuals. However, morphometric condition in larval and 
juvenile marine organisms has shown a general lack of sensitivity 
(Copeman et al., 2008, 2018; Suthers, 1998), likely because it is not 
measuring changes in highly variable lipid storage. 

During the first 28 days of winter, polar cod preferentially catabo-
lized triacylglycerols from muscle tissue, and then depleted storage 
lipids in their muscle and liver until starvation. Polar cod store high 
concentrations of lipid in their muscle tissues relative to other sub-Arctic 
congeners (Copeman et al., 2017), making HSI potentially insensitive to 
changes in the lipid dynamics of polar cod. At time-0, polar cod had 
29.9 ± 1.5 mg of lipid in their muscle tissues, compared to 16.2 ± 1.6 mg 
in their liver, but by the time of 50% population mortality, almost all the 
remaining lipid was found in muscle storage (8.9 ± 3.9 mg per fish, 
Fig. 7a and b). For future analyses of field campaigns, age-0 polar cod 
whole-body homogenates should be saved for lipid analyses to compare 
with laboratory-developed metrics of nutritional status. Dissections of 

tiny, fragile liver tissues from previously frozen age-0 polar cod are 
extremely time-consuming, and if not performed by a skilled technician, 
can lead to inaccurate determination of HSI. 

4.4. Future research 

These condition loss models are based on the caveat that polar cod 
are not feeding in appreciable amounts during the winter. Understand-
ing the impact of winter feeding scenarios will be an important 
component of future laboratory and field research. Small amounts of 
food during winter can dramatically improve survival of age-0 Atlantic 
cod, with the addition of minimum rations resulting in prolonged sur-
vival and growth at low temperatures (− 0.8 to 2.7 ◦C) (Geissinger et al., 
2021). Field studies indicate active under-ice zooplankton production in 
the Arctic winter (Berge et al., 2020a; Geoffroy and Priou, 2020), but we 
know of no such field studies in the Chukchi Sea. Polar cod have large 
eyes that enable more successful feeding at lower light intensities than 
sub-Arctic gadids (Geoffroy and Priou, 2020; Wagner et al., 1998), and 
this has been proposed as an additional barrier to the establishment of 
sub-Arctic gadid populations in Arctic regions (Kaartvedt, 2008). In the 
waters surrounding Svalbard, Norway, adult polar cod have been shown 
to forage during the polar night, although at a lower stomach fullness 
than in summer (Geoffroy and Priou, 2020). However, adults were found 
to switch from zooplankton to larger prey such as fish (Cusa et al., 2019) 
during the winter. Prey switching was proposed as a solution to reduced 
light and polar cod’s limited ability to visually capture small 
zooplankton. Due to gape limitation, it is uncertain whether small age-0 
polar cod (30–60 mm) can also successfully switch to larger prey items 
during the winter. Although polar regions are becoming ‘brighter’ with 
climate change (T. Kristiansen, personal communication), the projected 
foraging gains to visual feeders will be mostly limited to the summer 
months, as the polar night will continue to be dark regardless of sea-ice 
loss (Langbehn and Varpe, 2017). 

In situ studies of overwintering processes may become logistically 
less challenging in the future due to increased periods of open water in 
the Arctic and better technology for sampling fish and their prey (David 
et al., 2015; Kohlbach et al., 2017b). As polar cod tissue samples become 
available from these efforts, fall/winter lipid storage and trophic dy-
namics can be used to ground-truth some of the survival trajectories 
from this study, all of which have implications for recruitment dynamics 
in Alaska waters (Hurst, 2007a; Farley et al., 2011; Heintz et al., 2013; 
Siddon et al., 2013). Currently, efforts to understand the bioenergetics of 
polar cod rely on models with many assumptions about physiological 
rates, consumption rates and trophic relationships (Hansen et al., 1993). 
The simple models we report do not account for trophic dynamics; 
however, they are stage-specific and provide an understanding of tissue 
lipid compartmentalization that is not typically captured in traditional 
bioenergetics models (Munch and Conover, 2002). 

5. Conclusions 

Energy density increases with body size for most fish species during 
the juvenile phase (pre-reproductive; Martin et al., 2017), but Chukchi 
Sea polar cod enter their first winter at ~50% the length of similarly 
aged gadids from the Bering Sea (Siddon et al., 2013a, 2013b) and the 
Gulf of Alaska (Laurel et al., 2017). The specialized ability of polar cod 
to store high concentrations of lipid at a relatively small size and to 
overwinter in extreme cold (− 1.5 to − 1 ◦C) may set their distributional 
limits by allowing them to minimize winter energy loss (Parker-Stetter 
et al., 2011). Based on summer field surveys of the Chukchi Sea (De 
Robertis et al., 2017), age-0 polar cod are the most abundant gadid in the 
region, but changing climate conditions in the summer and winter could 
disrupt these distribution boundaries and result in a more sub-Arctic 
summer fish assemblage (Baker, 2021; Mueter et al., 2021). It remains 
uncertain whether sub-Arctic gadids can successfully overwinter at 
temperatures routinely <0 ◦C, such as those common to the Chukchi and 
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Beaufort Sea shelves. 
Our experiments show that successful overwintering for polar cod 

will be highly dependent on seasonal conditions in both the winter and 
summer. The survival trajectories described in this study demonstrate 
how high summer lipid storage and cold winters theoretically improve 
overwintering success, while also showing that winter foraging is 
necessary for survival when fish are in poor pre-winter condition or 
when Arctic winter thermal habitats are warmer. However, the transi-
tion from age-0 to age-1 will remain a poorly understood component of 
population dynamics without increased seasonal observational data 
(Boudreau et al., 2017; Geoffroy et al., 2016; Geoffroy and Priou, 2020; 
Heintz and Vollenweider, 2010). Winter studies on diet will be espe-
cially critical, as will be information on regional predation pressure that 
could impact polar cod’s strategy for energy allocation (e.g. increased 
growth), as well as their thermal habitat preferences. 
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Wagner, H.-J., Fröhlich, E., Negishi, K., Collin, S., 1998. The eyes of deep-sea fish II. 
Functional morphology of the retina. Prog. Retin. Eye Res. 17, 637–685. 

Wassmann, P., 2006. Structure and function of contemporary food webs on Arctic 
shelves: an introduction. Prog. Oceanogr. 71, 123–128. 

Welch, H.E., Bergmann, M.A., Siferd, T.D., Martin, K.A., Curtis, M.F., Crawford, R.E., 
Conover, R.J., Hop, H., 1992. Energy-flow through the marine ecosystem of the 
lancaster sound region, arctic Canada. Arctic 45, 343–357. 

Whitehouse, G.A., Aydin, K., Essington, T.E., Hunt, G.L., 2014. A trophic mass balance 
model of the eastern Chukchi Sea with comparisons to other high-latitude systems. 
Polar Biol. 37, 911–939. 

Woodgate, R.A., 2018. Increases in the Pacific inflow to the Arctic from 1990 to 2015, 
and insights into seasonal trends and driving mechanisms from year-round Bering 
Strait mooring data. Prog. Oceanogr. 160, 124–154. 

L.A. Copeman et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0967-0645(22)00162-X/sref86
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref86
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref86
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref87
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref87
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref87
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref87
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref88
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref88
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref89
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref89
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref89
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref90
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref90
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref91
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref91
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref91
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref92
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref92
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref93
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref93
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref94
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref94
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref94
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref95
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref95
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref95
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref96
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref96
http://refhub.elsevier.com/S0967-0645(22)00162-X/sref96


Deep–Sea Research II 207 (2023) 105226

Available online 7 December 2022
0967-0645/© 2022 Elsevier Ltd. All rights reserved.

Arctic cod (Boreogadus saida) hatching season and growth rates in the 
Bering, Chukchi and Beaufort seas 

Zane M. Chapman a,*, Franz J. Mueter a, Brenda L. Norcross b, Dion S. Oxman c 

a University of Alaska Fairbanks, 17101 Point Lena Loop Rd, Juneau, AK, 99801, USA 
b University of Alaska Fairbanks, PO Box 757220, Fairbanks, AK, 9975-7220, USA 
c Alaska Department of Fish and Game, Division of Commercial Fisheries, Mark, Tag, and Age Laboratory, 10107 Bentwood Place, Juneau, AK, 99801, USA  

A B S T R A C T   

Arctic cod is an important prey species in Arctic marine ecosystems that provides efficient energy transfer from producers to consumers in the food web. Arctic cod 
are locally abundant throughout the Arctic, though little is known about their early life stages in the Pacific Arctic, especially when and where they spawn and hatch. 
This study estimated hatch dates and growth rates of first year Arctic cod through analysis of otolith growth increments. First-year Arctic cod were captured in the 
northern Bering, Chukchi, and Beaufort seas during the spring or summer between 2012 and 2017. Estimated hatch dates ranged widely from November to June with 
peak hatching occurring from February through May, depending on the region of capture. Combined with large individual and regional variability in growth rates, 
this suggests a bet-hedging strategy to ensure some larvae encounter favorable growth conditions. In addition to regional differences, we identified a clear separation 
of hatch dates between spring- and summer-caught Arctic cod in the Chukchi Sea, suggesting different origins or strong size-dependent mortality. Finally, differences 
in hatch dates between pelagic and demersal juveniles indicate that older, larger juveniles begin to settle to the seafloor on deeper portions of the shelf in late 
summer. The results of this study set a benchmark for Arctic cod early life history in these regions and provide context for monitoring early life stages in a changing 
environment.   

1. Introduction 

Arctic cod (Boreogadus saida) was identified as a key species within 
Alaska’s Arctic waters by the Fisheries Management Plan for Marine 
Resources in the Arctic (NPFMC, 2009) because it provides an important 
pathway for energy transfer from planktonic prey to larger animals. 
With large abundances, high energy content, and prey assimilation ef-
ficiency of around 80%, Arctic cod are ideal prey for many Arctic 
predators (Hop et al., 1997; Bluhm and Gradinger, 2008; Crawford et al., 
2015). Many larger predators such as seals, whales, and seabirds depend 
on Arctic cod as a source of energy; in turn, polar bears and Alaska 
Native communities rely on some of these marine mammals for food 
(Welch et al., 1993). Arctic cod have also been targeted by commercial 
fisheries in the Barents Sea (Gjøsæter, 1995) and by subsistence fisheries 
in northwest Alaska (Magdanz et al., 2010), among other regions. 

Previous research on Arctic cod in many parts of the Arctic has 
described their general life history characteristics. Arctic cod reach 
sexual maturity at age 1+ with males maturing at a younger age than 
females (Nahrgang et al., 2015). They have a life span of 7–8 years (Hop 
and Gjøsæter, 2013), and reportedly spawn mostly between January and 
March in large groups underneath the ice (Craig et al., 1982; Bouchard 

and Fortier, 2011; Gallaway et al., 2017). Based on laboratory studies, 
Arctic cod eggs remain suspended at the surface of the water just under 
the sea ice and can tolerate sub-zero temperatures without affecting 
survival (Laurel et al., 2015). Hatch times have been estimated in the 
Canadian and European Arctic; however, they are currently unknown 
for US Arctic populations (Bouchard et al., 2015). Arctic cod early larval 
stages off Alaska have been found throughout the spring (Deary et al., 
2021) and summer sampling seasons (Vestfals et al., 2019), suggesting a 
broad distribution of spawning and hatching in space and time. The 
Bongo nets used in these studies, however, under-sample larger larvae 
and juveniles in the summer. Large abundances of larvae and juveniles 
have been observed during multiple years over the northeast Chukchi 
Sea shelf (de Robertis et al., 2017; Levine et al., 2021), but their origins 
remain unknown. Large numbers of larval and juvenile Arctic cod have 
also been documented in the western Beaufort Sea (Parker-Stetter et al., 
2011; Forster et al., 2020; Vestfals et al., 2019), but it is unclear if this 
population is connected to that found in the northern Chukchi Sea. 
Despite these recent observations; large gaps remain in the under-
standing of the reproductive biology and early life history of Arctic cod 
in the Pacific Arctic (Mueter et al., 2016, 2020). 

The Arctic marine environment is changing rapidly and the impacts 
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of these changes on the distribution, abundance, condition, and 
phenology of Arctic cod is of great interest to researchers and resource- 
dependent communities. The Alaskan Arctic specifically has seen sig-
nificant reductions in sea ice, which decreases spring time surface al-
bedo, thus increasing water temperatures during the spring and summer 
seasons. Sea ice melt and increases in water temperature are further 
accelerated by record increases in air temperature (Danielson et al., 
2020; Baker et al., 2020a). These changes are reshaping the ecosystem, 
allowing southern, warmer-water species such as capelin (Mallotus vil-
losus), saffron cod (Eleginus gracilis), and other gadids to move north and 
compete with Arctic cod for habitat and food resources (Hop and 
Gjøsæter, 2013; Marsh and Mueter, 2020; Baker, 2021; Mueter et al., 
2021). Arctic cod have a lower thermal tolerance when compared to 
more southern gadid species and experience a high mortality occurring 
at 16 ◦C and a peak growth rate at 7.3 ◦C as juveniles (Laurel et al., 
2015). The eggs of Arctic cod have a much narrower temperature 
tolerance and will not survive in temperatures exceeding 3.8 ◦C (Drost 
et al., 2016). As the Arctic environment continues to change, the impact 
of these changes on Arctic cod will have ripple effects across the Arctic 
ecosystem. 

Arctic cod growth and hatch timing have been examined in Canadian 
and European Arctic waters using daily otolith increment deposits. 
These analyses revealed two hatching patterns: a short hatch event that 
occurs concurrently with ice break-up and the beginning of increased 
biological production (May to June) as well as protracted hatching that 
can occur under the sea ice from the beginning of winter (January) 
extending into the summer (July) (Bouchard et al., 2011). Hatch timing 
may be an important determinant of subsequent growth and survival 
(Bouchard and Fortier, 2011). Early hatching Arctic cod can attain a 
greater pre-winter size but experience higher cumulative mortality 
during the long larval phase. Later hatching Arctic cod have a smaller 
pre-winter size, but experience less larval mortality (Fortier et al., 2006; 
Bouchard and Fortier, 2008; Bouchard et al., 2017) and may experience 
higher overwinter mortality as a result. If hatch timing is linked to 
sea-ice retreat and impacts subsequent survival, reductions in sea ice 
and early ice melt may have contributed to the observed declines in the 
abundance of juvenile and adult Arctic cod at the southern end of their 
range such as in the Bering Sea (Marsh and Mueter, 2020). 

The links between changing ice conditions, hatching, and the sur-
vival of larval Arctic cod in the Pacific Arctic are not currently under-
stood. The timing and location of spawning and hatching, as well as the 
subsequent growth, movement and survival of eggs and larvae, is critical 
to identifying habitat requirements and the impacts of climate change on 
early life history stages of Arctic cod. This is especially true in areas of 
potential oil exploration, as Arctic cod are highly vulnerable to crude oil 
during their early life history (Gallaway et al., 2017; Laurel et al., 2019). 
Limited information is available on the distribution of eggs and early 
larval stages due to the challenges of sampling these life stages. 

To better understand the early life history of Arctic cod and provide 
information to inform management, this study estimated and compared 
the distribution of hatch dates of larval and juvenile Arctic cod sampled 
during the spring and summer in the Chukchi and Beaufort seas. Spe-
cifically, we estimated age in days of Arctic cod larvae based on daily 
otolith growth increments and used age-at-length relationships to infer 
the distribution of hatch dates from observed length-frequencies. A 
second objective was to derive field-based estimates of average daily 
growth rates and to compare growth rates in the Pacific Arctic to 
laboratory-derived and other field-based estimates from the literature. 

2. Methods 

2.1. Study region 

Arctic cod samples were obtained from the Bering, Chukchi and 
Beaufort seas and were assigned to five distinct regions based on dif-
ferences in bathymetric and oceanographic characteristics within each 

of the seas (Fig. 1). From south to north, these regions are northern 
Bering Sea (NBS), southern Chukchi Sea (SCS), northern Chukchi Sea 
(NCS), western Beaufort Sea (WBS), and eastern Beaufort Sea (EBS). The 
NBS has a broad shelf that encompasses Norton Sound and the Chirikov 
Basin between St. Lawrence Island, Alaska, and Bering Strait, with 
depths generally less than 50 m. It connects to the Chukchi Sea via the 
shallow (<50 m) Bering Strait. The majority of the Chukchi Sea also has 
a shallow (40–60 m) continental shelf, which was split into a southern 
and northern region for our analyses due to differences in water masses. 
Alaska coastal water, Bering shelf water and Anadyr water from the 
Bering Sea converge in Bering Strait before entering the Chukchi Sea 
(Eisner et al., 2012; Danielson et al., 2017a, 2017b) and continuing to 
flow north. These water masses of recent Pacific origin cover a variable 
portion of the SCS shelf but are typically separated from distinct water 
masses in the NCS, referred to as winter water and recent melt water, by 
a semi-permanent front that extends from the surface to the sea floor 
(Weingartner 1997; Danielson et al., 2017a). The colder and more saline 
winter water extends as far south as 70◦N (Pickart et al., 2010), there-
fore 70◦N was used as the dividing line between the NCS and SCS for our 
analyses. In contrast to the Chukchi Sea, the Beaufort Sea has a narrow 
shelf that quickly drops into the Arctic Basin to depths exceeding 2000 
m. The Beaufort Sea shelf receives relatively nutrient-poor water via the 
Alaska Coastal Current entering from the west and is influenced by 
fresher waters from the Mackenzie River, as well as by deeper Atlantic 
waters from the basin (Carmack and Macdonald 2002; Pickart 2004). 
For this analysis, the Beaufort Sea was separated into an eastern (sam-
ples east of 147◦W; EBS) and western region (153 ◦W to 147 ◦W; WBS) 
(Fig. 1), with the EBS experiencing a stronger influence from the 
Mackenzie River than the WBS (MacDonald and Wong, 1987). Because 
of the strong connectivity between the NCS and the westernmost portion 
of the Beaufort Sea (west of 153◦ W), we pooled samples from these 
regions and refer to them collectively as the NCS (Fig. 1). 

2.2. Sample processing and collection 

Larval and juvenile Arctic cod were collected during five Arctic 
surveys conducted during the spring (June) and summer (August/ 
September) seasons: the Arctic Shelf Growth, Advection, Respiration 
and Deposition (ASGARD) rate measurement survey in the NBS and SCS 
in the spring of 2017 (Danielson et al., 2017a, 2017b), the Arctic Marine 
Biodiversity Observation Network (AMBON) survey in the Chukchi Sea 
in the summer of 2017 (Iken et al., 2018), the Arctic Integrated 
Ecosystem Survey (Arctic IES II) in the Chukchi Sea and WBS in the 
summer of 2017 (Farley et al., 2017), and the summer Transboundary 
Surveys conducted in the WBS in 2012 (TB12) and in the EBS in 2013 
(TB13) and 2014 (TB14) (Norcross et al., 2017, Table 1). Both the 
ASGARD and Arctic IES II initiatives were part of the North Pacific 
Research Board Arctic Integrated Ecosystem Research Program (Arctic 
IERP; Baker et al., 2020b; Baker et al., 2022). 

Four types of sampling methods were used: (1) an Isaacs-Kidd Mid-
water Trawl (IKMT, Methot, 1986) with a 3-mm-mesh body and 
1-mm-mesh cod-end liner was deployed obliquely to collect larval and 
juvenile pelagic fishes from near bottom to the surface during the 
AMBON, TB12, and TB13 surveys; (2) a modified Marinovich trawl with 
a 64-mm-mesh body which tapered to a 3-mm-mesh codend was used to 
target aggregations identified by acoustic backscatter as part of an 
acoustic-trawl survey during Arctic IES II (de Robertis et al., 2017; de 
Robertis et al., 2017b); (3) two types of bottom trawls were used to 
sample demersal fishes, including a 3-m modified Plumb Staff Beam 
Trawl (PSBTA, Abookire and Rose, 2005) with a 7-mm-mesh body and a 
4-mm liner during the AMBON, Arctic IES II and Transboundary Sur-
veys, and a Canadian Beam Trawl (CBT, Majewski et al., 2017) with a 
10-mm-mesh body and a 6-mm-liner during the Transboundary Surveys; 
and (4) a 60-cm-diameter Bongo net with a 505-μm-mesh body was used 
to sample zooplankton and ichthyoplankton during ASGARD and Arctic 
IES II surveys. 
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Two sets of Arctic cod samples were used for analyses. The first 
sample consisted of all Arctic cod sampled in the field and was used to 
characterize the length-frequency distribution of the population and the 
second sample consisted of a length-stratified subset to remove otoliths 
for aging. Standard lengths of all larval and juvenile Arctic cod sampled 
in a given season, cruise, region, and vertical location (demersal or 
pelagic) were measured in the field or laboratory to the nearest mm 
(Table 1). Lengths of samples that were preserved in ethanol had a 
shrinkage correction model applied to them in order to estimate the true 

length at capture. The model was based on Bouchard et al. (2016), who 
compared standard lengths of fresh samples to standard lengths of the 
same fish after ethanol preservation, which produced the relationship: 
Standard Length = 1.073 * Standard Length preserved + 0.253 (Bou-
chard et al., 2016). No correction was applied to length measurements of 
frozen fish. Hereafter, “standard length” refers to the measured standard 
length of fresh or frozen fish or to the standard length of 
ethanol-preserved fish after correcting for shrinkage. Length-stratified 
subsamples for otolith aging were obtained from each region and 

Fig. 1. Locations where Arctic cod for aging were captured. Color change from dark to light represents the number of specimens captured at a station, where N = 7 
denotes 7 or more specimens. Study regions are the northern Bering Sea (NBS), southern (SCS) and northern Chukchi Sea (NCS) and western (WBS) and eastern 
Beaufort Sea (EBS). No samples for aging were obtained from the WBS. 

Table 1 
Season, cruise, region, and sampling year with the dates, gear type, number of stations and number of Arctic cod that were captured and their length range and mean 
length (mm). Regions are the northern Bering Sea (NBS), southern Chukchi Sea (SCS), northern Chukchi Sea (NCS), western Beaufort Sea (WBS) and eastern Beaufort 
Sea (EBS). Bongo, Isaacs-Kidd Midwater Trawl (IKMT), and Marinovich trawls sampled fish in the pelagic zone and bottom trawls sampled fish in the demersal zone. 
Cruises included the Arctic Shelf Growth, Advection, Respiration and Deposition (ASGARD) rate measurement survey, the Arctic Marine Biodiversity Observation 
Network (AMBON) survey, the Arctic Integrated Ecosystem Survey (Arctic IES II) and the Transboundary Surveys in 2012 (TB12) 2013 (TB13) and 2014 (TB14). See 
text for details.  

Season Cruise Region Year Sampling Dates Gear Type # of Stations Arctic cod Captured length range (mm) mean length (mm) 

Spring ASGARD NBS 2017 Jun-10 — Jun-28 Bongo (pelagic) 7 19 6–19 12 
Spring ASGARD SCS 2017 Jun-23 — Jun-28 Bongo (pelagic) 23 838 5–17 8 
Summer AMBON SCS 2017 Aug-6 — Aug-21 IKMT (pelagic) 4 91 18–56 37 
Summer AMBON SCS 2017 Aug-6 — Aug-21 Bottom Trawl (demersal) 11 584 28–68 50 
Summer AMBON NCS 2017 Aug-18 — Aug-22 IKMT (pelagic) 6 1076 21–51 29 
Summer AMBON NCS 2017 Aug-9 — Aug-22 Bottom Trawl (demersal) 50 2841 11–73 38 
Summer Arctic IES SCS 2017 Sep-13 — Sep-27 Marinovich (pelagic) 9 666 28–74 52 
Summer Arctic IES SCS 2017 Sep-12 — Sep-27 Bottom Trawl (demersal) 14 190 34–74 52 
Summer Arctic IES NCS 2017 Aug-13 — Sep-13 Marinovich (pelagic) 19 1256 25–71 42 
Summer Arctic IES NCS 2017 Aug-10 — Sep-14 Bottom Trawl (demersal) 30 463 22–73 48 
Summer TB12 WBS 2012 Sep-21 — Sep-29 Bottom Trawl (demersal) 12 480 15–71 54 
Summer TB12 WBS 2012 Sep-22 — Sep-30 IKMT (pelagic) 13 254 22–71 46 
Summer TB13 EBS 2013 Sep-15 — Sep-30 Bottom Trawl (demersal) 11 15 30–42 35 
Summer TB13 EBS 2013 Aug-13 — Aug-30 IKMT (pelagic) 27 351 17–47 33 
Summer TB14 EBS 2014 Aug-19 — Aug-31 Bottom Trawl (demersal) 27 264 27–73 46  
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season, except the WBS and 2012 EBS, to estimate region-specific re-
lationships between length and age (Table 2) and to convert observed 
length-frequencies to estimated hatch date distributions using the 
approach described below. 

To summarize length-frequencies and hatch date distributions, 
samples from different seasons, regions, and vertical locations were 
aggregated into groups. We defined a total of 10 groups consisting of 
pelagic spring samples from the NBS (1 group), pelagic spring and 
pelagic and demersal summer samples from the SCS (3 groups), and 
pelagic and demersal summer samples from the NCS, WBS, and EBS (2 
groups each). 

To obtain representative length-frequency distributions for larval 
and juvenile Arctic cod for each group, the length of fish from different 
gear types and cruises were used (Table 1). Length-frequency distribu-
tions during spring were quantified using Bongo net samples because 
larval fish are generally small (<20 mm) at that time. Although the 
Bongo net may select against some of the larger larvae in the water 
column, because of its small mesh size Bongo net samples were 
considered to be most representative of the size distribution of larval 
Arctic cod in the sampling area during spring. This assumption was 
supported by opportunistic IKMT samples catching larvae that were 
generally less than 20 mm in June. During the summer sampling period 
the Bongo net was not used for Arctic cod collection because age-0 fish 
were generally larger than 20 mm and were distributed throughout the 
water column or had settled to the bottom. We used fish collected by 
either the Marinovich trawl or the IKMT (when Marinovich trawl was 
unavailable) to quantify length-frequencies of pelagic juveniles, 
whereas samples from the bottom trawls (PSBTA or CBT) were used to 
characterize lengths of demersal fish. The Marinovich trawl has little 
size selectivity over the size range of interest (de Robertis et al., 2017; A. 
de Robertis, NOAA, Seattle, pers. comm.). Similarly, the PSBTA has been 
estimated to retain all or most age-0 Arctic cod in late summer (Marsh 
et al., 2020a, 2020b). We focused primarily on the pelagic fish for 
comparisons among regions because they are assumed to be age-0 fish, 
whereas the bottom trawl catches may include some small Arctic cod 
(<75 mm) that could be age-1 or older as there is considerable overlap in 
sizes among ages (Helser et al., 2017). Length data for the Trans-
boundary Surveys from both the PSBTA and CBT were combined to 
characterize the length-frequency distribution of Arctic cod in the 
eastern Beaufort Sea because there was no evidence that the size 
composition of the catches differed significantly between these gear 
types (Norcross et al., 2017). The combined gear type will be referred to 
hereafter as bottom trawl. In summary, pelagic fish in spring were 
represented by Bongo samples, whereas in the summer Marinovich and 
IKMT samples were used to represent pelagic samples, and bottom 
trawls were used to represent demersal fish. 

To assess length frequency distributions of age-0 fish, as well as for 
aging age-0 fish, we included only individuals equal to or less than 75 
mm in the Bering Sea, Chukchi Sea and WBS and up to 60 mm in the EBS. 
The upper limits were estimated to be the maximum size of age-0 Arctic 
cod in late summer based on the length-frequency distribution of all 
Arctic cod sampled in a given region (Supplement 1: Fig. S1). The esti-
mated cutoff of 75 mm for the southern regions was consistent with that 

used for age-0 fish sampled in the Chukchi Sea in late summer 2012 and 
2013 (Marsh et al., 2020a, 2020b). In the EBS, a cutoff of 60 mm was 
used as larger fish were clearly separated from a dominant mode of 
smaller, age-0 fish and were continuous with a mode of larger, pre-
sumably age-1 or older fish (Fig. S1). This cutoff is consistent with 
previous studies in the Beaufort Sea (Norcross et al., 2017). 

Representative age-0 Arctic cod for otolith aging were sampled over 
the full range of sizes of larval Arctic cod observed in the spring (<20 
mm) and young-of-year Arctic cod observed in late summer within each 
sampling region (<75 mm). We collected size-stratified random sub-
samples of specimens collected across much of the study region (Fig. 1). 
Lengths were stratified into thirds to form small, medium, and large 
groups for each region to ensure that a broad range of lengths was 
represented for aging. Subsamples of larval and juvenile gadids for 
otolith analyses were frozen or stored in 95% ethanol and shipped to the 
University of Alaska Fairbanks in Juneau, Alaska, where they were 
identified and processed for further analysis. Samples of archived oto-
liths from the Transboundary Surveys in the Beaufort Sea and the cor-
responding standard lengths were obtained from the Fisheries 
Oceanography Lab at the University of Alaska Fairbanks (UAF). Of the 
smaller specimens (<15 mm) used in this study, about 60% were 
examined by a larval fish taxonomist to confirm species identification. 
Because larger fish are difficult to identify in the field, IDs of fish greater 
than 20 mm captured during the Arctic IES II survey were verified by 
sequencing the mitochondrial cytochrome oxidase c, subunit 1, and 
aligning them with known gadid sequences at the National Oceanic and 
Atmosphere Administration (NOAA) Ted Stevens Marine Research 
Institute in Juneau, Alaska (Sharon Wildes, NOAA, Seattle, pers. 
comm.). All samples were processed and analyzed at UAF’s Lena Point 
Fisheries Facility and at the Alaska Department of Fish and Game Mark, 
Age and Tagging laboratory in Juneau, Alaska. 

2.3. Otolith aging 

To estimate ages of juvenile Arctic cod, sagittal otoliths were 
examined for daily growth increments. After measuring standard 
lengths, the otoliths were removed under a dissecting microscope with 
fine-tipped forceps. The left otolith was extracted, rinsed with 95% 
ethanol to remove organic matter, and mounted to a glass slide using 
clear, thermal plastic cement. The right otolith was removed, cleaned, 
and stored dry to be used if the left otolith was damaged or unusable. 
The mounted otoliths were polished on the distal plane with various 
grades of lapping film to expose the daily growth increments within the 
otolith. Due to their uneven shape, some otoliths required polishing on 
both sides. 

To estimate hatch dates, daily growth increments were counted on 
the sagittal otolith. The presence of daily growth increments on lapillar 
otoliths from Arctic cod have been previously confirmed by Bouchard 
and Fortier (2011). In other gadid species such as Atlantic Cod (Gadus 
morhua) and Pacific Cod (Gadus macrocephalus) the sagittal and lapillar 
otolith were both similar in increment counts and both produced reli-
able age estimates (Narimatsu et al., 2007; Hüssy et al., 2003; Campana 
and Hurley, 1989). In the current study, five lab raised Arctic cod from 

Table 2 
Number of age-0 Arctic cod aged by season and region with the range of standard lengths (mm) and estimated ages (days), and parameters of the length-at-age re-
gressions with the slope representing estimated growth rates in mm d− 1.  

Season Region Total aged Length range (mm) Age range (days) Length-age regressions 

Slope Intercept R2 

Spring N. Bering 14 5–22 17–161 0.124 3.553 0.943 
Spring S. Chukchi 29 6–19 10–104 0.146 4.218 0.688 
Summer S. Chukchi 15 21–61 109–302 0.215 − 1.131 0.673 
Summer N. Chukchi 88 12–53 55–308 0.131 13.927 0.441 
Summer E. Beaufort 31** 24–50 76–241 0.081 22.364 0.241 

** 27 fish were aged from 2013 survey and four were aged from 2014 survey. 
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the Hatfield Marine Science Center in Newport, Oregon, were aged to 
test whether daily increments are deposited on sagittal otoliths. 
Lab-reared fish hatched over the course of a week and were approxi-
mately 33 days old when sampled for aging. Increment counts were 
within 6 increments of the approximate age, providing additional sup-
port to using sagittal otoliths for daily aging. Hatch marks were also 
identified using otoliths of lab-reared, known-age Arctic cod from the 
Hatfield Marine Science Center in Newport, Oregon, as reference spec-
imens (Benjamin Laurel, NOAA Alaska Fisheries Science Center, pers. 
comm.; Fig. 2 C). Using the known age and hatch date of the fish, the 
location of the hatch mark was identified and confirmed to further 
improve age determinations. This method of hatch mark identification is 
similar to other studies that determined the hatch mark by examining 
otoliths shortly after the fish hatched (Eckmann and Rey 1987). Otolith 
images were captured on the distal plane using Image Pro Plus© (Media 
Cybernetics) at 40X and 100X depending on the size of the otolith, and 
these images were used to enumerate daily rings. Each visible ring, a 
light band followed by a dark band in the otolith matrix was assumed to 
represent one day of growth (Fig. 2 A). These daily growth increments 
were counted from the hatch mark to the edge of the otolith (Fig. 2 B). 

To ensure consistency of otolith aging, all otoliths were aged at least 
twice and a third time if the first two ages were not within a 5% coef-
ficient of variation (CV). The second and third ages used the same otolith 
image and were done on different dates from the previous read to 
minimize potential bias. If the first two ages fell within a 5% CV of each 
other, the second age was used. In the event the first two ages had a 
greater than 5% CV the otoliths was aged a third time and the final age 
was used if it was within 5% of either the first or second age. If the third 
read had a CV greater than 5% the ages were not used for analysis. This 
occurred on some otoliths that became damaged from over-polishing. 
Although there are other methods for validating age determinations, 
the CV is statistically more rigorous and flexible (Chang, 1982; Campana 
2001). A subsample of the aged otoliths (n = 15) was examined by a 
second otolith aging expert to confirm that the image quality was 
adequate and that increment measurements and ages were consistent 
between readers. 

Growth increments in the center of some otoliths were unreadable (n 
= 38 of 177 sampled) because too much material had been removed 
during polishing. Therefore, the saved otolith was used for aging, but for 
some of the larger fish (20–54 mm), the center again became over- 
polished. In these cases, daily ages were counted using the otolith 
with the most amount of visible increments starting at the first readable 
growth increment. The number of increments that were unreadable was 
estimated based on a regression approach using completely aged otoliths 
from the same region (Supplement 2). 

2.4. Length-frequency distributions 

Length-frequency distributions for the entire sample of captured 
larval or juvenile Arctic cod were visually examined by season and re-
gion, and separately for pelagic and demersal sampling gear. In addition, 
the mean lengths of demersal and pelagic larvae and juveniles were 
plotted for each station to visualize spatial patterns in mean size. These 
distributions, combined with age-at-length regressions for a given re-
gion, provided the basis for determining the hatch date distribution. 

2.5. Hatch date estimation 

To estimate the distribution of hatch dates for Arctic cod in each 
group we first estimated age-at-length relationships and their uncer-
tainty for a subsample of fish using linear regressions. The resulting 
relationships were then used to convert all observed lengths in a group 
to estimated ages. Finally, the estimated ages were subtracted from the 
dates of capture to obtain an estimated hatch-date distribution. We 
assumed a linear relationship between age and length based on a pre-
vious study of larval Arctic cod (Bouchard and Fortier, 2011) and visual 
examinations of age-at-length. Therefore, counts of daily growth in-
crements (hereafter ‘age’) within each season were modeled as a linear 
function of length and region with an interaction term to allow for 
possible differences in age-at-length by region(r): 

ager,i = αr + βr • lengthr,i + εr,i εr,i ∼ N
(
0, σ2

ε
)

(1)  

where ager,i and lengthr,i are the estimated age and the measured length 
of the i th specimen in region r, αr and βr are the intercept and slope for 
region r, and the εr,i are residuals that are assumed to be normally 
distributed with mean 0 and variance σ2

ε . Region-specific coefficients (αr,

βr) were only estimated if the interaction term was significant (p <
0.05), otherwise a single regression line was estimated across the 
sampled regions (α, β). Preliminary analyses indicated that the standard 
deviation in estimated ages increased linearly with the predicted mean 
ages, therefore the residual standard deviation was modeled as a linear 
function of age. All models were fit using a weighted least squares 
approach as implemented in the ‘nlme’ package in R (Pinheiro et al., 
2020). Residual diagnostics did not suggest any violations of the line-
arity or normality assumptions. 

To estimate age distributions within each region, we used the best 
age-at-length model for each region to predict ages from observed 
lengths. Age data were not available for the WBS so the age-at-length 
model for the NCS was applied to this region because it is contiguous 
with and immediately downstream of the NCS. Juveniles from the NCS 
are likely advected into the western Beaufort Sea (Levine et al., 2021). 
To reflect variability in age-at-length arising from individual variations 

Fig. 2. (A) Polished sagittal otolith at 40x magnification with daily growth increments marked at every 5th increment. (B) Cropped image of the same otolith 
showing the hatch mark. (C) Sagittal otolith at 100X magnification from a lab raised Arctic cod with the hatch mark outlined. 
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in growth, we randomly simulated up to 10 ages for each observed 
length based on the estimated mean age and its standard deviation at a 
given length. Occasionally, the age of a simulated fish exceeded one year 
due to the large estimated variance in the age of larger fish; those fish 
were removed from the simulated age distribution. The number of 
simulated ages per measured individual was arbitrarily chosen to 
generate at least 10,000 ages for obtaining a smooth age distribution for 
plotting and this choice did not affect results. Simulated ages were 
subtracted from the corresponding capture dates to obtain estimated 
hatch date distributions. Regression models to predict ages from lengths 
for the SCS were fit separately to data from spring and summer surveys 
due to large differences in the observed length ranges of fish between 
spring and summer. The SCS was the only region where data from both 
seasons were available. 

2.6. Hatch date comparisons 

The estimated hatch date distributions were visually compared 
among groups using density plots. To statistically compare these dis-
tributions, we calculated the mean hatch dates for each group of Arctic 
cod and used a bootstrap approach to construct confidence intervals for 
the means. Bootstrap samples were generated for each group by 
randomly re-sampling with replacement both the observed length- 
frequencies for a given group and the age-length samples used for esti-
mating age-at-length for that group. For each set of bootstrap samples, a 
hatch date distribution was simulated following the same series of steps 
used in estimating the hatch date distribution from the original samples 
and the mean hatch date of the simulated distribution was calculated. 
This was repeated for each of 10,000 sets of bootstrap samples to 
construct 95% confidence intervals for the mean hatch date of each 
group, as well as for pairwise differences between groups. If the confi-
dence interval for a pairwise difference did not include zero, mean hatch 
dates between groups were considered statistically different. In addi-
tion, p-values for all pairwise comparisons were computed based on the 
proportions of simulated differences that were less than and larger than 
zero. The smaller of these proportions was multiplied by 2 for a two- 
sided test of the null hypothesis that the difference is zero. The pro-
portion was multiplied by two for a two-sided test because we did not 
specify a priori hypotheses about which groups had earlier or later hatch 
dates. 

Initial comparisons among regions showed no difference in mean 
hatch dates between Arctic cod captured in the most western portion of 
the Beaufort Sea and the Northern Chukchi Sea from the 2017 Arctic IES 
survey. This was true for both the pelagic and demersal captured fish 
with p-values of 0.647 and 0.952, respectively. Along with the lack of 
significant difference, there were relatively few samples from this survey 
collected from the western Beaufort Sea (n = 68 pelagic and 77 demersal 
Arctic cod), therefore these two regions were pooled and will be referred 
to as NCS hereafter (Fig. 1). The similarity between the two regions was 
not surprising given their close proximity and oceanographic connec-
tivity, and the assumption that most northern Chukchi and western 
Beaufort Sea Arctic cod are advected into those regions from southern 
hatching locations (Levine et al., 2021). 

In the Chukchi Sea during summer, data for both pelagic and 
demersal Arctic cod were available from two overlapping surveys and 
were analyzed separately. Mean hatch dates for pelagic Arctic cod 
collected during the transect-based AMBON survey (IKMT) and those 
collected during the grid-based Arctic IES II survey (Marinovich) 
(Table 1) were quantified separately as the surveys covered different 
areas. For comparing hatch dates of fish among regions, we present 
results for Arctic IES II samples collected in the SCS and NCS using the 
Marinovich trawl (pelagic fish) or bottom trawl (demersal fish) because 
the Arctic IES II survey sampled a systematic grid and covered a larger 
geographical area within each region, providing more representative 
length-frequency distributions. 

2.7. Growth rates 

To obtain in situ estimates of age-0 growth rates for Arctic cod we fit 
linear regressions of length on age by region and season. A simple linear 
regression of length as a function of age was used, where the slope (mm 
d− 1) represents the estimated average growth rate of the sampled pop-
ulation in a given region and season. Growth rates were estimated 
separately by region to account for differences in temperature, prey 
availability among regions, and potential genetic differences among 
regions, all of which can affect the rate of growth (Laurel et al., 2015, 
2018; Helser et al., 2017). Growth rates were also estimated by season to 
account for potential differences between the growth of early larval and 
juvenile stages and the apparent growth of the surviving age-0 fish 
sampled later in the summer, whose average growth may differ due to 
size selective mortality or seasonal changes in temperature or prey 
availability. 

3. Results 

3.1. Otolith-based ages 

A total of 177 Arctic cod otoliths were examined, with ages ranging 
from 10 to 161 days for Arctic cod sampled in the spring, and from 55 to 
308 days for those collected during summer (Table 2). The age range 
was greater for samples from the Chukchi Sea (55–308 days) than the 
Beaufort Sea (76–241 days), (Table 2). The mean CV between first and 
second age assessments was 0.020 (range from 0.000 to 0.050), indi-
cating age estimates were reproducible. 

3.2. Length comparisons among seasons, regions and vertical locations 

Length-frequency distributions of age-0 Arctic cod differed by sea-
son, region and vertical location in the water column. Arctic cod 
captured in the spring were on average 80.5% smaller than those 
captured in the summer (Table 1). In the SCS, where Arctic cod were 
sampled in both seasons, pelagic spring-caught fish (Bongo) had a mean 
length of 8 mm (range: 5–17 mm) whereas those caught in summer 
(beam trawl) had a mean length of 52 mm (range: 28–74 mm). Within 
seasons, differences in length frequency distribution were observed 
among regions (Fig. 3). The WBS had the largest mean length of age- 
0 Arctic cod followed closely by the SCS (Table 1). Within regions, 
demersal-caught fish were up to 36% larger on average than fish caught 
in pelagic nets (Table 1). Spatial patterns in mean length across the study 
region suggest a gradient from larger fish in the south to smaller fish in 
the north during both spring and summer in the Chukchi Sea (Fig. 4). 
During summer, the smallest average length of fish was observed in the 
EBS, whereas WBS fish had an average length similar to the NCS fish. 
These spatial differences are confounded with differences in the timing 
of sampling as the SCS and WBS were sampled later in the year than the 
NCS and EBS (Table 1). 

3.3. Age-at-length regressions 

The best age-at-length model included a significant interaction be-
tween length and region for spring-caught samples (F = 323.900, p =
0.001, R2 = 0.969), indicating that slopes differed between the NBS 
(βNBS = 7.652, se = 0.504) and SCS (βSCS = 5.112, se = 0.501; Table 3). 
In contrast, there was no interaction between length and region in the 
summer (F = 24.470, p = 0.001), indicating that age increased at the 
same rate with length across sampling regions (β = 2.541, se = 0.309, R2 

= 0.346; Table 3). However, intercepts differed among regions (F =
4.837, p = 0.009) and fish at a given length were on average 17 days 
older in the NCS compared to the EBS and 10 days older in the SCS than 
in the NCS (Table 3). 

Z.M. Chapman et al.                                                                                                                                                                                                                           



Deep-Sea Research Part II 207 (2023) 105226

7

3.4. Hatch timing 

Hatching occurred over a protracted period ranging from November 
through June with peak hatching from late January to May (Fig. 5). The 
estimated distribution of hatch dates differed between Arctic cod 
sampled in the spring and in the summer, between Arctic cod from 
different regions and between pelagic and demersal age-0 Arctic cod 
(Fig. 5). Within the SCS, spring-captured pelagic fish had a mean hatch 
date that was 43 days later than summer-captured pelagic fish (Table 4; 
Fig. 6). Arctic cod hatch dates of summer-caught fish also differed 
significantly among regions (p < 0.05) except for pelagic fish caught in 
the NCS and WBS (p = 0.547, 7-day difference), demersal fish from the 
WBS and EBS (p = 0.982, 0-day difference), and demersal fish from the 
NCS and WBS/EBS (p = 0.581, 11-day difference for both comparisons; 
Table 5; Fig. 6). 

Demersal SCS fish sampled during the summer had the earliest mean 
hatch date (January 22) and pelagic EBS fish had the latest mean hatch 
date (April 14, Table 4). Summer-caught pelagic fish in the SCS hatched 
on average 43 days earlier than those in the NCS, 50 days earlier than 
those in the WBS, and 69 days earlier than EBS pelagic fish (Table 5). 
Pelagic fish in the EBS had mean hatch dates significantly later in the 
year (were significantly younger) than demersal fish. 

3.5. Growth rates 

Estimated growth rates differed among regions (Table 2). Growth 
rates of spring-caught Arctic cod larvae were 18% slower in the NBS 
(0.124 mm d− 1) than in the SCS (0.146 mm d− 1) (Table 2; Fig. 7A). 
Growth rates of Arctic cod captured in the summer season similarly 
differed significantly among regions (F = 3.14, p = 0.047), ranging from 
0.081 mm d− 1 in the EBS to 0.215 mm d− 1 in the SCS (Table 2; Fig. 7B). 

4. Discussion 

Arctic cod from all regions hatched over a protracted period between 

November and June, with peak hatch dates ranging from January 
through May depending on the season, region, and vertical location of 
capture. This variability among groups and locations likely reflects 
gradients in the timing of sea ice retreat and different transport path-
ways from hatching to sampling locations. 

Estimated hatch dates ranged from as early as late September 
through August of the following year but the vast majority ranged be-
tween November and June. This protracted hatching pattern is consis-
tent with previous studies (Bouchard and Fortier, 2011) and maximizes 
the chances that a least some offspring will hatch during favorable 
conditions. This bet-hedging strategy helps mitigate against annual 
variability in environmental conditions (Shama, 2015), which at high 
latitudes can impact the timing and magnitude of the spring algal bloom 
and thereby the timing and abundance of prey for Arctic cod (LeBlanc 
et al., 2020). Because of these highly variable conditions, a bet-hedging 
strategy can impart some resilience to Arctic cod in a changing envi-
ronment if some portion of a given year class encounters conditions 
within an acceptable range. The protracted hatching period can be a 
result of differences in incubation time, differences in spawn timing 
among regions or a combination of both. The large sizes (>50 mm) of 
some fish in our samples produced hatch dates that indicate spawning 
occurred outside of published literature dates (November–March) and 
prior to ice formation. At least two factors may have contributed to these 
results. First, early hatch dates could be an artifact of simulating ages 
based on lengths that exceeded the maximum length in our aging sam-
ples. Out of the 10,400 Arctic cod lengths used, 709 were greater than 
the maximum length of the aged fish but still within the age 1 cutoff. The 
variance in the age distribution at a given length increased in the 
age-at-length model, which could have produced unrealistic ages when 
extrapolating beyond the maximum length used in the age-at-length 
regression. The length range used to estimate the age-at-length rela-
tionship was narrower than the observed length range due to the chal-
lenges associated with aging larger larvae. Second, some of the Arctic 
cod in our length samples may have been age-1 fish. The oldest esti-
mated ages and earliest mean hatch dates were associated with fish 

Fig. 3. Length frequency distributions (x-axis, in mm) of age-0 Arctic cod sampled in each region by season and vertical location in the water column. The number of 
individuals measured in each region is indicated (N). 
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Fig. 4. Stations with length data for Arctic cod. Shading denotes average length (mm) by station for Arctic cod captured during the spring survey in the water column 
(Bongo nets, BA) and during the summer survey in the water column (pelagic trawl, B) and on the bottom (demersal trawl, C). 
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sampled in the SCS for both demersal and pelagic samples. Within this 
region, length varied considerably and fish in demersal samples may 
have included some age-1 individuals. Previous studies have reported 
age-1 Arctic cod below the age-0 cutoff lengths used for this study 
(Norcross et al., 2017). Both the presence of age-1 fish and the assumed 
large variances for the age of larger juveniles are likely causes of the 
seemingly unrealistic early hatch dates. 

4.1. Seasonal differences in hatch dates 

Arctic cod captured during the spring and summer had different 
mean hatch dates, with the spring-caught fish hatching much later in the 
year. This was unexpected and suggests that spring-caught and summer- 
caught fish in the same region originated from at least two separate 
hatch events. Two separate hatch patterns among regions have been 
documented, specifically a short hatching event associated with ice 
break up and a protracted event extending from January to July 

(Bouchard and Fortier, 2008; Leblanc et al., 2020). The protracted dates 
were associated with regions like the Chukchi Sea and western Beaufort 
Sea which lack a significant freshwater influence (Bouchard and Fortier 
et al., 2006). Larval fish captured in the SCS in June had a narrow hatch 
date distribution with a mean hatch date in mid-May, suggesting that 
they originated relatively close to their sampling locations. Within the 
SCS, Kotzebue Sound has been hypothesized to be a hatching location 
for Arctic cod due to the large number of larval fish captured in the outer 
Sound during the 2017 Arctic IES survey (Deary et al., 2021). In 
contrast, the summer-captured pelagic fish in the SCS had a mean hatch 
date of mid-February, ranging from January to June. The age of the 
summer SCS fish and prevailing currents in the region indicates that they 
were likely advected from the northern Bering Sea as suggested by 
biophysical transport models (Deary et al., 2021; Vestfals et al., 2021). 

Arctic cod hatching locations in the Pacific Arctic are largely un-
known, but hatching may occur in several areas in the Bering Strait 
region, including the waters south of St. Lawrence Island, the Gulf of 
Anadyr, Kotzebue Sound, and areas along the Russian coast both south 
and north of the Bering Strait (Craig et al., 1982; Christiansen and 
Fevolden, 2000; Kono et al., 2016; A. Whiting, Native Village of Kot-
zebue, personal communication). In 2017, sea ice melt in the NBS began 
during late April and was complete by late May and 99% of estimated 
hatch dates occurred prior to May 25 with the mean hatch date occur-
ring on April 6th. This suggests that Arctic cod in the NBS hatched prior 
to and during sea ice retreat. Spring-captured fish in the SCS had the 
latest mean hatch dates of all the regions in this study, possibly reflecting 
later ice melt in their hatching region. Two hatching sites have been 
proposed within the SCS; Kotzebue Sound in Alaska and the region along 
the Chukotka Peninsula in Russia (Deary et al., 2021). Both of these 
locations had later sea ice recession than the proposed hatching loca-
tions in the NBS. The delayed sea ice recession in these potential source 
regions could explain why the spring SCS fish had a later mean hatch 
date than those caught in the NBS, which originated from more southern 

Fig. 4. (continued). 

Table 3 
Model coefficients, their estimates and standard errors, and Wald’s t-test results 
for regressions of age in days on standard length (mm) by season. Region-specific 
intercepts (α) and slopes (β) were estimated in the spring; a common slope was 
estimated in the summer. Subscript for regions are Northern Bering Sea (NBS), 
southern (SCS) and northern Chukchi Sea (NCS) and eastern Beaufort Sea (EBS).  

Season Region Coefficient Estimate Std. Error t-value P value 

Spring NBS αNBS − 23.903 6.263 − 3.817 0.001 
NBS βNBS 7.652 0.504 15.185 0.001 
SCS αSCS − 12.776 5.489 − 2.327 0.025 
SCS βSCS 5.112 0.501 10.197 0.001 

Summer SCS αSCS 82.971 15.114 5.483 0.001 
NCS αNCS 72.819 10.430 6.975 0.001 
EBS αEBS 55.634 11.949 4.656 0.001 
All В 2.541 0.309 8.217 0.001  
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source regions. 
The length distribution of Arctic cod sampled in spring 2017 was 

similar to lengths observed during 2008 and 2013 in the NBS and SCS 
regions (Kono et al., 2016). In all three years, lower numbers of larger 
Arctic cod were observed in the NBS compared to high abundances of 

smaller fish in the SCS. For example, the mean catch per unit effort in 
summer 2017 was 73 times higher in the SCS than in the NBS (this 
study). Although Kono et al. (2016) did not estimate hatch dates, the 
observed differences in size and relative abundance of Arctic cod be-
tween the two regions suggest that earlier ice retreat, coupled with 
warmer waters in the NBS, is associated with earlier hatching (Kono 
et al., 2016). The earlier hatching larvae experienced a longer period of 
natural mortality, which can explain their lower abundances in the NBS. 
Additionally, larvae hatched in the NBS may have been advected into 
the SCS prior to sampling, where they mix with more recently hatched 
larvae originating from spawning locations in the Chukchi Sea. 

In contrast to spring-captured fish, the mean simulated hatch date for 
all summer-captured fish occurred 87 days earlier, which suggests that 
they originated from a different spawning population than those caught 
in the spring. Summer-caught fish in the SCS displayed a wide range of 
hatch dates from January to May (Fig. 5). The protracted range of hatch 
dates in the SCS and lack of a single peak hatch date from the summer 
captured fish may be an indication of multiple spawning events occur-
ring at different times in different areas of the Bering and Chukchi sea. 
By the time of summer sampling, fish from multiple hatching events may 
have been advected into the Chukchi Sea, explaining the wide range of 
hatch dates observed. The earlier hatch dates of summer-captured fish 
indicate that they likely hatched south of Bering Strait when sea ice was 

Fig. 5. Estimated hatch date distributions by location in the water column for each region: northern 
Bering Sea (NBS), southern Chukchi Sea (SCS), northern Chukchi Sea (NCS), western Beaufort Sea (WBS), and eastern Beaufort Sea (EBS). Smoothed density plots 
were generated using 10,000 simulated hatch dates as explained in the methods. 

Table 4 
Mean and range of hatch dates (HD) by season, region and vertical location in 
water column. Dates marked with * are from the previous year. Regions are 
Northern Bering Sea (NBS), southern (SCS) and northern Chukchi Sea (NCS) and 
western (WBS) and eastern Beaufort Sea (EBS).  

Season and region Vertical location Mean HD Earliest Latest 

Spring 
NBS Pelagic Apr—14 Mar—01 Jun—09 
SCS Pelagic May—26 Mar—08 Jun—22 
Summer 
SCS Pelagic Jan—30 Sep—27* Jul—15 
SCS Demersal Jan—22 Sep—27* Jul—31 
NCS Pelagic Mar—12 Sep—28* Aug—29 
NCS Demersal Mar—07 Sep—30* Aug—11 
WBS Pelagic Mar—11 Sep—30* Sep—01 
WBS Demersal Mar—01 Sep—29* Aug—29 
EBS Pelagic Apr—08 Oct—10* Aug—12 
EBS Demersal Mar—01 Dec—17* Jul—17  
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still present in the region, before being advected with the prevailing 
northward currents through the Bering Strait into the Chukchi Sea 
(Berline et al., 2008; Vestfals et al., 2021). Simulations with an indi-
vidual based particle tracking model also suggest that age-0 Arctic cod in 
the Chukchi Sea must have originated in more southern, warmer waters 
to grow to the sizes observed during the summer surveys (Vestfals et al., 
2021). 

Alternatively, spawning could have occurred at similar times, but 
differences in development rates driven by environmental influences 
could have contributed to differences in hatch dates. For example, 
earlier hatching has been hypothesized to be associated with areas that 
receive an influx of fresh water such as the Mackenzie River (Bouchard 
and Fortier, 2008). This could warm the area enough to accelerate egg 

development and larval growth under the ice, giving juvenile Arctic cod 
a physiological advantage over juveniles in colder waters because their 
increased size likely leads to increased feeding success and predator 
avoidance (Bouchard and Fortier, 2011; Laurel et al., 2015; Kent et al., 
2016). 

Spawning and hatching of Chukchi Sea Arctic cod may also occur in 
association with northern polynyas, such as the recurring polynyas in 
the eastern Chukchi Sea between Cape Lisburne and Icy Cape, Alaska. 
However, this polynya is characterized by high salinity and low but 
stable temperatures, despite reduced sea ice (Ladd et al., 2016). This 
contrasts with polynyas in the Beaufort Sea, which provide more 
favorable conditions for EBS Arctic cod because of warmer temperatures 
(Bouchard and Fortier, 2011). Moreover, simulations suggest that larvae 
hatched in the northeast Chukchi Sea would be advected out of the re-
gion by early summer (Vestfals et al., 2021). Therefore, we conclude that 
the observed hatch date distributions in the NBS and Chukchi Sea are 
most consistent with spawning and hatching occurring in the Bering 
Strait region or south of Bering Strait, with some contributions from 
Kotzebue Sound or other coastal areas in the Chukchi Sea. After 
hatching, larvae are advected northward but may aggregate and be 
retained for extended periods over the northeast Chukchi Sea shelf due 
to wind and flow patterns that favor retention in the summer, before 
being advected northward off the shelf (Levine et al., 2021). 

Bias could have been introduced in length frequencies and estimated 
hatch date distributions because multiple gear types with different size 
selectivity were used to sample fish. Specifically, the Bongo net may not 
have adequately sampled larger larvae in the spring (Shima and Bailey, 
1994) and the Marinovich trawl and IKMT may have excluded some 
small larvae in the summer (de Robertis et al., 2017). This could have 
generated a bias towards later hatch dates in the spring because the 
Bongo net retains larvae that are smaller and younger on average than 
those in the water column. In contrast, summer samples could have been 
biased towards earlier hatch dates because the midwater trawls target 
larger and older larvae. Although these differences may partially explain 
the difference in hatch dates between the spring-and summer-caught 

Fig. 6. Estimated mean hatch dates with 95% confidence limits for each region (northern Bering Sea (NBS), southern Chukchi Sea (SCS), northern Chukchi Sea 
(NCS), western Beaufort Sea (WBS), and eastern Beaufort Sea (EBS)) and vertical location (pelagic or demersal). Tick marks on the y-axis refer to the first day of 
the month. 

Table 5 
Pairwise comparisons of mean hatch dates among regions by season and vertical 
location in the water column with bootstrap-based p-values and estimated dif-
ference in mean hatch dates. Negative differences in mean HD imply that the 
first region had an earlier hatch date than the second region.  

Regional 
comparisons 

Season Vertical 
Location 

P- 
value 

Difference in Mean 
HD 

Spring 
NBS–SCS Spring Pelagic 0.005 - 36 
Summer 
SCS–NCS Summer Pelagic 0.001 - 43 
SCS–WBS Summer Pelagic 0.003 - 50 
SCS — EBS Summer Pelagic 0.001 - 69 
NCS–WBS Summer Pelagic 0.547 - 7 
NCS — EBS Summer Pelagic 0.006 - 26 
WBS — EBS Summer Pelagic 0.065 - 19 
SCS–NCS Summer Demersal 0.001 - 47 
SCS–WBS Summer Demersal 0.001 - 36 
SCS — EBS Summer Demersal 0.001 - 37 
NCS–WBS Summer Demersal 0.588 − 11 
NCS — EBS Summer Demersal 0.581 11 
WBS — EBS Summer Demersal 0.982 0  
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Arctic cod, they were unlikely to account for the large difference in mean 
hatch dates. Although the Bongo net may have selected against larger 
larvae, larvae over 20 mm were absent from IKMT hauls during 
ASGARD. The similar size composition between the IKMT and Bongo 
samples supports our assumption that the Bongo samples provided an 
adequate representation of the larval Arctic cod present in the region 
during spring. 

In addition to gear selectivity, natural mortality can also be size se-
lective as smaller fish are typically more likely to be preyed upon then 
larger ones (Houde, 1987). Natural mortality of larval Arctic cod is likely 
high (Marsh et al., 2020a, 2020b) and size dependent. Feeding success 
and survival typically increase with size, thus faster growing larvae tend 
to have greater survival rates and may be overrepresented in the summer 
samples (Pepin et al., 2015). The selection against smaller Arctic cod due 
to both natural mortality and gear selectivity may have caused our hatch 
date estimates to be biased towards earlier hatching, as well as faster 
growth rate estimates for summer-captured fish. On the other hand, our 
estimated hatch date distributions could also be biased towards later 
hatching because early hatching larvae have experienced a longer 
period of natural mortality and are therefore under-represented in the 
length samples. The lack of reliable natural mortality estimates and its 
size dependence precludes correcting for these potential biases. 

4.2. Regional differences in hatch dates 

Differences in hatch dates among regions may be partially explained 
by the timing of sea ice recession, as well as other oceanographic dif-
ferences among regions. Although sea ice formation may affect spawn 
times (Craig et al., 1982), we focus on the timing of hatch, which is 
influenced by ice coverage, water temperature (Kent et al., 2016), and 
possibly genetic differences. Sea ice retreat generally proceeds in a 
northerly direction, which is consistent with fish from the southern re-
gions hatching earlier in the season relative to their counterparts in the 
north. Both pelagic and demersal age-0 Arctic cod captured during 
summer had significantly earlier mean hatch dates in the SCS than in the 
NCS, possibly indicating that they originated from different spawning 
populations, although there was considerable overlap in hatch date 
distributions between the two regions. Similarly, pelagic and demersal 
age-0 fish in the WBS on average hatched earlier compared to those from 
the EBS. It is important to note that while the differences were signifi-
cant, the two Beaufort Sea regions were sampled in different years, so 
these differences could also be the result of interannual variability. 

Similar hatch dates for pelagic captured fish in the NCS and WBS are 
consistent with oceanographic connections between the two regions. 
The NCS and WBS are connected via the Alaska Coastal Current, which 
flows along the coast of Alaska from the Gulf of Alaska to the Beaufort 
Sea (Pickart et al., 2005) and has been hypothesized to transport larval 
and juvenile Arctic cod from southern hatching locations into the WBS 
(Forster et al., 2020; Levine et al., 2021). Arctic cod in the NCS and WBS 
appeared to be distinct from those in the EBS based on a gap in the 
spatial distribution of age-0 fish (Forster et al., 2020), genetic differ-
ences (Wilson et al., 2017a; 2019b; Nelson et al., 2020), and different 
elemental compositions of age-0 otoliths (Frothingham 2020; Z. 
Chapman, unpublished data). The differences in observed hatch dates 
provide additional evidence that juvenile Arctic cod in the WBS and EBS 
may originate from two separate spawning populations. However, as 
noted above, these differences could also arise from interannual differ-
ences in hatch timing because the regions were sampled in different 
years. 

4.3. Differences in hatch dates between demersal and pelagic juveniles 

Hatch date distributions differed significantly between demersal and 
pelagic age-0 Arctic cod in the EBS (Fig. 6). Demersal fish were typically 
older on average than pelagic fish across regions, consistent with the 
general ontogenetic movements of age-0 fish from the surface into 
deeper waters or settlement to the bottom in late summer (Houde et al., 
2002; Geoffroy et al., 2016). Arctic cod in the Chukchi Sea descend out 
of the epipelagic layer and into deeper waters when they reach lengths 
>30 mm (Levine et al., 2021). In the Beaufort Sea, they descend to 
depths >100 m and are completely out of the epipelagic zone by October 
(Geoffroy et al., 2011; Bouchard et al., 2015). Differences in hatch dates 
between demersal and pelagic fish were more pronounced in the 
Beaufort Sea, where the average station depth was 283 m deeper than in 
the Chukchi Sea with maximum sampling depths of 200 m for the IKMT 
and 1000 m for bottom trawls. Deeper stations in the Beaufort Sea 
allowed for greater stratification of size classes between demersal and 
mid-water habitats. By contrast, in the NCS region the difference in 
mean hatch dates between pelagic and demersal fish were much smaller 
and not significant as demersal captured fish had a mean hatch date 
slightly later than pelagic captured fish. This is likely due to the shallow 
depth (<50 m) of the Chukchi Sea shelf, which is less than the depth 
ranges over which age-0 Arctic cod are distributed in late summer in the 
Beaufort Sea (Geoffroy et al., 2016). Thus, daily vertical migrations of 

Fig. 7. Regressions of length on age to estimate growth rates for spring (A) and summer (B) captured age-0 Arctic cod.  
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juvenile Arctic cod on the Chukchi shelf are likely to extend to the 
bottom, limiting the vertical separation by size class. 

4.4. Interannual variability in hatch dates 

Samples in the EBS were collected over two years in 2013 and 2014, 
allowing for comparisons of hatch dates and growth rates among years 
as well as with previous studies. Previous estimates are available from 
Bouchard and Fortier (2011), who sampled pelagic age-0 Arctic cod in 
2005 and 2006 approximately 285 km east of our EBS sampling region 
and from Gallaway et al. (2017) who sampled the WBS and the EBS in 
2011. These comparisons suggest some notable differences that may be 
due to annual differences in sea ice conditions, sea surface temperatures 
(SST), or salinity, all of which have been hypothesized to play a large 
role in Arctic cod early life history (Doroshev and Aronovich, 1974; 
Graham and Hop, 1995; Geoffroy et al., 2011). Peak hatching in 2011 
occurred in late April (Gallaway et al., 2017), similar to 2005. The range 
of hatch dates was also similar among the four years, beginning in 
mid-to late-December and extending through mid-July. There were, 
however, some differences among years in the peak hatch dates. Spe-
cifically, the hatch date distributions in 2005 and 2006 were bimodal 
with one peak occurring in early April and the other in mid-May (Fig. 6 
in Bouchard and Fortier, 2011). These peaks were more pronounced in 
2005, whereas the 2006 hatch dates were more broadly distributed 
around these peak dates. In contrast, the hatch date distributions in 
2011 (Gallaway et al., 2017)) and 2013 (Fig. 5) showed a single, broad 

peak in late April. Differences in hatch timing could be due to interan-
nual differences in environmental conditions such as sea ice coverage 
and freshwater influences. Mean hatch dates of samples from 2006 to 
2013 were similar, differing by only one day, possibly because timing of 
sea ice retreat (Fig. 8) was similar during those years. 

Alternatively, hatch timing in the EBS may be explained by differ-
ences in freshwater discharge. The mean Mackenzie River discharge rate 
in March, which coincides with the incubation period just prior to 
hatching, was 25% higher in 2006 (4938 m3 s− 1) than in 2005 (3672 m3 

s− 1; extracted from https://wateroffice.ec.gc.ca/mainmenu/historica 
l_data_index_e.html on January 10, 2020) and was associated with 
earlier hatching in 2006. This is consistent with the hypothesis that 
increased freshwater discharge is associated with earlier hatching due to 
accelerated egg development in a freshwater lens that has slightly 
elevated temperatures compared to the surrounding seawater (Bouchard 
and Fortier, 2011). Thus, differences in freshwater discharge may be 
more important than the timing of sea ice retreat for determining the 
timing of hatching of Arctic cod in areas near major river systems, 
whereas the timing of sea ice retreat may determine hatch timing in 
areas without strong freshwater influences such as the Chukchi Sea. 

Mean hatch dates for demersal Arctic cod in 2013 were 26 days 
earlier than those from 2014. These differences are consistent with the 
freshwater discharge hypothesis as the Mackenzie River discharge was 
considerably higher in 2014 (4655 m3 s− 1) compared to 2013 (4022 m3 

s− 1). These differences were also consistent with the hypothesis that 
hatch timing is determined by the timing of sea ice retreat. In 2013, sea 

Fig. 8. Seasonal trends in sea ice concentration (fraction of area with >15% sea ice) for the eastern Beaufort Sea sampling region for five selected years with hatch 
date information. Sea ice concentrations are the fraction of the maximum daily extent of sea ice observed on the eastern Beaufort Sea shelf between 69.6 and 79.1◦N 
and between 138◦W and 134◦W. Data from the NOAA National Snow and Ice Data Center (Peng et al., 2013; Meier et al., 2017). 
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ice began to decrease in early June and some ice was still present in mid- 
August in the EBS, whereas ice began to recede in early May and was 
completely gone by the end of June in 2014 (Fig. 8). Therefore, the 
observed differences in hatch timing between 2013 and 2014 could be 
explained by either differences in freshwater discharge, differences in 
the timing of ice retreat or both. 

4.5. Arctic cod growth rates 

Regional differences in growth rates may reflect differences in tem-
peratures, food availability, or genetic composition. Arctic cod growth 
rates range from 0.18 to 0.54 mm d− 1 for field-based estimates (Bou-
chard and Fortier, 2011; Deary et al., 2021; Levine et al., 2021; Vestfals 
et al., 2019), whereas laboratory estimates are generally lower, ranging 
from 0.11 to 0.19 mm d− 1 (Laurel et al., 2015; Koenker et al., 2018). The 
growth rates from our study fall within the range reported by Bouchard 
and Fortier (2011) for the Beaufort Sea, with the exception of the spring 
NBS and summer EBS samples, which were lower (Table 2). Estimates in 
the latter regions were based on small sample sizes and should be 
interpreted with caution, particularly in the NBS (n = 14). The low r2 

values associated with the growth rates of Arctic cod in the NCS and EBS 
may be a result of uncertainty in ages arising from the difficulty asso-
ciated with counting increments of larger otoliths and should similarly 
be interpreted with caution. Samples from the EBS were comprised of 
two different years and were combined to increase sample size, but this 
may have resulted in higher variability in length-at-age and larger un-
certainty in the growth rate estimate due to interannual differences in 
growth. In general, growth rates of Arctic cod are positively correlated 
with SST across multiple Arctic seas (Bouchard and Fortier, 2011), 
consistent with the decrease in growth rates from south (not including 
the NBS) to north (EBS) observed in this study. 

Estimates of Arctic cod growth rates could also be affected by 
methodological differences. Growth estimates can be affected by size- 
selective mortality, gear selectivity, and sampling design. Size- 
selective mortality favors faster growing individuals; thus, in situ 
growth rates based on the survivors may overestimate the population 
growth rate (Bailey and Houde, 1989; Litvak and Leggett, 1992) and 
likely contributed to the higher estimated growth rates for 
summer-captured larvae in the SCS. While gear selectivity may also bias 
growth rate estimates by selecting against larger fish, the lack of Arctic 
cod captured in the IKMT during the spring indicate larger fish were not 
present at that time. In contrast, pelagic Arctic cod in the summer were 
sampled with a Marinovich trawl that may have selected against smaller 
larvae due to its large mesh size. These gear-related biases could have 
contributed to the apparent differences in growth rates between the 
spring and summer-caught Arctic cod in this study. 

Additionally, the sampling design can result in biased growth rate 
estimates. Many studies (e.g., Deary et al., 2021; Levine et al., 2021 for 
Arctic cod) have estimated growth rates based on increases in mean 
length between successive surveys, making the strong assumption that 
the same population was sampled across surveys. This assumption may 
be justified if estimates are made over a relatively short time period (as 
in Levine et al., 2021), but are more difficult to justify when sampling is 
separated by several months in a highly advective environment (as in 
Deary et al., 2021). Our approach is based on data from single surveys 
and requires age and length samples that are representative of the 
population of interest. Samples from two different surveys in the SCS 
and NCS in 2017 (AMBON and Arctic IES II) had similar lengths and 
hatch dates, despite differences in sampling locations and gear type 
(Marinovich vs. IKMT). Age samples were collected over a wide range of 
stations to minimize geographical biases but the extent to which they 
were representative of the populations in the study region is unclear as 
the population structure and the spatial distribution of different pop-
ulations is largely unknown. 

4.6. Management considerations 

Arctic cod are recognized as a critically important forage species in 
the Arctic and in the US are managed and protected under the Arctic 
Fishery Management Plan (FMP) (NPFMC, 2009). The FMP requires 
periodic mapping of essential fish habitat, including potential spawning 
areas and nursery grounds that were largely unknown at the time the 
Arctic FMP was written (NPFMC, 2009). After more than a decade of 
research on Arctic cod in the Pacific Arctic, much has been learned 
(Mueter et al., 2020), but direct observations of spawning or eggs are 
still lacking. Our hatch date estimates can provide essential information 
for biophysical transport models to refine estimates of likely hatching 
locations (Deary et al., 2021; Vestfals et al., 2021). The results from this 
study have created a benchmark for hatch timing as well as growth rates 
for multiple Alaskan Arctic regions. More broadly, this study increases 
our understanding of the population dynamics of Arctic cod to help 
predict how their life history and abundance will change under changing 
Arctic conditions. Important subsistence resources such as ringed seals 
and beluga whales rely on Arctic cod as a lipid dense food source and 
changes in Arctic cod distribution and abundance will impact the 
Indigenous people that depend on them (Magdanz et al., 2010; Crawford 
et al., 2015). 

5. Conclusions 

The wide range of estimated hatch dates provides strong evidence 
that Arctic cod use a bet-hedging strategy that distributes offspring over 
a wide range of environmental conditions by spawning over a protracted 
time period across multiple locations in the Pacific Arctic. Our results 
align with previous findings from other regions and indicate that 
regional and interannual variation in hatch dates and growth rates are 
associated with the timing of sea ice retreat and freshwater discharge, 
highlighting the sensitivity of Arctic cod to changing environmental 
conditions in the Pacific Arctic. Earlier sea ice retreat and increased 
freshwater discharge under climate warming suggest that Arctic cod will 
hatch earlier in the future, with unknown consequences for their early 
growth and survival. Any impacts of climate change on Arctic cod have 
the potential to negatively affect upper trophic level species that rely on 
them or their consumers as food, including humans. Regional and sea-
sonal differences in Arctic cod hatch dates documented here also provide 
evidence for the existence of multiple spawning populations in the Pa-
cific Arctic. Although our results provide an initial assessment, addi-
tional genetic and biological information is required to help differentiate 
putative populations or sub-populations. Finally, the improved under-
standing of hatch timing and spawning dynamics can inform the 
development of measures to protect Arctic cod during their early life 
history. Continued monitoring and additional research on Arctic cod 
will be required to fully understand how climate change will impact 
their distribution and abundance and the consequences of these changes 
for the Arctic ecosystem. 
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A B S T R A C T   

The Arctic is undergoing dramatic environmental change with decreasing sea-ice extent and increasing summer 
temperatures. The late summers of 2017 and 2019 on the eastern Chukchi Sea were anomalously warm, nearly 
4 ◦C warmer than the previous 30-year average. Increased ocean temperatures can affect the energetics of North 
Pacific fish by increasing their metabolic demands and via shifting fish prey assemblages. Here we describe the 
total lipids as well as fatty acid (FA) trophic markers in juveniles of two Arctic gadids (polar cod, Boreogadus saida 
and saffron cod, Eleginus gracilis) as well as two sub-Arctic gadids (walleye pollock, Gadus chalcogrammus and 
Pacific cod, Gadus macrocephalus) collected on recent ecosystem surveys spanning the north Bering and Chukchi 
seas. Fifty percent of the variance in the lipid composition of gadids was accounted for by species-specific dif-
ferences, while ecosystem measurements such as bottom temperature, large > C3 stage Calanus abundance, and 
surface temperature were found to independently account for 25%, 12% and 10%, respectively. Allometric re-
lationships in lipid storage revealed that polar cod have a different lipid profile than other gadids, suggesting a 
species-specific life-history strategy for high lipid storage that is an adaptation to Arctic environments. Both polar 
cod and saffron cod had reduced lipid storage in 2017 compared to fish collected in earlier years. Polar cod in 
2017 were significantly lower in total lipid, triacylglycerols (TAG), diatom- (16:1n-7/16:0) and Calanus-sourced 
(
∑

C20+ C22) FAs over the Chukchi Shelf. Juvenile gadids showed interspecific differences in the spatial dis-
tribution of high lipid individuals, with polar cod having the highest lipids in the northern ice-associated regions 
of the Chukchi Sea and walleye pollock in the southern Chukchi Sea. In 2019, polar cod’s distribution had shifted 
north such that they were only abundant in the northern Chukchi Sea, where they maintained higher region- 
specific lipid storage than in 2017. It is concerning that reduced lipid content in polar cod was associated 
with elevated water temperatures, given predicted continued warming in the Chukchi Sea. Energetic changes in 
juvenile gadids may be associated with future increased natural mortality rates for regional populations (e.g. 
overwintering) and unstable foraging value for birds and mammals in the Arctic.   

1. Introduction 

There are four commercially and/or ecologically important species 
of gadids (cod species) in Alaska waters. These include two sub-Arctic 
gadids, walleye pollock (Gadus chalcogrammus) and Pacific cod (Gadus 

macrocephalus) in the Bering Sea and Gulf of Alaska, and two Arctic 
gadids, saffron cod (Eleginus gracilis) and polar cod (Boreogadus saida), in 
the eastern Chukchi Sea (ECS) and Beaufort Sea. As adults, polar cod and 
walleye pollock generally occupy pelagic, offshore habitats, whereas 
saffron cod and Pacific cod are more demersal in the nearshore and 
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offshore regions, respectively (Hurst et al., 2015; Laurel et al., 2007; 
Logerwell et al., 2015). However, at early life stages, all species occupy 
pelagic habitats and serve as mid-trophic forage fish by facilitating en-
ergy transfer between zooplankton and upper trophic levels (Frost and 
Lowry, 1981; Heintz et al., 2013; Springer et al., 1996). Historically, 
these sub-Arctic and Arctic gadid assemblages had limited spatial 
overlap in Alaska waters, but recent extreme warming and increased 
northward current flows through the Bering Strait have resulted in the 
co-occurrence of all four juvenile gadids in pelagic waters of the south 
ECS (SECS, 65.75–68.24 ◦N, Wildes et al., accepted; Levine et al., in 
review). Pacific cod in 2017 and walleye pollock in 2019 have also 
recently been surveyed in the ECS as far north as the north ECS (NECS, 
70.75–73.00◦N, Cooper et al., in review; Levine et al. in review), indi-
cating a dramatic northward range shift for juveniles of these species 
into Arctic waters. Similar northward movement of gadid fish stocks has 
been documented for older life history stages concurrent with bottom 
warming in the Bering Sea (Baker, 2021; Stevenson and Lauth, 2019). 

In the last ten years, unprecedented warming of the Chukchi Sea 
(Danielson et al., 2020; Huntington et al., 2020) and record low sea ice 
in the Bering Sea (Stabeno and Bell, 2019) have been documented. 
Small-bodied pelagic fish species are important biological indicators of 
climate change by way of direct temperature-dependent effects on their 
growth (Laurel et al., 2016; Peck et al., 2013) and lipid storage (Cope-
man et al., 2017). The direct effects of temperature on early survival and 
growth of gadids were recently described under common food envi-
ronments (Laurel et al., 2016, 2017, 2018). However, the complex in-
direct effects of climate change on juvenile Arctic gadid survival and 
growth, such as through variable food quantity (Hurst et al., 2017; 
Koenker et al., 2018) and quality (Copeman and Laurel, 2010; Jonsson 
et al., 2013) are less understood. Synchronized with recent oceano-
graphic changes, there has been a measured reduction in Calanus gla-
cialis abundance throughout the Chukchi Sea with small Pacific 
copepods increasing (i.e. Pseudocalanus spp.), particularly in the warm 
waters of the northeastern Bering Sea (NEBS, ~62–65.74 ◦N) and SECS 
(Huntington et al., 2020; Kim et al., 2020). In the most recent years 
surveyed (2017 and 2019), C. glacialis abundance was an order of 
magnitude lower than in the previous decade (Ashjian et al., 2017; 
Pinchuk and Eisner, 2017; Spear et al., 2019, 2020). Such changes may 
impact juvenile gadids, as C. glacialis is the major prey item for juvenile 
polar cod and other gadids, which could alter their late summer ener-
getic condition and potential overwintering success (Bouchard and 
Fortier, 2020; Buckley and Whitehouse, 2017; Heintz et al., 2013; 
Kohlbach et al., 2017b). 

Measurement of lipids and fatty acids (FAs) in juvenile fish provides 
temporally integrated (weeks) information on both trophic relationships 
and energetic status (Budge et al., 2012; Copeman et al., 2008, 2013; St 
John and Lund, 1996). Trophic biomarkers such as FAs are produced at 
low trophic levels and are moved through the food web in a somewhat 
conservative manner, thus providing information about dietary origins 
when analyzed in consumers (Budge et al., 2006; Budge and Parrish, 
1998; Dalsgaard et al., 2003). Here, we use a FA notation of A:B n-X, 
where A indicates the number of carbon atoms, B is the number of 
double bonds and X indicates the position of the first double bond 
relative to the terminal methyl group. Two specific FA trophic markers 
are important in polar and upwelling food webs: a diatom indicator FA 
ratio (16:1n-7/16:0) and long chain monounsaturated FAs (MUFAs) 
indicative of calanoid copepod wax ester storage (

∑
C20+ C22 MUFA) 

(Galloway and Winder, 2015; Graeve and Greenacre, 2020; Kattner 
et al., 2007; Lee et al., 2006; Viso and Marty, 1993). Conversely, 
phytoplankton from pelagic zones that are high in flagellates have been 
found to contain higher proportions of C18 polyunsaturated FAs (PUFAs) 
and 22:6 n-3 (Budge et al., 2006; Falk-Petersen et al., 1998). Previous 
studies on polar cod and saffron cod have used these FA trophic markers 
to show the degree of reliance on a diatom- and Calanus spp. -based food 
webs (Brewster et al., 2018; Budge et al., 2008; Copeman et al., 2016; 
Dissen et al., 2018; Graham et al., 2014; Kohlbach et al., 2017b). 

The goal of our study was to characterize lipid storage in four species 
of juvenile gadids from the Alaska Arctic to better understand differ-
ences in observed fish lipids and energetic condition. Our objectives 
were: 1) to describe the species-specific variation in length-weight, 
length-lipid, and morphometric condition using four years of survey 
data, 2) to use FAs per weight and FA trophic markers to explore 
interspecific, annual and spatial differences in gadid food webs, and 3) 
to partition the variance in gadid lipids into relative contributions from 
species versus environmental conditions. We discuss annual and spatial 
variability in the lipid storage of sub-Arctic and Arctic gadids in relation 
to their potential responses to environmental warming, including 
overwintering success on the Chukchi Sea shelf. 

2. Methods 

2.1. Sample collections 

Juvenile gadids for this study were collected using a variety of gear 
types with citations for detailed collection methodology, annual cruise 
names and sample numbers as presented in Table 1 and Fig. 1. Collection 
methods, fish handling techniques, and oceanographic temperatures for 
earlier years of saffron cod (2012) and polar cod (2013) have previously 
been detailed in Copeman et al. (2016) and Copeman et al. (2020). 

This manuscript uses fish sampled from the 2017 and 2019 Arctic 
Integrated Ecosystem Research Program (IERP) (https://www.nprb. 
org/arctic-program). For further information on the ecosystem-based 
approach and survey design, we encourage readers to reference Baker 
et al. (2020). Details of oceanography methods can be found in Dan-
ielson et al. (2020) and details of juvenile gadid sampling in Levine et al. 
(in review) and Cooper et al. (in review). 

2.2. Oceanographic and copepod abundance data 

Water column temperatures and salinity for 2017 and 2019 are 
detailed in Danielson et al. (2020). Briefly, vertical profiles of temper-
ature and salinity were collected from surface to near-bottom at each 
station using a Sea-Bird Electronics (SBE) 911+ CTD. All data are pub-
licly available in the DataONE repository (https://doi.org/10.2443 
1/rw1k5a0). 

Zooplankton samples were collected in the Chukchi Sea between 8 
August and 9 September in 2012 and 2013, 1 August to 27 September in 
2017, and 27 August to 26 September in 2019. For earlier years (2012 
and 2013), sampling started in the Bering Strait and continued north-
ward along zonal (east-west) transects up to 72.5 ◦N latitude (sampling 
details in Pinchuk and Eisner (2017)), while in later years (2017 and 
2019), zooplankton sampling occurred at oceanographic stations as in 
Danielson et al. (2020). 

Zooplankton were sampled with a 60-cm MARMAP-style bongo 
frame with a 505-μm mesh net. The net frame was equipped with an SBE 
49 CTD transmitting real time tow data. The GPS location of the ship 
during the tow was recorded every 2 s to determine distance towed. 
Oblique tows from within 5–10 m off the bottom to the surface were 
conducted primarily during daylight hours. Volume filtered was 
measured with calibrated General Oceanics flowmeters mounted inside 
the nets. Volumes recorded from the flowmeter were compared with 
volumes estimated from the distance towed at each station to detect net 
clogging. In practice, little clogging occurred in the 505-μm mesh net 
during sampling. All samples were preserved in 5% formalin, buffered 
with seawater for later processing. 

In the laboratory, each mesozooplankton sample was sequentially 
split using a Folsom splitter until the smallest subsample contained 
approximately 200 specimens of the most abundant taxa. Congener 
species Calanus marshallae and C. glacialis co-occurring in the Chukchi 
Sea (e.g. Nelson et al. (2009)) were not discriminated and are named as 
C. glacialis hereafter. All C. glacialis in the smallest subsamples were 
identified, staged and counted. Each larger subsample was examined to 
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identify, enumerate and weigh the larger, less abundant C. glacialis 
copepodite stages and only C. glacialis copepodite stages C3 and older 
are included in our analyses. 

2.3. Field fish sampling and tissue collections 

Juvenile gadids from 2017 to 2019 surveys were collected during the 
North Pacific Research Board funded Arctic IERP and the 2017 Arctic 
Marine Biodiversity Observing Network (AMBON, https://ambon-us. 
org/) surveys (Mueter et al., 2021). Juvenile gadids from 2012, 2013, 
2017 and 2019 surveys were sorted from the catch, immediately placed 
on ice, and then frozen at < − 20 ◦C within 6 h of capture. Samples were 
stored at − 80 ◦C in the Alaska Fisheries Science Center (AFSC) Auke Bay 
Laboratories following the surveys and were later sorted and fin clipped 
for genetic analyses (Wildes et al., accepted). Fish were shipped frozen 
overnight from Alaska to the Marine Lipid Ecology Laboratory at the 
Hatfield Marine Science Center (HMSC) in Newport, OR, USA. 

At the time of tissue sampling, standard length (SL, ± 0.1 mm) and 
wet weight (WWT, ± 0.0001 g) were recorded. During dissections, fish 
were washed with filtered seawater, blotted dry, stomachs and intestinal 
tracts were removed and heads were frozen for later incremental otolith 
analysis. Fish were then bisected along the dorsal–ventral plane and one- 
half of the fish tissues, including both muscle and liver, were re-weighed, 
placed in chloroform under nitrogen and frozen at − 20 ◦C. Lipid samples 
were extracted within 2 months of dissection. 

2.4. Lipid extraction and analysis 

Tissues were homogenized in chloroform and methanol and total 
lipids were extracted in chloroform:methanol:water (8:4:3) according to 
Parrish (1987) using a modified Folch procedure (Folch et al., 1956). 

Total lipids and lipid classes were determined using thin layer 

chromatography with flame ionization detection (TLC-FID) with a 
MARK V Iatroscan (Iatron Laboratories, Tokyo, Japan) as described by 
Lu et al. (2008) and Copeman et al. (2017). Extracts were spotted on 
duplicate silica-gel-coated glass rods (Chromarods), and a three-stage 
development system was used to separate wax esters, triacylglycerols 
(TAG), free FAs, sterols and polar lipids. Polar lipids are mostly 
comprised of phospholipids with minor amounts of other acetone mobile 
polar lipids. The first rod development was in a chloroform: methanol: 
water solution (5:4:1 by volume) until the leading edge of the solvent 
phase reached 1 cm above the spotting origin. The rods were then 
developed in hexane: diethyl ether: formic acid solution (99:1:0.05) for 
48 min, and finally rods were developed in a hexane: diethyl ether: 
formic acid solution (80:20:0.1) for 38 min. After each solvent devel-
opment, rods were dried (5 min) and conditioned (5 min) in a constant 
humidity chamber (~32%) that was saturated with aqueous CaCl2. 
Following the last development, rods were scanned using Peak Simple 
software (ver. 3.67, SRI Inc.) and the signal detected in millivolts was 
quantified with calibration curves using the following standards from 
Sigma (St Louis, MO, USA): palmitic acid (free FA), cholesterol (sterols), 
L-alpha-phosphatidylcholine (polar lipids). Specialized standards were 
purified by column chromatography to use for TAGs (from B. saida liver) 
following methods from Ohman (1997). Calibrated, regression re-
lationships between lipid class areas and standard lipid amounts (μg) 
had coefficient of determination r2 > 0.98 for all classes. 

Following total lipid and lipid class analyses of fish tissues, samples 
were processed for FA analyses. An internal standard (23:0 methyl ester) 
was added at approximately 10% of the total FAs to all samples and total 
lipid extracts were derivatized into their FA methyl esters (FAMEs) using 
sulfuric acid-catalyzed transesterification (Budge et al., 2006). Resulting 
FAMEs were analyzed on an HP 7890 GC FID equipped with an auto-
sampler and a DB wax + GC column (Agilent Technologies, Inc., U.S.A.). 
The column was 30 m in length, with an internal diameter of 0.25 mm 

Table 1 
Four species of juvenile gadids were collected over the eastern Chukchi Sea and northeastern Bering Sea (NEBS) from seven different Arctic surveys during 2012, 2013, 
2017 and 2019. Below are samples sizes, gear types and field collection citations as well as biochemical analyses performed to assess fish condition.   

Ecosystem 
survey 

Year Age Number of fish 
for lipid 
classes 

Number of 
fish for fatty 
acids 

Number of 
fish for body 
size 

Gear type Region Reference to collection methods 

Polar cod  EIS 2013 0 38 67 66 Midwater/surface 
trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020)  

SHELFZ 2013 1 35 68 68 Bottom/midwater 
trawls 

Chukchi 
Sea 

(Gunderson and Ellis, 1986;  
Logerwell et al., 2018)  

Arctic IERP 2017 0 112 112 110 Midwater/surface/ 
beam trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020; Levine, 2021;  
Logerwell et al., 2018)  

Arctic IERP 2019 0 109 109 109 Midwater/surface 
trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020; Levine, 2021) 

Saffron 
cod 

EIS 2012 0 48 48 48 Midwater/surface/ 
beam trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020)  

EIS 2012 1 33 33 33 Midwater/surface 
trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020)  

AMBON 2017 0 37 37 36 Isaacs-Kidd midwater 
Trawl/3 m plum staff 
beam trawl 

Chukchi 
Sea 

(Iken et al., 2019; Mueter et al., 
2021)  

Arctic IERP 2017 0 29 29 29 Midwater/surface/ 
beam trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020; Logerwell et al., 2018)  

NBS 2017 0 30 30 30 Surface trawls NEBS (Farley et al., 2020; Murphy et al., 
2017) 

Pacific cod Arctic IERP 2017 0 117 117 117 Midwater/surface/ 
beam trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020; Logerwell et al., 2018) 
(Cooper et al. in review)  

NBS 2017 0 13 13 13 Surface trawls NEBS (Farley et al., 2020; Murphy et al., 
2017) 

Walleye 
pollock 

Arctic IERP 2017 0 47 47 47 Midwater/surface 
trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020) (Levine et al. in 
review)  

Arctic IERP 2019 0 111 111 111 Midwater/surface/ 
beam trawls 

Chukchi 
Sea 

(De Robertis et al., 2016; Farley 
et al., 2020; Logerwell et al., 2018) 
(Levine et al. in review)  
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and film thickness of 0.25 μm. The column temperature began at 65 ◦C 
and held this temperature for 0.5 min. Temperature was increased to 
195 ◦C (40 ◦C min− 1), held for 15 min then increased again (2 ◦C min− 1) 
to a final temperature of 220 ◦C. Final temperature was held for 1 min. 
The carrier gas was hydrogen, flowing at a rate of 2 ml min− 1. Injector 
temperature was set at 250 ◦C and the detector temperature was con-
stant at 250 ◦C. Peaks were identified using retention times based upon 
standards purchased from Supelco (37 component FAME, BAME, PUFA 
1, PUFA 3) and in consultation with retention index maps performed 
under similar chromatographic conditions as our GC-FID (Wasta and 
Mjøs, 2013). Column function was checked by comparing chromato-
graphic peak areas to empirical response areas using a quantitative FA 
mixed standard, GLC 487 (NuCheck Prep). Chromatograms were inte-
grated using Chem Station (version A.01.02, Agilent). 

2.5. Interspecific differences in age-0 weight and lipid storage 

For each of the four juvenile gadid species, we examined length- 
weight (WWT, g) and length-FA (total FAs per animal, mg) relation-
ships using a non-linear regression (Sigma plot 14.0). We used a power 
function (Y = a * Xb) with an approximate value of b equal to 3, indi-
cating isometric growth. Whole body fish lipids (mg) were estimated by 
multiplying Iatroscan-summed lipid classes per WWT (mg.g− 1) by whole 
body WWT (g). Length (mm), WWT (g) and total FA (mg) data were 
log10-transformed and differences in species weight and total FAs were 

compared using a General Linear Model (GLM) with length as a covar-
iate (p < 0.05, Minitab 21.1; untransformed data shown in Fig. 2). 

2.6. Annual differences in condition metrics 

We calculated one morphometric condition measurement, Fulton’s K 
condition index (K = ((WWT, g)/(SL, cm) 3) * 100 (Nash et al., 2006), 
and used multiple lipid-based indices: total lipid concentration per WWT 
(mg.g− 1), total FAs per WWT (mg.g− 1), and the calanoid-specific FA 
marker (

∑
C20 + C22 MUFAs per WWT, mg.g− 1) to examine annual 

variation in each species. We used a GLM (Type III SS) to examine the 
effects of species and year (SPSS version 26) on condition metrics with 
significant within-species annual differences examined using Tukey’s 
pair-wise test with a Bonferroni correction (p < 0.05). 

Similarly, region-specific annual trends for each species were 
investigated (one-way ANOVA) and are shown in supplementary ma-
terials (S1). Regions of the eastern Chukchi Sea (ECS) were defined as 
southern (SECS), central (CECS, 68.25–70.74◦N) and northern (NECS), 
areas of approximately equal latitudinal range, as used previously by 
Buckley and Whitehouse (2017) (Fig. 1). 

2.7. Multivariate fatty acid composition of juvenile gadids 

Multivariate differences among the FA composition of juvenile gadid 
species were visualized using individual FAs present at > 1% in all gadid 

Fig. 1. Distribution of juvenile gadids collected on annual ecosystem surveys as detailed in Table 1. Species-specific stations are indicated for fish that were analyzed 
for detailed condition and lipid biomarker analyses. Stations were plotted with surface temperature (◦C, color scale in upper right panel) at the time of sampling to 
illustrate the dramatic warming in 2017 and 2019 compared with earlier sampling years. Symbol size does not infer abundance but rather allows for a stacked 
presentation of multiple species at a given station. 
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samples as well as the percentage of bacterial FAs (
∑

odd and branched 
chains), calanoid FAs (

∑
C20+C22 MUFA) and total FAs per WWT (mg. 

g− 1) in PRIMER v.7 (Primer-E) with a Permutational ANOVA, PERMA-
NOVA add-on package. Data were square-root transformed prior to 
analysis and then used to calculate a triangular matrix of similarities 
(Bray-Curtis similarity) between each pair of samples. Non-metric 
multidimensional scaling (nMDS), an iterative process that uses ranks 
of similarities, was utilized to show gadid FA composition as a function 
of species and year. We used a 2-way PERMANOVA analysis (p < 0.05) 
to test for the significance of annual and interspecific differences in 
gadid multivariate lipid composition. 

2.8. Partitioning variation in gadid multivariate fatty acid composition 

Using transformed lipid data (outlined above) and a Bray-Curtis 
matrix, we performed distance-based linear model (DISLM) routines to 
quantify the relative contribution of fish species and ecosystem variables 
(surface and bottom temperature, surface and bottom salinity, and > C3 
stage Calanus abundance) on the realized FA composition of juvenile 
Chukchi Sea gadids. We used a step-wise procedure (9999 permutations) 
with Akaike’s Information Criterion (AIC) for model selection, and 
report results of marginal tests as well as total variation explained by 
each variable using a step-wise procedure. We also used distance-based 
redundancy analysis (dbRDA) to visualize the fitted model in multi- 
dimensional space (Anderson et al., 2008; Galloway and Winder, 
2015). The position of the vector diagram relative to the first ordination 
axis was not centered on zero, but indicated the direction across the 
ordination plane in which the predictor variables increased. The length 
of the vector lines within the circle indicated the amount of total vari-
ation in each variable explained by that ordination plane. This same 
procedure was completed on polar cod alone, to examine the portion of 
lipid variance described by environmental variables. 

2.9. Spatial trends in gadid lipids 

Empirical Bayesian kriging (Krivoruchko and Gribov, 2019) was 
used to visualize spatial patterns in surface water temperatures and 
gadid lipid storage by interpolating data from survey sample stations 
(ArcGIS Desktop 10.7). Interpolated data values were stretched along a 
color ramp using the standard deviations stretch type. 

3. Results 

3.1. Mass and lipid allometry 

The exponential regression coefficient b, for the relationship between 
length (mm) and WWT per fish (g) for all four species of juvenile gadids 
ranged between 2.85 and 3.22 (Fig. 2a, Table 2, 20–85 mm), indicating 
isometric growth. Analyses of log-transformed length-weight relation-
ships indicated that both length (p < 0.001) and species (GLM, species 
F3,709 = 80.31, p < 0.001) had a significant effect on the WWT (g) of 
juvenile gadids. For a given length, Pacific cod and saffron cod were 
significantly heavier than walleye pollock and polar cod had the lowest 
weight-at-length of all gadid species (p < 0.05 Tukey’s pairwise com-
parison, untransformed data shown in Fig. 2a). 

The exponential coefficient b for the relationship between length 
(mm) and total FAs per fish (mg) ranged from a high of 3.85 in polar cod 
to a low of 2.19 in juvenile saffron cod, indicating distinct species- 
specific allometries of lipid accumulation (Fig. 2b, Table 2). Analyses 
of log-transformed length-FA data indicated that both length (p < 0.001) 
and species (GLM, species F3,707 = 58.66, p < 0.001) had a significant 
effect on the FA storage (mg) in juvenile gadids. For a given length, polar 
cod had significantly higher FA storage, followed by walleye pollock, 
while Pacific cod and saffron cod had the lowest mean FA storage of all 
gadids (p < 0.05; all contrasts, Tukey’s pairwise comparison, untrans-
formed data as in Fig. 2b). 

Fig. 2. Relationships between standard length (SL, mm) and wet weight (WWT, 
g) as well as SL and total FAs (mg per fish) for all age-0 juvenile Chukchi Sea 
gadids processed for lipid analyses (2012, 2013, 2017 and 2019). Data are 
shown for (a) 10 mm increments of size-binned WWT and (b) size-binned total 
FAs. Power function equations are in Table 2. 
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3.2. Annual variability in body condition and lipid storage 

Not all species were captured in all years, precluding a full-factorial 
analysis of condition across species, regions, and years (Fig. 1). We 
focused our statistical analysis on annual differences within species 
across our whole survey region. Where possible, species- and region- 
specific annual variation in condition metrics were explored and are 
presented in supplementary materials (S1 a-c). Generally, annual trends 
across the whole region are similar to region-specific comparisons. 

As expected, Fulton’s K morphometric condition factor (Fig. 3a) was 
species-specific (2-way GLM, Species, F3,709, = 89.42, p < 0.001) but 
also varied across years (Year F3,709, = 27.91, p < 0.001). Both polar cod 
and walleye pollock had higher (p < 0.001) Fulton’s K in 2017 
compared to other years but there was no significant annual difference 
in Fulton’s K for saffron cod (p = 0.252). 

Total lipids per WWT (mg.g− 1) were significantly different among 
species (Species, GLM, F3,684 = 84.00, p < 0.001) and across years (Year 
F3,684 = 37.26, p < 0.001, Fig. 3). Total lipid concentrations of polar cod 
and saffron cod were higher in 2013 and 2012, respectively, then in 
2017. Polar cod collected in 2019 (NECS region only) were not signifi-
cantly different in total lipid from those in 2013 (p = 0.251). There was 
no significant difference in the total lipid concentration of walleye 
pollock from 2017 to 2019 (p = 0.331). Total FA concentrations in gadid 
tissues (mg.g− 1 WWT) generally showed the same significant differences 
as those reported for total lipid. However, walleye pollock had a 
significantly higher level of FA storage per WWT (p = 0.003) in 2019 
than in 2017 (Fig. 3c). 

Calanoid-copepod FA markers (mg.g− 1 WWT) were significantly 
different among species (GLM, Species F3,712, = 90.26, p < 0.001) and 
years (Year F3,712 = 41.32, p < 0.001), with much higher levels in polar 
cod than in all other species (Table 2, Fig. 3d). Polar cod from 2013 had 
significantly higher calanoid-sourced FA storage than those from 2017 
and a similar significant decrease was noted in saffron cod from an 
earlier cold year (2012) to 2017. Levels of calanoid FAs in polar cod 
collected in 2019, only from the NECS, were not different from those 
sampled in 2013. Walleye pollock had slightly higher calanoid FA 
storage in 2019 than in 2017 (p = 0.003) (region-specific comparisons in 
S1). 

3.3. Inter-specific differences in lipid classes and fatty acids 

Age-0 polar cod had twice the mean lipid concentration (total lipids 
per WWT, 20–35 μg.mg− 1) in their tissues compared to other juvenile 
gadids (Table 3, Fig. 2). Elevated lipids in polar cod were typified by 
higher proportions of the storage lipid class, TAGs (27–57%), and 
MUFAs (38–50%, Table 3). Polar cod had more than five times the FA 
concentration originating from calanoid copepods (4–6.5 mg g− 1) as 
that observed in the other gadid species (0.2–1.2 mg g− 1, Table 3). The 
diatom indicator ratio (16:1n-7/16:0) was also elevated in polar cod 
tissues compared to other species. Both saffron cod and polar cod had 
lower levels of the diatom indicator FAs in 2017 and 2019 than in the 
earlier, colder sampling years (2012, 2013, Table 3). 

Multivariate analyses of gadid lipids from all years (Table 3, Fig. 4) 
illustrate the large relative variation in polar cod compared to other 
species. Polar cod were spatially segregated in multivariate lipid space 
due to their high lipid content (FA per WWT, mg.g− 1) as well as their 
calanoid- (

∑
C20 + C22, MUFAs) and diatom-sourced (16:1n-7) FA 

storage. Conversely, Pacific cod and saffron cod in 2017 were charac-
terized by very low total FAs and elevated proportions of FAs indicative 
of membrane phospholipids rather than energy storage. It was evident 
that saffron cod and polar cod had a significant shift in their lipid 
composition from earlier cold years (2012, 2013) to warm conditions in 
2017, with declining total and diatom-sourced lipids (Fig. 4). Compared 
to all other gadids, walleye pollock had an intermediate lipid storage 
level that was higher in 2019 than in 2017 and richer in C18 PUFAs 
(18:4n-3, 18:3n-3 and 18:2n-6). A two-way PERMANOVA indicated that 
both species (pseudo-F3,187 = 41.47, p = 0.0001) and year of sampling 
(pseudo-F3,187 = 28.44, p = 0.0001) significantly affected the multi-
variate lipid composition of juvenile gadids. PERMANOVA for the ef-
fects of species and year showed a significant interactive effect (pseudo 
F1,183 = 3.98, p = 0.01) as illustrated by the larger annual change in 
polar cod lipids (2017 versus 2019) than measured for walleye pollock 
over the same years. 

3.4. Partitioning variation in gadid fatty acids 

The marginal tests report the proportion of the variation in gadid 
lipid composition accounted for by the categorical species designation 
and each ecosystem variable (temperature, salinity, > C3 stage Calanus 
abundance) independent of the other explanatory variables (Table 4a). 
The species designation accounted for 50% of the total variation in gadid 
lipids with the ecosystem characteristics explaining much less of the 
variation. Bottom temperature, large Calanus abundance and surface 
temperature were the ecosystem measurements that accounted for most 
of the variation with 25%, 12% and 9.9%, respectively, on marginal 
tests. Salinity explained little of the variation either from surface (1.6%) 
or bottom measurements (8.1%). The results from the step-wise selec-
tion tests using AIC procedure, resulted in a model that accounted for 
58% of the total variation in the gadid lipid data. Addition of ecosystem 
variables to the taxonomic grouping increased the cumulative variation 
accounted for by 8% (Table 4b). 

The full model was visualized with a dbRDA where the symbols and 
colors represent year and species, respectively (Fig. 5). The first two axes 
in the model accounted for 93% of the variability in the fitted model and 
54% of the variability in the entire lipid dataset. The first axis (dbRDA 1, 
84%) accounted for most of the variation and polar cod were located on 
the positive side of the axis while all other gadids were on the negative 
side. The second axis (dbRDA 2) accounted for much less variability 
(8.7%) but separated Pacific cod along the positive and walleye pollock 
along the negative. The vectors show the relationships of the dbRDA 
axes to each of the explanatory variables, including the categorical 
species grouping and continuous ecosystem variables. Polar cod segre-
gation along dbRDA1 was associated with low bottom temperatures, 
reduced surface salinity and elevated Calanus copepod (>C3 stage) 
abundances. Walleye pollock lipid composition was associated with 

Table 2 
Overview of the regression parameters (estimated mean ± SE) and the r2 of the 
power functions (Y = a Lb) relating standard length (SL, mm) to fish wet weight 
(WWT, g) and fish total FAs (mg) for four age-0 juvenile gadid species collected 
in the Chukchi Sea between 2012 and 2019. Power functions were run on 10 mm 
increments of size-binned data.   

Wet weight (g)  

Parameter a Parameter 
b 

r2 

Polar cod (Boreogadus saida) 2.67 × 10− 6 ± 1.26 ×
10− 6 

3.22 ± 0.11 0.99 

Saffron cod (Eleginus gracilis) 9.70 × 10− 6 ± 8.19 ×
10− 6 

2.96 ± 0.21 0.99 

Walleye pollock (Gadus 
chalcogrammus) 

1.12 × 10− 5 ± 4.61 ×
10− 6 

2.89 ± 0.10 0.99 

Pacific cod (Gadus macrocephalus 1.73 × 10− 5 ± 5.02 ×
10− 6 

2.85 ± 0.07 0.99  

Total fatty acids (mg)  
Parameter a Parameter 

b 
r2 

Polar cod (Boreogadus saida) 5.41 × 10− 6 ± 1.57 ×
10− 6 

3.85 ± 0.07 0.99 

Saffron cod (Eleginus gracilis) 0.24 × 10− 2 ± 0.43 ×
10− 2 

2.19 ± 0.44 0.92 

Walleye pollock (Gadus 
chalcogrammus) 

0.06 × 10− 2 ± 0.07 ×
10− 2 

2.58 ± 0.29 0.97 

Pacific cod (Gadus macrocephalus 0.03 × 10− 2 ± 0.01 ×
10− 2 

2.61 ± 0.10 0.99  
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elevated surface temperatures and Pacific cod with elevated bottom 
temperatures and higher surface salinity relative to other gadids. 

We next examined the impact of ecosystem factors on the lipid 
composition of just polar cod using 3 years of available survey data. 
Bottom temperature, large Calanus abundance and surface temperature 
were the ecosystem characteristics that accounted for most of the vari-
ation with 7.5%, 6% and 6%, respectively, on marginal tests (Table 4c). 
Again, surface salinity (4%) and bottom salinity (1%) explained less of 
the variation in lipids. The results from the step-wise selection tests 
using AIC criterion resulted in a model that accounted for 21% of the 
total variation in polar cod lipid composition with bottom and surface 

temperature accounting for 13% of that cumulative variation (Table 4d). 
The first dbRDA axis accounted for 57% of the fitted variation and 

segregated fish from the NECS from the CECS (Fig. 6). Fish with negative 
values on the first axis were predominantly from the NECS and from 
collections in 2013 and 2019. They were associated with higher abun-
dances of > C3 stage Calanus and lower bottom temperatures while fish 
from the CECS, particularly in 2017, were associated with warmer 
bottom temperature and weakly associated with higher bottom salinity. 
The second dbRDA axis only accounted for 29% of the fitted variation 
but separated NECS polar cod collected in 2013 on the negative side 
from those collected in 2019 on the positive side. Fish lipids in 2013 

Fig. 3. Annual differences in body condition and lipid storage of age-0 polar cod (Boreogadus saida), saffron cod (Eleginus gracilis), walleye pollock (Gadus chal-
cogrammus) and Pacific cod (Gadus macrocephalus) collected on ecosystem surveys during 2012, 2013, 2017 and 2019. Data shown for (a) Fulton’s K, (b) total lipids 
(mg.g− 1 WWT), (c) total FAs (mg.g− 1 WWT), and (d) total calanoid copepod FA storage (

∑
C20+ C22 MUFA mg.g− 1 WWT). Data are mean + SE displayed by species 

and year with sample sizes as in Table 1. Different letters represent significant differences between years within a species, ANOVA with LSD test, p < 0.05. Species- 
specific regional comparisons are shown in S1. 
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Table 3 
Summary of lipid measures for juvenile saffron cod (Eleginus gracilis), polar cod (Boreogadus saida), walleye pollock (Gadus chalcogrammus) 
and Pacific cod (Gadus macrocephalus) collected on ecosystem surveys during 2012, 2013, 2017 and 2019. Grey highlights indicate historical 
years representing a relatively ‘cold’ thermal phase of the Chukchi Sea, compared to the current ‘warm’ years (2017 and 2019). 

Fig. 4. Nonmetric multidimensional scaling (nMDS) of the annual FA composition of four species of juvenile gadids: polar cod (Boreogadus saida), saffron cod 
(Eleginus gracilis), Walleye pollock (Gadus chalcogrammus) and Pacific cod (Gadus macrocephalus) collected on ecosystem surveys during 2012, 2013, 2017 and 2019. 
Data are square root transformed and a Bray-Curtis similarity matrix was used. Data points are annual station averages of ⁓ n = 5 fish. Species and sampling as 
detailed in Tables 1 and 2. FA vectors are shown for individual FAs >1% (Table 2) as well as total FAs per WWT (mg.g− 1) and sum of calanoid-copepod FAs. 

L.A. Copeman et al.                                                                                                                                                                                                                            



Deep-Sea Research Part II 205 (2022) 105180

9

were segregated along this axis in association with lower surface salinity 
and decreased temperatures likely indicative of ice melt, compared to 
polar cod from 2019. The largest region-specific annual difference in 
multivariate lipid composition was seen in polar cod from the CECS 
between 2013 and 2017. 

3.5. Spatial trends in juvenile gadid fatty acids 

Spatial patterns in polar cod total FAs per WWT scaled with patterns 
for total calanoid-sourced lipid storage, indicating the importance of this 
prey item to juvenile polar cod energetics (total FAs per WWT, mg.g− 1, 

Table 4 
Results of the DISTLM sequential and step-wise tests for all 650 gadids and 310 polar cod for which we have matching lipid composition and ecosystem metrics. 
Selection criterion using AIC for all gadids included all 6 variables.  

(a) all gadids, marginal tests 

Group SS(trace) Pseudo-F P Proportion    

Species 34538 161.64 0.0001 0.50    
Log > C3 Calanus 8567 92.00 0.0001 0.12    
Surface temperature 6872 71.78 0.0001 0.099    
Bottom temperature 16965 211.51 0.0001 0.25    
Surface salinity 1091 10.43 0.0001 0.016    
Bottom salinity 5592 57.24 0.0001 0.081    

(b) all gadids, step-wise 
Group SS(trace) Pseudo-F P Proportion AIC Delta AIC Cumulative r2 

Species 34538 161.64 0.0001 0.50 2598.7 110.5 0.50 
Log > C3 Calanus 2662.9 53.93 0.0001 0.039 2548.4 60.2 0.54 
Surface temperature 1219 25.63 0.0001 0.018 2525 36.8 0.56 
Bottom temperature 860.09 18.58 0.0001 0.012 2508.5 20.3 0.57 
Surface salinity 759.25 16.80 0.0001 0.011 2493.7 5.5 0.58 
Bottom salinity 332.16 7.42 0.0002 0.0048 2488.2  0.58 

(c) polar cod, marginal tests 
Group SS(trace) Pseudo-F P Proportion    

Log > C3 Calanus 1224.7 19.50 0.0001 0.059    
Surface temperature 1190.5 18.92 0.0001 0.058    
Bottom temperature 1544.6 25.00 0.0001 0.075    
Surface salinity 839.12 13.10 0.0001 0.041    
Bottom salinity 243.77 3.70 0.0267 0.012    

(d) polar cod, step-wise 
Group SS(trace) Pseudo-F P Proportion AIC Delta AIC Cumulative r2 

Bottom temperature 1544.6 24.47 0.0001 0.075 1288.5 41.5 0.075 
Surface temperature 1138.4 17.36 0.0001 0.055 1271.4 24.4 0.13 
Bottom salinity 669.19 10.21 0.0002 0.032 1261.6 14.6 0.16 
Surface salinity 677.53 9.65 0.0002 0.034 1251.2 4.2 0.19 
Log > C3 Calanus 324.51 6.21 0.0047 0.016 1247  0.21  

Fig. 5. Distance-based redundancy analysis (dbRDA) ordination of the full multivariate juvenile gadid data set. The DISTLM partitioned the variances in gadid lipids 
explained by species and those explained by ecosystem factors for all 650 gadid samples for which we have full information. Data are square root transformed and a 
Bray-Curtis similarity matrix was used. The top ranked variable, species, is indicated by different colors. The vector overlays show the strength of the relationship 
between the predictor variables (species and ecosystem metrics) and the dbRDA axes. Note that the position of the vector diagram relative to the first ordination axis 
is arbitrary, not centered on zero. 
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Fig. 7). In 2013 and 2017, polar cod had the highest FA storage in the 
<5 ◦C waters of the NECS, specifically surrounding Hanna Shoal, near 
the mouth of Barrow Canyon and in coastal regions off Icy Cape (Fig. 7). 
In southern waters with temperatures >8 ◦C, polar cod were less 
abundant (Levine et al., in review), but also showed lower lipid storage 
and reduced calanoid-copepod FA markers (Fig. 7). In 2019, polar cod 
were still in high lipid storage condition near the entrance to Barrow 
Canyon and in the ice-associated regions east of Hanna Shoal and north 
of Herald Shoal, but they had reduced lipid storage to the south of Hanna 
Shoal compared to 2013 and 2017. 

In 2019, the regional distribution of polar cod and walleye pollock 
only overlapped at a few stations to the south and west of Hanna Shoal 
(Fig. 7), where lipid storage was high in polar cod but low in walleye 
pollock. Average surface water temperatures at polar cod stations in 
2019 were 6.67 ± 0.16 ◦C while walleye pollock stations were 8.86 ±
0.8 ◦C. For walleye pollock, high total FAs were also associated with 
calanoid-sourced lipid storage, but at a much lower absolute level 
(Fig. 7). Walleye pollock generally had higher total FA and calanoid- 
sourced lipids in the SECS. 

4. Discussion 

The use of summer survey data from 2012, 2013, 2017 and 2019 has 
allowed us to examine age-0 gadid lipid storage during a period of rapid 
environmental warming and species redistribution. The among- and 
within-species variation in total lipids and FA trophic markers during 
this period revealed several important observations. First, we observed 
significant species differences in allometric lipid storage, particularly 
emphasized by the unique high-lipid storage profile of polar cod. Sec-
ond, most of the variance in the multivariate lipid composition of the 
four gadids was accounted for by species-specific differences (50%), but 
an additional 8% of the variation was accounted for by ecosystem 
measurements such as bottom temperature, large > C3 stage Calanus 
abundance, and surface temperature. Third, we observed spatial- 
temporal changes in lipid composition within each species. For 
example, Arctic gadids (saffron and polar cod) had low lipid storage over 
the central Chukchi Sea shelf in 2017 compared to 2012 and 2013. 
Unfortunately, a northward distributional shift of polar cod and the 
extremely low catches of saffron cod in 2019, limited additional 
regional-annual comparisons. Sub-Arctic gadids (Pacific cod and 

Fig. 6. Distance-based redundancy analysis (dbRDA) ordination of juvenile polar cod lipids. The DISTLM partitioned the variances in polar cod lipids accounted for 
by ecosystem metrics for all 310 fish for which we have full station information. Data are square root transformed and a Bray-Curtis similarity matrix was used. The 
colors indicate years and symbols represent regions of the Chukchi Sea. The vector overlays show the strength of the relationship between the ecosystem variables 
and the dbRDA axes. Note that the position of the vector diagram relative to the first ordination axis is arbitrary, not centered on zero. 

Fig. 7. Annual spatial interpolation maps for the total FAs per WWT (mg.g− 1) in juvenile polar cod from 2013, 2017 and 2019 as well as juvenile walleye pollock in 
2019. Fish were collected on eastern Chukchi Sea Ecosystem surveys with data sources and cruise details as in Table 1. 
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walleye pollock) that were transported onto the Chukchi shelf during 
contemporary warm survey years had low lipid storage compared to 
polar cod and in relation to literature values from more southern habi-
tats (Budge et al., 2022; Siddon et al., 2013). Below we discuss several 
potential mechanisms that explain observed differences in species’ en-
ergetic condition over time and space. Understanding these mechanisms 
will aid in predicting gadid responses to warming in the Alaska Arctic. 

4.1. Condition of juvenile gadids 

Condition metrics, measures of morphometric proportions or phys-
iological states, are broadly used in fisheries science due to their inferred 
correlation with nutritional status and potential links to recruitment 
success (Hurst et al., 2021; Wuenschel et al., 2019). Condition metrics 
are also specific to ontogenetic stage and cannot be broadly applied 
across taxonomic groups (Martin et al., 2017; Suthers, 1998), as exem-
plified here by the difference in Fulton’s K observed even among simi-
larly aged congeners. We found that this widely applied morphometric 
condition index (Fulton’s K) exhibited opposite trends for annual vari-
ation compared to lipid storage metrics (Fig. 3). In 2017, polar cod, 
walleye pollock and saffron cod all had significantly lower lipid-based 
indices; however, when comparing to other years, Fulton’s K-values 
for all species were highest in 2017. It is unclear what mechanisms led to 
reduced lipid storage in gadids in 2017, but it is not surprising that 
Fulton’s K did not agree with lipid analyses. Previous studies on juvenile 
Atlantic cod (Gadus morhua) and cold-water Alaskan Tanner crabs 
(Chionoecetes bairdi) indicate that length-weight relationships like Ful-
ton’s K are less sensitive to energetic status compared to lipid-based 
metrics (Copeman et al., 2008, 2018). Conflicting results from 
different condition measures should be investigated further using lab-
oratory studies that focus on explicitly evaluating which indicators are 
more closely tied to demographic outcomes. 

4.2. Lipid storage in juvenile Chukchi Sea gadids 

In highly seasonal environments, consumers must rapidly store lipids 
during times of high productivity to survive prolonged periods of low 
food availability (Copeman et al., 2016, 2021; Hurst, 2007; Renaud 
et al., 2018; Sogard and Olla, 2000). Lipids are the most efficient form of 
energy storage, providing at least two-thirds more energy per gram than 
proteins or carbohydrates (Lee et al., 2006; Parrish, 2013). Lipid storage 
in polar cod was higher than that of other Alaska gadids, both in terms of 
total lipids and storage lipids . Total lipid values that we report (⁓30 
mg.g− 1) are in general agreement with those previously reported from 
the Alaska Arctic region (Dissen et al., 2018; Graham et al., 2014), Ca-
nadian Beaufort Sea (Brewster et al., 2018) and in laboratory experi-
ments (Copeman et al., 2017). Similar to our findings, Brewster et al. 
(2018) noted that polar cod had approximately twice the tissue lipid 
concentration of co-occurring saffron cod and Greenland cod (Gadus 
ogac). Field studies indicate that saffron cod overwinter at smaller sizes 
in the Chukchi and Beaufort Seas (<55 mm SL) than in their southern 
habitats in the Gulf of Alaska and the southeastern Bering Sea (>75 mm 
SL, Helser et al., 2017) and also have much higher lipid concentrations 
(19 mg.g− 1 WWT) in northern habitat reaches than in the southern 
Bering Sea (12 mg.g− 1 lipid) (Copeman et al., 2016). The high priori-
tization for energy storage observed in small-bodied polar cod and 
saffron cod at the northern extent of their latitudinal range suggests that 
there is a high winter mortality risk in the Arctic and that this risk is 
more likely due to starvation than predation (Ivan et al., 2015). 
Northern juvenile gadids seem to utilize a higher lipid storage strategy 
compared to southern juveniles, likely to optimize a short seasonal 
period of food availability and to maximize overwintering survival at a 
smaller size (Copeman et al., 2020; Copeman et al., accepted; Leu et al., 
2011). 

During the warm Arctic IERP survey years (2017 and 2019), an 
unprecedented northward expansion of juvenile sub-Arctic gadids was 

observed (Cooper et al., in review; Levine et al., in review; Wildes et al., 
accepted). Comparison of lipid storage in sub-Arctic gadids (Pacific cod 
and walleye pollock) collected in the Chukchi Sea with those from lower 
latitudes suggest that ecosystem conditions in new northern habitats 
may still be suboptimal for their growth and energy storage. Late sum-
mer/fall total lipid storage was low for both Chukchi Sea Pacific cod 
(⁓8 mg.g− 1 WWT, 2017) and walleye pollock (⁓17 mg.g− 1 WWT, 2017 
and 2019) compared to collections from more southern Alaska regions. 
Cooper et al. (in review) compared the length-weight and length-FA 
residuals of Pacific cod captured in the Chukchi Sea to those from the 
Gulf of Alaska and found that Gulf of Alaska fish were heavier and had 
higher FA storage than fish from the Chukchi Sea. Age-0 Pacific cod from 
the Gulf of Alaska sampled in 2011–2013 had almost two-fold the total 
lipids (⁓17 mg.g− 1) as Chukchi Sea juveniles (Budge et al., 2022). 
Similarly, walleye pollock from the Chukchi Sea contained very low 
lipids (~17 mg. g− 1) compared to pollock from both the southeastern 
Bering Sea (⁓34 mg.g− 1, calculated from Siddon et al. (2013)) and Gulf 
of Alaska (20–28 mg.g− 1, Heintz and Vollenweider (2010) and ⁓25 mg. 
g− 1, Budge et al. (2022)). Given the low lipid storage we found in 
sub-Arctic gadids captured in Arctic surveys, it seems unlikely that these 
juveniles can successfully overwinter in the cold, low productivity en-
vironments of the winter Chukchi Shelf. 

4.3. Fatty acid trophic markers 

Analyses of fish trophic links using FA markers are ideally done with 
lipid from storage tissues such as liver that are rich in TAG (Budge et al., 
2006; Dalsgaard et al., 2003). However, we were not able to obtain 
adequate liver tissues to perform tissue-specific lipid analyses due to the 
small size of fish examined in this study, < 60 mm SL. Therefore, we 
used homogenates representative of whole body lipids, as previously 
done in other studies focused on age-0 juvenile gadids (Budge et al., 
2022; Copeman et al., 2008). Homogenate samples reflect both dietary 
FAs in shorter-term TAG deposition and structural FAs from phospho-
lipids. The FA composition of phospholipids is considered more species- 
and tissue-specific, but relative changes can also reveal patterns in di-
etary contributions (Bell and Dick, 1991; Copeman and Parrish, 2002). 
Controlled laboratory studies on juvenile Pacific cod and walleye 
pollock have previously revealed that dietary shifts are reflected more 
quickly in liver tissue TAG than in muscle tissue phospholipid but that 
both tissues do significantly mirror dietary FAs within a few weeks of 
consumption (Copeman et al., 2013). 

The distinct FA composition of polar cod was typified by elevated 
proportions of MUFAs accumulated from specialized predation on 
calanoid-copepods (Kohlbach et al., 2017b; Loseto et al., 2009), which 
in turn have high levels of the C20+ C22 MUFAs originating from their 
unique seasonal wax ester storage (Copeman et al., 2020; Graeve et al., 
2005; Hagen and Auel, 2001; Lee et al., 1971, 2006). Elevated diatom 
lipid storage in polar cod tissues gives support to the theory that polar 
cod nutritional status is highly dependent on their feeding in cold, 
nutrient-rich waters that support both ice and later pelagic diatom--
Calanus based food webs (Søreide et al., 2008; Søreide et al., 2007). 
Walleye pollock had an intermediate level of lipid storage compared to 
other gadid species, but had higher proportions of C18 PUFAs that are 
elevated in flagellates (discussed in Nielsen et al. (in review)) compared 
to diatoms (Dalsgaard et al., 2003). These FA markers suggest that 
walleye pollock were storing lipids resulting from their predation on 
smaller copepods that typically do not graze on diatoms. Pacific cod and 
saffron cod analyzed in 2017 were characterized by very low total FA 
and elevated proportional levels of 22:6n-3 and 18:0. These two FA are 
found at high percentages in the membrane lipids of gadids and 22:6n-3 
is generally retained in tissues independent of diet (Bell and Dick, 1991; 
Copeman et al., 2002). The high proportion of these membrane FA 
combined with low total lipids per WWT and <2% TAG storage, suggest 
that Pacific and saffron cod in 2017 were on the verge of starvation. 
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4.4. Gadid fatty acid composition and ecosystem variability 

After accounting for species, ecosystem variables (i.e. temperature 
and large > C3 stage Calanus) contributed to 8% of the additional 
variation in the multivariate lipid composition among gadids. This was 
not surprising, considering that these species do not typically co-occur 
across a large range of ecosystem conditions. Within-species analysis 
revealed that ecosystem metrics accounted for 21% of the variation in 
FA of polar cod, with bottom temperature (7%), surface temperature 
(6%) and Calanus abundance (6%) accounting for the most variation on 
the marginal test. The co-variance of large C. glacialis with water mass 
characteristics (i.e. low temperature and low surface salinity) resulted in 
Calanus abundance accounting for very little additional variability in 
polar cod FAs once physical variables were incorporated into the model 
(step-wise ⁓1.5%). However, we also recognize that there is a potential 
temporal mismatch between FA integration time (weeks to months) and 
copepod sampling (one sample per station in late August–September). It 
is likely that C. glacialis was prominent in the diet of juvenile polar cod 
throughout the preceding months of July and August (Bouchard and 
Fortier, 2020; Buckley and Whitehouse, 2017) but were not always 
present at the time of Calanus copepod sampling. 

On a regional scale, we note that the Calanus MUFA signal was 
strongest in polar cod (2013, 2017, 2019) in the NECS where genetically 
distinct and localized C. glacialis populations have been documented and 
where their numbers were higher and persistent (i.e. Ashjian et al. 
(2017); Nelson et al. (2009); Pinchuk and Eisner (2017)). Calanus MUFA 
storage in polar cod was more variable in locations where C. glacialis is 
dependent on advection through the Bering Strait (i.e. 2013 and 2017 
CECS). Interestingly, it has been proposed that polar cod in the NECS, 
especial near Hanna Shoal, may originate with a localized Arctic 
spawning population. Conversely, the majority of fish on the Chukchi 
Shelf are proposed to originate in southern spawning areas near the 
Bering Strait and Kotzebue Sound (Deary et al., 2021; Vestfals et al., 
2019)(Chapman 2021). This difference in larvae origin could also 
partially explain the relative nutritional stability of fish from the NECS 
compared to polar cod in more southern regions. 

4.5. Direct and indirect impacts of continued warming 

This study spanned a period of intense environmental warming in the 
Chukchi Sea (Danielson et al., 2020; Huntington et al., 2020) and record 
low sea ice in the Bering Sea (Stabeno and Bell, 2019). The direct effects 
of temperature on fish vary with life history stage (Rijnsdorp et al., 
2009). Of the species examined here, polar cod have the narrowest 
thermal tolerance during the egg (− 1.5 to 3.0 ◦C) and early larval (− 1 to 
5 ◦C) stages, becoming more thermally tolerant during the late pelagic 
juvenile stage (− 1 to 11 ◦C) (Koenker et al., 2018; Laurel et al., 2017, 
2018). In recent years, the Chukchi Sea has been generally ice-free for 
much of the spring-summer and has surface waters that, in some areas, 
are already warming beyond the thermal limits of early stages of polar 
cod (Danielson et al., 2020; Laurel et al., 2017, 2018). Long-term 
ecosystem surveys both in the Barents Sea and in the Canadian Arctic 
have reported decadal scale increases in size-at-age of juvenile polar cod 
(Bouchard et al., 2017; Dupont et al., 2020) concurrent with reductions 
in sea ice concentrations and earlier spring ice retreat. As a result, 
Bouchard et al. (2017) predicted that warming would cause a temporary 
increase in polar cod biomass, but that with further levels of boreali-
zation in the Arctic, that polar cod would be replaced by less specialized 
sub-Arctic fish. Laboratory studies on polar cod have shown that this 
species holds an energetic advantage (higher rate of lipid accumulation 
per weight) over Pacific cod and walleye pollock only at temperatures 
<5 ◦C (Copeman et al., 2017). These laboratory data combined with 
evidence of declining abundances and lipid storage during warming 
events (>8 ◦C, Deary et al. (2021); Levine (2021)), may indicate that the 
SECS and CECS are currently episodically warming beyond the 
specialized thermal limits of polar cod. 

Continued warming may have negative impacts on polar cod via 
changes in the quantity, quality and phenology of zooplankton pro-
duction and thus the nutrition status of juvenile fish in the summer 
(Bouchard and Fortier, 2020; Bouchard et al., 2017). Large Arctic 
zooplankton have elevated lipid storage that is dependent on both 
sympagic (ice-associated) and open-water diatom lipid production, that 
is, seasonally elevated in cold nutrient-rich waters (Kattner et al., 2007; 
Kohlbach et al., 2017a, 2017b; Nielsen et al., in review; Søreide et al., 
2010). Shifts in zooplankton dynamics during recent warming, such as 
increased abundance of small southern species concurrent with de-
creases in large Arctic ice-associated zooplankton (e.g. C. glacialis) have 
likely resulted in lower zooplankton lipids available in the diet of ju-
venile Chukchi Sea polar cod (Ashjian et al., 2017; Pinchuk and Eisner, 
2017; Spear et al., 2019, 2020). However, there is some debate as to 
whether warming will decrease zooplankton resources in Arctic gate-
ways. In the Barents Sea, it has been hypothesized that an increased 
northward influx of sub-Arctic copepods (i.e. Calanus finmarchicus) may 
actually buffer the lipid deficit to juvenile fish caused by declining 
ice-associated C. glacialis (Renaud et al., 2018). Apart from direct im-
pacts of warming, polar cod may also be outcompeted if southern 
“invading” congeners can more efficiently utilize a more southern 
zooplankton assemblage. 

4.6. Overwintering and summer lipid storage 

Recent laboratory studies on the winter survival of juvenile polar cod 
(Copeman et al., accepted) indicate that pre-winter lipid content de-
termines winter survival duration. The magnitude of annual differences 
in the mean lipid content of field-collected polar cod from the CECS 
(2013: 34.7 mg.g− 1 WWT vs. 2017: 16.0 mg.g− 1 WWT, S1) was partic-
ularly striking, despite the fish being similar in size (2013: 43.4 mm SL 
vs. 2017: 47.2 mm SL). Copeman et al. (accepted) developed a 
temperature-dependent lipid-loss model for polar cod to illustrate how 
winter thermal conditions are either highly important following sum-
mers that support fish in good condition (e.g. NECS 2013, 2019) or are 
potentially irrelevant when the preceding summer conditions result in a 
poor energetic state for age-0 juveniles (e.g. CECS, 2017). They also note 
that small changes in fall/winter temperatures between − 1 and 2 ◦C 
have important implications for the survival of fish entering winter in a 
high energetic state. The importance of summer-fall prey availability 
and pre-winter condition have been shown to be vital processes regu-
lating walleye pollock recruitment in the eastern Bering Sea (Heintz 
et al., 2013; Hunt et al., 2011; Mueter et al., 2011) and it is likely that 
similar processes dictate the survival of Arctic gadids on the Beaufort 
and Chukchi Sea shelves. 

4.7. Future work 

In contrast to long-term ecosystem surveys available from the Ca-
nadian and Norwegian Arctic (Aune et al., 2021; Bouchard and Fortier, 
2020; Bouchard et al., 2017; Dupont et al., 2020), the pelagic Chukchi 
Sea fish community and ecosystem status remains poorly surveyed. 
Routine oceanographic and biological monitoring of the Chukchi Sea is 
needed to better account for annual variability and capture a broader 
range of seasonal environmental conditions that determine the abun-
dance and nutritional condition of Arctic species and northward-moving 
sub-Arctic species. Increased annual replication could help us to un-
derstand climate-mediated mechanisms that drive measured variability 
in juvenile fish lipid storage and improve our ability to predict over-
winter survival potential and resulting recruitment. 

Despite the limited time series in our data, we document significant 
variability in juvenile gadid lipid storage during a period of rapid change 
in species distributions across the Chukchi Sea shelf (De Robertis et al., 
2016; Levine, 2021; Wildes et al., accepted). Linking these changes to 
implications for population dynamics will require a better understand-
ing of the survival and life history trajectories such variation imposes on 

L.A. Copeman et al.                                                                                                                                                                                                                            



Deep-Sea Research Part II 205 (2022) 105180

13

these fish, for example, predation vulnerability, overwintering success, 
maturation, etc. Both lipid reserves and size-at-age will likely be critical 
metrics in determining species-specific recruitment of all four juvenile 
gadid species in Arctic waters. 
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A B S T R A C T   

Integrated pelagic trawl surveys were conducted in the eastern sector of the Russian Arctic (Laptev Sea, Chukchi 
Sea and East Siberian Sea) in August–September of 2003–2018. Data were used to further describe biology and 
spatial distribution of Polar cod (Boreogadus saida) in this region. Polar cod in surveyed areas are characterized 
by similar linear size and spatial distribution. In all surveyed seas, polar cod aggregations consisted of individuals 
3–29 cm in length with the age of 0+ - 6+ years. Lower growth rates of polar cod were evident in the eastern 
sector compared to the Kara Sea (the western sector of Russian Arctic). The lower growth rates in the eastern 
sector are probably due to the significant difference in environmental conditions (mainly temperature) that 
directly affect polar cod metabolic rates. 

In the Chukchi and East Siberian seas, the main concentrations were observed within the near-bottom layer, 
while in the Laptev Sea they were recorded throughout the water column. The abundance and biomass of polar 
cod in the Chukchi Sea in different years ranged from 514 million inds. and 0.83 thousand tons (2008) to 8.26 
billion inds. and 117.5 thousand tones (2003). Respective indices for the Laptev Sea amounted to 233 thousand 
tones and 12.75 billion individuals. The abundance and biomass of the East Siberian Sea polar cod were at a 
relatively low levels compared to other areas in the Russian Arctic (about 0.150 thousand tons and 20 million 
individuals).   

1. Introduction 

Interest in exploration and development of new oil and gas fields in 
the Arctic, as well as new interest in fisheries in Arctic seas due to sea-ice 
reduction in the region, has increased significantly over recent years. 
However, the lack of proper studies of biological diversity and uncer-
tainty of the state of aquatic living biological resources in Arctic seas 
prevent us from developing an informed understanding of the potential 
for their long-term sustainable use and conservation. Of all the seas in 
the eastern sector of the Russian Arctic (Laptev, Chukchi, and East Si-
berian Seas), the Chukchi Sea is the most studied. With the development 
of exploratory fishing in the 1960s, studies using research vessels began, 
and the main target of research was polar (Arctic) cod Boreogadus saida. 
A successful expedition in 1970 determined that the unstable and 
limited population of polar cod in the area could not support a regular 
fisheries (Bondarev, 1970). The East Siberian and Laptev seas have been 

studied to a lesser extent due to their remoteness and severe climatic 
conditions. 

The polar cod is a widespread Arctic fish species, and a key 
component of the Arctic marine ecosystem (Welch et al., 1992). Due to 
its relatively high abundance, it is a reliable indicator of changes in 
ecosystems, and occupies a central position in the Arctic food web 
(Bouchard and Fortier, 2011; Benoit et al., 2014; Mueter et al., 2016; 
Whitehouse et al., 2014, 2017). In many areas of the Arctic Ocean, this 
species is the main, and in many cases the only, consumer of plankton. 
At the same time, it serves as a major dietary component for many 
marine mammals, fish-eating birds, and demersal fishes (Bradstreet and 
Cross, 1982; Bradstreet et al., 1986; Welch et al., 1992; Crawford and 
Hop, 1993; Graham and Hop, 1995; Christiansen et al., 2012; Melnikov 
and Chernova, 2013; Giraldo et al., 2018; Vihtakari et al., 2018). 

One of the features of polar cod habitat associations is the tendency 
to form aggregations at the ice edge (Melnikov and Chernova, 2013). 
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The most high-density concentrations are usually limited to the south-
eastern areas of the Central Arctic Ocean, where warm and cold-water 
masses mix and form a polar front (Gudkovich and Doronin, 2001). 
Areas containing polar fronts serve as both feeding grounds and 
spawning areas for polar cod (Melnikov and Chernova, 2013). There is a 
hypothesis that polar cod may spawn in a system of winter 
quasi-stationary polynyas extending from the White Sea to the Chukchi 

Sea along the edge of the fast ice (Melnikov and Chernova, 2013; 
Vestfals et al., 2019, 2021; Marsh and Mueter, 2020). 

The population structure of polar cod within its range is poorly un-
derstood (Aune et al., 2021). Some authors (Moskalenko, 1964; Shepel, 
1971) suggested that there are two forms of polar cod — a Kara Sea form 
and a Laptev Sea form that differ in body size and color, growth rate, and 
morphology of the tail fin (Chernova, 2018). However, recently 

Fig. 1. Sampling areas in the eastern sector of the Russian Arctic: Laptev Sea (A), East Siberian Sea (B) and Chukchi Sea (C).  
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conducted genetic research with use of microsatellites (Gordeeva and 
Mishin, 2019) showed that the difference among polar cod samples from 
Kara, Laptev, and East Siberian seas is insignificant (Wildes et al., 2022). 
Genetic studies of the polar cod by Quintela et al. (2021) also show 
possible evidence of genetic different morphs in the area. 

Polar cod have a relatively short life-span, and individuals older than 
5+ are rarely observed. Polar cod mature at age of 2–3, and a high 
proportion of spawners die after spawning (Altukhov, 1979; Hop et al., 
1997; Nahrgang et al., 2016). Spawning takes place under the ice, 
mostly from December to March (Moskalenko, 1964; Craig et al., 1982; 
Ponomarenko, 2000; Ajiad et al., 2011; Geoffroy et al., 2011), and the 
buoyant eggs gradually rise towards the surface and aggregate under the 
ice (Altukhov, 1979). The results of integrated studies in the Chukchi, 
East Siberian, and Laptev seas in 2003, 2007–2008, 2010, 2015 and 
2018 were partially published by Nikolaev et al. (2008), Efimkin (2013), 
Slabinsky and Figurkin (2014), Glebov et al. (2016a, 2016b), Khen et al. 
(2018) and Mishin et al. (2018). 

Knowledge of polar cod biology and stock size in the eastern sector of 
the Russian Arctic is still insufficient. The purpose of this study is to 
describe polar cod spatial distribution, analyze population size and age 
composition, and estimate abundance and biomass in the Chukchi, East 
Siberian and Laptev seas. It is also intended to complement studies 
conducted in the eastern Chukchi Sea (Baker et al., 2020a, 2022, 2023). 

2. Materials and methods 

2.1. Surveys 

This paper is based on data from the bottom trawl and pelagic trawl 
surveys conducted on board of R/V "TINRO" by the staff of the Pacific 
branch (TINRO) and the Head office of the Russian Federal Research 
Institute of Fisheries and Oceanography (VNIRO) in the Chukchi, East 
Siberian and Laptev seas (Fig. 1). The list of surveys and the materials 
sampled are presented in Table 1. 

During trawl surveys two types of trawls were used – mid-water trawl 
RT 80/396 and bottom trawl DT 27.1/24.4. Pelagic trawl hauls were 
carried out by the RT 80/396 mid-water trawl equipped with a 4-cable 
system with a small-mesh insert (10 mm) in the codend. The length of 
the codend was 24 m. The horizontal opening of the trawl varied be-
tween 40 and 45 m. Rectangular 5.5 m2 Polar Jupiter boards were used 
as spacers. Bottom trawl hauls were performed using a DT 27.1/24.4 
bottom trawl with a small-mesh insert (10 mm) in the codend. The 
length of the codend was 8 m. The average horizontal opening of trawl 
was 16 m. Spherical boards with an area of 4.3 m2 were used. The 

SIMRAD FS 20/25 third-wire net netsonde was used to monitor the 
geometric parameters of the trawl in real-time. 

2.2. Biological data 

Fish measurements included fork length (FL) of the individuals with 
an accuracy of ±1 mm from which length-frequency distributions (LF) 
of polar cod catch sample were calculated on a resolution of ±5 mm. 
Over 24.9 thousand polar cod individuals were processed and analyzed. 
Trawl information including catches are presented in Table 1. Mean 
values of biological variables (FL, weight) were calculated as weighted 
means, according to the polar cod abundance. The abundance in 
particular trawl haul was used as a statistical weight for distributions of 
length and weight parameters measured for sample from this trawl 
catch. Weighted descriptive statistics calculations were performed, 
using R with the Weighted.Desc.Stat-package (https://CRAN.R-project. 
org/package=Weighted.Desc.Stat). 

To determine age, sagittal otoliths were analyzed using the “break- 
and–burn technique” (Chilton and Beamish, 1982). Wet grinding was 
done using a grinding and polishing machine METKON GRIPO 2V 
(Turkey, Metkon Instruments Inc.) and high-quality smooth 
carbide-silicon paper SIC (Strues, Denmark), 1000–1200 grit. For the 
preparation of otoliths, abrasive discs with aluminum oxide or silicon 
carbide coated grain 0.1–0.9 μm (Buehler, USA) were used. Age readings 
were done with a trinocular microscope (Olympus SZX12, Olympus, 
Japan) equipped with a DF PLAPO 1× PF lens (Olympus, Japan) at a 
magnification of 1× 20–40. Otoliths were viewed in glycerin in reflected 
light. Image analyses and processing were performed using Cell software 
and ColorView III camera (Olympus, Japan). The age composition of 
polar cod aggregations was estimated based on size-age keys calculated 
for each survey area (Morozov, 1934). Samples were collected during 
the 2015 and 2018 trawl surveys (690 otoliths). To compare polar cod 
growth rates, data on age composition of Kara Sea (western sector of 
Russian Arctic) fish (379 otoliths) collected from bottom trawl catches in 
October 2014 were used. Von Bertalanffy growth function was calcu-
lated using PAST v3.14 software (Hammer et al., 2001). 

2.3. Environmental data 

Hydrological data were collected using a SeaBird Electronics (SBE) 
model 25 Sealogger CTD and Carousel Deck Unit model 33 (USA), which 
includes a hydrological probe SBE 25. The classification of water mass 
types is given according to Khen et al. (2018). 

Chukchi Sea zooplankton data come from 2003, 2007, 2008, and 

Table 1 
Characteristics of the surveys and the materials sampled (IA – number of individuals analyzed, LF – length frequencies measurements, inds., AD – adults, Juv - ju-
veniles), 2003–2018.  

Year Sea Survey dates Number of hauls Trawl type Depth, m Water area surveyed, 
thousand km2 

IA LF 

Start End Total With polar cod 
presence 

Survey area 
range 

Layer 
fished 

AD Juv AD Juv 

2003 Chukchi 24.8 28.8 18 18 RT 80/ 
396 

40–54 0–48 37.95 618 9 2345 66 

2007 Chukchi 11.8 23.8 48 47 RT 80/ 
396 

34–63 0–56 84.65 601 259 3617 1156 

2008 Chukchi 2.9 9.9 25 23 RT 80/ 
396 

36–55 0–38 51.2 136 0 1156 578 

2010 Chukchi 7.9 16.9 38 38 DT 27.1/ 
24.4 

45–57 40.8–57.0 80.8 32 18 3759 151 

2015 East 
Siberian 

15.8 23.8 20 18 DT 27.1/ 
24.4 

20–34 14.07.1934 27.53 193 11 153 34 

2015 Laptev 26.8 6.9 36 36 DT 27.1/ 
24.4 

33–504 29.3–504 37.07 658 2 3181 29 

2015 Laptev 1.9 4.9 10 10 RT 80/ 
396 

113–428 21.0–297.0 9.51 76 8 1108 14 

2018 Chukchi 31.8 13.9 54 53 DT 27.1/ 
24.4 

43–270 39–270 56.82 932 85 3876 67  
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2010 surveys. Zooplankton data are presented according to the publi-
cation by Slabinsky and Figurkin (2014). 

2.4. Estimation of abundance and biomass 

To estimate the abundance parameters and to analyze the spatial 
distribution of polar cod, the data were gridded using average values for 
each 0.5◦ × 1◦ grid cell. (Volvenko 2003, 2015). Data from all the hauls 
falling within the trapezoid boundaries over a certain time period were 
averaged. 

The abundance and biomass per unit of the captured area (in inds./ 
km2 and kg/km2) for each haul were calculated using the formulas: 

N
A
=

N
1.852⋅v⋅t⋅0.001⋅a

and
M
A

=
M

nn 1.852⋅v⋅t⋅0.001⋅a
nn  

where N is the number (individuals) and M is the weight of fish in the 
catch (kg); A is the area trawled during the haul (km2); v is the trawling 
speed of (knot); t is the duration of haul (h); a is the horizontal opening 
of the mouth of the trawl (m); 1.852 is the number of km in 1 nautical 
mile; and 0.001 is the conversion factor from m to km. Total biomass or 
polar cod abundance was calculated by multiplying average density 
within an individual polygon by the area of that polygon. 

Data on size composition were interpolated for the entire general set 
of individuals within each surveyed water area (trapezoid). The calcu-
lation was made based on the total number of measurements from both 
biological analyses and LF measurements, with further estimation 
weighted by relative abundance per average length frequency for each 
haul. Percent (%) of length distribution classes for the general length 
distribution were calculated using the following equations: 

% FLc =

∑nt
i=1FLc(t)
∑nt

i=1At  

FLc(t) =
∑n

i=1

FLc(tr)

SStr
∗ Atr and At = St ∗

∑n
i=1Atr

n  

where % FLc is the percent (%) of length distribution class c in the 
general length distribution, FLc(t) is the abundance (inds. per sq. km) of 
length distribution class c within the boundaries of trapezoid t, nt is the 
number of trapezoids within the boundaries of surveyed polygon, At is 
the abundance of polar cod (inds. per sq. km) within the trapezoid t, 
FLc(tr) is the abundance of polar cod individuals of size class c in the 
sample from trawl catch tr, where tr is the haul number, SStr is the sample 
size of measured individuals in the trawling sample of haul tr, Atr is the 
abundance of polar cod (inds. per sq. km) in the haul tr, St is the area of 
trapezoid t (sq. km), and n is the number of hauls within the boundaries 
of trapezoid t. 

2.5. Software 

A Microsoft Access 2016 database was used for data processing. 
Statistical processing was done using PAST v3.14 software (Hammer 
et al., 2001), Microsoft Excel 2016 with an Analysis ToolPak, and 
R-Studio (Version 1.4.1106). QGIS 2.18 (https://qgis.org/ru/site/) was 
applied for geostatistical data processing, including the calculation of 
polygon areas. Temperature distributions were interpolated by kriging 
(QGIS module SAGA https://docs.qgis.org/2.8/en/docs/user_manual/ 
processing_algs/saga/index.html). The area calculations were per-
formed in the WGS (World Geodetic System) coordinate system 1984, 
EPSG: 4326 (https://epsg.io/4326). For maps divided to several panels 
(A, B, etc.), the legend is shown in panel A only. 

3. Results 

3.1. Chukchi Sea 

3.1.1. Spatial distribution 

3.1.1.1. Mid-water trawl. Inter-annual differences in the relative abun-
dance, biomass and spatial distribution of aggregations are presented in 
Table 2 and Fig. 2. In August 2003 two main areas of aggregations of 
polar cod were identified. The first area was located between Cape 
Serdtse-Kamen and Cape Dezhnev and stretched from north to south 
(68◦03ʹN to 66◦00ʹN) towards the Bering Strait within the zone of in-
fluence of warm (2.0–4.5 ◦C) Bering Sea waters (Figs. 2A, S1): polar cod 
densities ranged from 44 to 997 thousand inds./km2.The second area 
was located east of the Kolyuchin Bay between Cape Schmidt and Cape 
Vankarem (1–329 thousand inds./km2, with biomass up to 5 t/km2). 
Densities of juvenile fish (1 thousand inds./km2) were found separately 
from the adult fish in area (68◦00ʹ-68◦03ʹN, 175–176◦W) in the cooler 
waters approximately of − 0.5 ◦C (Fig. 2A). 

In 2007, polar cod were observed in a wide range of bottom tem-
peratures, from − 1.0 to 3.5 ◦C. Schools formed by juveniles and older 
fish were distributed throughout the entire survey area between Bering 
Strait and Wrangel Island (Fig. 2B). 

The first area high-density (up to 1348 thousand inds./km2) aggre-
gations of adult individuals were located near Cape Vankarem (67◦03ʹ- 
68◦00ʹN, 173–174◦W), covered predominantly by Bering Sea water 
masses, with temperatures reaching 1.74 ◦C. The second-high concen-
tration area (ranging from 0.006 to 1284 thousand inds./km2) was 
adjacent to the northeastern boundary of the survey area (69◦03ʹ- 
70◦03ʹN, 170–173◦W) of the Bering Sea waters (2.0–3.0 ◦C). The pro-
portion of juveniles in second area was 50%. The third area of high polar 
cod concentration (32–69 thousand inds./km2) was located east of Cape 
Schmidt (69◦-70◦N, 176–179◦W) with waters of 1.5–2.5 ◦C. The pro-
portion of juveniles in this third area reached 60% of the total recorded 
fish abundance. 

The spatial distribution of juvenile polar cod was limited to iso-
therms from 1.0 to 4.0 ◦C. Juveniles were absent in the western part of 
the study area, characterized by lenses of high-density bottom shelf 
water with temperatures below 1.0 ◦C (Figs. 2C, S1). The overall density 
of juvenile aggregations varied from 2 to 565 thousand inds./km2. 

During the 2008 survey, both juveniles and adult polar cod in-
dividuals were observed in waters with temperatures ranging from 
− 1.5◦ to 3.0 ◦C. The northeastern part of the survey area was influenced 
by Bering Sea waters (1.0–3.0 ◦C), while the southern part of the area 
was influenced by Siberian water masses (− 1.5 ◦C to 1.0 ◦C) (Figs. 2C, 
S1). 

Both adults and juveniles were distributed throughout the entire area 
between Bering Strait and Wrangel Island (Fig. 2C). The frequency of 
occurrence in catches of juveniles (76%) was higher than that of adult 
fish (60%). Adult polar cod were distributed unevenly, and did not form 
aggregations of sufficient density for commercial fishing. However, it is 
possible to define two areas with dense fish schools. 

The abundance of polar cod in the first area (67◦00ʹ-69◦00ʹN, 
169–173◦W) varied from 1 to 29 thousand inds./km2. The second area 
(1–84 thousand ind/km2) was located (67◦03ʹ-70◦00ʹN, 175–178◦W) in 
the zone of influence of Bering Sea water masses (Figs. 2C, S1). In 2008 
polar cod formed feeding schools in the localities of zooplankton con-
centration (Fig. S2) 

Two separate juvenile aggregations were observed. One was located 
in Kolyuchin Bay area between Cape Vankarem and Cape Serdtse- 
Kamen (2–29 thousand inds./km2) with surface layer temperatures of 
− 0.5 to 0.0 ◦C. The second area was located in the northwestern sector 
of the study area (69◦00ʹ-70◦00ʹN, 176–177◦W) with temperatures of 
− 1.0 to − 0.5 ◦C and density of 0.913–8.479 thousand inds./km2. 

In addition to interannual differences in spatial distribution against 
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the background of a relatively uniform distribution of juveniles and 
larger fish, there were several distinct high concentrations located in the 
frontal zones between Bering Sea and Siberian water masses (Fig. S1). 
An aggregation with the highest density was observed in the south-
western sector of the polygon, comprised of only older-aged polar cod (1 
million inds./km2 and 14 t/km2). Another aggregation observed at the 
northern periphery of the surveyed polygon (1 million inds./km2 and 5 
t/km2) included a significant proportion of juveniles (Fig. 2C). In 2008 
juvenile polar cod were not observed in the area between Cape Dezhnev 
to Cape Serdtse-Kamen, nor in a narrow band between De Long Strait 
and Kolyuchin Bay. 

3.1.1.2. Bottom trawl. In 2010, a concentration of polar cod was 
consistently associated with the area of the anticyclonic gyre formed by 
the interaction of low salinity waters from Kolyuchin Bay and Bering Sea 
water masses (Figs. S1, S3C, S3D). The highest density aggregation was 
located off Cape Dezhnev (262 thousand inds./km2). There was a sig-
nificant penetration of the Siberian coastal current in the western sector 
of the survey area, and polar cod aggregations in that sector were 
relatively low density (0.316–4.111 thousand inds./km2) (Figs. 3A, S1). 

In 2018 relatively high polar cod concentrations were observed in 
the zone of anticyclonic gyre formed by flows of Bering Sea waters and 
desalinated waters of the Kolyuchin Bay (1–16 thousand inds./km2) 
(Figs. 3B, S1, S3C, S3D). Within the continental slope area, stable ag-
gregations were formed east of 174◦W, in the zone of influence of the 
bottom oceanic water mass formed under the impact of transformed 
deep waters of Atlantic origin (Figs. S1 and S3C). The presence of ju-
veniles in mixed schools (0.057–2.900 thousand inds./km2) was likely 
due to the presence of fields of fine grated and drifting ice. 

The results of bottom trawl surveys of 2010 and 2018 show that 
dense schools of polar cod occurred in the area between Cape Serdtse- 
Kamen and Cape Dezhnev, and between Bering Strait and Herald Is-
land. The southwestern part of the area was characterized by broadly 
scattered distribution of polar cod (Fig. 3C). 

3.1.2. Length and weight composition 

3.1.2.1. Mid-water trawl. Length and weight of polar cod in pelagic 
schools varied between 3.0 and 27.0 cm (mean 11.2 ± 0.1 cm) and 
between 1.0 and 119.0 g (mean 15.5 ± 0.2 g) respectively. However, 
there were significant differences between the years (Table S1). Mean 
length and weight of individuals decreased from 12.8 ± 0.2 cm and 15.5 
± 0.2 g in 2003, to 6.4 ± 0.1 cm and 3.29 ± 0.04 g in 2008. Mean 
lengths of females and males were 12.4 ± 0.2 cm and 12.5 ± 0.2 cm, 
respectively (Fig. 4). 

3.1.2.2. Bottom trawl. In the near-bottom schools, polar cod catches 
consisted of individuals with length 4.0–27.0 cm (mean 12.04 ± 0.1 cm) 
and weight 0.4–143.9 g (mean 15.3 ± 0.14 g). In early September 2018, 
there was a decrease in mean sizes compared to August 2010, from 13.6 
± 0.2 cm and 19.5 ± 0.2 g to 12.0 ± 0.2 cm and 11.9 ± 0.1 g (Fig. 4). 
The relationship between length (FL, cm) and body weight (W, g) of 
polar cod of the Chukchi Sea is well described by the following equation:  

W = 0.0058 x FL3.049 (R2 = 0.968; n = 15557 inds.).                                  

3.1.3. Age composition and growth rate 
The age composition of individual polar cod in mid-water trawl 

catches ranged from 0+ to 6+ years, with the majority (82.9%) aged 1+
to 2+ years. From 2003 to 2008 there was an increase in the proportion 
of individuals aged 0+ and 1+. In 2010 and 2018, most of the catch 
(85.7%) consisted of fish of ages 1+ to 2+ (Fig. 5). According to data 
obtained in September 2018, the mean length of an age 1+ polar cod 
was 10.1 cm and 24.2 cm for an age 6+ polar cod. 

The growth of Chukchi Sea polar cod is approximated by the von 
Bertalanffy growth function, described by the following equation:  

L(t) = 42.81 × (1–e − 0.11(t+0.85))                                                               

3.1.4. Sex ratio 

3.1.4.1. Mid-water trawl. The sex ratio of polar cod in mid-water trawl 
catches in the southern part of the study area varied interannually. In 
2003, the sex ratio was close to 1:1, with a slight predominance of males 
(51.3%). In 2007, the catches were dominated by females (66.2%). In 
2008, the sex ratio, as in 2003, was close to 1:1 (49.8% female and 
50.2% male). In all years of research, the vast majority of individuals 
were immature. 

3.1.4.2. Bottom trawl. In September 2018, the ratio of males and fe-
males in the catches was almost equal – 49.7% and 50.3%, respectively. 
The majority of males was immature (74.3%), and the proportion of fish 
with developing gonads was 25.2%. Some males with pre-spawning 
gonads were also observed in the catches (0.3%). The distribution of 
females by stages of maturity was similar. Most females were immature 
(73.8%), and 25.8% of individuals were developing gonads. A small 
number of individuals (0.4%) had pre-spawning ovaries, which in-
dicates the beginning of the formation of pre-spawning aggregations. 

Table 2 
Relative (mean ± SE, min, max) and total abundance and biomass of polar cod based on results of research surveys (MT – mid-water trawl, BT – bottom trawl), 
2003–2018.  

Sea Year/Trawl type Abundance, thousand inds./km2 Biomass, tons/km2 Total 

Abundance, billion 
inds. 

Biomass, thousand 
tons 

Mean  SE Min Max Mean  SE Min Max 

Chukchi Sea 2003 (MT) 219.18 ± 61.24 0.5 997.34 3.17 ± 1.2 0 21.6 8.26 117.55 
2007 (MT) 78.37 ± 42.23 0 1348.3 0.55 ± 0.4 0 14.2 6.95 49.48 
2008 (MT) 10.41 ± 3.66 0 84.31 0.02 ± 0 0 0.09 0.51 0.83 
Interannual 2003–2008 
(MT) 

98.6 ± 27.82 0 1348.3 0.89 ± 0.3 0 14.2 10.97 99.6 

2010 (BT) 13.82 ± 7.46 0.3 262.61 0.27 ± 0.2 0 7.1 1.09 20.48 
2018 (BT) 12.58 ± 2.21 0.1 61.86 0.14 ± 0 0 0.58 0.64 7.14 
Interannual 2010–2018 
(BT) 

13.4 ± 3.83 0.2 262.61 0.22 ± 0.1 0 7.1 1.41 23.81 

East-Siberian 
Sea 

2015 (BT) 0.72 ± 0.19 0 3.34 0.01 ± 0 0 0.02 0.02 0.15 

Laptev Sea 2015 (MT) 1160.6 ± 475 0 3977.2 17.1 ± 8 0 69.9 11.04 162.42 
2015 (BT) 48 ± 24.93 0.3 739.61 1.99 ± 1.1 0 33.6 1.71 70.85  
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3.1.5. Abundance and biomass 
The results of studies in the pelagic zone in 2003–2008 show a wide 

range of variation of polar cod abundance, from 514 million individuals 
and 0.830 thousand tones (2008) to 8256 million individuals and 117 
thousand tones (2003) (Table 2). 

According to bottom trawl data, the abundance and biomass esti-
mates of polar cod in 2010 and 2018 were low: 1091 million individuals 
and 20 thousand tones in 2010, and 635 million individuals and 7 
thousand tones in 2018 (Table 2). 

3.2. East Siberian Sea 

3.2.1. Spatial distribution 
In August 2015, the area of the continental shelf in the southern part 

of the East Siberian Sea was surveyed. Near-bottom temperatures varied 
from − 1.6 to 2.3 ◦C. Polar cod did not form dense aggregations. Schools 
of maximum density (3.341 thousand inds./km2) were found in the 
eastern part of the study area, within the zone of influence of higher- 
salinity water masses of oceanic origin. The second area with dense 
concentrations (up to 1.437 thousand inds./km2) was localized off the 
Medvezhi Islands within the cyclonic gyre (Figs. 6, S3B, S3C). The 
average polar cod abundance was 0.782 thousand inds./km2, with no 
clear pattern in spatial distribution. Juveniles were present in low 

Fig. 2. Spatial distribution of bottom temperatures and relative abundance of polar cod in the Chukchi Sea (thousand inds./km2) based on results of mid-water trawl 
surveys: (A) – 2003; (B) – 2007; (C) – 2008; (D) – averaged data. Legend is shown on panel А. 
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Fig. 3. Spatial distribution of bottom temperatures and relative abundance of polar cod in the Chukchi Sea (thousand inds./km2) based on results of bottom trawl 
surveys: (A) – 2010; (B) – 2018; (C) – averaged data. Legend is shown on panel А. 
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numbers, and were noted mainly in the central part of the studied area. 
With increasing depth and decreasing bottom temperature from 

2.0 ◦C to − 1.6 ◦C there was a decrease in the average density of schools 
from 0.870 to 0.221 inds./km2 and from 0.005 to 0.002 t/km2. 

3.2.2. Length and weight composition 
Polar cod catches consisted of individuals with length ranging from 

6.4 to 19.7 cm and weight ranging from 1.1 to 55.0 g (mean 10.0 ± 0.1 
cm and 7.2 ± 0.1 g); 78% of which consisted of adult fish with a length 
of 8.0–11.0 cm (Fig. 7). There were no differences in the mean sizes of 
females and males. The length-weight relationship is well described by 
the equation:  

W = 0.0029 x FL3.3295 (R2 = 0.9308; n = 354 inds.).                                  

3.2.3. Sex ratio 
In general, the sex ratio in the studied area was close to 1:1 (48% 

females and 52% males), with most fish being immature (85% males and 
92% females). The transition of immature fish at the III stage of gonad 
maturation (developing gonads) was observed starting with a length of 
11 cm (males) and 12 cm (females). 

Fig. 4. Size composition of polar cod in catches in the Chukchi Sea in mid-water trawl (MT) and bottom trawl (BT) catches.  
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3.2.4. Abundance and biomass 
The abundance and biomass estimate of polar cod on the shelf in 

August–September 2015 amounted to 19 million individuals and 0.150 
thousand tons (Table 2). 

3.3. Laptev Sea 

3.3.1. Spatial distribution 

3.3.1.1. Mid-water trawl. Pelagic schools of polar cod were encountered 
over the outer edge of the shelf and the upper slope (77◦N and 
117–127◦E). In the central part of the study area (77◦N and 120–121◦E), 
there was an area of increased aggregations (3977 million inds./km2), 
with subsequent eastward displacement and gradual decrease in density 

Fig. 5. Age composition of polar cod in the Chukchi Sea from mid-water (2003, 2007–2008) and bottom (2010, 2018) trawl catches.  

Fig. 6. Spatial distribution of bottom temperatures and relative abundance of polar cod in the East Siberian Sea (thousand inds./km2).  
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to 121 thousand inds./km2. To the west of 120◦E, aggregation densities 
ranged from 0.005 to 3.593 thousand inds./km2, and mixed schools of 
juveniles (712 inds./km2) were observed (Fig. 8А). 

3.3.1.2. Bottom trawl. Within the surveyed area, the estimated abun-
dance varied widely, from 200 inds./km2 to 739 thousand inds./km2 

(Fig. 8B), with an average of 43 thousand inds./km2. The main aggre-
gations were confined to the outer edge of the shelf. The abundance of 
juveniles varied from 0.011 to 0.046 thousand inds./km2 (diagram in 
Fig. 8B is not able to show juveniles proportion in presented scale). 

3.3.2. Length and weight composition 

3.3.2.1. Mid-water trawl. The lengths and weights of polar cod were 
slightly different from those in the bottom trawl catches. Lengths and 
weights of specimens ranged from 7.0 to 24.0 cm and 1.7–78.3 g (mean 
12.8 ± 0.3 cm and 12.1 ± 0.2 g), and the majority of the catch consisted 
of fish with a length of 11.0–13.0 cm (Fig. 9A, Table S1). The length of 
juveniles varied from 7.0 to 9.0 cm and the mean length of males and 
females was 13.1 ± 0.3 cm and 12.7 ± 0.3 cm, respectively. 

3.3.2.2. Bottom trawl. The lengths and weights of individuals ranged 
from 4.0 to 29.0 cm and 0.4–148.0 g (mean 19.4 ± 0.2 cm and 43.9 ±
0.5 g), including a large proportion (33.5%) of individuals with a length 

Fig. 7. Size composition of polar cod in bottom trawl catches in the East Siberian Sea.  

Fig. 8. Spatial distribution of bottom temperatures and relative abundance of polar cod in the Laptev Sea (inds./km2) based on results of mid-water trawl (A) and 
bottom trawl (B) survey. 
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of 20.0–21.0 cm (Fig. 9B). Females were larger than males; the mean 
length was 19.9 ± 0.2 cm and 18.7 ± 0.3 cm, respectively. To the west 
of 127◦E, schools consisted of individuals with mean length 14.6–20.6 
cm; to the east, mean lengths ranged from 9.6 to 15.1 cm. 

The relationship between length and body weight is well described 
by the equation:  

W = 0.0062 x FL3.074 (R2 = 0.9637; n = 1886 inds.)                                   

3.3.3. Age composition and growth rate 

3.3.3.1. Mid-water trawl. The majority of fish were ages 1+ (62.2%) 
and 2+ (32.3%). The proportion of juveniles in the water column was 
less than 1% (Fig. 10). 

3.3.3.2. Bottom trawl. Bottom trawl catches consisted mainly of large 

individuals, with small numbers of juveniles. The majority of individuals 
were aged 3+ (23.1%) and 4+ (49.3%). The proportion of juveniles near 
the bottom was less than 1% (Fig. 10). 

The growth of Laptev Sea polar cod is approximated by the von 
Bertalanffy growth function, given by the following equation:  

L(t) = 39.89 × (1–e − 0.137(t+0.81))                                                             

3.3.4. Sex ratio 
In August–September, the sex ratio (females:males) in bottom trawl 

catches was 57.6%:42.4%. The majority of males had developing testes 
(79.9%), and the proportion of immature individuals was 20.1%. The 
distribution of females by maturity stages was different: the proportion 
of immature fish was 24.6%, and of fish with developing ovaries was 
75.4%. In the mid-water trawl catches, females were in the majority 
(58%). In contrast to the bottom trawl catches, mid-water trawl catches 
males and females were mostly immature (56.2 and 82.4%, 
respectively). 

3.3.5. Abundance and biomass 
The estimated abundance and biomass of polar cod on the outer shelf 

and the upper continental slope of the Laptev Sea amounted to 12753 
million individuals and 233 thousand tones, of which 11042 million 
individuals and 162 thousand tones were found in the mid-water column 
(Table 2). 

4. Discussion 

In the Pacific Arctic, large scale, northward movements of com-
mercial stocks are underway as previously cold-dominated ecosystems 
warm and fish move directionally to higher latitude, relatively cooler 
environments (Eisner et al., 2020). Polar cod is sensitive to climate 
change which makes this species a potential indicator of the state of the 
Arctic Ocean ecosystems (Mueter et al., 2016). Currently, climate 

Fig. 9. Size composition of polar cod in catches in the Laptev Sea: (A) – mid-water trawl, (B) - bottom trawl.  

Fig. 10. Age composition of polar cod in bottom and mid-water trawl catches 
in the Laptev Sea. 
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warming is accompanied by a retreat of the polar front and a reduction 
in the area of seasonal ice (Wang et al., 2018; Baker et al., 2020b; Ovall 
et al., 2021), which leads to a northward shift in the boundaries of polar 
cod distribution (Marsh and Mueter, 2020) and a reduction in its 
abundance causing a restructuring of the ecosystem in the region. This is 
perhaps the main reason for comprehensive monitoring of the status of 
this species for its conservation. 

4.1. Distribution and habitat conditions 

Polar cod in the surveyed region are similar in area and character of 
spatial distribution. The main aggregations were observed mainly in the 
near-bottom layer, but rather dense schools were also observed in the 
mid-water column. The exception in the East Siberian Sea where, ac-
cording to unpublished acoustics data from 2019 research cruise of R/V 
"Professor Levanidov", abundance indices in the mid-water column were 
incomparably higher than in the near-bottom layer. In the Chukchi Sea, 
the spatial distribution of polar cod during feeding and early pre- 
spawning periods is influenced by the introduction of warm Pacific 
Ocean water masses rich in zooplankton. A similar trend was observed in 
the Laptev Sea. 

Our research revealed several important features in the spatial dis-
tribution of Chukchi Sea polar cod. The main concentrations of older fish 
in the water column were most often confined to areas of high abun-
dance of large zooplankton, i.e. 5–10 g/m3 (Slabinsky and Figurkin, 
2014) (Fig. S2), regardless of the zooplankton species composition 
(which is subject to long-term variation). This is due to the wide range of 
prey consumed by polar cod, including mysids, cumaceans, gammarids, 
decapods, copepods, chaetognaths and others, with varying dominant 
prey found in the diet in various years (Efimkin, 2013; Kuznetsova, 
2018). The densest aggregations of adult polar cod were observed in 
waters within a temperature range of 2.0–5.0 ◦C. 

The spatial distribution of juveniles in all years corresponded to the 
boundaries of isotherms − 1.5 to 4.0 ◦C and to areas of high concentra-
tions of small or medium sized zooplankton (0.1–0.2 g/m3 and 0.2–1.0 
g/m3, respectively) (Slabinsky and Figurkin, 2014). In the western part 
of the area, where residual Pacific winter water masses were present in 
the 30 m layer (Khen et al., 2018) (Fig. S1), juveniles were absent. 

According to Eisner et al. (2013), a similar pattern was observed in 
the waters of the eastern Chukchi Sea in 2007, where the juveniles of 
navaga Eleginus gracilis, polar cod, and shorthorn sculpin Myoxocephalus 
scorpius were more numerous in the waters of the Alaskan coastal water 
mass. The association of polar cod schools with the Pacific water masses 
is related to their preference for a combination of optimal temperatures 
and optimal feeding conditions (forage resources). 

In the spatial distribution of fish in the near-bottom layer there was a 
similar trend – schools in the southern part of the Chukchi Sea were 
confined to the Pacific waters, the share of which is always high near the 
Bering Strait. The number of individuals in the near-bottom layer was 
high in the northern part of the sea, which is apparently associated only 
with the forage base, regardless of the temperature conditions of the 
area. Here, the diet of older polar cod age groups included not only 
zooplankton, but also fish (including polar cod juveniles) and decapods. 

Thus, in the southern part of the Chukchi Sea, the formation of near- 
bottom and pelagic aggregations of polar cod in different years is 
influenced by the presence of gyres and freshwater inflow, water tem-
peratures. Aggregations are also influenced by the localization of 
zooplankton concentrations, with species composition depending on the 
volume of the Bering Sea waters coming through the Bering Strait, on 
the one hand, and the waters of the East Siberian Sea, on the other hand. 
The penetration of more productive Bering Sea waters enriches the 
fauna and improves the forage conditions of fish in the southern part of 
the Chukchi Sea. 

Previously, it had been suggested that polar cod in the Bering Sea and 
Chukchi Sea represent a single stock, and the feeding migrations of 
maturing and mature individuals to the Bering Sea are determined by 

the climatic and oceanographic conditions of each particular year and 
by the total abundance of the species (Bondarev, 1970; Nikolaev et al., 
2008). A significant reduction in distribution and the absence of com-
mercial aggregations in the southern part of the Chukchi Sea and in the 
Bering Strait area in 2007 (Nikolaev et al., 2008) supports this hy-
pothesis, since individuals of older age groups migrating to the south 
were not abundant. 

However, consideration of the Chukchi Sea currents raise doubts 
about this assumption (Spall, 2007; Brugler et al., 2014; Danielson et al., 
2017; Lin et al., 2019). On the contrary, in our opinion, polar cod 
passively migrate into the Chukchi Sea through Bering Strait together 
with water masses of the Bering Sea Current and the northernmost 
boundary of distribution is determined by the spread of cold Chukchi 
waters, which is confirmed by some authors (Wyllie-Echeverria et al., 
1997). This phenomenon seems common to other important small 
pelagic species in this region (Baker et al., 2022; Levine et al., 2023). 
Regarding the location of spawning grounds of polar cod, it was sug-
gested that there are two sites in the northern Bering Sea and the 
Chukchi Sea (Kono et al., 2016). In the southern part of the Chukchi Sea 
in the autumn-winter period, polar cod form pre-spawning schools in 
coastal waters, sometimes entering the bays and lagoons of the Chukchi 
Peninsula (Fadeev, 2005), which may also indicate the presence of 
spawning grounds there. 

Probably, in some years, polar cod can migrate to the western part of 
the Bering Sea with the inflow of the Siberian coastal water (SCW). 
However, according to Pisareva et al. (2015), SCW is rarely, if ever, 
found in the Bering Sea. Therefore, the question of migrations of polar 
cod from the Chukchi Sea to the Bering Sea remains open. 

Due to the lack of long-term data on the spatial distribution of polar 
cod in the Laptev Sea, it is not possible to establish any clear relationship 
between distribution and water masses, temperatures, and zooplankton. 
Nevertheless, in August–September in the near-bottom layer, polar cod 
were found at temperatures from − 0.6 to − 1.8 ◦C, and distribution 
density increased toward the outer shelf with depths of 100–150 m 
(from − 0.6 to − 1.2 ◦C), which is characteristic of the early pre-spawning 
migrations (Glebov et al., 2016a, 2016b). Large polar cod were localized 
in the near-bottom layers, with no dense concentrations. Pelagic schools 
of different densities were observed only within the outer shelf. Most of 
the aggregations consisted of medium-sized fish (9.0–15.0 cm), 
distributed in the water column from the bottom to the near-surface 
layers. 

Polar cod typically avoid intermediate depths with temperatures 
below 0 ◦C and are distributed in near-surface waters or deeper Atlantic 
waters where temperatures range between 0 and 2.0 ◦C (Crawford et al., 
2012; Baker, 2021). In Lancaster Sound (Nunavut, Canada), individuals 
are typically redistributed from lower and mid-water depths into the 
warmer upper water layer (>2.0 ◦C) when the waters become seasonally 
stratified (Crawford and Jorgenson, 1996). In the coastal areas of the 
Beaufort Sea, polar cod live in a wide temperature range, from 2.0 to 
9.0 ◦C, along thermal-salinity fronts (Moulton and Tarbox, 1987; Laurel 
et al., 2017). 

In August–September 2015, the average zooplankton biomass on the 
middle shelf and continental slope of the Laptev Sea was lower than in 
the East Siberian Sea (Glebov et al., 2016a, 2016b). The majority of 
zooplankton aggregations consisted of large individuals, with the 
densest concentrations observed on the shelf and continental slope of the 
study area. Increasing concentrations of small- and medium-sized 
zooplankton were observed off the frontal zone between oceanic and 
low-salinity waters (Glebov et al., 2016a, 2016b). Based on this, it can be 
assumed that one of the factors affecting the formation of dense polar 
cod aggregations is the localization of zooplankton concentrations. 

It is interesting that results of studies in the East Siberian Sea do not 
identify any relationship between the changes in Polar cod length and 
depth. This is quite consistent with the idea of the absence of bathy-
metric specialization in most species of the marine ichthyofauna of the 
East Siberian Sea, living in a wide depth range (Chereshnev and Kirillov, 
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2007) to avoid the harsh environmental conditions of the shelf in the 
winter period and to maximize the use of shallow-water trophic re-
sources in the summer season. The reverse side of this life strategy is the 
small number of species in the central shelf areas far from the conti-
nental slope. 

4.2. Length and weight composition 

The analysis of the size composition of polar cod aggregations in the 
studied seas showed that they were represented by larger individuals 
near the bottom and by smaller fish in the water column. According to 
our data, the smallest polar cod are found in the East Siberian Sea, which 
is probably due to the harsh climate conditions and low productivity. In 
the Chukchi and Laptev seas, the average linear size of individuals was 
similar. In all seas, the fished aggregations of polar cod consisted of fish 
across a wide range of lengths, from 3.0 to 29.0 cm. 

In pelagic aggregations in the Chukchi Sea from 2003 to 2008, we 
observed a decrease in the average length of individuals in pelagic 
schools from 12.8 ± 0.2 cm to 6.4 ± 0.1 cm. In near-bottom aggrega-
tions in 2018, there was also a decrease in the mean length compared to 
2010, from 13.6 ± 0.2 cm to 12.0 ± 0.2 cm. While the size composition 
in 2010 on the northern Bering Sea shelf (NBSS) was similar to the 
western part of the Chukchi Sea, with a decrease of abundance and 
biomass up to 2018 in the NBSS, a decrease in size was not observed 
(Baker, 2021). Thus, near-bottom schools are formed by large in-
dividuals, while pelagic schools consist mainly of juveniles. It is likely 
that polar cod growing up under the ice begin to perform vertical mi-
grations together with zooplankton, and on reaching maturity migrate 
to the near-bottom layers. 

Polar cod in the coastal areas of the Laptev Sea were first described 
by Moskalenko (1964). According to data obtained in August 1947 near 
Cape Horgo (Anabar Bay), the length of polar cod in seine catches 
ranged from 8.0 to 21.0 cm, with most catches consisting of fish with 
lengths ranging from 11.0 to 15.0 cm. The size composition of polar cod 
aggregations in August–September 2015 in the water column and near 
the bottom of the Laptev Sea was notably different, 12.8 ± 0.3 cm and 
19.4 ± 0.2 cm, respectively. Maturing individuals prevailed in the lower 
layers, while polar cod of younger age groups formed schools in the 
middle water column and near-surface layers. Juveniles and young in-
dividuals were concentrated along the outer shelf and, unlike mature 
fish, were observed in warmer surface layers at temperatures up to 
2.0–4.0 ◦C. Large individuals found near the bottom did not form dense 
concentrations. 

The smallest polar cod inhabit the East Siberian Sea (10.0 ± 0.1 cm), 
which is probably due to the harsh climate of the sea and, as a conse-
quence, its low productivity (Demidov and Gagarin, 2019). 

4.3. Age composition and growth rate 

In all seas, the fished aggregations of polar cod consisted of fish aged 
0+ to 6+. The age composition of pelagic aggregations of polar cod in 
the Chukchi Sea was formed by individuals aged 0+ to 6+, and most 
individuals (82.9%) consisted of fish aged 1+ to 2+. From 2003 to 2008 
there was an increase in the proportion of individuals aged 0+ and 1+; 
this may be due to the peculiarities of the surveys in different years 
(different areas and depths surveyed) and to the natural causes of 
changes in the abundance of individual size-age groups (e.g. one or two 
high-yielding generations). The bulk of the bottom trawl catches con-
sisted of fish aged 1+ to 2+ years (85.7%). 

In August–September 2015 in the Laptev Sea, most fish aged 2+ had 
developing gonads. This indicates a hypothetical spawning in January 
(Bouchard and Fortier, 2011), based on the discovery of polar cod larvae 
in August–September within the outer shelf and continental slope and in 
the prolonged hatching season (January to July–August), when most 
larvae emerge well before the ice break-up (e.g. Kara, Laptev, and 
Beaufort seas). The assumption about the similar age of maturation and 

spawning time of the Laptev Sea polar cod compared to fish from the 
Barents and Kara seas has been previously expressed (Moskalenko, 
1964; Pechenik et al., 1973; Khristoforov, 1978; Shleinik and Borkin, 
2013; Aune et al., 2021) 

In all the seas studied, the growth rate of polar cod was uneven, but 
certain common features were observed. A comparison of the growth 
rates of polar cod in the eastern and western (Kara Sea) sectors of the 
Russian Arctic shows that the maximum growth rate was observed in the 
western sector. The lower rates of fish growth in the eastern sector are 
probably due to a significant difference in environmental conditions that 
directly determine the rate of metabolic processes in fish. Since tem-
perature, as an abiotic factor, exerts an influence on the magnitude and 
rate of metabolism, temperature and diet should interact in such a way 
that the effects of each of these factors vary more with a variation in the 
value of the other factor (Lazhentsev and Maznikova, 2015). In vitro 
studies have shown that the maximum growth rate and the best ab-
sorption of food in polar cod is observed at temperatures ranging from 
2.0 to 5.0 ◦C, both in juveniles (Laurel et al., 2017) and older individuals 
(Kunz et al., 2016). It has also been shown that juveniles in the first year 
of life must grow and store lipid reserves rapidly to minimize predation 
and maximize overwintering survival (Laurel et al., 2003, 2007, 2017, ; 
Heintz and Vollenweider, 2010; Geoffroy et al., 2011; Majewski et al., 
2013). 

4.4. Abundance and biomass 

The surveyed waters of the Laptev Sea and the East Siberian Sea are 
unproductive areas (Demidov et al., 2019; Demidov and Gagarin, 2019) 
with relatively dense polar cod schools. The maximum indices of 
abundance were found in the Laptev Sea (Table 2). 

Polar cod is a short-living species subjected to significant fluctuations 
in abundance, the sharp rise of which is often associated with the 
appearance of one or two high-yielding generations (Nikolaev et al., 
2008; Glebov et al., 2016а). This is probably one of the reasons for such 
high fluctuations in its abundance and biomass in the Chukchi Sea. 
Accordingly, the 2003 survey showed the presence of an abundant 
generation born in 2000, which provided a high abundance of polar cod 
in the following years, but by 2007, as a result of natural mortality, it 
had almost disappeared. Estimated biomass and abundance were also 
not high in 2010 and 2018. A similar pattern was observed for the 
northern Bering Sea shelf: polar cod densities in 2017 and 2018 were 
dramatically reduced relative to 2010 (Baker, 2021). In this case, when 
assessing polar cod abundance and biomass, it is necessary to consider 
the timing of the survey and the surveyed area of the Chukchi Sea, which 
is only a small part of the natural range of this species. It is possible that 
most of the juveniles remained outside the surveyed area for several 
reasons, including those related to the location of spawning and feeding 
grounds. There is also a significant influence of water circulation and 
thermohaline characteristics on the distribution of size and age groups 
in each particular year of research. Despite the high number of polar cod 
in some years, the species is unlikely to be a target of specialized com-
mercial fishing, primarily due to unprofitability. 

Estimates of polar cod abundance in the East Siberian and Laptev 
seas in 2015 were made for the first time, and therefore it is not possible 
to analyze abundance dynamics during recent years. Nevertheless, 
despite the episodic nature of the data obtained, we can state there does 
exist potential fishable aggregations of this species in the Laptev Sea. 

Despite the information available in the literature on the abundance 
of polar cod in the Arctic seas (Geoffroy et al., 2011; Crawford et al., 
2012; Antonov et al., 2017), it is not possible to make comparisons with 
our results, due to different methods for estimation of densities and to 
different fishing gear and size of the surveyed areas. 

Despite the fact that in some years the polar cod abundance reaches 
quite high values, it is generally not the target of specialized commercial 
fishing (except for the Barents Sea). There are several reasons for this. 
First, schools of polar cod are not stable, secondly, there are severe ice 
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conditions in the fishing grounds and thirdly, the low economic value of 
polar cod, which makes fishing for this species in the eastern sector of 
the Russian Arctic unprofitable. 
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A B S T R A C T   

Polar cod (Boreogadus saida) is a species with an extensive pan-Arctic distribution. Although it is not an important 
target of commercial fisheries, due to its extremely high abundance and as a keystone species linking 
zooplankton with higher trophic levels of mammals and birds, polar cod are considered a critical component of 
the Arctic Ocean pelagic ecosystem. For the Chukchi and Beaufort Seas, either a complete absence of a popu-
lation structure or very weak differences between this part of its range and others is shown. The purpose of this 
work is to identify the intraspecific organization of the polar cod based on mtDNA from most areas of the 
Chukchi Sea and the adjacent part of the Beaufort Sea. This is the first presentation of results from analysis of the 
Cyt b gene polymorphism of mitochondrial DNA in samples of polar cod from the western Chukchi Sea. Results 
indicated that there is no genetic differentiation of polar cod in the surveyed area. The exception are several 
samples from the Kotzebue Sound, central Chukchi Sea and western Beaufort Sea, which may be due to the 
transport of polar cod eggs, larvae or early juveniles by currents from the spawning grounds of Kotzebue Sound 
first to the central Chukchi Sea, and then to the western Beaufort Sea. The Kotzebue Sound population differs in 
nucleotide diversity index, as well as in pairwise values of the FST genetic differentiation index, which may be 
due to the isolation of this site from main currents in the area.   

1. Introduction 

In recent years, interest in the Arctic increased significantly due to 
exploration and development of new oil and gas fields, and the renewed 
interest in fisheries due to the loss of sea ice in the region (Crépin et al., 
2017; Chan et al., 2019; Harris et al., 2017). However, there remains an 
insufficient level of knowledge on biological diversity and the state of 
aquatic living resources in the Arctic seas, negatively affecting the 
implementation of concepts toward their long-term sustainable use and 
conservation (Noble and Hanna, 2015; Van Pelt et al., 2017; Snoeij-
s-Leijonmalm et al., 2020). 

Polar cod, Boreogadus saida, along with the Arctic cod, Arctogadus 
glacialis, is a key component of the Arctic marine ecosystem (Aschan 
et al., 2009). Both species serve as a reliable indicator of ecosystem 
change and they occupy a central position in the functioning of trophic 
webs of the Arctic Ocean (Bouchard and Fortier, 2011; Christiansen 
et al., 2012; Benoit et al., 2014; Mueter et al., 2016). However, due to 

the very low abundance of Arctic cod (Mecklenburg et al., 2018), the 
Polar cod is the dominant fish species, and in many cases the only 
consumer of plankton in the upper water column (Buckley and White-
house, 2017; Prokopchuk, 2017; Gorbatenko and Kiyashko, 2019). At 
the same time, it serves as a major dietary component for many marine 
mammals, fish-eating birds, and demersal fishes (Graham and Hop, 
1995; Christiansen et al., 2012; Melnikov and Chernova, 2013; Giraldo 
et al., 2018). 

The population structure of polar cod within its range is poorly un-
derstood (Mecklenburg et al., 2018), and information from the Russian 
Siberian Arctic (Barents, Pechora, Kara, Laptev and East-Siberian seas) 
remains controversial. Some authors (Moskalenko 1964; Shepel 1971; 
Chernova, 2018) have suggested that there are several forms of polar 
cod in this area, differing in body size, growth rate, morphological 
characters and coloration. Genetic research with the use of various 
markers was initiated in the Atlantic Arctic region in the late 1990s 
(Fevolden and Christiansen, 1997; Fevolden et al., 1999), and recently, 
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genetic studies were intensified both in the Atlantic (Madsen et al., 
2016; Gordeeva and Mishin, 2019; Maes et al., 2021) and Pacific Arctic 
(Wilson et al., 2017, 2019, 2020) regions. These studies showed very 
controversial results from having little (Gordeeva and Mishin, 2019) or 
no population structuring within the above-mentioned regions (Maes 
et al., 2021; Wilson et al., 2017, 2019, 2020), to the existence of pop-
ulation differentiation between coastal (fjords) and offshore areas 
(Madsen et al., 2016). Despite these efforts, there have been very few 
papers that have addressed circumpolar genetic population structure 
(Nelson et al., 2020; Quintela et al., 2021). The former one distinguished 
four different large groups with very little differentiation within each 
identified group: Canada East group (samples from Resolute Bay to the 
Gulf of St. Lawrence), Canada West group (samples from the Canadian 
Beaufort Sea and Amundsen Gulf), Europe group (samples from the 
Greenland Sea, Iceland and the Laptev Sea), and US group (samples from 
the North Bering, Chukchi and Western Beaufort seas). In Quintela et al., 
2021) genetic differences were found between samples from the Laptev 
and East Siberian Sea, while no differentiation was observed between 
samples from the Kara Sea and Svalbard waters. 

The polar cod is reported to be a single population over most of its 
range, with the exception of some isolated areas (such as fjords); we 
assumed that a similar pattern may be observed in the Chukchi Sea. 

Meanwhile, all previous genetic research in the Pacific Arctic region 
(Wilson et al., 2017, 2019, 2020; Nelson et al., 2020) has been based on 
samples obtained in the eastern Bering Sea, eastern Chukchi Sea, and 
western Beaufort Sea, with no genetic studies having been done on polar 
cod in the western Chukchi Sea. Here we present for the first time data 
on polymorphism of the Cyt b mtDNA gene of polar cod in the western 
Chukchi Sea, and compare it with that from the eastern Chukchi Sea and 
western Beaufort Sea based on our own samples and data taken from 
publicly available databases. The results of this study may be useful for 
monitoring changes in polar cod populations due to changing climate 
and anthropogenic impacts, including oil and gas developments, ship-
ping, fishing, tourism and other human activities. 

2. Material and methods 

Tissue samples of mature polar cod for this study were collected in 
the Chukchi Sea from the Russian RV “Professor Levanidov” (2019, the 
western Chukchi Sea and the western Beaufort Sea, bottom trawl, n =
218) and US RV “Ocean Starr” (2017 and 2019, the eastern Chukchi Sea 
and the western Beaufort Sea, bottom trawl, n = 155; Baker et al., 2020) 
were used. Tissue samples were preserved in 96% ethanol. For a more 
complete picture, the cytochrome b mtDNA gene (Cyt b) sequences taken 
from the NCBI open genetic database were additionally used (Beaufort 
Sea, n = 341) (Table 1, Fig. 1). Also, for comparative analysis, sequences 
of three samples of Atlantic cod Gadus morhua (NC_002081, KX267089, 
KX267079), three samples of walleye pollock Gadus chalcogrammus 
(MH035604, MH035603, MH035602), three samples of Pacific cod 
Gadus macrocephalus (NC_036931, KY296294, DQ356938), two samples 
of Greenland cod Gadus ogac (DQ356940, DQ356941) and two samples 
of Arctic cod Arctogadus glacialis (AM919429, NC_010122) were taken 
from the NCBI database . 

DNA isolation and purification was carried out using the Wizard SV 
96 Genomic DNA Purification System (Promega, USA) DNA isolation kit 
according to the manufacturer’s protocol. Primers SaiCytb-F 5′ GCCA-
TACACTACACCGCAGA, SaiCytb-R 5′ GCGGAATGTTAAACCTCGCT 
were used to amplify the Cyt b gene fragment. The amplification reaction 
was carried out according to the following program: DNA denaturation 
at 95 ◦C, 3 min; 35 cycles consisting of 30 s of denaturation of the DNA 
matrix at 95 ◦C, 30 s, annealing of primers at 52 ◦C and synthesis of 
elongation for 30 s at 72 ◦C. This was followed by a final elongation of 
10 min at 72 ◦C. 

After PCR, the resulting product in the volume of 3 μl was purified 
from impurities by ethanol precipitation (Silva et al., 2001). For the 
sequencing reaction, 0.4 pmol of the purified PCR product and 3.2 pmol 
of the corresponding primer were taken. The sequencing reaction was 
performed with the SaiCytb-F 5′ GCCATACACTACACCGCAGA primer 
and a set of BigDye v.1 reagents (Applied Biosystems, USA). After the 
sequencing reaction, the resulting product with a volume of 0.5 μl was 
dissolved in 15 μl of formamide (Silva et al., 2001), and denatured at a 
temperature 95 ◦C for 5 min. Sequencing of polar cod DNA samples was 
performed on the ABI Prism 3130xl device according to the manufac-
turer’s protocol (Applied Biosystems, USA). 

The obtained sequences of the polar cod Cyt b gene were processed 
using the Geneious 8.1.8 software package (Drummond et al., 2011), 
ClustalW alignment. The obtained nucleotide sequences of polar cod 
samples were translated into the necessary format for constructing a 
haplotypic network in the PopArt program (Leigh and Bryant, 2015). 
The genetic differentiation index (FST) and p-value were calculated 
using the Arlequin 3.5.1.3 program (Excoffier and Lischer, 2010), and 
the FaBox 1.41 converter was used to convert the fasta file to the format 
required for calculation (Villesen, 2007). The average number of 
nucleotide substitutions (K), the number of polymorphic sites (S), the 
number of haplotypes (h), haplotypic diversity (Hd), and nucleotide 
diversity (Pi) in each sample and among all samples were analyzed in the 
DnaSP 5.10.01 software package (Librado and Rozas, 2009). Microsoft 
Excel 2010 package was used to calculate the shares of mtDNA 

Table 1 
Description of polar cod Boreogadus saida samples (n = sample size, samples 
denoted with symbol “*” are taken from NCBI database).  

Sample 
no. 

Sample 
acronym 

n Coordinates Year Area 

N W 

1 Ch17-1 49 72◦00′ 162◦47′ 2017 Eastern Chukchi 
Sea 

47 71◦30′ 164◦57′ Eastern Chukchi 
Sea 

2 Ch17-2 47 70◦01′ 164◦01′ Eastern Chukchi 
Sea 

3 Ch17-3 12 67◦00′ 166◦10′ Eastern Chukchi 
Sea 

4 Ch19-1 22 71◦44′ 163◦06′ 2019 Eastern Chukchi 
Sea 

5 Ch19-2 23 68◦27′ 170◦58′ Western Chukchi 
Sea 

6 Ch19-3-1 20 69◦34′ 171◦50′ Western Chukchi 
Sea 

4 68◦56′ 172◦18′ Western Chukchi 
Sea 

Ch19-3-2 24 69◦11′ 172◦56′ Western Chukchi 
Sea 

7 Ch19-4 47 69◦11′ 175◦44′ Western Chukchi 
Sea 

8 Ch19-5 48 70◦01′ 179◦02′ Western Chukchi 
Sea 

9 B19-1 13 72◦22′ 157◦10′ Eastern Chukchi 
Sea/Western 
Beaufort Sea 

B19-2 17 71◦44′ 157◦16′ Eastern Chukchi 
Sea/Western 
Beaufort Sea 

10 B08* 29 71◦14′ 155◦08′ 2008 Beaufort Sea, 
Alaska, 
MG100521- 
MG100549 

11 B11* 186 71◦06′ 154◦03′ 2011 Beaufort Sea, 
Alaska, 
MG100209- 
MG100394 

12 B13* 51 70◦07′ 142◦15′ 2013 Beaufort Sea, 
Alaska, 
MG100395- 
MG100445 

13 B14* 75 70◦50′ 145◦03′ 2014 Beaufort Sea, 
Alaska, 
MG100446- 
MG100520  
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haplotypes of the Cyt b gene fragment in each sample of polar cod. 

3. Results 

Results of this study were obtained from the polymorphism of 714 
individuals (15 sampling sites) of polar cod using Cyt b mtDNA gene 616 
bp long (all sequences, even from the NCBI database, had been trimmed 
to the same number of basepairs). The Ch17-1 sample consists of in-
dividuals from two trawls that were geographically close. After calcu-
lating the FST (negative index value), they were combined. The same 
applies to the Ch19-3-1 sample. 

A total of 130 haplotypes were found, 35 of which were observed in 
more than one individual, with the remaining 95 being unique and were 
found only once in the study. Based on the Cyt b gene sequences a 
haplotype network was constructed (Fig. 2). To understand the phylo-
genetic relationships, sequences of Gadus species and Arctogadus glacialis 
were added to the alignment of polar cod sequences as an outgroup. The 
absolute number of nucleotide substitutions between polar cod and its 

closest relatives, Arctogadus glacialis and Gadus macrocephalus, at the 
same region was 11 and 40, respectively. It is interesting to note that 
outgroups diverged from different haplotypes (H5, H12 and H6), but 
this is consistent with earlier studies of phylogenetic relationships 
within gadine fishes (Coulson et al., 2006). 

The polar cod haplotype network showed a “star-shaped” structure 
with seven major haplotypes (H1, H4, H5, H6, H12, H13, and H15) and 
123 minor haplotypes which are descended from major ones (Fig. 2). 
The total share of major haplotypes occupied about 75% of all haplo-
types. For each sample site, diagrams of the ratio of polar cod haplotypes 
were plotted (Fig. 3A). Single haplotypes occurred no more than 1 time 
were combined into the H0 group. Haplotypes H4, H6 and H13 were 
present in different ratios from all of the studied samples (Fig. 3A). The 
share of H4 reached a maximum of 38%, H6 – 33% and H13 – 21%. H5 
was not found in the southernmost sample from the Chukchi Sea (Ch17- 
3), in sample Ch19-3-2 and in the westernmost samples from the 
Beaufort Sea (B19–1 and B19-2). From the remaining samples, the total 
share reached a maximum of 25%. H1 was not found in another sample 

Fig. 1. Map showing sites of polar cod Boreogadus saida samples collected from the Chukchi and Beaufort seas. Four samples were merged in two according to 
negative value of FST index. 

Fig. 2. Polar cod Boreogadus saida haplotype network 
based on the Cyt b gene polymorphism. Lines connect 
haplotypes that differ by one nucleotide substitution, 
more than two substitutions are marked with black 
dots; larger numbers of substitutions are indicated in 
parentheses, the numbers in the colored cloud corre-
spond to the number of the major haplotypes. The 
letter “H” denotes a haplotype, the letter “G” - a 
haplogroup. It is interesting to note that outgroups 
diverged from different haplotypes (H5, H12 and H6), 
but this is consistent with earlier studies of phyloge-
netic relationships within gadine fishes (Coulson 
et al., 2006).   
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from the Chukchi Sea (Ch19-2) and reached 20% in the remaining 
samples. H12 presents in three samples from the Chukchi Sea (Ch17-1, 
Ch19-45, Ch19-5) and in three samples from the Beaufort Sea (B19–2, 
B11, B14), reaching a maximum of 8%. H15 is absent in two samples 
from the Chukchi Sea (Ch17-3, Ch19-3-1) and in two samples from the 
Beaufort Sea (B19–1, B08) and reaches a maximum of 9%. 

For a more in-depth analysis, based on the derived haplotype 
network, we identified seven polar cod haplogroups (G1-G7), with each 
haplogroup being highlighted with a certain color. We isolated seven 
haplogroups based on the principle of the presence of the least number 
of substitutions between major and minor haplotypes that were 
descended from it. Four haplotypes showed an equal quantity of 
nucleotide substitutions between them and several major haplotypes, 
therefore they were not included in any haplogroup. 

After assigning each polar cod sample to a specific haplogroup, we 
calculated the ratio of haplogroups in the samples (Fig. 3B). We assumed 
that haplogroup G1 has a more ancient origin in relation to all other 
polar cod haplogroups, since the relationship with Pacific cod 

(outgroup) was formed through this haplogroup. The first haplogroup 
G1 was not found in the two samples from the Chukchi Sea (Ch17-3 and 
Ch19-3-2) and in the sample B19-1 from Beaufort Sea. It is worth noting 
the peculiarity of G1 that has a connection with haplogroup G6 only, and 
it is isolated from other haplogroups. The haplogroups G2, G3, G4 and 
G5 were found in all of the samples analyzed. The sixth haplogroup did 
not occur in four samples from the Chukchi Sea (Ch17-3, Ch19-1, Ch19- 
2, and Ch19-3-1) and in the 2008 Beaufort Sea sample. G7 was absent in 
two samples from the Chukchi Sea (Ch17-3 and Ch19-3-2) and in two 
samples from the Beaufort Sea (B19–1 and B08). 

The average value of haplotypic diversity (Hd) for all of our samples 
was 0.8810 ± 0.0003 (Table 2). The minimum and maximum Hd values 
were recorded in the samples from the Chukchi Sea (0.835 ± 0.007, 
Ch19-5 and 0.939 ± 0.014, Ch17-3). No regularities in the change of Hd 
and Pi were revealed. At the same time, a samples with a low average 
number of nucleotide substitution (K) value (1.85, B19-1, 2.14, Ch19-3- 
1 and 2.24, Ch17-3 from the Kotzebue Sound) were found. The sample 
Ch19-2 has, on the contrary, a high value of K – 4.02. 

Fig. 3. Geographic distribution of haplotypes (A) and haplogroups (B) in polar cod Boreogadus saida samples from the Chukchi and Beaufort seas based on Cyt b gene 
polymorphism. Single haplotypes occurred no more than 1 time were combined into the H0 group. Haplotypes not included in any haplogroup are not shown 
in Fig. 3B. 
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Based on the Cyt b polymorphism data (list of haplotypes with 
reference to the sample sites), a matrix of pairwise values of the FST 
genetic differentiation index between all samples of polar cod was 
constructed (Table 3). Significant differences were obtained in 12 pairs 
of sample sites (number of permutations: 10000). Thus, the statistically 
significant values of FST were found between the sample Ch19-3-1 and 7 
another samples (B13, B14, Ch19-1, Ch19-2, Ch19-3-2, Ch19-4, Ch19- 
5), between the sample Ch19-2 and another samples (B11, B19-1 and 
Ch17-3), between Ch19-3-2 and B11 and, finally, between Ch19–1 and 
B19-1. 

4. Discussion 

Attempts to study the population structure of polar cod were previ-
ously made using various approaches. Based on the differences in the 
size composition, growth rates, morphological features and coloration, 
some authors (Moskalenko, 1964; Shepel, 1971; Chernova, 2018) 
concluded that there are several population groups within the Russian 
Siberian Arctic (Barents, Pechora, Kara, Laptev and East-Siberian seas). 
Based on the analysis of fatty acids, differences were shown between 
polar cod of the Chukchi Sea and the Beaufort Sea (Dissen et al., 2018) 
with higher fatty acids content in the Chukchi Sea, which makes this fish 
a more valuable feeding resource. Differences in the chemical compo-
sition of juvenile polar cod otoliths from the Laptev Sea, Hudson Bay, 
Amundsen Gulf, Lancaster Sound, Baffin Bay, and Frobisher Bay were 
found (Bouchard et al., 2015). However, all of the above data, based on 
the results of ecological studies, indicate not intraspecific structure, but 
rather reflect the different environmental conditions of individuals from 
different parts of the species’ range. 

The results of genetic studies obtained by us are consistent with most 
of the known previous works using various genetic markers. Earlier 
studies using the Cyt b gene (Talbot et al., 2014) failed to identify sig-
nificant differences between samples of polar cod from the Beaufort Sea, 
the Chukchi Sea and St. Lawrence Bay. However, a pairwise comparison 
of samples from the Chukchi Sea and the Beaufort Sea showed a weak 
but significant difference. In another study (Wilson et al., 2017), 11 
microsatellite loci, the Cyt b gene, as well as complete mitochondrial 
genomes for some samples were used as markers. Results from Wilson 
et al. (2017), in contrast to the work of Talbot et al. (2014), indicate the 
presence of a single panmictic population across the Chukchi, Beaufort 
Sea, and Bering Seas, with high genetic diversity. The lack of genetic 

population structure in the Bering Sea, the eastern part of the Chukchi 
Sea and the Beaufort Sea using mtDNA and microsatellites as genetic 
markers was shown by Wilson et al. (2019) and later using the complete 
mitochondrial genome (Wilson et al., 2020), which is quite consistent 
with our results. This situation is typical not only for the Pacific sector of 
the Arctic, but was also observed in other parts of polar cod species 
range. Thus, samples from the waters of western Svalbard, the northern 
Sophia Basin and the Eurasian part of the Arctic Ocean were compared 
for 9 microsatellite loci (Maes et al., 2021). Despite high genetic di-
versity, there was no spatial genetic differentiation within the surveyed 
areas. Previously, it was shown that there was no population differen-
tiation between samples of polar cod from the Pechora Sea, the waters of 
Svalbard and the Davis Strait based on the analysis of several allozyme 
loci and one scnDNA locus (Fevolden and Christiansen, 1997), as well as 
on RAPD analysis (Fevolden et al., 1999), despite the presence of 
external morphological and behavioral differences. 

We assume that there is a separate population in the Kotzebue Sound, 
which differs from the rest of the population in the Chukchi and Beaufort 
Seas in terms of the ratio of haplotypes. It is characterized by the absence 
of the H5 haplotype, which, as mentioned above, we consider ancestral. 
Descendants of this population that emerged from Kotzebue Sound have 
been distributed in the Chukchi and Beaufort Seas and were caught in 
samples Ch17-3, Ch19-3-1, B19–1 and B19-2. 

There is an assumption that a system of circular currents exists in 
Kotzebue Sound, which can keep polar cod from moving further north, 
which may be prerequisites for isolation and differentiation from other 
populations. This is confirmed by the paper by Vestfals et al. (2021), 
who simulated the movement of eggs in the Chukchi Sea and showed the 
high degree of isolation of Kotzebue Bay from the rest of the sea. This 
may indicate the possible existence of polar cod populations in isolated 
bays separated from the main currents in the Arctic Ocean. It should be 
noted that our main collections were carried out in the open parts of the 
seas without capturing polar cod from semi-enclosed bays, i.e. we are 
talking about the absence of population structure in polar cod based 
solely on regions open to the main currents in the Arctic Ocean. 

The main reason for the lack of genetic population structuring of 
polar cod across large parts of its range is related to its ecology at the 
early stages of its life cycle. This species is characterized by the presence 
of buoyant eggs (Spencer et al., 2020) that drift with currents for two to 
four months before hatching (Graham and Hop, 1995). According to a 
recent study (Vestfals et al., 2021), polar cod larvae in the Chukchi Sea 
most likely originate from spawning grounds within the Bering and 
southern part of the Chukchi Sea, and polar cod of the Beaufort Sea and 
the Arctic basin most likely originate from spawning grounds in the 
Chukchi Sea. Thus, the transport of eggs, larvae and early juveniles of 
polar cod by currents over long distances ensures the exchange of ge-
netic material across large parts of its range, which is reflected in the 
absence of genetic differences between them. 
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Table 2 
Characteristics of polar cod Boreogadus saida samples in the Chukchi and 
Beaufort seas (N – number of sequences, S – number of polymorphic sites, h – 
number of haplotypes; Hd – haplotypic diversity, m – error of mean, σ – standard 
deviation of Hd, K – number of nucleotide substitutions, Pi - nucleotide 
diversity).  

Samples N S h Hd ± m σ K Pi 

Ch17-1 96 24 28 0.875 ± 0.002 0.020 3.031 0.00492 
Ch17-2 47 19 19 0.913 ± 0.003 0.020 3.302 0.00536 
Ch17-3 12 8 8 0.939 ± 0.014 0.048 2.242 0.00364 
Ch19-1 22 15 11 0.922 ± 0.007 0.031 3.701 0.00601 
Ch19-2 23 15 10 0.846 ± 0.011 0.051 4.016 0.00652 
Ch19-3- 

1 
24 10 9 0.837 ± 0.010 0.051 2.138 0.00347 

Ch19-3- 
2 

24 12 10 0.855 ± 0.010 0.048 3.699 0.00601 

Ch19-4 47 15 15 0.872 ± 0.005 0.032 2.827 0.00459 
Ch19-5 48 17 17 0.835 ± 0.007 0.045 2.505 0.00407 
B19-1 13 8 7 0.846 ± 0.021 0.076 1.846 0.00301 
B19-2 17 13 10 0.897 ± 0.014 0.056 3.206 0.00520 
B08 29 16 13 0.894 ± 0,006 0.035 3.547 0.00576 
B11 186 38 48 0.889 ± 0,001 0.014 2.859 0.00464 
B13 51 15 15 0.860 ± 0,004 0.026 3.068 0.00498 
B14 75 28 25 0.873 ± 0,003 0.023 3.465 0.00563 
All 714 83 130 0.8810 ±

0.0003 
0.0066 3.054 0.00496  
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A B S T R A C T   

The results of the analysis of the Cyt b gene polymorphism of mitochondrial DNA in samples of walleye pollock 
Gadus chalcogrammus from the Chukchi Sea are presented for the first time. The data obtained are compared with 
those from the western Bering Sea, the Sea of Okhotsk and the Pacific waters off the northern and southern Kuril 
Islands. According to the analysis of the samples pooled by seas, the populations of the Chukchi Sea and the 
Bering Sea do not differ from each other and differ statistically significantly (p < 0.05) from the pooled sample of 
the Sea of Okhotsk. This may be due to the exchange of its genetic material, which occurs because of the mixing 
from different spawning grounds at the early developmental stages as a result of transfer by currents (1) and 
active migrations of adults (2).   

1. Introduction 

Walleye pollock (Gadus chalcogrammus Pallas, 1811) is one of the 
most widespread bentho-pelagic fish species of the North Pacific 
(Shuntov et al., 1993, Bailey et al., 1999). Its range extends from the 
Chukchi Sea in the north to the waters of Korea, Japan and California in 
the south (Balykin, 1986; Orlov et al., 2020; 2021a, 2021b). There are 
also isolated records of this species in the North Atlantic and the Arctic, 
including the Norwegian, Barents, Kara and Laptev seas (Mecklenburg 
et al., 2018; Makhrov and Lajus, 2018; Orlov et al., 2020; 2021a, 
2021b). Walleye pollock is a valuable commercial species, occupying a 
leading position in terms of catch both in the North Pacific and in the 
world fisheries as a whole (Fadeev and Vespestad, 2001; Bulatov, 2014, 
2015; Shevchenko and Datsky, 2014). In addition, it plays an important 
role in the ecosystems of the North Pacific participating in various 

trophic chains from invertebrates to predatory fish, marine mammals 
and birds (Shuntov et al., 1993; Livingston, 1993; Bailey et al., 1999). 

Until recently, there were no data about the occurrence of adult 
walleye pollock in the Chukchi Sea (Fadeev, 2005; Hoff et al., 2016). 
Only recently was there information about its presence in this area, but 
the abundance of this species was considered insignificant (Mecklenburg 
et al., 2018). In August 2019, during the bottom trawl survey onboard 
the RV "Professor Levanidov” in the western part of the Chukchi Sea, 
commercial aggregations of large-sized walleye pollock were discovered 
(Orlov et al., 2019, 2020; Maznikova et al., 2022; Emelin et al., 2022). A 
recent northward population expansion was also observed in Pacific cod 
Gadus macrocephalus (Spies et al., 2020). 

Despite a long and comprehensive study of walleye pollock biology, 
there is still no common point of view on its intraspecific organization 
within the species’ range (Zverkova, 1981; Pushnikov, 1987; Glubokov 

* Corresponding author. A.N. Severtsov Institute of Ecology and Evolution of the Russian Academy of Sciences, Moscow, Russia. 
E-mail address: orlov@vniro.ru (A.M. Orlov).  

Contents lists available at ScienceDirect 

Deep-Sea Research Part II 

journal homepage: www.elsevier.com/locate/dsr2 

https://doi.org/10.1016/j.dsr2.2022.105216 
Received 13 August 2021; Received in revised form 9 September 2022; Accepted 27 October 2022   

mailto:orlov@vniro.ru
www.sciencedirect.com/science/journal/09670645
https://www.elsevier.com/locate/dsr2
https://doi.org/10.1016/j.dsr2.2022.105216
https://doi.org/10.1016/j.dsr2.2022.105216
https://doi.org/10.1016/j.dsr2.2022.105216
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr2.2022.105216&domain=pdf


Deep-Sea Research Part II 206 (2022) 105216

2

and Kotenev, 2006; Shubina et al., 2009), including a complete lack of 
information about walleye pollock of the Chukchi Sea. The population 
structure of this species and its phylogenetic relationships were previ-
ously studied using various molecular genetic markers: allozymes, mi-
crosatellite loci, and single nucleotide polymorphism (SNP) (Grant and 
Utter, 1980; O’Reilly et al., 2004; Yanagimoto et al., 2004; Canino et al., 
2005; Grant, 2006; Shubina et al., 2009; Savenkov et al., 2018). While 
number of various studies of walleye pollock using the gene Cyt b of 
mtDNA were conducted in the northeastern Pacific (e.g. Olsen et al., 
2002; Grant et al., 2006; Carr and Dawn Marshall, 2008), in the Asian 
part of its range and the adjacent Arctic, similar research have not been 
conducted before. 

The study of the intraspecific organization of walleye pollock by 
molecular genetic methods is difficult due to the lack of physical 
boundaries in the sea and the complexity (often impossibility) of 
simultaneous collection of samples within its entire range (especially 
during the spawning period) (Grant et al., 2010). This species is char-
acterized by the presence of pelagic eggs, larvae and early juveniles that 
can be carried by currents over long distances, and adults that can 
perform long migrations (Zverkova, 1981; Pushnikov, 1987; Glubokov 
and Kotenev, 2006; Shubina et al., 2009; Orlov et al., 2020). Walleye 
pollock is characterized by high fecundity. Its spawning occurs in the 
water column, from where pelagic eggs, and later larvae and early ju-
veniles can be carried by currents over long distances (Dunn and Mat-
arese, 1987). The presence of early pelagic stages in walleye pollock 
development apparently increases the gene flow between populations 
and causes low intraspecific differentiation (Palumbi, 1995; Bohonak, 
1999; Shanks, 2009; D’Aloia et al., 2015). 

We assume that there is a single population in the Chukchi and 
Bering Seas, which differs from the population of the Sea of Okhotsk. 
The purpose of this study is to test this hypothesis. The marker Cyt b was 
chosen for the study, as according to preliminary data, it showed a high 
level of polymorphism which allows differentiation to be assessed on a 
smaller scale, in contrast to the D-loop (Orlova et al., 2022). 

2. Materials and methods 

Walleye pollock tissue fragments (n = 493, 15 collections in total) 
from mid-water and bottom trawl catches were collected (Fig. 1, 
Table 1) in the western Chukchi Sea, the western Bering Sea, the Sea of 
Okhotsk, and in the Pacific waters off the northern and southern Kuril 
Islands, as well as in the eastern Chukchi Sea and the western Beaufort 
Sea (in US waters samples were taken in the frame of the Arctic Inte-
grated Ecosystem Research Program, Baker et al., 2020). Tissue frag-
ments were preserved in 96% alcohol and stored at − 20 ◦C. The data 
analysis included individuals from the Sea of Okhotsk and the waters off 
the southern and northern Kuril Islands, represented by spawning, spent 
and post-spawning individuals only. In the Bering and Chukchi seas, due 
to ice and weather conditions, it was almost impossible to conduct sci-
entific research and collect tissue fragments from spawning individuals. 
Therefore, tissue fragments from these regions were taken from walleye 
pollock individuals of different ages and at different stages of gonad 
maturity, while the most individuals from the Chukchi Sea (ChB19, 
Chuk19-1, Chuk19-2 and Chuk17) were represented by juveniles. Add-
ing them to the analysis is purely informative, since a detailed com-
parison with adult fish is not possible. Three Cyt b gene sequences of 
Pacific cod Gadus macrocephalus (NC_036931.1, KY296294.1, 
AB078152.1) and three of Atlantic cod G. morhua (KX267079.1, 
KX267089.1, NC_002081.1) taken from the NCBI genetic database 
(https://www.ncbi.nlm.nih.gov/) were used as an outgroup in the 
analysis. 

DNA isolation and purification was carried out using the Wizard SV 
96 Genomic DNA Purification System (Promega, USA) DNA isolation kit 
according to the manufacturer’s protocol. Primer SaiCytb-F 5′ GCCA-
TACACTACACCGCAGA, SaiCytb-R 5′ GCGGAATGTTAAACCTCGCT 
(Emelianova et al., 2021) were used to amplify a fragment of walleye 
pollock Cyt b gene. The amplification reaction was carried out according 
to the following program: DNA denaturation - 95 ◦C, 3 min; 35 cycles 
consisting of 30 s of denaturation of the DNA matrix at 95 ◦C, 30 s, 
annealing of primers at 52 ◦C and synthesis of elongation for 30 s at 72 

Fig. 1. Map showing sites of walleye pollock Gadus chalcogrammus samples in the Chukchi Sea, western Bering Sea, and Sea of Okhotsk. Arrows indicate directions of 
main currents based on publications by Coachman et al. (1975), Borodko (2004), and Kolomeytsev (2020). 
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◦C. This was followed by a final elongation of 10 min at 72 ◦C. 
After PCR, the resulting product in the volume of 3 μl was purified 

using ethanol precipitation (Silva et al., 2001). For the sequencing re-
action, 0.4 pmol of the purified PCR product and 3.2 pmol of the cor-
responding primer were taken. 

The sequencing reaction was performed with the SaiCytb-F1 primer 
(Emelianova et al., 2021) and a set of BigDye v1.1 reagents (Applied 
Biosystems, USA). 

After the sequencing reaction, the resulting product with a volume of 
0.5 μl was dissolved in 15 μl of formamide (Silva et al., 2001) and de-
natured at a temperature of 95 ◦C for 5 min. Sanger sequencing of 
walleye pollock DNA samples was performed on the ABI Prism 3130xl 
device according to the manufacturer’s protocol (Applied Biosystems, 
USA). 

The obtained sequences of the Cyt b gene fragment were processed 
using the Geneious 8.1.8 software package (Drummond et al., 2011), 
ClustalW alignment (with manual trimming and quality control of nu-
cleotides). The obtained nucleotide sequences of walleye pollock sam-
ples were translated into the required format for calculations in the 
PopArt program (Leigh and Bryant, 2015) and Arlequin 3.5.1.3 software 
(Excoffier and Lischer, 2010) using FaBox 1.41 converters (Villesen, 
2007). The average number of nucleotide substitutions (K), the number 
of polymorphic sites (S), the number of haplotypes (h), haplotypic di-
versity (Hd), nucleotide diversity (Pi) in each sample and among all 
samples were analyzed in the DnaSP 5.10.01 software package (Librado 
and Rozas, 2009). The shares of mtDNA haplotypes of Cyt b gene in 
walleye pollock samples were calculated using the Microsoft Excel 2010 
program. Ratios of haplotypes and haplogroups were calculated by 
direct proportion. Pairwise indices of genetic differentiation (FST), the 
statistical significance (p-value) of differences between samples, Taji-
ma’s D indices (and Tajima’s p-value for them) were calculated in the 
Arlequin 3.5.1.3 software (Excoffier and Lischer, 2010). 

3. Results 

As a result of the study of polymorphism in 493 walleye pollock in-
dividuals (15 samples), 119 haplotypes were found for the Cyt b mtDNA 
gene fragment with a length of 614 bp. Of these, 29 haplotypes were 
found in more than one individual, all the others are rare and were found 

only one time in the study. In this paper, we used the letter “H” to 
designate the haplotype, and the letter “G” to designate the haplogroup 
(the method of their formation is be described below). 

3.1. Distribution by haplotypes 

Based on the sequences of the Cyt b gene, a haplotypic network was 
constructed (Fig. 2). To understand the phylogenetic relationships, three 
sequences of Pacific cod Gadus macrocephalus and three sequences of 
Atlantic cod G. morhua were added to walleye pollock sequences as an 
outgroup. The number of nucleotide substitutions between walleye 
pollock and its closest relative - the Pacific cod (Árnason and 
Halldórsdóttir, 2019) was 35, which is comparable to the number of 
substitutions for the same marker between the Pacific cod and the 
Atlantic cod (33). 

For each samples, diagrams of the ratio of walleye pollock haplo-
types were plotted (Fig. 3A). The basis of haplotypic diversity was 
formed by two major haplotypes, H1 and H2 (H2 more numerous than 
H1). The total share of major haplotypes was 60%. Haplotypes H1 and 
H2 were presented in different ratios in all studied samples. In the Bering 
Sea (except for the individuals from the Karaginsky Bay) and the 
Chukchi Sea, the H2 haplotype was more common than in the Okhotsk 
Sea (40–70% vs. 23–35%). Haplotype H1, on the contrary, was more 
common in the Sea of Okhotsk and in the waters of the southern Kuril 
Islands (4–31%) than in the Chukchi and Bering Seas (2–14%). 

It should be noted that the haplotype H12 was notably represented in 
the samples from the western Chukchi Sea (Chuk19-3, 11%), and also 
rarely occurred in three samples from the Bering Sea, in the sample from 
the northern Chukchi Sea (Chuk19-2) and in one of the samples of the 
Sea of Okhotsk (Okhot15-3). The Chuk19-3 sample differs from all other 
samples studied by us in terms of the number of the H12 haplotype, and 
we cannot associate it with any other sample (Fig. 3A). The H9 haplo-
type was common in the sample from the Sea of Okhotsk (Okhot15-2, 
7%) and only occasionally in other seas. 

3.2. Distribution by haplogroups 

Taking into account the data of the haplotype network, which has a 
"star-shape” structure, five main haplogroups forming it were identified 

Table 1 
Description of walleye pollock Gadus chalcogrammus samples (n = sample size).  

Sample n Latitude, N Longitude, W/ 
E 

Date Life stage Area (vessel) Genbank assession 
number 

ChB19 9 72◦22′ 157◦10′ W August 2019 juvenile Chukchi Sea/Beaufort Sea (RV “Professor Levanidov”) OP057556-OP057564 
2 71◦44′ 163◦06′ W OP057600-OP057601 

Chuk19-1 12 70◦15′ 167◦58′ W September 2019 juvenile Eastern Chukchi Sea (RV “Ocean Starr)” OP057892-OP057903 
Chuk19-2 30 70◦14′ 164◦32′ W September 2019 juvenile Eastern Chukchi Sea (RV “Ocean Starr)” OP057862-OP057891 
Chuk19-3 44 69◦59′ 174◦00′ W August 2019 adult Western Chukchi Sea (RV “Professor Levanidov”) OP057818-OP057861 
Chuk17 35 67◦00′ 166◦10′ W September 2017 juvenile Eastern Chukchi Sea (RV “Ocean Starr)” OP057565-OP057599 
Ber15-1 42 61◦56′ 179◦12′ E June 2015 adult Western Bering Sea (RV “TINRO”) OP057732-OP057773 
Ber10-1 33 61◦46′ 179◦56′ E November 2010 adult Western Bering Sea (FV “Vasily Kalyonov”) OP057699-OP057731 
Ber15-2 44 61◦20′ 179◦09′ E July 2015 adult Western Bering Sea (RV “TINRO”) OP057774-OP057817 
Ber10-2 28 59◦32′ 166◦33′ E November 2010 adult Western Bering Sea (FV “Vasily Kalyonov”) OP057671-OP057698 
Okhot12 31 59◦18′ 150◦24′E July 2012 adult Sea of Okhotsk (Magadan Branch of VNIRO) OP057607-OP057637 
Okhot15- 

1 
21 58◦51′ 149◦00′ E March–April 

2015 
adult Sea of Okhotsk (RV “Professor Kaganovsky”) OP057411-OP057431 

5 58◦36′ 151◦35′ E OP057602-OP057606 
Okhot15- 

2 
36 58◦41′ 156◦16′ E OP057472-OP057507 
4 56◦31′ 154◦00′ E OP057667-OP057670 
2 55◦31′ 150◦00′ E OP057554-OP057555 
46 56◦0′ 146◦0′ OP057508-OP057553 

Okhot15- 
3 

10 53◦34′ 154◦29′ E OP057657-OP057666 
11 51◦31′ 156◦06′ E OP057646-OP057656 

Nkur13 8 50◦02′ 155◦54′ E August 2013 adult Pacific waters off the northern Kurils (FV “Pal’mino”) OP057638-OP057645 
Skur14 9 45◦12′ 148◦32′ E March 2014 adult Sea of Okhotsk off the southern Kurils (FV “Kapitan 

Lapkin”) 
OP057461-OP057469 

2 44◦06′ 146◦29′ E February 2014 adult Pacific waters off the southern Kurils (FV “Kapitan Lapkin”) OP057470-OP057471 
29 43◦54′ 145◦18′ E Sea of Okhotsk off the southern Kurils(FV “Kapitan 

Lapkin”) 
OP057432-OP057460  
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(Fig. 2). Three haplotypes were equidistant from the major haplotypes 
(visual assessment by the number of nucleotide substitutions) and were 
not assigned to any haplogroup. Despite the low proportion of haplo-
types H13 and H19, we have separated them and rare haplotypes close 
to them into two separate haplogroups, since they form a characteristic 
"star-shape” structure typical for rise in abundance. After the separation 
into haplogroups, the percentage of haplogroups in walleye pollock 
samples was plotted (Fig. 3B). 

Haplogroup G1, which included the haplotype H1 and 27 other rare 
haplotypes close to it, was more common (24–38%) in the Sea of 
Okhotsk and in the waters off the northern and southern Kuril Islands 
(38% and 33%, respectively) than in the Bering Sea (5–22%) and the 
Chukchi Sea (5–24%), where, in general, haplotypic diversity was lower 
in comparison with other regions. However, it is worth noting that in the 
Chuk19-2 sample from the Chukchi Sea, the occurrence of this hap-
logroup was much higher compared to the other samples of the region 
(24%). 

The second and most common haplogroup G2, formed by H2 and 54 
haplotypes closest to it, reached the maximum proportions in both the 
Bering Sea (56–85%) and Chuckchi Sea (62–84%), with lower pro-
portions in the Sea of Okhotsk (42–52%) and intermediate in the 
northern and southern Kuril Islands (63% and 43%, respectively). 

No strict pattern of the distribution of haplogroup G3, formed by H9 
and 15 other haplotypes, was found within the studied area. In all areas, 
it occurred approximately equally as frequently: 7–18% in the Chukchi 
Sea, 2–11% in the Bering Sea, 8–14% in the Sea of Okhotsk and 13% in 
the waters off the southern Kuril Islands. This haplogroup was not 
observed in the waters off the northern Kuril Islans, which might be due 
to the small size of this sample. 

The fourth haplogroup included H19 and other 10 haplotypes. In the 
Sea of Okhotsk its share was 6–13%. In the Chukchi Sea, this haplogroup 
was found only in the sample Chuk19-2 (7%). In the Bering Sea, its 
proportion was 2–7%, in the waters off the southern Kuril Islands it 
reached 8%. 

H13 and 5 other haplotypes composed haplogroup G5. The highest 
frequency of occurrence of this group was observed in the Chukchi Sea 
(up to 8%). In the Bering and Okhotsk seas, its share reached 4%, and in 
the waters off the southern Kuril Islands it made up 5%. 

3.3. Haplotypic diversity 

The calculated indexes of haplotypic diversity (Table 2) give an idea 
of the evolutionary history, the pathways of spreading, and the forma-
tion of modern intraspecific relations in walleye pollock populations. 
The average value of haplotypic diversity (Hd), taking into account all 
493 samples, was 0.7755 ± 0.0008. The minimum Hd value was found 
in the sample from the Bering Sea in 2010 (0.517 ± 0.018, Ber10-1), and 
the maximum values were found in the sample collected in the Kar-
aginsky Bay (0.884 ± 0.009, Ber10-2) and the Sea of Okhotsk off the 
coast of Kamchatka Peninsula (0.895 ± 0.013, Okhot15-3). Although in 
general, high haplotypic diversity was observed in all the studied sam-
ples, the minimum average could be noted for the Bering Sea (0.67), and 
the maximum for the Sea of Okhotsk (0.84). In the samples from the 
Chukchi Sea, an intermediate value (0.75) is observed on average. 

3.4. Genetic differentiation 

Based on the data on Cyt b mtDNA gene polymorphism, a matrix of 
pairwise values of the Fst genetic differentiation index between all 
walleye pollock samples was constructed (Table 3). The sample from the 
Pacific waters off the northern Kuril Islands (NKur13) is small and did 
not differ significantly from any sample. The same could be said about 
one of the samples from the Chukchi Sea (Chuk19-1) and a sample from 
the waters on the border of the Chukchi and Beaufort Seas (ChB19). 
Another sample from the Chukchi Sea (Chuk19-2) was relatively large, 
but there were no significant differences between this sample and the 
others. 

Among the samples taken in the Bering Sea, the sample from the 
Karaginsky Bay (Ber10-2) was significantly different from all the others 
(Fst = 0.0001–0.056), which, in turn, did not significantly differ from 
each other. 

The samples from the eastern (Chuk17) and western (Chuk19-3) 
parts of the Chukchi Sea were significantly different (FST = 0.03). The 
remaining samples of this sea did not differ significantly from each 
other. 

There were no differences between samples from the Sea of Okhotsk, 
as well as between samples from the waters of the northern and southern 

Fig. 2. The walleye pollock Gadus chalcogrammus 
haplotype network based on the Cyt b gene poly-
morphism. The letter “H” denotes a haplotype, the 
letter “G” - a haplogroup. Circles denotes haplotypes, 
their size correspond to the number of individuals 
with this haplotypes. Lines connect haplotypes that 
differ by one nucleotide substitution, two nucleotide 
substitutions are marked with black dots, large 
numbers of substitutions are indicated in parentheses. 
Haplogroups marked by colorful clouds.   
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Kuril Islands. There were also no differences between all samples of the 
Sea of Okhotsk and the waters of the Kuril Islands. 

The strongest and most significant differences were observed be-
tween the sample from the southwestern Chukchi Sea (Chuk19-3) and 
all samples from the Sea of Okhotsk (FST = 0.070–0.169), as well as the 
waters off the southern Kuril Islands (FST = 0.144). No significant dif-
ferences in these pairs were found for other samples of the Chukchi Sea. 

Also, the samples from the western Bering Sea in 2015 (Ber15-2, FST =

0.092–0153) and one in 2010 (Ber10-1, FST = 0.050–0.136) were 
significantly different from the samples of the Sea of Okhotsk and the 
southern Kuril Islands. The sample from the waters of the Karaginsky 
Bay (Ber10-2) was not different significantly from the samples of the Sea 
of Okhotsk and the southern Kuril Islands. 

The sample from the eastern Chukchi Sea (Chuk17) significantly was 

Fig. 3. Geographic distribution of haplotypes (A) and haplogroups (B) in walleye pollock Gadus chalcogrammus samples in the Chukchi Sea, western Bering Sea, and 
Sea of Okhotsk based on Cyt b gene polymorphism. Single haplotypes that occurred no more than one time were combined into the H0 group (A) or included in the 
corresponding haplogroup (B). 
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different from two samples from the Bering Sea (Ber10-1 and Ber15-2, 
FST = 0.010 and 0.025, respectively), but it did not significantly differ 
from the sample from the Karaginsky Bay. The sample from the south-
western Chukchi Sea (Chuk19-3), in turn, was significantly differnt from 
the sample from the Karaginsky Bay and insignificantly different from 
the other samples of the Bering Sea. No significant differences were 
found between the other samples of the Chukchi and Bering Seas. 

3.5. Pooled sample analysis 

We combined the samples by seas and compared the proportions of 
the main haplotypes. The share of H1 in the Chukchi Sea and the Bering 
Sea is practically the same (10% and 8%), and differs from the Sea of 
Okhotsk (23%) (Fig. 4A). H2 is higher in the Bering Sea (58%) than in 
the Chukchi Sea (48%) and in the Sea of Okhotsk (34%). The shares of 
H9, H13 and H19 are small compared to H1 and H2 in all seas. In the 
samples combined by seas, the ratio of haplogroups in the Chukchi Sea 
and the Bering Sea is also almost equal and differs from the Sea of 
Okhotsk (Fig. 4B). The latter has noticeably more G1 (34% vs. 12–13%), 
but less G2 (46% vs. 73–77%). The shares of G3, G4 and G5 compared to 

G1 and G2 are small in all seas. 
The values of haplotype and nucleotide diversity for the pooled 

samples were minimal in the Bering Sea, intermediate in the Chukchi 
Sea, and maximum in the Sea of Okhotsk (Table 4). 

The FST genetic differentiation index between pooled walleye pollock 
samples was calculated (Table 5). There were significant (p < 0.05) 
differences between the samples from the Sea of Okhotsk and two 
others, between which, in turn, no significant differences were found. 

3.6. Tajima’s D test 

We calculated Tajima’s D (Tajima, 1989) for all walleye pollock 
samples (Table 6). For 11 samples we have got statistically significant (p 
< 0.05) negative values. The samples, for which the values were insig-
nificant, contained were represented by the smallest number of those 
studied by us. A negative Tajima’s D signifies an excess of rare alleles 
relative to expectation, indicating population size expansion (e.g., after 
a bottleneck or a selective sweep), weak negative selection and popu-
lation admixture. 

4. Discussion 

According to previous studies, walleye pollock within the species’ 
range forms a number of groups that differ not only in size and age 
composition, but also in some morphological characters, which pre-
sumably can be associated with both environmental factors and adap-
tation to the forage conditions in different areas (Shuntov et al., 1993). 
At the same time, the degree of stability of such groups remained poorly 
understood due to the presence of long walleye pollock migrations 
(Pushnikov, 1987; Glubokov and Kotenev, 2006; Orlov et al., 2020a). 

It was assumed that there is a differentiation of walleye pollock in the 
Bering and Okhotsk seas, the latter of which is inhabited by a single 
population centered off the West Kamchatka with a possible internal 
system of subpopulations, the purpose of which may be a more complete 
usage of the available biotopes by the species (Zverkova, 1981). This 
assumption supports the idea that there is restriction to gene flow be-
tween the Bering and Okhotsk Seas and is confirmed by results of our 
research. 

In our opinion, the most ancient haplotypes in walleye pollock are 
H1 and H2, since they are closest and equidistant from the haplotype 
network of the Pacific cod. Since the haplotype network has a star- 
shaped structure with the central haplotypes H1 and H2, we assume 

Table 2 
Characteristics of Cyt b polimorfism of walleye pollock (Gadus chalcogrammus) 
samples in the Chukchi Sea and northwestern Pacific (N – number of sequences, 
S – number of polymorphic sites, h – number of haplotypes; Hd – haplotypic 
diversity, m – standard error of the mean, σ – standard deviation of Hd, K – 
number of nucleotide substitutions, Pi - nucleotide diversity; sample names 
correspond to Table 1).  

Samples N S h Hd ± m σ K Pi 

ChB19 11 6 7 0.818 ± 0.036 0.119 1.564 0.00255 
Chuk17 35 20 14 0.800 ± 0.011 0.063 1.909 0.00311 
Chuk19-1 12 8 6 0.682 ± 0.043 0.148 1.712 0.00279 
Chuk19-2 30 16 14 0.830 ± 0.012 0. 063 1.920 0.00313 
Chuk19-3 44 15 14 0.670 ± 0.012 0.078 0.973 0.00158 
Ber10-1 33 10 9 0.517 ± 0.018 0.105 1.053 0.00172 
Ber10-2 28 17 15 0.884 ± 0.009 0.050 2.114 0.00344 
Ber15-1 42 15 14 0.640 ± 0.013 0.083 1.339 0.00218 
Ber15-2 44 17 17 0.628 ± 0.013 0.087 1.072 0.00175 
Okhot12 31 18 15 0.847 ± 0.010 0.053 2.357 0.00384 
Okhot15-1 26 15 14 0.868 ± 0.010 0.051 2.114 0.00344 
Okhot15-2 88 25 29 0.817 ± 0.003 0.030 1.697 0.00276 
Okhot15-3 21 14 14 0.895 ± 0.013 0.061 2.371 0.00386 
NKur13 8 4 3 0.607 ± 0.058 0.164 1.571 0.00256 
Skur14 40 16 18 0.836 ± 0.007 0.047 1.892 0.00308 
All 493 93 119 0.776 ± 0.001 0.018 1.719 0.00280  

Table 3 
Matrix of pairwise values of the index of genetic differentiation FST between walleye pollock Gadus chalcog-
rammus samples in the Chukchi Sea, western Bering Sea, and Sea of Okhotsk based on Cyt b gene polymorphism 
(sample names correspond to Table 1; the higher the FST value, the darker the cell is colored, statistically sig-
nificant values (p < 0.05) are marked in bold and underlined). 
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that the haplotype H1 gave one rise of abundance, and the haplotype H2 
gave a second and possibly larger one. At the same time, the haplotype 
H2 is most represented in the samples of the Bering and Chukchi seas, 
which may indicate one rise of abundance in the past in the Bering Sea. 
Haplotype H1 is more common in samples from the Sea of Okhotsk and 
the waters of the Kuril Islands. We hypothesize that walleye pollock in 
the historical past with the haplotype H1 was formed in the Sea of 

Okhotsk, where subsequent dramatic increase in abundance took place. 
The frequently occurring haplotype H9, which was formed in a later 
period and gave less significant increases of abundance, were also 
observed. The H9 haplotype was common in the sample from the Sea of 
Okhotsk and only occasionally in other seas, which indicates the 
possible origin of this haplotype in the Sea of Okhotsk. 

Walleye pollock samples from the Bering Sea are characterized by 

Fig. 4. Geographic distribution of haplotypes (A) and haplogroups (B) in walleye pollock Gadus chalcogrammus pooled samples in the Chukchi Sea, western Bering 
Sea, and Sea of Okhotsk based on Cyt b gene polymorphism. Single haplotypes that occurred no more than one time were combined into the H0 group (A) or included 
in the corresponding haplogroup (B). 
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high haplotypic diversity. This can be explained by the fact that this 
species was originated in this region after the opening of the Bering 
Strait 3.5 million years ago (Lyle et al., 2008). It was shown that the 
haplotypic diversity of D-loop of walleye pollock decreases in the di-
rection from north to south, and its minimum values are observed in 
samples from the Sea of Japan, the southern Kuril Islands and the 
northwestern part of the Sea of Okhotsk (Orlova et al., 2022), i.e. on the 
margins of the species’ range. 

According to the FST indices obtained by us, it was not possible to 
identify an obvious genetic differentiation of walleye pollock within the 
surveyed area. The main reasons preventing the separation of its groups, 
in our opinion, are the following. The first is associated with the pres-
ence of migrations of adult sexually mature individuals, which can take 
place in an avalanche-like manner. This was shown by the example of 
the migrations of a large mature walleye pollock into the open waters of 
the Bering Sea (“Donut Hole”, the Aleutian Basin) in the 1980s and 
1990s (Wespestad, 1993; Bulatov, 2020), as well as the recent mass 
entry of adult sexually mature pollock into the Chukchi Sea (Orlov et al., 
2019, 2020b, 2021). The walleye pollock is characterized by periodic 
dramatic fluctuations in the number associated with climatic changes 
that cause changes in the biological productivity of the seas (Klyashtorin 
and Lyubushin, 2005). Its ability to make lengthy migrations (for 
example, from the waters of eastern Kamchatka to the central Bering 
Sea) is well known (Maeda, 1972; Bailey et al., 1997; Orlov et al., 
2020a). All this indicates the possibility of a fairly rapid expansion of 
walleye pollock into regions with suitable climatic conditions for its 
habitat. Thus, adult walleye pollock individuals can leave the Sea of 
Okhotsk through the Kuril Straits and migrate northward, reaching the 
Bering Sea, and then from the Bering Sea penetrate into the Chukchi Sea. 

The second factor contributing to the rapid spread of pollock to 
various marine areas is its spawning in the water column and the pres-
ence of pelagic eggs and early juveniles, which with the Kuril Current 
from the Bering Sea can drift to more southern parts of the range (up to 
the southern Kuril Islands), and through the Kuril Straits are brought 
into the Sea of Okhotsk. The transport of early pollock juveniles by 
currents is possible and also occurs in the northern direction, for 
example, from the Bering Sea to the Chukchi Sea through the Bering 
Strait. This may be evidenced by the presence of juveniles in the catches 
of recent Russian trawl surveys (Orlov et al., 2019; Antonov et al., this 
volume). The described factors can contribute to the genetic exchange 
between large geographical groups of walleye pollock, leading to the 

Table 4 
Characteristics of Cyt b polimorfism of walleye pollock (Gadus chalcogrammus) 
pooled samples (N – number of sequences, S – number of polymorphic sites, h – 
number of haplotypes; Hd – haplotypic diversity, m – standard error of the mean, 
σ – standard deviation of Hd, K – number of nucleotide substitutions, Pi - 
nucleotide diversity).  

Samples N S h Hd ± m σ K Pi 

Chukchi Sea 132 39 39 0.753 ±
0.003 

0.040 1.571 0.00256 

Bering Sea 147 39 39 0.667 ±
0.004 

0.045 1.365 0.00222 

Sea of 
Okhotsk 

214 57 68 0.830 ±
0.001 

0.020 1.930 0.00314  

Table 5 
Matrix of pairwise values of the index of genetic differentiation FST between 
walleye pollock Gadus chalcogrammus pooled samples in the Chukchi Sea, 
western Bering Sea, and Sea of Okhotsk based on Cyt b gene polymorphism 
(statistically significant values (p < 0.05) are marked in bold and underlined).  

Area Bering Sea Chukchi Sea Sea of Okhotsk 

Bering Sea 0.000   
Chukchi Sea 0.001 0.000  
Sea of Okhotsk 0.064 0.052 0.000  
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lack of a clear population-genetic structure. 
Both short vertical diurnal movements and long seasonal migrations 

(feeding, spawning and wintering ones) are typical for walleye pollock 
(Shuntov et al., 1993). The results of tagging confirmed that walleye 
pollock perform lenghty migrations inside the Sea of Okhotsk, from 
which individuals also exit to the Sea of Japan and the Pacific waters 
(Pushnikov, 1987). There are also migrations between the waters of 
Kamchatka and the Bering Sea, the Sea of Okhotsk and the Bering Sea 
(Maeda, 1972; Glubokov and Kotenev, 2006; Orlov et al., 2020a). The 
presence of a gene flow between localities that are more than 1000 km 
away from each other is also confirmed by genetic studies (Lapinski 
et al., 2015). Previous genetic studies of the Bering Sea walleye pollock 
have shown that the boundaries of its populations are very blurred and 
that this is due to both migrations of fish and weakly expressed gene drift 
(Glubokov and Kotenev, 2006; Shubina et al., 2009; Grant et al., 2010). 
The results of our work did not show the presence of genetic differen-
tiation of walleye pollock in the Chukchi Sea and adjacent areas of the 
northwestern Pacific. 

Population admixture can lead to either high or low Tajima’s D 
values in theory. In some studies of human demographic genetics, there 
is an admixture that is considered as the cause of negative Tajima’s D 
(Stajich and Hahn, 2005). There is also a work simulating different types 
of population mixing in Cirripedia showing that “extreme values of 
Tajima’s D are obtained when divergent populations are combined in a 
data set; when populations equally mixed, D »0, and when a small 
proportion of the samples come from one of the populations, D«0” 
(Ewers and Wares, 2012). Thus, the negative value of Tajima’s D ob-
tained by us confirms our hypothesis regarding the mixing of pollock 
populations. 

Nevertheless, the statistically significant differences found between 
individual samples require an explanation. According to the value of the 
Fst index, which characterizes the degree of genetic differentiation, 
several samples from the Chukchi Sea (Chuk17 and Chuk19-3) and the 
Bering Sea (Ber10-1, Ber10-2 and Ber15-2) are distinguished. Both of 
these samples from the Chukchi Sea are located in its southern part (one 
to the east, the other to the west of the Bering Strait). Their significant 
differences from other samples are likely related to different sources of 
replenishment with genetic material. It can be assumed that in the 
southeastern Chukchi Sea, eggs and early walleye pollock juveniles are 
carried out from the spawning grounds of the western Bering Sea by the 
Anadyr Current, and in the southwestern part from the spawning 
grounds of the eastern Bering Sea by the Alaska Coastal Current. Pre-
viously, the isolation of the walleye pollock sample of the Anadyr Bay 
from other samples of the western Bering Sea was shown (Brykov et al., 
2004). According to some opinions (Bailey et al., 1999; Grant et al., 
2006), the western and eastern parts of the Bering Sea are inhabited by 
different walleye pollock populations. One of the Bering Sea samples 
(Ber10-2) was collected in the Karaginsky Bay, whose waters are located 
in the zone of the Kamchatka Current. In the area of Cape Navarin, the 
Bering Sea Slope Current (BSSC) flow into the Kamchatka Current, 
which carry their waters from the eastern Bering Sea along the Navarin 
Canyon (Panteleev et al., 2012). Thus, early walleye pollock juveniles 
from the eastern Bering Sea spawning grounds can be brought to the 
Karaginsky Bay with the waters of both these currents, which is the 
reason for the differences in the walleye pollock sample from this area 
from the rest ones. Two outstanding samples from off the Cape Navarin 
(Ber10-1 and Ber15-2) can also be partially represented by genes of the 
eastern Bering Sea population, due to the transfer of pelagic early ju-
veniles to Cape Navarin by the BSSC (Panteleev et al., 2012) from the 
spawning grounds of the eastern Bering Sea. Unfortunately, the authors 
of this paper do not have samples of walleye pollock from the eastern 
Bering Sea, which does not allow for a comparative analysis of the 
materials at their disposal and forces them to limit themselves to hy-
potheses and assumptions. 

The Bering Sea is considered as a possible center of origin of walleye 
pollock as a species (Carr and Dawn Marshall, 2008). In the subsequent 

course of microevolution, rises of walleye pollock abundance may have 
occurred both in the Bering and Okhotsk seas during the formation of a 
cooler climate 2.5 million years ago, when this species began to actively 
spread out and explore new biotopes. These rises of walleye pollock 
abundance can explain the observed differences in the ratio of haplo-
types in its samples from the Bering and Okhotsk seas. This species 
entered the Chukchi Sea only recently, and was first recorded in large 
numbers in 2019. A more detailed study of the population structure of 
walleye pollock in the Chukchi Sea using a set of different genetic 
markers is the task of future research. 
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A B S T R A C T   

We used genetic techniques to identify gadids (cods) to species in the Pacific Arctic during a time of substantial 
physical change in the marine ecosystem between 2012 and 2019. The dominant fish species in the Chukchi Sea 
is Arctic Cod (Boreogadus saida); however, other gadids such as Saffron Cod (Eleginus gracilis), Pacific Cod (Gadus 
macrocephalus) and Walleye Pollock (Gadus chalcogrammus) have been observed. Two aims in this study were to 
evaluate the accuracy of at sea morphological identification (which can be difficult for juveniles) with genetic 
species identification and to document potential variation in species composition and distribution of gadids in 
the Pacific Arctic in response to changing environmental conditions. Microsatellite and mtDNA genetic results 
revealed that most B. saida collected in the Chukchi Sea in 2012 and 2013 were correctly identified at sea. 
Conversely, genetic results from samples collected in 2017 and 2019 revealed a large number of 
G. chalcogrammus and some G. macrocephalus and E. gracilis that were initially identified at sea as B. saida. The 
majority of misidentification occurred between B. saida and G. chalcogrammus. This study indicates a northward 
shift of G. chalcogrammus and B. saida during warmer conditions. In addition, juvenile Polar Cod (A. glacialis), 
which is not typically found in the Chukchi Sea and was not identified at sea, was genetically detected on 3 hauls 
on the northern Chukchi Shelf, outside of its documented distribution. Accurate species identification, especially 
during a time of changing marine landscapes, is not only important for survey abundance estimates but for 
downstream analyses as well. This emphasizes the value of implementing strategies for correct identification of 
the gadid species to better capture and monitor responses to varying and likely changing conditions. Our results 
provide strong evidence of distributional shifts and range expansions of gadid species in the Arctic, which may be 
the result of changing climactic conditions.   

1. Introduction 

As changes in the ocean environment unfold in the Arctic, resident 
species will need to adjust, relocate, or perish. Elevated water temper-
atures, melting sea ice, and other physical changes (Baker et al., 2020; 
Huntington et al., 2020; Danielson et al., 2020) will usher in an 
ecologically altered food web (Mueter and Litzow, 2008; Mueter et al., 
2021; Bluhm and Gradinger, 2008) as species seek their optimal habitat. 
In the past decade, geographic range expansions of species in areas of 
environmental change around the globe have been reported, such as the 
movement of Dosidicus gigas (Humboldt Squid) toward both poles in the 
Pacific Ocean (Zeidberg and Robison, 2007), and of particular 

importance to this study, shifts in distribution of gadids in the northern 
Bering Sea (Baker, 2021). Hundreds of species have already exhibited 
range shifts (Molinos et al., 2017; Pinsky et al., 2020; Poloczanska et al., 
2013, 2016) and future shifts are projected for more species (Cheung 
et al., 2013; Grebmeier et al., 2006; Molinos et al., 2015; Morley et al., 
2018). An altered ecosystem in the Arctic may inevitably lead to winners 
and losers (Sigler et al., 2011; Fossheim et al., 2015; Bouchard et al., 
2017; Moore and Stabeno, 2015; Kleisner et al., 2017). Restructuring of 
the ecosystem may benefit some species but will be detrimental to 
others. It is yet uncertain which species can take advantage of increased 
growth potential from warmer temperatures and freshwater input from 
coastal shelf areas (Copeman et al., 2016). For some of the northernmost 
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cold adapted species like Boreogadus saida (Arctic Cod) and Arctogadus 
glacialis (Polar Cod), there may ultimately be no refuge in a warming 
Arctic. 

Here we focus on species of gadids in two marginal seas of the Pacific 
Arctic. The Chukchi Sea in the north and the Bering Sea to the south are 
connected by the narrow Bering Strait. The Pacific Arctic is one of the 
world’s most productive ocean ecosystems and is characterized by large 
continental shelves (Grebmeier et al., 2015) with high benthic biomass 
resulting from persistent nutrient, carbon, and heat flow through the 
Bering Strait (Woodgate and Aagaard, 2005; Woodgate 2018; Carmack 
and Wassmann, 2006; Danielson et al., 2020). This flow from the Bering 
Sea into the Chukchi fuels high primary productivity (Huntington et al., 
2020). Recent estimates of net community production (NCP) identify the 
northern Bering and Chukchi shelves as the single most productive re-
gion across the entire Arctic marine system (Codispoti et al., 2013). 
However, it is a system currently undergoing rapid change (Danielson 
et al., 2020; Huntington et al., 2020). In June 2017, ship-based obser-
vations found that the near-bottom ocean temperatures in the Bering 
Strait were nearly 4 ◦C, which are over 3 ◦C and four standard deviations 
warmer than the 1991–2016 June mean (Woodgate, 2018). 

In the Bering Sea, the climate over the past 40 years has shifted from 
high interannual variability to multi-year regimes of warmer and colder 
years (Stabeno et al., 2012, 2017; Stevenson and Lauth, 2012; Duf-
fy-Anderson et al., 2017). The Bering Sea cold pool, an area of bottom 
shelf waters cooler than 2 ◦C resulting from ice melt (Wyllie-Echeverria 
and Wooster, 1998), has diminished in size in the recent warm years 
(Conner and Lauth, 2017), particularly in the summers of 2017–2019 
(Stevenson and Lauth, 2019). The cold pool has long served as a thermal 
barrier preventing northward migration of subarctic groundfish (Ste-
venson and Lauth 2019; Baker et al., 2020). Ice formation was delayed in 
the winter of 2017/2018 and even later in 2018/2019, resulting in low 
abundance of ice algae, which leads to low abundances of lipid-rich 
copepods and a high number of small, lipid-poor copepods, with sub-
sequent cascading impacts on higher trophic levels in the northern 
Bering Sea marine ecosystem (Siddon et al., 2020). Temperature 
changes in the Bering Sea have led to an increase in water flow north 
into the Chukchi Sea (Woodgate, 2018), which has experienced similar 
environmental shifts with increased temperatures, earlier ice melts, and 
longer ice-free seasons (Frey et al., 2014; Wood et al., 2015). 

The dominant fish species of the Chukchi Sea has historically been 
Boreogadus saida (Arctic Cod) (De Robertis et al., 2017; Logerwell et al., 
2015), followed by Eleginus gracilis (Saffron Cod) (Datsky, 2016; 
Whitehouse et al., 2014; Goddard et al., 2014; Logerwell et al., 2015). 
Boreogadus saida is a circumpolar species, and is usually associated with 
ice-covered waters (Gradinger and Bluhm, 2004). In the Chukchi Sea, 
B. saida inhabits a temperature range of 2–6.7 ◦C (Ponomarenko, 1968; 
Wyllie-Echeverria, 1995; De Robertis et al., 2017), although age-0 fish 
have been found to grow optimally in the laboratory at 9 ◦C (Laurel 
et al., 2018). In colder years, B. saida is also found in the Bering Sea 
(Baker, 2021; Lauth, 2011). Eggs of B. saida are typically associated with 
ice and develop normally in − 1.0 ◦C–3.5 ◦C, but not >5 ◦C (Drost et al., 
2016; Kent et al., 2016). Age compositions estimated from samples 
taken during the 2012 Chukchi Sea survey suggest the predominant age 
classes of B. saida were 2 years or less, corresponding to an observed size 
at age (0 < 60 mm, age 2 > 100 mm), and a maximum age of 5 years and 

280 mm (Helser et al., 2016). Eleginus gracilis have an Arctic-boreal 
Pacific distribution and occupy nearshore regions from the Korea 
Peninsula to southeast Alaska and to Dease Strait in the Canadian Arctic 
(Mecklenburg et al., 2002; Vestfals et al., 2019). Eleginus gracilis toler-
ates higher temperatures (>7.5 ◦C), than B. saida (Copeman et al., 2016; 
Laurel et al., 2016), and tolerates areas of lower salinity (Wolotira, 
1985) than B. saida (De Robertis et al., 2017). The predominant age 
compositions of E. gracilis from the 2012 Chukchi Sea survey were age 
0–1, with a maximum age of 8 years and 501 mm (Helser et al., 2016). 

In the Bering Sea, two abundant gadid inhabitants are Gadus chal-
cogrammus (Walleye Pollock) and Gadus macrocephalus (Pacific Cod). 
The geographic distribution of G. chalcogrammus is primarily boreal 
Pacific, with records south to California and Korea but also in the North 
Atlantic (Mecklenburg et al., 2011). It is among the top fished species in 
the world, with the major fishing grounds in the Bering Sea and Sea of 
Okhotsk (Bulatov, 2014). G. macrocephalus occur on continental shelves 
and slopes from 34 to 63◦ N latitude on both sides of the North Pacific 
from the Yellow Sea to the Okhotsk and Bering seas, and across the 
northeastern Pacific to Oregon (Allen and Smith, 1988; Canino et al., 
2010). Both G. chalcogrammus and G. macrocephalus prefer waters above 
0 ◦C (Wyllie-Echeverria and Wooster, 1998; Kotwicki and Lauth, 2013) 
but otherwise tolerate a large temperature range (Baker and Hollowed, 
2014). 

Gadids in the Pacific Arctic are morphologically similar, and species 
can be difficult to distinguish. G. chalcogrammus and B. saida larvae 
(<60 mm) are particularly cryptic. A few diagnostic characteristics are 
reported in Matarese et al. (1989) involving mostly pigmentation dif-
ferences. Additional distinguishing characteristics emerge with larger 
fish, but in general, larval gadids, particularly G. chalcogrammus and 
B. saida, are difficult to distinguish in the field. 

In this study, we genetically examine these four gadid species in the 
Pacific Arctic during a time of substantial physical changes in the marine 
ecosystem, 2012–2019. We have two aims: 1.) to evaluate the accuracy 
of at sea morphological identifications with genetic species identifica-
tion and 2.) to document the change in species composition and distri-
bution of juvenile gadids sampled in the North Pacific Arctic in 2012, 
2013, 2017, and 2019. 

2. Methods 

2.1. Sample collection 

Gadids were collected by vessels operating in the eastern Chukchi 
Sea in 2012, 2013, 2017, and 2019 (Table 1). Samples were collected 
through a combination of bottom trawl (a 3-m plumb-staff beam trawl) 
and a mid-water/surface trawl (a modified Marinovich midwater trawl). 
Adult B. saida were collected in the Bering Sea in 2010 in bottom trawls. 
In 2012, 2013, and 2017 B. saida were targeted for genetic sampling in 
the Chukchi Sea to examine population structure. In 2012, adult and 
juvenile B. saida samples were collected by bottom trawl and up to 36 
fish were randomly sampled from each haul. Conversely, in 2013 and 
2017, B. saida were collected by mid-water/surface trawl. In 2013, 
larger sample sizes (150+) of juvenile B. saida were retained from each 
haul. The 2017 B. saida collections included some individually labeled 
samples and some bulk samples (n = 50). The 2017 collection consisted 

Table 1 
Sample collection of gadids by year, gear used, general area sampled, range of latitude (N) and range of longitude (W), number of hauls, dates of cruises, and 
approximate numbers of fish collected for this study. Marinovich gear is a surface/midwater trawl.  

Year Gear Area Lat (N) Long (W) # Hauls Date Range  # Fish 

2010 Bottom Trawl E. Bering Sea 60–65 162–172 9 9/11–10/04  89 
2012 Bottom Trawl Chukchi Sea 66–73 157–169 23 8/07–9/24  575 
2013 Marinovich Chukchi Sea 70–72 155–166 6 8/07–9/25  860 
2017 Marinovich Chukchi Sea 66–73 157–169 79 8/10–9/27  2012 
2019 Marinovich Chukchi Sea 66–73 153–169 88 8/15–9/09  3478  
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of both juveniles and some age 1+. 
Initial genetic screening of the 2017 samples of B. saida detected 

large numbers of G. chalcogrammus in the southern Chukchi Sea that had 
not been identified in the field. This prompted a decision to collect a 
larger subsample of all gadids in 2019 for genetic identification, and 
screen additional 2017 samples. Sampling in 2019 was also conducted 
primarily by midwater/surface trawls. Lengths and weights of up to 60 
specimens of each gadid species were subsampled from each trawl. Fish 
were frozen whole at sea at − 80 ◦C. Additional fish identified in the field 
as B. saida from the northern Bering Sea collected in 2010 by surface/ 
mid-water trawl, were added for comparison of samples to an earlier, 
cooler, year, and to illustrate the southern reaches of this species during 
some years. 

2.2. Laboratory 

DNA was extracted from 7014 gadid tissue samples using Qiagen 
DNeasy Tissue kit protocols. We took a two-phase approach to dis-
tinguishing among candidate gadid species (B. saida, E. gracilis, G. 
chalcogrammus, G. macrocephalus, and Arctogadus glacialis [Polar Cod]). 
Because the initial objective was to examine population structure of 
B. saida, all samples were first examined with microsatellite markers. 
After analysis of the 2017 collections, it was determined that species 
other than B. saida were present in the sample. One microsatellite 
marker was highly diagnostic, Sai25, in distinguishing B. saida from the 
other gadids. Next, for all non-B. saida, we sequenced a partial cyto-
chrome oxidase c, subunit I (COI) fragment to distinguish the remaining 
species. 

2.3. Microsatellites 

We developed a microsatellite marker, Sai25, using methods derived 
from Glenn and Schable (2005) that was diagnostic for B. saida. All 
samples were examined with this marker, Sai25. Adult B. saida, 
G. chalcogrammus, E. gracilis, and G. macrocephalus were morphologi-
cally identified by a skilled taxonomist, and tissue samples were used as 
reference samples in the initial microsatellite investigations of samples 
collected in 2012. Reactions were prepared according to manufacturers’ 
instructions with primers (Sai25F: 3′CAGTTGACCACATCCCACCA and 
Sai25R:3′ATTTCACGTCCCATACCCCG), Qiagen master mix (Qiagen, 
Inc. Valencia, CA, U.S.A.) and RNase-free water. Thermal cycling was 

performed under the following conditions: 95 ◦C for 15 min, 28 cycles of 
amplification (94 ◦C for 30 s, 60 ◦C annealing temperature for 90 s, and 
72 ◦C for 60 s), and a final extension cycle of 72 ◦C for 30 min. Fragments 
were analyzed on a 16 capillary 3130xl DNA Analyzer (Applied Bio-
systems [ABI]), and genotypes were scored with Genemapper 5.0® (AB) 
software. Samples which exhibited a size range of 280–283 base pairs 
(bp) at microsatellite marker Sai25 were identified as B. saida. All other 
gadids exhibited fragment sizes larger than 300 bp and overlapping in 
size: E. gracilis, 302–324, G. chalcogrammus, 308–400, and 
G. macrocephalus, 304–382. 

2.4. mtDNA 

To identify the species of individuals with Sai25 alleles outside the 
allele size range for B. saida, a partial region of the mtDNA gene cyto-
chrome oxidase I (COI) was sequenced. This ~170 bp segment of COI 
was amplified using the coi.175f and coi.345r primers described in 
Collins et al. (2019). We confirmed that this region contained SNPs that 
could differentiate each of the 5 possible gadid species (B. saida, 
G. chalcogrammus, E. gracilis, G. macrocephalus, and A. glacialis) using 
sequence data downloaded from the National Center for Biotechnology 
Information. Specifically, we downloaded COI sequences from the 
following species: 7 sequences from A. glacialis, 31 sequences from 
B. saida, 75 sequences from E. gracilis, 64 sequences from 
G. macrocephalus, and 233 sequences from G. chalcogrammus. Most of the 
sequences were vouchered specimens; this was especially true for spe-
cies with less available sequences. We then used the software Geneious 
(https://www.geneious.com/) to align and compare reference se-
quences. Visual comparisons revealed at least one diagnostic SNP be-
tween each species, with many more for most comparisons. 
Additionally, we did not notice any potentially misidentified specimens 
in the database, as diagnostic SNPs were consistent across specimens. 

Amplicon libraries were prepared for COI sequencing using a slightly 
modified genotyping-in-thousands by sequencing protocol (Campbell 
et al., 2014; described in Gehri et al., 2021). Libraries were sequenced on 
an Illumina MiSeq using 2x75 bp chemistry. R1 and R2 sequences were 
processed separately and grouped into unique variants using the R 
package Dada2 (Callahan et al., 2016). Sequences were then compared 
to existing COI sequences for gadids (described above) using nBLAST, 
and species were identified based on the best alignment for each 
sequence. Samples were only assigned a species ID if the best aligning 

Table 2 
Sample collection of gadids by year, range of latitude (N) and range of longitude (W), size range (mm) of individuals in the sample, and number of genetically verified 
individuals of each species (Boreogadus saida, Gadus chalcogrammus, Gadus macrocephalus, Eleginus gracilis, and Arctogadus glacialis).  

Year Latitude (N) Longitude (W) Size range (mm) said. chal. macro. grac. glac. Total N 

2010 60–62 171 108–110 23 0 0 0 0 23 
2010 62–64 164–168 110–129 31 0 0 0 0 31 
2010 64–66 162–169 112–142 35 0 0 0 0 35 
2012 66–68 164–169 87–155 144 0 0 0 0 144 
2012 68–70 165–169 146–137 108 2 0 0 0 110 
2012 70–72 166–168 78–150 80 0 0 0 0 80 
2012 70–72 157–160 71–137 109 1 0 0 0 110 
2012 72+ 166–169 85–185 97 0 0 0 0 97 
2012 72+ 157–159 81–125 34 0 0 0 0 34 
2013 70–72 161–166 47–53 312 1 0 0 0 313 
2013 70–72 155–159 36–52 547 0 0 0 0 547 
2017 66–68 164–169 44–93 21 148 30 7 0 206 
2017 68–70 165–169 35–112 350 73 28 15 0 466 
2017 70–72 162–169 28–189 483 65 7 2 0 557 
2017 70–72 153–162 22–105 259 90 1 2 0 352 
2017 72+ 162–167 28–147 161 39 0 0 0 200 
2017 72+ 153–162 26–86 218 13 0 0 0 231 
2019 66–68 164–169 37–230 5 180 5 49 0 239 
2019 68–70 164–169 30–201 7 447 11 66 0 531 
2019 70–72 162–168 21–160 425 755 28 34 0 1242 
2019 70–72 153–162 26–143 478 49 0 5 0 532 
2019 72+ 163–169 29–150 295 4 0 26 0 325 
2019 72+ 156–162 24–239 540 52 2 2 13 609  
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sequence contained >100 reads, species identification for the R1 and R2 
sequences matched, and at least one of the reads (R1 or R2) produced an 
unambiguous alignment (i.e. best match to a single species). Some 
samples were not able to be resolved due to poor sample quality (127 of 
the 2139 samples from 2017 to 133 samples of the 3611 samples from 
2019) and were removed from analyses. 

2.5. Analyses 

Field species identification was evaluated for accuracy with a 
confusion matrix using the caret package in R (Kuhn et al., 2016). The 
matrix allows for examination of the classification of each of the five 
gadid species. It provides a visualization of how many fish were 

Fig. 1. a-c. Genetically identified gadid specimens collected in the Chukchi Sea in a.) 2012 and 2013; b.) 2017; and c.) 2019. The number of individuals represented 
is reported in the upper right corner of each figure. 
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correctly identified at sea (true positives and true negatives), and how 
many were incorrectly identified at sea (false positives: B. saida at sea 
but non-B. saida in the lab and false negatives: non-B. saida at sea, but 
B. saida in the lab). From the confusion matrix, we calculated the 
sensitivity (SE) for a given species s, 

SEs=
TPs

TPs + FNs  

where TP is the number of true positives and FN is the number of false 
negatives. The specificity (SP) for each species was calculated as 

SPs=
TNs

TNs + FPs  

where TN is the number of true negatives and FP is the number of false 
positives. The average of SE and SP provides the balanced accuracy (BA) 
and gives an estimate of the overall accuracy of at sea species identifi-

Fig. 2. a-b. At sea identification (a.) and genetic identification (b.) of Gadus chalcogrammus collected in the Chukchi Sea in 2017.  

Table 3 
a-d. Confusion matrices for gadid species identification age-0 and age 1+ collected in the Chukchi Sea in 2017 and 2019. Field IDs are listed as rows (total the row). 
Genetic IDs are listed in columns. Shaded diagonal indicates correct field ID verified by genetics. SE = sensitivity or the proportion of true positive IDs for that species. 
SP = specificity or the proportion of true negatives. BA = balanced accuracy or the average of SE and SP. 3a = 2017, ≤60 mm fish, 3b = 2017, >60 mm fish, 3c = 2019 
≤ 60 mm fish, and 3d 2019 > 60 mm fish.  

a. N = 1716  Genetic IDs      

2017 small fish saida chalco. macro. gracilis SE SP BA  

B. saida 1350 353 3 5 1.00 0.01 0.51  
G. chalcogrammus 0 0 0 0 0.00 1.00 0.50  
G. macrocephalus 0 1 1 0 0.25 0.99 0.62  
E. gracilis 0 0 0 3 0.38 100 0.69  

b. N = 297  Genetic IDs  0.38 100 0.69  

2017 large fish saida chalco. macro. gracilis SE SP BA  

B. saida 141 73 5 0 1.00 0.51 0.75  
G. chalcogrammus 0 0 0 0 0.00 1.00 0.50  
G. macrocephalus 0 2 58 0 0.92 0.99 0.96  
E. gracilis 0 0 0 18 1.00 1.00 1.00  

c. N = 2660  Genetic IDs       

2019 small fish saida chalco. macro. gracilis glacialis SE SP BA  

B. saida 1567 529 2 6 13 0.99 0.49 0.74  
G. chalcogrammus 17 492 0 0 0 0.48 0.99 0.74  
G. macrocephalus 0 0 4 0 0 0.67 1.00 0.83  
E. gracilis 0 1 0 29 0 0.83 0.99 0.91  
A. glacialis 0 0 0 0 0 0.00 1.00 0.50  

d. N = 818  Genetic IDs      

2019 large fish saida chalco. macro. gracilis SE SP BA  

B. saida 155 125 0 1 0.93 0.81 0.87  
G. chalcogrammus 4 340 0 0 0.73 0.99 0.86  
G. macrocephalus 2 0 39 0 0.98 0.99 0.99  
E. gracilis 5 0 1 146 0.99 0.99 0.99  
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cation. Overall success rate was obtained by adding the correctly iden-
tified specimens and dividing by the total. Analyses were conducted 
separately for small and large size classes of fish from 2017 to 2019. Fish 
sizes of 60 mm or smaller were classified as age-0 (Helser et al., 2016) 
and fish larger than 60 mm were classified as age-1+. 

3. Results 

Analysis of microsatellite marker Sai25 was completed for all gadids 
(N = 7014) collected in the Bering Sea in 2010 and the Chukchi Sea in 
2012, 2013, 2017, and 2019 (Table 1). A subset of these samples (N =
2949) were also sequenced at a partial COI fragment (2010, N = 54; 
2012, N = 175; 2013, N = 122; 2017, N = 744; 2019, N = 1854). A 
summary of the results was created by amalgamating the number of 
each species detected in 2◦ latitudinal increments for each year 
(Table 2). Genetic analysis of the 2010, 2012, and 2013 samples 
exhibited mostly B. saida, with a few G. chalcogrammus (0% of in-
dividuals in 2010, 0.5% of individuals in 2012 and 0.1% of individuals 
in 2013) (Table 2; Fig. 1a). Fish caught in 2017 and 2019 revealed the 
presence of 4 species of gadids: B. saida, G. chalcogrammus, 
G. macrocephalus, and E. gracilis, and the presence of a fifth species, 
Arctogadus glacialis, in the 2019 collection. The 2017 collection con-
tained 74% B. saida, 22% G. chalcogrammus, 3% G. macrocephalus, and 
1% E. gracilis (Table 2, Fig. 1b). The 2019 collection was comprised of 
50% B. saida, 43% G. chalcogrammus, 1% G. macrocephalus, 5% 
E. gracilis, and <1% Arctogadus glacialis (Table 2, Fig. 1c). 

Sampling efforts in 2010, 2012, 2013, and 2017 targeted collection 
of B. saida, and the 2010, 2012, 2013 collections exhibited 99.99% 
correct identification of B. saida at sea. Conversely, genetic identifica-
tion of 2012 fish caught in 2017 revealed that 21.6% were misidentified 
at sea. Because of this misidentification, a subsample of all species of 
gadids was retained for genetic identification of the 2019 collection. 
Genetic identification of the 3478 fish caught in 2019 revealed that 
19.8% were misidentified at sea. 

In the 2017 collection, 1924 fish were identified at sea as B. saida; 
however, 433 of those were genetically identified to be 420 
G. chalcogrammus, 8 G. macrocephalus, and 5 E. gracilis (Table 2, Fig. 2a- 
b). Additionally, 3 of the 62 G. macrocephalus identified at sea were 
genetically identified as G. chalcogrammus. In both size classes, 0 speci-
mens were identified at sea as G. chalcogrammus in 2017 (Fig. 2a–b). 
Therefore, the specificity (SP) for G. chalcogrammus that were not 
identified at sea as G. chalcogrammus for both small and large size 
classes, was 0.00. A zero SP means zero G. chalcogrammus were correctly 
identified at sea. The balanced accuracy (BA) = 0.50, is the same as 
correct identification by random chance (Table 3a–b). The high sensi-
tivity for B. saida (SE = 1.0) indicates all genetically identified B. saida 
were correctly identified as B. saida at sea, but the low specificity (SP =
0.01) indicates many fish identified at sea as B. saida, were genetically 
identified as something else (Table 3a–b). The balanced accuracy of 
evaluating B. saida is slightly better for larger fish (BA = 0.51 in small 
fish and 0.75 in larger fish) (Table 3a–b). Smaller G. macrocephalus and 
E. gracilis were correctly identified at sea more often than at random (in 
2017, BA = 0.62 and 0.69) while, larger G. macrocephalus and E. gracilis 
had a high accuracy of at sea identification (BA = 0.96 and 1.0; 
Table 3a–b). The overall accuracy of small fish ID in 2017 was 0.79 and 
0.73 of larger fish. 

In the 2019 collection, 2398 fish were identified at sea as B. saida. Of 
those specimens, 676 were genetically identified as: 654 
G. chalcogrammus, 13 A. glacialis, 7 E. gracilis, and 2 G. macrocephalus 
(Table 3c–d). Additionally, 21 of the 853 G. chalcogrammus identified at 
sea, were genetically determined to be B. saida. Most samples of 
G. macrocephalus and E. gracilis were correctly identified at sea. Of 45 
G. macrocephalus, 2 were genetically identified as B. saida. Of 182 
E. gracilis, 7 were misidentified: 5 as B. saida, one as G. chalcogrammus 
and one as G. macrocephalus (Table 3c–d). The accuracy of species 
identification at sea for both large and small size classes improved in 

2019. The accuracy of both B. saida and G. chalcogrammus was higher 
than in 2017 (BA of 0.74 for small fish sizes and 0.86 and 0.87 for larger 
fishes). The accuracy for G. macrocephalus and E. gracilis identification 
was high for smaller fishes (BA = 0.83 and 0.91) and very high for larger 
fish (BA = 0.99; Table 3c–d). Juvenile A. glacialis was not identified at 
sea, but genetic identification detected this species at 3 hauls in the 
northernmost areas of the cruise. In 2019, 13 age-0 Arctogadus glacialis 
(Polar Cod) were detected in the northernmost area of the survey 
(Fig. 1c). The overall accuracy of fish ID’s in 2019 was 0.79 for small fish 
and 0.83 for larger fish. 

4. Discussion 

Monitoring the compositions of marine species in a changing Arctic 
is vital for understanding how changing environmental conditions are 
impacting biological systems. This information can be used to under-
stand trophic dynamics, document potential impacts to fisheries and 
opportunities for new fisheries, and to inform local subsistence and 
conservation of important resources. This study provides evidence of a 
distributional shift to the north of juvenile G. chalcogrammus and B. saida 
in response to recent warmer temperatures. In the colder years of 2012 
and 2013, B. saida was the primary gadid species in the Chukchi Sea, 
with little observation of the other gadids except for E. gracilis which was 
also present in the Chukchi Sea as noted by De Robertis et al. (2017). The 
warmer years of 2017 and 2019 revealed a substantial increase in 
abundance of G. chalcogrammus and to a lesser extent, G. macrocephalus. 
G. chalcogrammus, while detected in small numbers (<1% of the catch) 
in the Chukchi and Beaufort seas in the cooler years 2008–2013 (God-
dard et al., 2014; Logerwell et al., 2015) accounted for 42% overall of 
the gadid specimens collected for genetic analysis in 2019, and was 
present in high densities in the southern Chukchi Sea and Kotzebue 
Sound (Levine et al., 2022). 

Boreogadus saida also appeared diminished in abundance in the 
southern Chukchi Sea, possibly due to competition with 
G. chalcogrammus, change in availability of prey, or physical marine 
changes. B. saida have extended well into the southeastern Bering Sea in 
years with an extensive cold pool (Marsh and Mueter, 2020) and was 
detected as far south as latitude 60◦ N in the Northern Bering Sea in 2010 
(Table 2). But in 2019, only 14 B. saida individuals were genetically 
detected in gadid samples collected south of latitude 70◦ N. This is 
corroborated by observations by the AFSC Groundfish Survey (Steven-
son and Lauth, 2019): B. Saida had a 99% decline in biomass in the 
northern Bering Sea between 2017 (4000 t) and 2019 (47 t). Fishes that 
prefer colder water conditions, such as Arctic Cod (B. saida), showed 
declines in abundance in the northern Bering Sea compared to previous 
survey years (Baker, 2021). While age-0 B. saida is thought to be able to 
maximize growth at the elevated temperatures seen during 2017 and 
2019 (Laurel et al., 2018), we speculate the reasons for the movement 
north may be more related to increased water flow from the Bering Sea 
(Woodgate 2018), bringing a shift in B. saida prey and competition from 
the incoming G. chalcogrammus. Warmer boreal waters from the south 
support more boreal lipid poor copepods which displace the Arctic lipid 
rich copepods (Siddon et al., 2020). Early ice breakup and warmer 
growing conditions are thought to enhance the survival of B. saida 
because of early hatching, an extended growth season, and optimal 
growth temperatures; however, competition and predation from 
invading subarctic species will likely negate these positive effects 
(Bouchard et al., 2017). Scenarios of lower salinity are also predicted for 
coastal and shelf areas as warming temperatures increase river runoff 
(Bluhm and Gradinger, 2008), which would potentially favor E. gracilis 
over B. saida. 

Another gadid species which was unexpectedly detected in our 
sample is Arctogadus glacialis. A. glacialis is common in the Canadian, 
Russian, and northeast Atlantic Arctic, however documentation for 
occurrence in the Pacific Arctic is scarce (Mecklenburg et al., 2014). 
Only 3 records of its presence have been previously noted in the 
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literature in the northern Chukchi Sea area. Andriashev et al. (1980) 
report A. glacialis in Siberia on the deeper border waters of the Chukchi 
Sea to 81◦N, 178◦ W and two records (age-1+, 98 mm and 221 mm) in 
the Chukchi Borderlands: 76◦ N, 164◦ W (Mecklenburg et al., 2014). We 
identified 13 specimens of age-0 A. glacialis (37–50 mm) from three 
different trawl sites in our 2019 collection. These specimens were 
collected in waters at latitude 72.37◦ N to 72.76◦ N and longitude 
− 157.18◦ W to − 160.21◦ W. 

Arrival in a new region does not guarantee establishment and sub-
sequent population growth (Burgess et al., 2012; Sadowski et al., 2018). 
A range expansion may occur if the species are adapted to a broad range 
of environmental conditions. A successful invasion or colonization re-
quires a species to disperse to a new location and maintain positive 
growth through either self-persistence or ongoing immigration (Bridle 
and Vines, 2007). A leading edge of both G. chalcogrammus and to a 
lesser extent, G. macrocephalus were noted in the Chukchi Sea in 2017 
and 2019, but it is unknown if these fish can over-winter in the freezing 
temperatures and ice formation in the Arctic winter (Woodgate and 
Aagaard, 2005). Northward expansion of Atlantic croaker (Micro-
pogonias undulatus) along the east coast of the United States in the 1990s 
has been linked to sequential warm winters that allowed cold-sensitive 
juveniles to survive through the winter and subsequently establish 
north of the species’ historical range (Hare and Able, 2007). Lionfish 
juveniles, by contrast, have appeared as far north as New York (implying 
no lack of dispersal abilities) but have not become established above 
Cape Hatteras because they fail to survive through the winter (Grieve 
et al., 2016). Along the western coast of Svalbard, an influx of warm 
Atlantic water produced a northward expansion of boreal Atlantic cod 
(Gadus morhua) and haddock (Melanogrammus aeglefinius) into areas 
dominated by the native B. saida (Renaud et al., 2012). Pertaining to the 
Chukchi Sea, perspectives during the cooler sea surface temperatures of 
2008–2013 were that bottom water temperatures in the Arctic were too 
cold to support spawning G. chalcogrammus, and that the sub-adult fish 
caught at high latitudes may have been advected by currents from 
spawning locations in the Bering Sea (Hollowed et al., 2013). Few adult 
pelagic fish were detected in the hydroacoustic survey or captured in the 
midwater trawl in 2017 and 2019 in the survey area (Levine et al., 
2022). We speculate that the warmer waters and ice reduction of the 
warmer years of 2017–2019 have continued to reduce barriers to sub-
arctic fish (Bering cold pool; Eisner et al., 2020) and have increased 
water transport from the Bering Sea, carrying sub-adult gadids into the 

Chukchi (Levine et al., 2022). It is yet unknown whether these age-0 fish 
can overwinter in arctic waters and spawn, and whether our observa-
tions constitute a true range expansion. 

The rate of correct species identification in the field depends on the 
availability of characteristics suitable for field identification, the species 
encountered, prior expectations of species abundance and distributions, 
taxonomic expertise and characteristics used to identify species. In this 
study, G. chalcogrammus were abundant but often poorly classified. The 
presence of G. chalcogrammus was not anticipated by collectors in 2017 
due to the reported distributions of previous surveys, which suggested 
that surveyed habitats were dominated by B. saida and E. gracilis 
(Logerwell et al., 2015; De Robertis et al., 2017). After reviewing the 
2017 field collection misidentifications, shipboard scientists more 
accurately identified these age-0 gadids at sea in 2019. While the overall 
identification success rate (sum of the shaded diagonal divided by the 
total in Table 3 a-d) for small fish is equivalent (78%) in 2017 and 2019, 
the overall success rate can be misleading as it does not take into account 
the species present. For example, none of the G. chalcogrammus were 
identified in 2017, while half were identified in 2019, partially because 
they were more abundant in 2019. For example, in 2012 and 2013 the 
overall identification success rate was over 99% because very few 
G. chalcogrammus were present to misidentify. Another important factor 
is that every crew performing surveys possesses varying levels of taxo-
nomic expertise. The at sea identifications provide an example of this: a 
taxonomist with 40 years of experience participated in the survey of the 
southern Chukchi Sea in 2019, and dissections using a microscope were 
used to examine pyloric caeca to aid in species identifications, which 
produced more accurate field ID’s than were obtained in the northern 
part of the survey area (Fig. 3 a-b). Without a focused investment of 
time, trained taxonomists and potentially an awareness of the species to 
be encountered, small (<60 mm) fish may be misidentified. 

The results of this study highlight the importance of examining 
specimens using genetics. Next generation genetic techniques provide 
high throughput, reliable species identification at affordable costs in a 
reasonable period. Future surveys may benefit from identifying to genus 
at sea, and retaining fish (or a small piece of tissue) for post-survey 
genetic species identification. 

Accurate species identification, especially during a time of changing 
marine landscapes, is not only important for survey abundance esti-
mates (Levine et al., 2021, 2022), but for downstream analyses as well. 
Laboratory analyses such as ageing, diet, stable isotopic composition, 

Fig. 3. a-b. At sea identification (a.) and genetic identification (b.) of Gadus chalcogrammus collected in the Chukchi Sea in 2019.  
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and energetics, rely on accurate species identification. Age-0 gadids, 
particularly G. chalcogrammus and B. saida, have been recognized as 
difficult to differentiate in the field. One study suggests that 
G. chalcogrammus may be a genealogically recent hybrid of B. saida and 
G. morhua (Arnason and Halldorsdottir, 2019). The two species at early 
life stages are identical at most exterior characteristics (Matarese et al., 
1989; Mecklenburg et al., 2018). The presence of G. chalcogrammus and 
G. macrocephalus in the southern Chukchi Sea in 2017 highlights the 
importance of genetics for identifying morphologically similar species 
and comparison with at sea identifications. 

Our results provide strong evidence of a change in gadid species 
composition in the Pacific Arctic (at least in summer) between 2012 and 
2019. Because of the difficulty in distinguishing between external 
morphologies of these species, major increases in the abundance of age- 
0 G. chalcogrammus in the Chukchi Sea, and the northern shift of the 
distribution of B. saida would not have been detected without genetic 
sampling of the survey catch. This emphasizes the importance of 
implementing strategies for correct identification of the gadid species in 
the Arctic to better capture and monitor the ecology of this rapidly 
changing region. 
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A B S T R A C T   

Presented here are data on the size composition and age structure, the sex ratio, the state of maturity of the 
gonads, and the composition of the diet and feeding habits of walleye pollock in the western Chukchi Sea, based 
on 2003-2020 bottom and mid-water trawl surveys conducted onboard Russian research vessels. During all years 
of research, mid-water trawl catches in this area were dominated by juveniles with FL 5–12 cm, while the size 
composition of walleye pollock in bottom trawl catches was bimodal with the dominance of fish 7–14 cm and 
50–62 cm long. Females were considerably larger than males (on average by almost 10 cm), with mean FL 
56.0–58.3 cm and 52.1–56.4 cm, respectively, in different years. The age structure of walleye pollock was 
significantly different from that of both the western and eastern Bering Sea since fingerlings and yearlings 
predominated there in the mid-water trawl catches, and fish under the age of 1 year and 6–17 years were the 
most numerous in the bottom trawl catches. In the western Chukchi Sea in 2018–2020, the proportion of females 
in bottom trawl catches ranged from 1.8 to 2.7 females per male. This is probably because walleye pollock here 
were represented mainly by large fish, while in the mature part of the population, females are usually larger than 
males. The proportion of fish with gonads at different stages of maturity varied significantly in different years. 
Immature individuals were extremely few among the fish analyzed. Individuals with developing and post- 
spawning gonads accounted for a major part of the catches. In recent years, walleye pollock of both sexes 
have been observed in pre-spawning, spawning, and post-spawning condition, which may indicate the possibility 
of spawning of individual specimens in the western Chukchi Sea. The survival of eggs, larvae, and fry in con-
ditions of low temperatures is unlikely. However, if the warming in the Arctic continues, it is possible that new 
walleye pollock spawning grounds may appear in the Chukchi Sea. In the western Chukchi Sea, the proportion of 
euphausiids in the diet of large walleye pollock (>40 cm in 2018 and > 60 cm in 2019) was significantly higher 
than that of small fish (<40 cm). In the average long-term plan, the decrease in its diet with the growth was 
characteristic only for planktonic organisms (small crustaceans, chaetognaths, and larvaceans). Only large 
benthic crustaceans showed an increase in the walleye pollock diet as it grew. There were no pronounced trends 
regarding euphausiids and fish. In the western Chukchi Sea, the cannibalism was registered only in large in-
dividuals (40–60 cm and >60 cm) and only in 2019 with small number juveniles consumed. Such a low level of 
cannibalism was probably due to the spatial separation of juveniles and adults, as well as the presence of a 
sufficient amount of other prey.   

1. Introduction 

Walleye pollock Gadus chalcogrammus is the most abundant and 

widely distributed bentho-pelagic species of the North Pacific (Shuntov 
et al., 1993; Bailey et al., 1999a; Grigoryev, 2021). Its range extends 
from the Chukchi Sea in the north to the waters of Korea, Japan, and 
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California in the south (Balykin, 1986; Orlov et al., 2020a). There are 
also occasional records of this species in the North Atlantic and the 
Arctic, including the Norwegian, Barents, Kara, and Laptev seas 
(Mecklenburg et al., 2018; Makhrov and Lajus, 2018; Orlov et al., 
2020b, 2021a). Walleye pollock is a valuable commercial species, 
occupying a leading position in terms of catch volume both in the North 
Pacific Ocean and in Russian fisheries in particular (Fadeev and Ves-
pestad, 2001; Bulatov, 2014, 2015; Shevchenko and Datsky, 2014). In 
addition, it plays an important role in the North Pacific ecosystems, 
participating in various trophic chains from invertebrates to predatory 
fish, marine mammals, and birds as predator and prey (Smith, 1979, 
Springer, 1992; Shuntov et al., 1993; Livingston, 1993; Bailey et al., 
1999a). 

In the Chukchi Sea, walleye pollock juveniles were first found in 
small quantities in its southern part in the late 1970s (Wolotira et al., 
1977). More recently, in this area, they have been repeatedly observed 
(Echeverria, 1995; Barber et al., 1997; Mecklenburg et al., 2007; Baker, 
2021; Wildes et al., 2022). However, until recently, there was no in-
formation on the occurrence of adult walleye pollock in the Chukchi Sea 
(Fadeev, 2005; Hoff et al., 2015). In August 2019, commercially-viable 
aggregations of large-sized (>40 cm) walleye pollock were encountered 
in the western Chukchi Sea during a bottom trawl survey conducted by 
the RV “Professor Levanidov” (Orlov et al., 2019; 2020c; 2021b; Maz-
nikova et al., 2022). However, the abundance, demographic structure, 
maturity, and diet composition of these large-sized walleye pollock in 
the western Chukchi Sea has not been reported in the literature. 

The purpose of this paper is to characterize the biological features 
(including size and age compositions, sex ratio, sexual maturity, and 
feeding) based on the data from Russian research trawl surveys con-
ducted in the western Chukchi Sea in 2003, 2007-2008 with mid-water 
trawl and in 2010, 2018-2020 with bottom trawl. 

2. Material and methods 

Complete overview of the conducted trawl surveys and sampling 
scheme design, gear and methods used for sampling is described in detail 
in (Maznikova et al., 2022). In total, seven research cruises were con-
ducted in the waters of the western Chukchi Sea (within the Russian 
exclusive economic zone) during the summer-autumn period 
(August–September 2003–2020). Two types of standardized fishing gear 
were used – the mid-water trawl RT 80/396 (in 2003, 2007-2008) and 
the bottom trawl DT 27.1/24.4 (in 2010, 2018-2020). The SIMRAD FS 
20/25 third-wire net netsonde was used to monitor the geometric pa-
rameters of the trawl in real-time. 

All biological work was carried out in accordance with generally 
accepted methods (Laevatsu, 1965; Pravdin, 1966). From each catch, 
two sub-samples were taken for biological analyses (BA, 50 individuals) 
and length measurements (LM, 200-300 individuals or total catch, if 
less). During BA, the fork length (FL) of an individual fish was measured 
with an accuracy of 1 mm, each individual was weighed with an accu-
racy of 1 g, sex and gonad maturity stages were determined, and age 
samples (otoliths) were collected. During length measurements LM ac-
curacy was 10 mm (Table 1). 

The data on the size composition presented in this paper are inter-
polated for the entire general combination of individuals within each 
surveyed area. To calculate these data based on the total series resulting 
from BA and LM, a size series weighted by relative abundance for each 

haul was estimated. The proportions (%) of the particular size classes in 
the total size series were calculated using the following formulas: 

% FLc =

∑nt

i=1
FLc(t)

∑nt

i=1
At

,

FLc(t) =
∑n

i=1

FLc(tr)

SStr
• Atr , and At = St •

∑n

i=1
Atr

n
,where   

% FLc is the proportion (%) of size class c in the total size series; 
FLc(t) is the number (inds./km2) of size class c within the boundaries 
of the trapezoid t; 
nt is the number of trapezoid polygons in the study area; 
At is the number of walleye pollock individuals (inds./km2) in the 
trapezoid polygon t; 
FLc(tr) is the number of walleye pollock individuals of size class c in 
the tr trawl haul, and tr is the serial number of trawl haul in the 
survey; 
SStr is the size of the sample analyzed taken from the catch of tr trawl 
haul; 
Atr is the number of walleye pollock individuals (inds./km2) in the 
catch of tr trawl haul; 
St is the area of the trapezoid polygon t (km2); 
n — is the number of hauls in the trapezoid polygon t. 

All individuals were divided into three size groups: “small", “me-
dium", and “large". “Small” ones were specimens with FL < 17 cm since 
in this group, the sex is not visually determined in most cases during BA 
made on board of the vessel. The age of individuals of this size group 
does not exceed 2 years and weight does not exceed 35 g. By “medium" 
we mean walleye pollock having FL within 18–31 cm. The medium-sized 
pollock already has well-defined sex, individuals reached the age of 3–4 
years, their weight does not exceed 170 g. The boundaries of the “me-
dium" and “large" walleye pollock size groups were chosen solely based 
on the occurrence of individuals of different sizes within the western 
Chukchi Sea. “Large" was a pollock having FL ≥ 43 cm. The weight of 
these individuals aged 5–17 years was over 500 g. 

The age composition of walleye pollock was obtained from 1638 
otolith samples collected during 2018–2020 surveys. The age was 
determined from the burnt otolith cross-section, in reflected light, ac-
cording to the standard methods (Chugunova, 1959). To view the 
cross-section, a trinocular microscope (Olympus SZX12 type, Olympus, 
Japan) with a DF PLAPO 1 × PF lens (Olympus, Japan) was used at a 
magnification of 1 × 20-40. Image analysis and processing were per-
formed using Cell software and ColorViewIII camera (Olympus, Japan). 
Based on these data, a length-at-age key was calculated, from which an 
age composition was calculated for each year. Histograms of the age 
composition were constructed taking into account juveniles under the 
age of 1 year. 

When describing the diet composition, the results of qualitative and 
quantitative analyses of walleye pollock feeding habits obtained in the 
western Chukchi Sea in 2018–2020 were used. The 2019 survey data 
were analyzed with greater taxonomic detail, while the diet samples 
from 2018 to 2020 surveys (including 2019) were used to analyze 
interannual and length-dependent variability in diet composition 
(Table 2). 

Stomachs of fresh-caught walleye pollock were dissected in the 
vessels’ laboratory and subsequently analyzed without prior preserva-
tion. Stomach contents were identified and sorted to the lowest possible 
taxonomic level, weighed, and counted. The processing of stomachs was 
carried out following the methodology developed by Chuchukalo and 
Volkov (1986) and Volkov (2008) as well as described in Manual for 

Table 1 
Number of walleye pollock specimens analyzed (BA) and measured (LM) in the 
western Chukchi Sea, 2003-2020.  

Year 2003 2007 2008 2010 2018 2019 2020 

BA 0 40 1 1 343 390 905 
LM 63 39 32 0 945 3990 5080 
Total 63 79 33 1 1288 4380 5985  

P.O. Emelin et al.                                                                                                                                                                                                                               



Deep-Sea Research Part II 206 (2022) 105211

3

analysis of feeding and food (1974). As an indicator of the feeding in-
tensity, the mean value of stomach filling index (SFI) was used, 
expressed as the ratio of the weight of food to the total body weight of 
fish (o/ooo). This index is relative measure that allows for comparison of 
feeding intensity of individual specimens or populations depending 
area, season, year or geographic area. The proportion of particular di-
etary components in the total weight of food in the stomach (%) was 
used as an indicator of the importance of this type of prey. A total of 852 
fish stomachs with FL from 5 to 70 cm were analyzed. All stomachs were 
analyzed in the following length groups: < 20 cm, 20–40 cm, 40–60 cm, 
and >60 cm based on the data on species composition of catches. 

When analyzing the interannual changes in the diet composition, all 
prey items were grouped into 11 main prey categories that encompass 
the main taxonomic groups of walleye pollock prey across life history 
stages and reflect pragmatic limitations of identifying partially-digested 
prey in stomach contents. The sequence of prey species listed in pa-
rentheses reflects their relative contribution to stomach contents by 
weight, in descending order, where the first species listed reflects the 
most abundant prey mass. Prey species include: 1) Annelidia (Sipun-
culida gen. sp., Polychaeta gen. sp.); 2) Echinodermata (Echiurus echiu-
rus, Asteroidea gen. sp.); 3) Euphausiacea (Thysanoessa raschii, 
Thysanoessa inermis, Euphausidae gen. sp., Euphausidae (furcilia), Thy-
sanoessa longipes, Euphausia pacifica, Thysanoessa inspinata); 4) Fish 
(Teleostei gen. sp., Boreogadus saida, Lumpenus fabricii, Gymnocanthus 
tricuspis, Ammodytes hexapterus, Leptoclinus maculatus, Cottidae gen. sp., 
Lumpenus sagitta, Mallotus villosus, Hippoglosoides robustus, Gadus chal-
cogrammus, Teleostei inident. (larvae), Lycodes polaris; Agonidae gen. 
sp., Stichaeidae gen. sp.; Myctophidae gen. sp., Pleuronectidae gen. sp. 
(larvae)); 5) Hyperiida (Parathemisto libellula, Themisto pacifica, Themisto 
libellula, Hyperia galba, Hyperidae gen. sp., Scina spinosa); 6) Jellyfish 
(Ctenophora inident., Aglantha digitale, Beroe cucumis, Coelenterata ini-
dent.); 7) Large demersal crustaceans (Pandalus goniurus, Argis lar, 
Neocrangon communis, Pandalus sp., Eualus sp., Decapoda inident., 
Chionoecetes opilio, Pandalus borealis); 8) Mollusca (Buccinidae gen. sp., 
Bivalvia inident., Yoldia sp., Gastropoda inident., Buccinidae gen. sp. 
(juv.), Nuculana pernula, Yoldia mialis); 9) Small planktonic crustaceans 
(Calanus glacialis, Neocalanus plumchrus, Calanus finmarchicus, Calanus 
hyperboreus, Calanidae gen. sp., Metridia longa, Metridia pacifica, Chio-
noecetes opilio (larvae); Neocalanus cristatus, Pseudocalanus graсilis, 
Pseudocalanus elongates, Metridia okhotensis, Centropages mcmurrichi); 10) 

Other plankton (Oikopleura vanhoeffeni, Sagitta elegans, Oikopleura lab-
radoriensis, Sagitta sp.); 11) Small demersal crustaceans (Mysidacea 
inident., Gammaridae gen. sp.; Decapoda inident. (juv.), Cumacea ini-
dent., Isopoda inident.). 

Walleye pollock maturity stages were visually determined based on 
macroscopic examination of gonads according to a scale synthesized 
using previously published data (Stahl and Kruse, 2008; Sergeeva et al., 
2011; Ponomarev, 2017; Zhukova and Privalikhin, 2017; Zhukova, 
2018): I – juvenile, II – immature, III – developing, IV – mature (pre--
spawning), V – spawning (ripe), VI – spent (post-spawning) with high-
lighting several intermediate stages and the “total resorption” stage. 

The work with the data was carried out in the Microsoft Access 2016 
DBMS. Statistical processing was performed in Microsoft Excel 2016), 
using Analysis ToolPak, as well as in R-Studio (Version April 1, 1106), 
using the Weighted.Desc.Stat-package (https://CRAN.R-project. 
org/package=Weighted.Desc.Stat). 

3. Results 

3.1. Size composition and age structure 

The results of comprehensive studies carried out over the past two 
decades in the western Chukchi Sea indicate significant variability in the 
size and age compositions of walleye pollock catches. 

3.1.1. Mid-water trawl 
During the entire period of research in the western Chukchi Sea 

(2003-2020), walleye pollock sampled in mid-water trawl catches were 
within the 4–12 cm length range (Fig. 1A) and aged 0+ to 1 (Fig. 1B). 
Within those length and age ranges, in most instances individuals 
sampled were 5–7 cm (91.4%) and age 0+ (95.6%). The size and age 
structures of individuals in schools differed between years. In the 2003 
catches, only fingerlings (0+) of walleye pollock 4–8 cm long (mean =
5.9 ± 0.09 cm) were recorded (Fig. 2). The weight of the individuals 
varied 0.3–2.6 g (1.0 ± 0.19 g). In 2007, in addition to age 0+ fish 8–9 
cm, catches included age-1+ individuals 10–12 cm, which totaled 
97.8% of the recorded number. The mean length and weight of in-
dividuals in the catches were 11.13 ± 1.09 cm and 4.4 ± 0.28 g. Older 
mature walleye pollock (mean length = 75 cm, mean weight = 2914 g, 
age = 13–15 years) comprised 2.2% of catches. In 2008, the bulk of 

Table 2 
Diet composition by prey groups (% by weight) and feeding intensity of walleye pollock of various size classes in the western Chukchi Sea, summer-autumn 2018-2020 
(na = not available).  

Prey category Year 

2018 2019 2020 Average, 2018–2020 

Size class, cm Size class, cm Size class, cm Size class, cm 

<20 20–40 40–60 >60 <20 20–40 40–60 >60 <20 20–40 40–60 >60 <20 20–40 40–60 >60 

Annelidia 2.1 0.0 11.0 8.3 0.0 0.0 2.8 0.1 0.0 na 2.0 1.0 0.4 0.0 2.3 1.2 
Echinodermata 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.7 0.0 na 20.0 6.9 0.0 0.0 16.9 5.3 
Euphausiacea 3.5 3.3 22.0 19.0 38.9 22.0 43.8 17.9 51.9 na 17.5 10.1 42.4 12.4 21.1 12.4 
Fish 16.5 90.8 51.0 62.7 0.0 0.0 30.2 66.2 1.3 na 28.8 49.1 3.9 46.7 29.5 53.8 
Hyperiida 8.3 0.3 9.0 0.0 17.2 0.7 0.3 0.1 7.0 na 0.6 0.6 7.8 0.5 0.8 0.5 
Jellyfish 0.0 0.0 0.0 0.0 3.9 13.8 0.4 0.0 0.0 na 0.0 0.1 0.2 6.7 0.0 0.1 
Large demersal 

crustaceans 
1.5 0.8 7.0 0.0 0.0 0.0 11.8 12.0 3.3 na 11.4 11.2 2.8 0.4 11.3 10.8 

Mollusca 0.0 0.0 0.0 10.0 0.0 0.0 0.6 1.0 0.0 na 6.4 11.9 0.0 0.0 5.5 9.2 
Other plankton 22.0 0.0 0.0 0.0 3.4 36.8 0.6 0.0 6.0 na 0.3 1.2 8.7 17.9 0.3 0.9 
Small planctonic 

crustaceans 
0.4 0.8 0.0 0.0 30.0 26.6 8.2 1.0 24.9 na 10.2 4.8 20.8 13.3 9.7 3.7 

Small demersal 
crustaceans 

45.7 4.1 0.0 0.0 6.7 0.0 1.1 0.0 5.8 na 2.9 3.2 13.0 2.1 2.6 2.3 

Mean Stomach 
Filling Index, о/ооо 

149.5 240.5 115.9 173.2 207.0 59.0 248.5 332.0 156.2 na 219.7 177.4 157.9 153.1 221.0 213.4 

Number of samples 13 6 1 1 2 3 6 1 18 na 48 17 33 9 55 19 
Number of stomachs 

analyzed 
31 14 10 12 10 13 55 55 132 na 352 168 173 27 417 235  

P.O. Emelin et al.                                                                                                                                                                                                                               
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Fig. 1. The average multi-annual size (A) and age (B) compositions of walleye pollock in mid-water trawl catches in the western Chukchi Sea, 2003–2008.  

Fig. 2. Size and age compositions of walleye pollock catches in the western Chukchi Sea, 2003–2020.  
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aggregations consisted mostly of small-sized individuals, i.e. fingerlings 
and yearlings (93.0%). Medium-sized walleye pollock (21–24 cm long) 
were recorded in 2008 for the first time, and comprised 4.5% of catches. 
The proportion of large individuals aged 12–13 years was comparable to 
that in 2007 (2.5%). The mean length and weight of individuals in the 
catches were 12.22 ± 1.75 cm and 79.3 ± 20.03 g, respectively. 

3.1.2. Bottom trawl 
Over the entire period of research in the western Chukchi Sea, 

walleye pollock bottom trawl lengths ranged 4–76 cm (Fig. 3A) with an 
age distribution 0+ to 14 years (Fig. 3B). At the same time, two groups of 
small younger and large older fish were observed. The first group was 
dominated by individuals 7–14 cm long (23.5% of the total number) 
aged 0+ to 1 year (26.5%), while the second one consisted mostly of 
individuals 50–62 cm long (58.6%) and 7–11 years old (67.2%). 

In 2010, a single walleye pollock with a length of 82 cm and a weight 
of 4950 g was recorded in the catches (age was not determined). 

In 2018 in the bottom trawl catches, the age and size compositions of 
walleye pollock catches were more diverse. There were three age groups 
recorded in the catches, i.e. young (small), middle-aged (medium), and 
old adults (large). However, in terms of abundance, only two modal 
groups were distinguished, consisting of fingerlings and yearlings 
(54.4%) of 2017 and 2018 year classes (mean FL and weight were 9.6 ±
0.16 cm and 15.8 ± 1.64 g) and adult large-sized individuals 46–80 cm 
long (mean length 58.92 ± 0.19 cm, weight 1451.2 ± 27.0 g, and age 
6–17 years) (40.5%). The proportion of medium-sized walleye pollock 
18–31 cm long (mean 21.16 ± 0.32 cm, 56.9 ± 3.5 g, 2–4 years) 
accounted for 5.1%. In general, the length and weight of individuals 
varied from 5 to 80 cm and 6–3030 g, with a mean values of 30.08 ±
0.68 cm and 626.4 ± 15.4 g. Females (2–17 years, 18–74 cm and 
28–3030 g) were larger than males (2–17 years, 18–66 cm and 28–1950 
g), with a mean age of 8.77 ± 0.23 years, length and weight of 55.98 ±
0.75 cm and 1397.3 ± 45.5 g in females and 8.09 ± 0.26 years, 52.09 ±
1.33 cm and 1204.7 ± 59.9 g in males (Fig. 4A and B). 

In 2019, 2018–2019 year classes totaled 14.7%, which is 3.7 times 
less compared to 2018. The length and weight of juveniles (fingerlings 
and yearlings) varied from 4 to 17 cm and 0.3–28.6 g, mean values were 
10.67 ± 0.14 cm and 8.5 ± 0.66 g. The proportion of large-sized in-
dividuals 45–80 cm long and weighing 625–3295 g (mean values were 
57.84 ± 0.09 cm and 1501.3 ± 21.82 g) aged 6–17 years was maximum 
(84.7%). There were three most numerous 2009, 2010, and 2011 year- 
classes at the age of 8–10 years (60.3%). The proportion of 2016–2017 
year classes accounted for less than 1% (mean length 22.04 ± 0.77 cm). 
The length range was not significantly different than in 2018. The length 
of the fish varied from 4 to 80 cm, while the mean length value increased 
(50.67 ± 0.27 cm) due to the higher proportion of large individuals. The 
mean values of age, length and weight of females (9.29 ± 0.16 years, 
58.27 ± 0.32 cm and 1542.0 ± 25.74 g) were slightly higher than those 
of males (8.82 ± 0.13 years, 56.42 ± 0.48 cm and 1389.2 ± 38.31 g) 
(Fig. 5A and B). 

The age and size compositions of walleye pollock catches in 2019 
and 2020 were similar, while the number of yearlings in 2018 was more 
than twice higher. The contribution of juveniles was 29.5% (Fig. 6A). 

The older fish cohort was formed by individuals 43–79 cm long and 
643–3538 g aged of 6–16 years, of which the modal group (52.5%) 
consisted of three generations, i.e. 2012, 2011, and 2010 year classes. 
The catches consisted of individuals from 6 to 79 cm long and weighed 
1–3538 g (mean values were 42.99 ± 0.27 cm and 935.8 ± 26.44 g). As 
in other years of research, mean values of age, length and weight of 
males (8.48 ± 0.12 years, 54.9 ± 0.11 cm and 1213.6 ± 18.74 g) were 
slightly smaller compared to females (9.03 ± 0.14 years, 57.26 ± 0.1 cm 
and 1395.2 ± 40.67 g) (Fig. 6A and B). 

In general, for all sizes of walleye pollock in the western Chukchi Sea, 
the relationship between length (FL, mm) and body weight (W, g) is well 
described (R2 = 0.95) by the power function: W = 3.7 • 10− 6 • FL3.102 

(Fig. 7). 

3.2. Sex ratio and state of gonad maturity 

3.2.1. Mid-water trawl 
The sex composition of walleye pollock in 2003 and 2007 is 

impractical to consider since its pelagic schoolings were represented 
mostly by fingerlings. In 2008 in the mid-water trawl catches, medium- 
sized walleye pollock was represented by males with testes at the II stage 
of maturity. The only large-sized individual caught was a female with FL 
72 cm and ovaries at the II-III maturity stage. 

3.2.2. Bottom trawl 
In 2010, a single individual pollock was captured (female, FL = 82 

cm, ovaries at III-IV maturity stage). 
In the bottom trawl catches in 2018, the ratio of females to males was 

2.3 : 1.0 (Fig. 4A). Gonads in most sexually mature females were at VI–II 
maturity stage (37.5%), the proportion of gonads at stage VI-III was 
16.4% (Fig. 4C). The contribution of immature females (II stage of 
maturity) was only 6.0%. The maturity stages of gonads II-III and III, 
characteristic of first-time maturing females, totaled 39.2% of the 
number of all females. Pre-spawning females with gonads at stage IV-V 
(1.0%) were also observed in the study area. The state of maturity of 
males was somewhat different. Thus, the predominant group was in-
dividuals at the III stage of maturity (50.9%). The number of immature 
males exceeded that of females by 4 times. Pre-spawning individuals at 
stages III–IV and IV totaled 6.1%, the proportion of spent (VI) and 
recovering after spawning (VI-II) fish was 8.3%. 

In 2019, the ratio of females to males increased to 2.9 : 1.0 (Fig. 5A). 
The catches were dominated by individuals at stage VI-II (72.3% of fe-
males and 43.6% of males) (Fig. 5C). The contribution of immature in-
dividuals was insignificant (2.5% of females and 5.3% of males). The 
proportion of first-time maturing and pre-spawning females with gonads 
at stages II-III and IV-V compared to males was two times lower and 
amounted to 12.8%. For the first time in the study area, females with 
ripe ovaries were observed in insignificant numbers (0.1%). 

The sex ratio in walleye pollock in the bottom trawl catches in 2020 
as compared to 2018–2019 has undergone noticeable changes. The 
number of females per male was minimal for the entire period of ob-
servations, i.e. 2.0 : 1.0 (Fig. 6A). While females were dominated by 
individuals with ovaries at VI-II maturity stage (58.9%), males were 

Fig. 3. The average multi-annual size (A) and age (B) compositions of walleye pollock in bottom trawl catches in the western Chukchi Sea, 2018–2020.  
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represented mainly by maturing individuals with testes at II-III and III 
maturity stages (74.1%) (Fig. 6C). For the first time, individuals (males 
and females) with the total resorption stage of gonad development 
(1.1%) were observed in the study area. 

3.3. Diet composition 

Walleye pollock diets in the western Chukchi Sea included a variety 
of planktonic, benthic, and nektonic prey. Over the entire observation 
period, more than 70 prey taxa were found in its stomachs (Suppl. 
Table 1). 

The main dietary components were meso- and macroplanktonic 
crustaceans (see Table 2), i.e. copepods and euphausiids. Other pelagic 
organisms also played a significant role in walleye pollock diet, 
including hyperiids, chaetognaths, appendicularians, comb jellies, 
pelagic larvae of the snow crab Chionoecetes opilio. Copepods in the diet 
of species considered were represented by both Arctic (Calanus. glacialis, 
C. hyperboreus) and Pacific (Neocalanus cristatus) resident species, and 
even by Atlantic expatriate species (Calanus finmarchicus). In the 
northern part of the study area, the walleye pollock diet was dominated 
by Calanus glacialis and C. hyperboreus, while C. finmarchicus occasion-
ally occurred. Neocalanus plumchrus/flemingery dominated in the south, 
where Neocalanus cristatus, Metridia pacifica, etc. were found as well. 

Euphausiids in the diet of walleye pollock were represented by five 
species, dominated by Thysanoessa raschii and T. inermis. The share of 
euphausiids and copepods combined accounted for 16–63% of the 
weight of its stomach contents. Mean value of the annual share of eu-
phausiids in walleye pollock diet varied from 12.4 to 42.4%. 

Benthic invertebrates were often represented by various species of 
shrimp, while sea urchins, polychaetes, gastropods, and bivalves were 
occasionally encountered. The total proportion of other benthic 

organisms (non-shrimp) in walleye pollock diet did not exceed 2%, 
except 2020, when quite a lot of them were found in the diet of large 
individuals (up to 20%). 

In addition, significant importance in the diet of walleye pollock 
belonged to fish. The average annual fish content in its stomachs was 
29.5–53.8%. The dominant fish species in the diet was polar cod Bor-
eogadus saida, while other abundant in the study area species were oc-
casionally observed, e.g. Pacific sand lance Ammоdytes hexapterus 
(considerable portion in 2020 only), capelin Mallotus villosus, Lumpenus 
spp., sculpins Cottidae, flounders Pleuronectidae, juvenile walleye 
pollock, etc. 

3.4. Ontogenetic changes of the diet 

Significant changes in the diet composition of walleye pollock 
associated with predator size were observed. The diet of juveniles was 
dominated by small planktonic and benthic crustaceans, which, as the 
walleye pollock length increased, were replaced by large benthic crus-
taceans, and then by fish. Plankton was the most important dietary 
component of all studied pollock length groups. The proportion of the 
diet comprised of plankton (by weight) decreased with predator length, 
from 44.1 to 79.7% in individuals up to 40 cm FL to 17.0% in large fish 
(FL 60–70 cm). Large benthic crustaceans were observed in the diet of all 
length groups of walleye pollock, but in the diet of juveniles (FL up to 40 
cm) their value was small (up to 3%), while in the diet of large in-
dividuals they occupied up to 10–11% of the stomach content by weight. 
As the predator length increased, the proportion of fish in its diet 
increased. Fish were mainly observed in the diet of large pollock (FL >
40 cm). In largest individuals (FL 60–70 cm), they accounted for 66% by 
weight. There were also ontogenetic changes in the intensity of walleye 
pollock feeding associated with the growth and length of fish. The 

Fig. 4. Size (A), age (B) and gonads maturity (C) compositions by sex of walleye pollock in bottom trawl catches in the western Chukchi Sea, summer-autumn 2018.  
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intensity of feeding of juveniles was at a higher level compared to adult 
fish. 

3.5. Spatial variability of the diet 

Visualization of the spatial distribution of diet composition and 
feeding intensity of different length groups of walleye pollock (Fig. 8) 
illustrate the main feeding grounds in 2019. Maximum intensity of 
feeding was observed in the northwest and southeast, i.e. on the pe-
riphery of the study area. At the same time, in the central part of the sea, 
distanced from the shoreline and shallow waters in the northwestern 
area, the intensity of walleye pollock feeding was significantly lower, as 
evidenced by the low SFI values. Euphausiids predominated in the diet 
of walleye pollock fingerlings 5–10 cm long in the northeastern part of 
the study area, within the inner shelf (depths up to 50 m), euphausiids 
prevailed, while in the northwestern part, in deeper water areas (depths 
over 100 m) copepods and hyperiids were most important in the diet. In 
juveniles 10–15 mm long in the northern part of the study area, 
appendicularians composed the bulk of the diet, while in the central part 
copepods and euphausiids were most important. In the mature walleye 
pollock in the southern part of the study area, the bulk of the diet was 
mainly fish and shrimp, while in the northeastern part of the study area, 
euphausiids prevailed in the diet. 

3.6. Interannual variability of the diet 

During the study period, the feeding intensity of all walleye pollock 
length groups was moderate (within 150-200o/ooo). There were no sig-
nificant interannual differences in the intensity of feeding. Changes in 
the diet of species considered associated with the length of fish were 
characteristic for all the years studied. The diet of juveniles was 

dominated by small planktonic and benthic crustaceans, which, as the 
predator length increased, were replaced by large benthic invertebrates 
and fish. Other benthic organisms such as worms, echinoderms, bi-
valves, and gastropods did not play a significant role in pollock feeding. 
They were mainly consumed in small quantities by fish with FL > 40 cm. 
At the same time, in 2020, worms comprised up to 20% by weight in the 
40–60 cm length group due to pollock consumption of a single echiurid 
species Echiurus echiurus. 

There were significant interannual differences in the consumption of 
fish by juvenile walleye pollock of fish, mainly due to variation in 
consumption of polar cod. On average fish began to occur in significant 
quantities (28.8–66%) in the diets of predators with FL > 40 cm. 
However, an extremely high proportion of fish (up to 90% by weight) 
was recorded in the diet of walleye pollock (FL up to 40 cm) in 2018. At 
the same time, there was a low proportion of euphausiids in the diet of 
this length group (3.0–3.5%) compared to 2019 and 2020, when eu-
phausiids consisted 20–51% of the diet. 

The average annual proportion of euphausiids in the length groups of 
10–40 cm was 12.0–42.0%. In the diet of large individuals (FL > 60 cm), 
euphausiids occupied 10.0–17.9%. In 2018, copepods, as well as eu-
phausiids, comprised a negligible proportion (<4%) of the diet of 
walleye pollock juveniles up to 20 cm long, whereas their proportion in 
2019 and 2020 was 57.9–68.9%. In 2018, mysids acted as an alternative 
or substitute food for walleye pollock juveniles, when their share in the 
stomachs of fish up to 20 cm long reached 45%. Juvenile walleye pollock 
in its diet was found only in 2019, when their proportion in the stomachs 
of individuals 50–70 cm long was 1.3–2.5%. Hyperiids, mainly 
T. libellula, during the study period, were consumed mainly by juveniles 
up to 20 cm long. In 2018, 2019, and 2020, hyperiids respectively 
comprised 7.0%, 17.0%, and 8.0% of stomach contents weight. Shrimp 
comprised 7–11% of the diet of medium-sized walleye pollock 

Fig. 5. Size (A), age (B) and gonads maturity (C) compositions by sex of walleye pollock in bottom trawl catches in the western Chukchi Sea, summer-autumn 2019.  
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individuals with FL 40–60 cm. Interannually, consumption was rather 
stable. 

4. Discussion 

4.1. Size composition 

The size composition of walleye pollock populations is largely 
determined by the abundance of individual generations. In conditions of 
low abundance, the catches are dominated by large fish, while with the 

appearance of highly abundant generations, the catches are dominated 
by juveniles (Buslov, 2003; Nikolaev and Stepanenko, 2006; Datsky, 
2016). In general, walleye pollock up to 87 cm long is recorded in the 
Bering Sea (Datsky, 2016). In the western Chukchi Sea in 2003–2020, 
the length of its individuals did not exceed 82 cm with individuals 5–12 
cm and 53–60 cm long prevailed. 

Most authors note the predominance of walleye pollock juveniles in 
catches in the western Bering Sea (Fadeev and Gritsay, 2003; Glubokov, 
2005; Honkalehto et al., 2009; Datsky, 2016), eastern Bering Sea 
(Thorson et al., 2017; Eisner et al., 2020; Baker, 2021) and northern 
Bering Sea (Eisner et al., 2020; Baker 2021). 

The size composition of walleye pollock is subject to interannual and 
seasonal variability (Smith, 1979; Balykin, 1990; Glubokov, 2005; Eis-
ner et al., 2020). Thus, in the initial period of fishing in the Bering Sea, 
the bulk of catches was composed by fish with FL 35-45, in the second 
half of the 1970s modal length decreased to 25–35 cm, after which in the 
early 1980s they increased to 30–40 cm (Balykin, 1990). In the north-
eastern and southeastern Bering Sea, the size composition of walleye 
pollock during 2010–2019 notably differed, with bimodal distribution 
in most years but with differences in abundance of modal length classes 
between 2010 and recent years (Eisner et al., 2020; Baker, 2021). In the 
western Chukchi Sea in 2003, catches were dominated by fish 4–8 cm 
long, in 2007 by individuals with FL 10–12 cm, in 2008 by fish 8–12 cm 
long. In the bottom trawl catches in 2018, modal groups were repre-
sented by fish 6-8, 12-14, and 53–60 cm long. In 2019, the proportion of 
juveniles in catches was very low and they were dominated by large 
walleye pollock with FL 52–62 cm. In 2020, the most numerous fish 
were 10–13 and 50–62 cm long. Recent size compositions of walleye 
pollock in our study area resemble that of the western (in terms of 
proportion of large individuals) and the eastern (in terms of proportion 
of juveniles) Bering Sea in 2020 (Eisner et al., 2020). 

Fig. 6. Size (A), age (B) and gonads maturity (C) compositions by sex of walleye pollock in bottom trawl catches in the western Chukchi Sea, summer-autumn 2020.  

Fig. 7. Length-weight relationship of walleye pollock in bottom trawl catches 
in the western Chukchi Sea, 2018-2020. 
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The size composition of walleye pollock is specific for each particular 
area (Glubokov, 2005). Thus, in the Olyutorsky Bay, its size composition 
was polymodal with most numerous fish 17-19, 24-26, and 33–35 cm 
long and insignificant by-catch (1.7%) of individuals with FL 46–47 cm 
(Fadeev and Gritsay, 2003). In the Navarinsky area, several length 
groups also predominate in catches, i.e. about 60% are juveniles with 
modal lengths of 9–11, 14-18, and 24–30 cm, while the proportion of 
large fish with FL > 45 cm does not exceed 8% (Datsky, 2016). In the 
eastern Bering Sea, 86% of the total biomass consists of fish with modal 
lengths of 23, 32, and 47 cm (Honkalehto et al., 2009). In contrast to the 
above data, in the western Chukchi Sea, during all the years of research, 
the pelagic catches were dominated by juveniles with FL 5–12 cm, while 
the size composition of walleye pollock in bottom trawl catches was 
bimodal with the dominance of fish 7–14 cm and 50–62 cm long. 

In the western Bering Sea, females are noticeably larger and older 
than males (Sergeeva et al., 2019). Their mean lengths were 48.6 and 
44.2 cm, with modal lengths and modal ages 43–52 cm and 7–9 years, 
and 41–50 cm and 6–8 years, respectively. In the western Chukchi Sea, 
females were considerably larger and older than males as well, with 

mean FL 56.0–58.3 cm vs. 52.1–56.4 cm and 8.1–8.8 vs. 8.9–9.3 years, 
respectively, in different years. 

4.2. Age structure 

Data on the age structure of walleye pollock in the Bering Sea re-
ported by various authors differ notably. In catches in this area, the age 
of fish is 1–15 years (Smith, 1979), 0+ to 12 years (Balykin, 1990) or 
3–20 years (Sergeeva et al., 2019). In the western part of the Chukchi 
Sea, walleye pollock was found at the age of 0+ to 17 years (the age of 
the largest female 82 cm long caught in 2010 has not been determined). 

The age composition of walley pollock in the mid-water and bottom 
trawl catches differs significantly (Shuntov, 1992; KarpWalters, 1994; 
Nikolaev and Stepanenko, 2001; Miyashita et al., 2004; Balykin and 
Buslov, 2010; Kotwicki et al., 2015). According to Nikolaev and Stepa-
nenko (2001), fish aged 2–3 years and 6 years prevails in the eastern 
Bering Sea. In the mid-water trawl catches, its numerical proportion is, 
respectively, 63.6 and 10.1%, while in the bottom trawl catches the 
respective values are 54.1 and 13.1%. According to Balykin and Buslov 
(2010), in the western Bering Sea, the age composition of walleye 
pollock in mid-water trawls catches is mainly represented by fish aged 
2–4 years, while individuals aged 3–6 years predominate in bottom 
trawl catches. In the western Chukchi Sea, the age composition of 
walleye pollock in catches of mid-water and bottom trawls differed more 
significantly. In midwater trawls, fingerlings dominated, while in bot-
tom trawls, more than half of the population consisted of older fish, and 
about a quarter accounted for fingerlings and yearlings. 

The walleye pollock age structure in particular area may vary 
interannually and seasonally (Smith, 1979; Balykin, 1990; Glubokov, 
2005) due to strong interannual variability in the abundance of indi-
vidual generations (Nikolaev and Stepanenko, 2006) and fish migrations 
(Smith, 1979). In the initial period of fishing in the Bering Sea, the bulk 
of catches was fish aged 3–6 years, in the second half of the 1970s the 
modal age decreased to 2–5 years (yearlings were common in catches), 
in the early 1980s the modal age increased to 3–5 years (Balykin, 1990). 
In the western Chukchi Sea, the age composition of walleye pollock in 
the midwater trawls in 2003–2008 changed slightly. In all years, fin-
gerlings and yearlings prevailed (93–100%), but their ratio differed 
significantly in different years. In addition, in 2008, medium- and 
large-sized individuals appeared in catches (the share of the latter was 
2.5%). In the bottom trawl catches, large pollock and juveniles aged 
0+ and 1 years dominated in all years. However, the ratio of these age 
groups was different, i.e. in different years their share in catches varied, 
respectively, in the range of 40.5–84.7% and 14.7–54.4%. 

Age structures of male and female walleye pollock are slightly 
different. In general, females in trawl catches are notably older 
compared to males. In the western Bering Sea, modal age of females was 
7–9 years, while the majority of males were 6–8 years old. In the western 
Chukchi Sea mean age of male and female walleye pollock was 8.47 ±
0.15 years and 9.29 ± 0.16 years, respectively. Among males, in-
dividuals ages 8–9 years dominated (61.57%), while females aged 8–10 
years were most numerous (70.73%) in bottom trawl catches. 

The walleye pollock age structure varies among regions (Glubokov, 
2005). Data on the eastern Bering Sea in the published literature vary 
significantly in this regard. Smith (1979) reports that in all years the 
population here is dominated by individuals aged 1–4 years with a 
predominance of yearlings. Stahl and Kruse (2008) believe that fish aged 
3–5 years are numerically predominant in this area. Gritsay and Stepa-
nenko (2003) indicate a numerical predominance (67.9%) in catches the 
fish 2–3 years old. Stepanenko et al. (1993) report dominance (74.0% of 
the total population) of individuals aged 1 and 4–7 years. Similar data 
are provided by Nikolaev and Stepanenko (2006), according to which in 
this area, in the average long-term aspect, age classes from 2+ to 5+
years prevail (90%). Honkalehto et al. (2009) state that walleye pollock 
of age-2, and -3 were dominant numerically (62% and 22%, respec-
tively), and fish aged 4+ totaled 16% of the population numerically, 

Fig. 8. Diet composition (% weight) of walleye pollock of various lengths in 
bottom trawl catches in the western Chukchi Sea, August 2019. Diameter of 
circles corresponds to the mean SFI. 
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while age-1 fish accounted for only 1% of the total estimated numbers. 
Such differences are probably related to the considerable interannual 
variability of the age structure due to the fluctuations in abundance of 
different generations. In the western Bering Sea, the age structure of 
walleye pollock, according to different authors, also differs. Glubokov 
(2005) states that the proportion of walleye pollock juveniles aged 1–3 
years here is 56–76%, on average 63.8–64.6% in different years and 
64.0–65.2% in different seasons. Examining mean trends over longer 
timeframes, there is a significant proportion (about 60%) of age-0+, 
age-1 and age-2 fish (Datsky, 2016). Buslov (2003) suggests that year-
lings predominate in the population of the western Bering Sea, and the 
proportion of older fish decreases with age. In the Navarinsky area, fish 
aged 2–5 years (Gritsay, 2008) or 2+ to 5+ years (Gritsay, 2006) with a 
predominance of immature fish aged 2+ to 3+ years reached the largest 
number in catches in various years. 

As results of recent research show (Wildes et al., 2022; this study), in 
the Chukchi Sea, the age structure of walleye pollock was significantly 
different from that of both the western and eastern Bering Sea since 
fingerlings and yearlings predominated in the mid-water trawl catches, 
and fish under the age of 1 year and 6–17 years were the most numerous 
in the bottom trawl catches. These distinctions are likely due to the joint 
feeding in the western Chukchi Sea of individuals belonging to different 
populations (Emelyanova et al., 2022), having different age structures 
and different abundance of individual generations. In any case, the 
features of the size and age structures of walleye pollock in the western 
Chukchi Sea indicate that its schools are formed here as a result of active 
migrations of adult fish and passive drift of early juveniles from the 
Bering Sea through the Bering Strait. 

4.3. Sex ratio and state of gonad maturity 

Through 2010, immature juvenile walleye pollock were recorded in 
the most catches in the western Chukchi Sea. Single large females 72 and 
82 cm long were caught in 2008 and 2010 in the southern part of the sea 
by mid-water and bottom trawls. A similar situation is observed in the 
Chukchi Sea regarding Pacific cod, large individuals of which over 55 
cm long were occasionally captured by bottom trawls during research 
surveys (Cooper et al., 2022). 

The walleye pollock in the Bering Sea is characterized by the inter-
annual variability of the sex ratio in catches, which, in addition, differs 
depending on the type of fishing gear. Slight numerical domination of 
females (from 1.1 to 1.3) was observed in the catches of the mid-water 
trawl. In bottom trawl catches, the sex ratio varies from equal to the 
predominance of females in the proportion of 1.7 : 1.0 (Datsky, 2016; 
Sergeeva et al., 2019). In the western Chukchi Sea in 2018–2020, the 
proportion of females in bottom trawl catches was significantly higher 
and ranged from 1.8 to 2.7 females per male. This difference is probably 
because walleye pollock in this area was represented mainly by large 
fish (Balykin, 1990), while larger fish are able to travel further than 
smaller fish. 

In the western Bering Sea in the summer-autumn period (active 
feeding), the majority of fish had immature (in some years up to 94.2% 
of females and 84.0% of males) and developing (up to 33.3 and 37.7%, 
respectively) gonads. In some years, the catches content a relatively high 
proportion of fish with gonads in the post-spawning recovery stage (VI- 
II), which occur in August and even in September–October (Datsky, 
2016). In the western Chukchi Sea, the proportion of fish with gonads at 
different stages of maturity varied significantly in different years. In 
contrast to the western Bering Sea, the proportion of immature in-
dividuals among the fish analyzed was extremely small (0–6.0% among 
females and 0–26.0% among males). The proportion of walleye pollock 
with developing gonads in the Chukchi Sea was also different from that 
in the Bering Sea, amounting to 16.0–39.2% among females and 
50.9–74.1% among males. Individuals with gonads at stage VI− II 
accounted for a significant part of the catches (37.5–72.3% of females 
and 8.3–43.6% of males). These differences are probably due to the 

specifics of the size composition and physiological state of the walleye 
pollock that migrated to the Chukchi Sea from the Bering Sea, which was 
represented in the catches both by maturing individuals that did not 
participate in spawning and by large fish spent in the Bering Sea. 

It is noteworthy that in recent years, male and female walleye 
pollock in the pre-spawning and spawning conditions, as well as with 
gonads after recent spawning, have been rarely observed in catches. 
These data may indicate the possibility of spawning of individual 
walleye pollock specimens in the western Chukchi Sea, as previously 
hypothesized (Rand and Logerwell, 2011). However, the survival of 
eggs, larvae, and fry in conditions of low temperatures is unlikely 
(Levine et al., 2021). Nevertheless, the emergence of new spawning 
grounds as a result of climate change (warming) has been demonstrated 
in other species and other areas. In the late 1990s and early 2000s, in the 
northwestern Pacific, the incidence of reproductively mature sablefish 
Anoplopoma fimbria became more frequent in surveys, indicating the 
possibility of an expansion of its reproductive range (though the prob-
ability of survival of its progeny remains in question, Orlov and Bir-
yukov, 2005). However, subsequently, in this area, as warming 
progressed, fingerlings and yearlings of sablefish, which could only be 
originated from the area under consideration, began to be captured 
more and more often. Thus, while the warming trend in the Arctic 
continues, it is possible that new walleye pollock spawning grounds may 
appear in the Chukchi Sea. Existence of its spawning due to climatic 
changes is quite possible in Atlantic-Arctic marginal seas (Zhukova and 
Privalikhin, 2014; Orlov et al., 2021b.) 

4.4. Diet composition and feeding habits 

A comparative analysis of the walleye pollock diet in various parts of 
its range shows the similarity of the data obtained by us in the Chukchi 
Sea with the materials available in the literature on its feeding in other 
areas of the North Pacific. As well as in other areas (Mikulich, 1954; 
Volkov, 2015), walleye pollock in the Chukchi Sea has a double 
specialization, i.e. it feeds as a filter-feeding planktophage and as a 
piscivorous and benthivorous predator. As in other parts of the range, in 
the Chukchi Sea, the main food items of juvenile walleye pollock are 
euphausiids and copepods, while adult individuals consume more fish 
and benthic invertebrates. Appendicularia, chaetognaths, polychaetes, 
echiurids, sea urchins, and other echinoderms, bivalves, and gastropods 
are also prey of this species. To a much lesser extent, walleye pollock 
consumes hyperiids, decapods, and fish (Volkov et al., 1990; Glubokov, 
2005; Kotwicki et al., 2005; Kuznetsova, 2007; Volkov, 2016; Dulepova, 
2018; Frenkel et al., 2021). At the same time, copepods and euphausiids 
are interchangeable prey resources (Napazakov et al., 2001), and their 
share in the walleye pollock diet can vary significantly in different areas 
and in different years (Buckley et al., 2016; Shuntov, 2016). It should be 
noted that in 2020, Pacific sand lance had significant importance in 
walleye pollock diet in the study area that is likely associated with recent 
increasing of abundance of the former species (Baker et al., 2022a). 

The total proportion of plankton in walleye pollock diet in the 
Chukchi Sea in 2018–2020 was comparable to that in the Bering Sea. It is 
known that this species in the Bering Sea is the main consumer of eu-
phausiids (Aydin and Mueter, 2007), which are the dominant dietary 
component here (Shuntov, 2016). Their proportion by weight in various 
length groups of walleye pollock in the Chukchi Sea varied from 12.4 to 
42.4%. The copepod value was slightly lower (3.7–20.8%). The data we 
obtained on the importance of plankton in the walleye pollock diet 
generally agree well with those from the western and eastern Bering Sea 
(Kuznetsova, 2007; Shuntov, 2016; Dulepova, 2018). At the same time, 
in the Chukchi Sea, there is a slightly lower share of euphausiids and 
copepods in the walleye pollock diet compared to the Bering Sea, where 
in its eastern part their proportion is 23–65% and 8–43%, respectively 
(Buckley et al., 2016), and euphausiids in the western part of the sea 
account for 31–69% (Volkov, 2016). At the same time, in 2018 in the 
diet of walleye pollock of all length groups, there was a significant 
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increase in fish prey (16.5–98.0%), which was probably due to the high 
abundance of juvenile fish and a lack of zooplankton, or alternatively 
increases in the availability of forage fishes in the region (Baker et al., 
2022b). A similar situation was reported earlier for the eastern Bering 
Sea, where the replacement of zooplankton with fish was observed in the 
walleye pollock diet (Kuznetsova, 2007). Our data and the results of 
previous studies indicate that the change in the ratio of the main com-
ponents of the walleye pollock diet is determined by the variability of 
the composition of plankton communities in the study area during a 
certain of time period (Volkov, 2016). 

Ontogenetic changes in the composition of walleye the pollock diet 
in the Chukchi Sea are similar to those in other parts of the range. They 
are characterized by a decrease in consumption of copepods and eu-
phausiids with age and an increase in the proportion of large nektonic 
and benthic prey, represented mainly by decapods and fish (including 
their own juveniles), as well as squids (Smith, 1979; Dwyer et al., 1987; 
Volkov et al., 1990; Shuntov, 2016; Chuchukalo et al., 1999; Napazakov 
et al., 2001; Kotwicki et al., 2005; Volkov, 2016; Buckley et al., 2016; 
Frenkel et al., 2021). In general, changes in the diet composition of 
walleye pollock of different length groups in the western Chukchi Sea 
showed similar trends to those described above. However, there were 
some distinctive features. Thus, the proportion of euphausiids in the diet 
of large walleye pollock (>40 cm in 2018 and > 60 cm in 2019) was 
significantly higher than that of small fish (<40 cm). In the average 
long-term plan, the proportional contribution of planktonic organisms 
(small crustaceans, chaetognaths, and larvaceans) to diet decreases 
ontogenetically. Only large benthic crustaceans showed an increase in 
the proportion in the walleye pollock diet as it grew. There were no 
pronounced trends regarding euphausiids and fish. An increase in the 
walleye pollock diet of benthos and fish in some years in some areas may 
be associated with a decrease in the availability of zooplankton (co-
pepods and euphausiids) and a high abundance of juvenile fish (Kot-
wicki et al., 2005; Kuznetsova, 2007). Apparently, during the period of 
our research in the Chukchi Sea, the juvenile fishes were quite abundant, 
but the number of small planktonic organisms was insufficient, which 
determined a high proportion of euphausiids and juvenile fish in the diet 
of all length groups of walleye pollock. 

As for other parts of the walleye pollock range (Smith, 1979; Dwyer 
et al., 1987; Bailey, 1989), evidence of cannibalism was observed in its 
diet in the western Chukchi Sea. Cannibalism occurs in all areas (Volkov, 
2015, 2016), but in the Sea of Okhotsk its level is significantly higher 
than in the western Bering Sea (Volkov et al., 1990), and in the western 
Bering Sea it is highest in the Olyutorsko-Navarinsky area (Glubokov, 
2005). Walleye pollock begins to consume its fry when it reaches a 
length of 10–15 cm (Kuznetsova, 2007). In the western Chukchi Sea, the 
consumption of its juveniles was registered only in large individuals 
(40–60 cm and >60 cm) and only in 2019, when their proportion in the 
diet was, respectively, 2.0 and 1.3%. Such a low level of cannibalism is 
probably due to the spatial separation of juveniles and adults, the 
presence of a sufficient number of other forage organisms, and may have 
seasonal pattern as sown in the eastern Bering Sea (Dwyer et al., 1987). 

The intensity of food consumption by walleye pollock in the Chukchi 
Sea was quite high, which may indicate of favorable feeding conditions. 
However, these sites were unevenly distributed over the study area and 
were probably characterized by high productivity or mechanical accu-
mulation of forage organisms. The level of walleye pollock feeding in-
tensity in the Chukchi Sea is quite consistent with that in other parts of 
the range during the summer post-spawning period, when its SFI is 
highest (Volkov, 2015). The intensity of walleye pollock feeding de-
pends on the physiological condition of individuals, the availability and 
accessibility of forage organisms (Volkov et al., 1990; Volkov, 2015), is 
subject to geographical, seasonal, and interannual variability, can vary 
significantly in fish of different lengths and depends on the total abun-
dance of particular population (Napazakov et al., 2001; Glubokov, 2005; 
Kuznetsova, 2007; Shuntov, 2016; Volkov, 2016; Frenkel et al., 2021). 
Therefore, comparing our data on walleye pollock feeding intensity in 

the western Chukchi Sea with published data on other parts of its range 
may be incorrect and hardly makes sense. 

The data obtained indicate that in the summer-autumn period 2018- 
2020 favorable conditions for walleye pollock feeding were formed in 
the western Chukchi Sea. The feeding grounds of juveniles and mature 
individuals of this species were spatially separated (Maznikova et al., 
2022). The high intensity of feeding of all length groups in different 
years and the relative constancy of the proportion of the main dietary 
components indicate favorable feeding conditions in the study area. 
Thus, walleye pollock, as a highly abundant species, similarly to other 
areas, likely plays a key role in the trophic structure of the Chukchi Sea, 
being the main consumer of euphausiids and copepods. In conditions of 
high abundance of recruitment with insufficient supply of main dietary 
components, walleye pollock can switch to other prey, e.g. its fry, which 
does not affect its feeding intensity. 

5. Conclusion 

The results of studies conducted in the western Chukchi Sea show 
that the size and age structures of walleye pollock differ from that in the 
main parts of its range. Along with the high abundance of juveniles, 
there is a large abundance of large mature fish, but there are no modal 
groups, on which fishing in the Sea of Okhotsk and the Bering Sea is 
mostly based. Most likely, fish of the so-called terminal age migrate here 
through the Bering Strait, while juveniles are carried passively by the 
current. Reproduction of walleye pollock in the Chukchi Sea has not yet 
been observed. A short period of research in the western Chukchi Sea 
does not allow us to say unequivocally what will happen to walleye 
pollock in the future. Given the harsh oceanological and climatic con-
ditions of the area, it is unlikely to expect a spawning of walleye pollock 
here. The size of the stock is likely to depend on the migration of the 
Bering Sea fish through the Bering Strait. 

Recent surveys and this study have succeeded in providing pre-
liminary demographic and diet information about walleye pollock in the 
western Chukchi Sea. Even though more research surveys are required, a 
baseline for those data has now been established and future research can 
now add to the data set and further understanding over time. Therefore, 
when conducting its target fishery, it is necessary to take into account 
the risks associated with the low harvesting rate due to sharp fluctua-
tions in abundance and the inaccuracies of forecasting migration 
magnitude. To monitor the state of walleye pollock stock in the western 
Chukchi Sea, it is necessary to carry out regular research surveys with 
subsequent assessment of fishing prospects. 
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A B S T R A C T   

Based on research of bottom and mid-water trawl surveys conducted onboard Russian research vessels in 
2003–2020, data on the spatial and vertical distributions of walleye pollock Gadus chalcogrammus in the western 
Chukchi Sea are presented. The response of walleye pollock distribution related to water temperature, as well as 
the features of its distribution are also presented. In the water column, schools were mainly comprised of ju-
veniles, while medium-sized and large individuals were scarce. Approximately 98% of the total number of ju-
veniles and 100% of the large pollock caught by bottom trawls were observed in the southern part of the study 
area, while most of medium-sized fish were found in the northern part. In the water column, walleye pollock was 
found within the upper 65 m layer. Near the bottom, the majority of small-sized fish and all large individuals 
were observed at depths shallower 100 m, while over 70% of medium-sized walleye pollock were found at depths 
than 100 m. In the water column, juveniles were observed at temperatures from − 0.4 to 3.3 ◦C with largest 
concentrations within a temperature ranges of 0.9–1.8 ◦C) and 3.0 ◦C. Near the bottom, walleye pollock were 
recorded at a temperature from − 1.2 to 4.3 ◦C with maximum number within the ranges 2–3 ◦C, > 3 ◦C, and 1–2 
◦C. A few individuals were found at bottom temperatures below 0 ◦C. In the water column, the abundance was 
low during the entire study period. Acoustic estimates were notably higher compared to those based on the 
results of bottom trawl surveys. The recent dramatic increase of walleye pollock abundance in the western 
Chukchi Sea appears to reflect a complex of factors, including warming of bottom temperatures, decreasing of ice 
cover, increasing of northward currents, better foraging conditions, and increasing abundance and biomass in the 
Bering Sea. An attempt is made to determine the prospects for commercial fishing of walleye pollock in the 
western Chukchi Sea. Bottom trawl surveys in 2019–2020 indicated an estimate of total allowable catch of 
37,200 t for the 2021 and 2022 fishing seasons; in 2021 over 4000 t were caught. However, this kind of fishing 
cannot be considered sustainable due to several reasons, including the inability to forecast the number of fish 
migrating from the Bering Sea, the limited fishing season due to harsh climatic conditions, the remoteness of 
main ports, and the uncertain population status of its stocks.   

1. Introduction 

Walleye pollock Gadus chalcogrammus is the most abundant and 
widely distributed bentho-pelagic species of the North Pacific (Shuntov 
et al., 1993; Bailey et al., 1999a; Grigoryev, 2021). Its range extends 
from the Chukchi Sea in the north to the waters of Korea, Japan, and 
California in the south (Balykin, 1986; Orlov et al., 2020a). There are 

also occasional records of this species in the North Atlantic and the 
Arctic, including the Norwegian, Barents, Kara, and Laptev seas 
(Mecklenburg et al., 2018; Makhrov and Lajus, 2018; Orlov et al., 
2020b, 2021a). Walleye pollock is a valuable commercial species, 
occupying a leading position in terms of catch volume both in the North 
Pacific Ocean and in Russian fisheries (Fadeev et al., 2001; Bulatov, 
2014, 2015; Shevchenko and Datsky, 2014). In addition, it plays an 
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important role in the North Pacific ecosystems, participating in various 
trophic chains from invertebrates to predatory fish, marine mammals, 
and birds as predator and prey (Smith, 1979; Springer, 1992; Shuntov 
et al., 1993; Livingston, 1993; Bailey et al., 1999a). 

In the Chukchi Sea, walleye pollock juveniles were first found in 
small quantities in the southern part of the Chukchi Sea in the late 1970s 
(Wolotira et al., 1977). Later, in this area, they were recorded repeatedly 
(Echeverria, 1995; Barber et al., 1997; Mecklenburg et al., 2007). 
However, until recently, there was no information on the occurrence of 
adult walleye pollock in the Chukchi Sea (Fadeev, 2005; Hoff et al., 
2015). Only recently there was information about its discovery in the 
area, but the numbers were considered insignificant (Mecklenburg et al., 
2018). In August 2019, during a bottom trawl survey on the R/V “Pro-
fessor Levanidov” in the western Chukchi Sea, commercially-sized ag-
gregations of large-sized walleye pollock were found (Orlov et al., 2019, 
2020c, 2021b). However, the data characterizing its spatial distribution 
in the area depending on environmental conditions have remained un-
published until now, and the prospects for fishing were uncertain. 

In recent years, scientists have been particularly interested in the 
marginal areas of the Arctic due to the greatest degree of manifestation 
of the effect of global warming there (Rühland et al., 2013; Huang et al., 
2017). The borealization of species is one of the most widely discussed 
issues in the scientific community in recent years (Fossheim et al., 2015; 
Polyakov et al., 2020). Walleye pollock, as a species not previously 
found in the Chukchi Sea, is an example of the colonization of a new 
habitat (Wildes et al., 2022). As studies of recent years have shown 
(Orlov et al., 2019, 2020c, 2021b), this species has formed dense and 
highly abundant concentrations in the western Chukchi Sea. 

The purpose of this paper is to characterize the spatial and vertical 
distributions of walleye pollock in the western Chukchi Sea, its distri-
bution depending on water temperatures, and dynamics of abundance 
based on the data from Russian research trawl surveys. Special attention 
is given to the reasons for the walleye pollock increasing of abundance in 
the Chukchi Sea, as well as to determination of the prospects for its 
fishing in this area. 

2. Material and methods 

2.1. Surveys 

This paper is based on bottom and mid-water trawl surveys on the R/ 
V “TINRO” and R/V “Professor Levanidov”, conducted by the Russian 
Federal Research Institute of Fisheries and Oceanography (VNIRO) 
within the Russian Exclusive Economic Zone (EEZ) of the Chukchi Sea. 
The technical characteristics of the vessels are presented in Table 1. 

In total, seven research cruises were conducted in the waters of the 
western Chukchi Sea during the summer-autumn period (August–Sep-
tember 2003–2020), when the water area is as free from ice as possible. 

When conducting trawl surveys in different years, two types of 
fishing gear were used – the mid-water trawl RT 80/396 and the bottom 
trawl DT 27.1/24.4. The mid-water trawl was equipped with a small 
mesh insert (mesh size 10 mm) in the codend (10 m long) and the overall 
length of the codend is 24 m. Trawl hauls with a mid-water trawl in 
2003, 2007–2008 were carried out in the water column within the depth 
range of 34–63 m (Table 2). The length of the warps ensured the 

geometric parameters of the opening of the trawl ranged from 164 to 
275 m. The trawling speed varied in the range from 3.3 to 5.1 knots, 
averaging 4.12 ± 0.03 knots. The horizontal opening of the trawl varied 
from 27.74 to 34.86 m, averaging 31.44 ± 0.15 m. The vertical opening 
was in the range from 27.3 to 42.3 m, averaging 36.14 ± 0.26 m. 
Rectangular Polar Jupiter doors with an area of 5.5 m2 were used. The 
SIMRAD FS 20/25 third-wire net sonde was used to monitor the geo-
metric parameters of the trawl in real-time. 

Bottom trawl hauls in 2010, 2018–2020 were carried out in the 
bathymetric range of 27–270 m. The length of the warps varied from 35 
to 540 m. The trawling speed varied in the range from 2.6 to 4.0 knots, 
averaging 3.02 ± 0.01 knots. The horizontal opening of the trawl varied 
from 12.0 to 17.0 m, averaging 15.91 ± 0.04 m. The vertical opening 
was in the range from 2.0 to 6.0 m, averaging 3.63 ± 0.04 m. The bot-
tom trawl during most of the surveys was equipped with a Simbia cable 
trawl complex, which controlled the contact of the trawl with the seabed 
and showed vertical opening. In 2019, SIMRAD FS 20/25 was used to 
control the parameters of trawling, which also showed the actual hori-
zontal opening of the trawl. For the rest of the surveys, the horizontal 
opening of the trawl was taken as an average value of about 16 m. This 
value of horizontal opening was established not only according to 2019 
data, but also according to the results of other studies which used the 
bottom trawl of this model (Zakharov and Emelin, 2016). Spherical 
boards with an area of 4.3 m2 were used. The codend of the trawl was 
equipped with a 10-mm small mesh insert over the full length (8 m). The 
technical parameters of the trawls are presented in Table 2. 

Hydroacoustic studies were carried out according to standard 
methods using the scientific echo sounder “SIMRAD EK60′′ at fre-
quencies of 38 and 120 kHz (PINRO, 2006). Before starting the survey, 
the acoustic complex was calibrated at both frequencies. 

Since pelagic schools of walleye pollock fingerlings (0-age fish) move 
to the bottom during daylight hours (Kuznetsov et al., 2004), they were 
distributed close to the seabed in the “shadow zone” invisible to the echo 
sounder and part of the trawl catches did not correspond to acoustic 
signals (Orlov et al., 2019). For this reason, an attempt has been made to 
identify objects with a division into pelagic and demersal components. 
This approach is widely used in assessing walleye pollock stocks in 
various parts of its range and is currently recognized as the most 
adequate one (Karp and Walters 1994; Kuznetsov et al., 2004; Honka-
lehto et al., 2011). For the bottom 10-m channel, a calculation was 
performed with the conversion of catches into equivalent acoustic units 
SA(TR) with further interpolation between trawls depending on the 
presence of the studied species on the echogram (PINRO, 2006). 

In this paper, calculations of SA(TR), abundance, and biomass are 
made with the use of length-weight relationship according to biological 
samples of walleye pollock caught in the Chukchi Sea, and the equations 
of target strength (Walline, 2007) obtained for this species in Avacha 
Bay at frequencies of 38 and 120 kHz (Malin et al., 2015):  

TS = 20 log_10 (FL-62)                                                                         

where TS is the target strength and FL is the fork length, in cm. This 
equation is quite applicable to the walleye pollock of the Chukchi Sea 
since these studies were performed for individuals inhabiting similar 
depths 30–120 m using a similar split-beam echo sounder. 

Taking into account the difference in the values of acoustic densities 
by more than two orders of magnitude, the study area was divided into 
two polygons (northern and southern) with corresponding area calcu-
lations and binding of trawl catch and acoustic data to each of them. 

2.2. Environmental data 

Data collection on the bottom temperatures was carried out using the 
hydrological complex SeaBird Electronics model 25, Carousel Deck Unit 
model 33 (USA), which included the hydrological probe SBE 25 Seal-
ogger CTD. 

Table 1 
Technical characteristics of R/V “TINRO” and R/V “Professor Levanidov”.  

Vessel type Medium freezer trawler (“Atlantic-833” project) 

Year of construction 1987 
Maximum length, m 62.22 
Maximum width, m 13.81 
Maximum displacement, t 2508 
Maximum speed, knots 12.96 
Main engine power, kW 2 × 882  
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2.3. Estimation of abundance and biomass 

The abundance and biomass per unit of the captured area (in inds./ 
km2 and kg/km2) for each haul were calculated using the formulas: 

N
A
=

N
1.852⋅v⋅t⋅0.001⋅a

and
M
A

=
M

1.852⋅v⋅t⋅0.001⋅a ,

Where N is the number (individuals) and M is the weight of fish in the 
catch (kg); A is the area trawled during the haul (km2);v is the trawling 
speed of (knot);t is the duration of haul (h);a is the horizontal opening of 
the mouth of the trawl (m); 1.852 is the number of km in 1 nautical mile; 
and 0.001 is the conversion factor from m to km. 

To estimate the total abundance and biomass, as well as to analyze 
the spatial distribution of walleye pollock, the data were averaged over 
trapezoids measuring 0.5◦ in latitude and 1◦ in longitude. The choice of 
such dimension is determined by the spatial distribution of the grids of 
the stations of the studies previously conducted. This ensures a uniform 
distribution of hauls over the study area since 1 or 2 hauls fall within the 
boundaries of each polygon for each survey year. To calculate the 
average annual values of relative abundance and biomass (density), the 
data of all hauls for a certain time period falling within the boundaries of 
the particular trapezoid were averaged. To calculate the total walleye 
pollock stock size, the average density in the polygon was multiplied by 
its area. A similar geostatistical approach using one-degree trapezoids 
has already been successfully applied to the creation of GIS and a series 
of atlases of the nekton and macrofauna of the entire northwestern Pa-
cific (Volvenko, 2004, 2015). 

Studies in 2003, 2007, and 2008 were carried out by a mid-water 
trawl in the water column of the shallow southern Chukchi Sea 
(Fig. 1). In latitude, the boundary of the study reached 71◦N. During this 

stage of research, 91 mid-water hauls were carried out, the grid of sta-
tions covering an area of 106.40 thousand km2. 

The research area in 2010 was comparable to the studies of 
2003–2008 with an area of 80.80 thousand km2 surveyed. The research 
in 2018–2020 was significantly extended in terms of coverage of the 
study area compared to that of 2003–2010. For the first time, the lat-
itudinal boundary of the study area within the western Chukchi Sea was 
extended to 75◦N, 196 bottom trawl hauls were carried out, and the grid 
of stations covered an area of 153.60 thousand km2. For a more accurate 
comparison of estimates of walleye pollock stock size in different years, 
the study area was divided by latitude into 3 sub-areas: “southern” with 
a northern border of 71◦N, “central” between 71◦ and 73◦30ʹN, and 
“northern” between 73◦30ʹ - 75◦N. 

2.4. Maps of spatial distribution 

Maps of the spatial distribution of walleye pollock were constructed 
with the division of the individuals into three size groups: “small”, 
“medium”, and “large” (Table 3). “Small” included specimens with FL <
17 cm since in this group, the sex is not visually determined in most 
cases during biological analyses (BA) made on board of the vessel. The 
age of individuals of this size group does not exceed 2 years and weight 
does not exceed 35 g. By “medium” we mean walleye pollock having FL 
within 18–31 cm. The medium-sized pollock already has well-defined 
sex, individuals reach the age of 3–4 years, their weight does not 
exceed 170 g. The boundaries of the “medium” and “large” walleye 
pollock size groups were chosen solely based on the occurrence of in-
dividuals of different sizes within the western Chukchi Sea. “Large” is a 
pollock having FL ≥ 43 cm. The weight of these individuals aged 5–17 
years is over 500 g. 

The spatial distribution of walleye pollock in the mid-water trawl 
catches for 2003, 2007 and 2008 is shown on the background of bottom 

Table 2 
Technical parameters of mid-water (MT) and bottom (BT) trawl hauls, and areas surveyed in the western Chukchi Sea, 2003–2020.  

Years 2003 
(MT) 

2007 
(MT) 

2008 
(MT) 

2003–2008 
(MT) 

2010 
(BT) 

2018 
(BT) 

2019 
(BT) 

2020 
(BT) 

2018–2020 
(BT) 

Number of hauls 18 48 25 91 38 54 80 62 196 
Length of warps, m 251.3 209.02 254.80 229.96 107.38 247.19 162.44 101.42 166.5 
SE 2.6 2.64 1.59 2.79 0.91 19.40 11.96 1.14 8.3 
min 209 164 250 164 95 80 35 85.8 35 
max 261 250 275 275 120 500 540 135 540 
Depth at the trawling site, m 48.4 47.90 47.44 47.88 50.74 131.10 69.09 53.19 81.1 
SE 0.95 0.81 1.10 0.55 0.59 10.71 5.75 0.51 4.4 
min 40 34 36 34 45 43 27 43 27 
max 54 63 55 63 57 270 267 68 270 
Vertical opening, m 35.3 36.97 35.17 36.14 4.02 3.98 3.06 4.05 3.6 
SE 0.7 0.33 0.31 0.26 0.03 0.01 0.05 0.01 0.04 
min 27.3 30.20 32.20 27.30 3.40 3.30 2.00 3.50 2.0 
max 38.0 42.30 37.80 42.30 4.50 4.00 6.00 4.30 6.0 
Horizontal opening, m 32.5 30.46 32.57 31.44 16.00 16.00 15.79 16.00 15.9 
SE 0.28 0.17 0.11 0.15 0.00 0.00 0.10 0.00 0.04 
min 29.3 27.74 31.61 27.74 16.00 16.00 12.00 16.00 12 
max 34.9 32.82 33.76 34.86 16.00 16.00 17.00 16.00 17 
Trawling speed, knots 4.3 4.03 4.18 4.12 3.38 2.86 3.12 3.03 3.0 
SE 0.07 0.04 0.05 0.03 0.04 0.01 0.02 0.02 0.01 
min 3.3 3.30 3.80 3.30 3.20 2.80 2.90 2.60 2.6 
max 4.7 5.10 4.70 5.10 4.40 3.00 4.00 3.40 4.0 
Duration of hauls, minutes 56.1 58.44 59.80 58.35 30.00 29.81 29.00 40.00 32.7 
SE 2.7 1.12 0.20 0.79 0.00 0.19 0.41 0.00 0.4 
min 25 15 55 15 30 20 15 40 15 
max 60 60 60 60 30 30 35 40 40 
Area surveyed, thousand sq. km 37.95 84.65 51.20 106.40 80.80 56.82 119.16 85.37 153.6 
By sub-areas:          
“Southern” (<71

◦

N), thousand sq. km 37.95 84.65 51.20 106.40 80.80 31.68 81.41 85.37 94.1 
% of total area 100.0% 100.0% 100.0% 100.0% 100.0% 55.8% 68.3% 100.0% 61.2% 
“Central” (between 71◦ and 73◦30ʹN), 

thousand sq. km       
26.0  26.0 

% of total area       21.9%  16.95% 
“Northern” (>73◦30ʹN), thousand sq. km      25.1 11.7  33.5 
% of total area      44.2% 9.8%  21.8%  
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temperatures. The main reason why temperatures at the bottom were 
used instead of surface temperature is that their values represent the 
prevalent water bodies better. The Bering Sea waters may prevail in the 
Chukchi Sea surface layer, however the thermocline there was observed 
in the upper 20 m (Khen et al., 2018). Considering that the vertical 
opening of the mid-water trawl in 2003–2008 was 36.14 ± 0.26 m 
(Table 2), the water bodies of the haul layer could be characterized by 
waters of cooled deeper layers. Comparison of the maps of the spatial 
distribution of bottom temperatures (Slabinsky and Figurkin, 2014) 
clearly demonstrate bottom temperatures above 2.0 ◦C are associated 
with areas where ≥75% of the water column containd water of Bering 
Sea origin. 

2.5. Statistical processing of the data 

The data analysis was carried out in the Microsoft Access 2016 

Fig. 1. Map of mid-water (MT) and bottom (BT) trawl stations in the western Chukchi Sea and their distribution in a grid of semi-degree trapezoids.  

Table 3 
Limits of walleye pollock size classes presented on the maps of spatial distri-
bution for 2003–2020.  

Year Size classes 

Small (juveniles) Medium Large 

min max min max min max 

2003 4.0 8.0     
2007 8.0 12.0   75.0 75.0 
2008 7.0 14.0 21.0 24.0 72.0 72.0 
2010     82.0 82.0 
2018 5.0 17.0 18.0 31.0 46.0 80.0 
2019 4.0 17.0 18.0 30.0 45.0 80.0 
2020 6.0 17.0 18.0 22.0 43.0 79.0  
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DBMS. Statistical processing was performed in Microsoft Excel 2016), 
using Analysis ToolPak, as well as in R-Studio (Version 1.4.1106). Mean 
values of biological parameters (fork length, weight) were calculated as 
weighted means, according to the total values of walleye pollock 
abundance. Abundance of walleye pollock in particular trawl haul was 
used as weight for length and weight parameters distribution, measured 
for sample from this trawl catch. Weighted descriptive statistics calcu-
lations were performed using the Weighted.Desc.Stat-package (https 
://CRAN.R-project.org/package=Weighted.Desc.Stat). Geostatistical 
data processing, including the calculation of polygon areas, was carried 
out in the QGIS Desktop 2.18 GIS (https://qgis.org/). The temperature 
distribution was interpolated by kriging (QGIS module SAGA https:// 
docs.qgis.org/2.8/en/docs/user_manual/processing_algs/saga/index. 
html). The area calculations were performed in the WGS (World 
Geodetic System) coordinate system 1984, EPSG: 4326 (https://epsg. 
io/4326). The maps of the spatial distribution of walleye pollock pre-
sented in this paper were made using the projection Alaska Albers Equal 
Area Conic (EPSG: 102006 https://epsg.io/102006). For the series of 
maps, the legend is shown in Fig. A only. 

3. Results 

3.1. Spatial and vertical distributions and water temperatures 

3.1.1. Mid-water trawl 
The spatial distribution of walleye pollock in the water column of the 

western Chukchi Sea was characterized by the existence of interannual 
differences (Fig. 2). Thus, in 2003, their individuals were recorded 
mainly in the southeastern part of the region (near the Bering Strait), 

where an influx of warm Bering Sea waters was observed. The densest 
concentrations were confined to isobaths 40–50 m and coordinate 67◦N 
and 171◦W (1314.5 inds./km2 and 1.1 kg/km2) and 66◦45ʹN and 
169◦30ʹW (1082.8 inds./km2 and 1.8 kg/km2) (Fig. 2A, S1A, S2A). The 
frequency of walleye pollock occurrence in the study area was 41.2%. 
Schools were represented only by juveniles. 

The study area in August 2007 was expanded compared to 2003 and 
included a shallow stretch of the western Chukchi Sea. The expanded 
survey area was delimited by the De Long Strait and the 3-mile Wrangel 
Island protected zone to the west, and by the outer boundary of the 
Russian Exclusive Economic Zone (EEZ) to the east (Fig. 2B). In 2007, 
walleye pollock was observed in the range of bottom temperatures from 
1.9 to 3.9 ◦C. At the same time, abnormally high temperatures (4.3–12.9 
◦C) were observed in the water column due to the increased inflow of 
Bering Sea waters. During the research period, only two large accumu-
lations were noted at depths of 47 and 49 m, on the traverses of Cape 
Vankarem (181.2 inds./km2 and 0.9 kg/km2) and Cape Dezhnev (1.4 
inds./km2 and 3.9 kg/km2). The frequency of occurrence was 5.0% with 
an average density 4.6 inds./km2). The bulk of the schools was formed 
by juveniles (99.2%). In the southern part of the study area near the 
Bering Strait, only adults were recorded in catches (1.4 inds./km2 and 
3.9 kg/km2), juveniles were recorded in the central part of the surveyed 
area (181.2 inds./km2 and 0.906 kg/km2) (Figs. S1B and S2B). 

The study area in early September of 2008 was smaller compared to 
surveyed in 2007. It included shallow waters from the Russian EEZ 
boundary to the east and to 179◦28ʹW to the west. The survey area 
stretched north to 69◦58ʹN and bordered the territorial waters in the 
south (Fig. 2C). During the research period, the water temperature near 
the bottom varied from − 1.4 to +2.6 ◦C, in the water column from 2.4 to 

Fig. 2. Spatial distribution of bottom temperatures and relative abundance of walleye pollock by size classes in the western Chukchi Sea in 2003 (A), 2007 (B), 2008 
(С), and averaged data for 2003–2008 (D). Legend is shown on panel А. 
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6.8 ◦C. The main schools were confined to 46–53 m isobaths at a tem-
perature near the bottom of 2.1–2.6 ◦C. As in previous years of research, 
the bulk of catches was formed by juveniles (93.3%). Concentrations of 
individuals with FL of more than 40 cm were observed only in the area of 
Cape Dezhnev and the Bering Strait (4.3 inds./km2 and 9.2 kg/km2) at a 
depth of 52 m, where an influx of warm Bering Sea waters was regis-
tered. Medium-sized walleye pollock was recorded on the traverse of 
Cape Vankarem (3.6 inds./km2 and 0.2 kg/km2) at a depth of 50 m. 
Medium- and large-sized individuals were accounted for 4.5% and 2.2%, 
respectively. The only mixed schooling, represented by juveniles and 
medium-sized fish, was found between the Dezhnev Cape and Cape 
Serdtse-Kamen’ at coordinates 68◦N and 170◦W at a depth of 52 m. In 
general, the frequency of walleye pollock occurrence was significantly 
higher than in 2007 and reached 25.0% with an average density of 7.2 
inds./km2. It is worth noting that in 2008 there was a northward 
redistribution of walleye pollock (Figs. S1C and S2C). 

In general, the walleye pollock spatial distribution in the water col-
umn in the western Chukchi Sea in 2003, and 2007–2008 was uneven, 
the average frequency of occurrence and density were 22.0% and 29.8 
inds./km2, respectively. Schools were mainly represented by juveniles 
(FL < 17 cm), the proportion of which varied from 93.3 to 100%, while 
medium-sized and large individuals in catches were scarce (Fig. 2D, 
S1D). 

In 2003–2008, in the western part of the Chukchi Sea, walleye 
pollock juveniles dominated in the water column (99.7% by the num-
ber), medium and large individuals accounted for 0.2 and 0.1%, 
respectively (Fig. 3). Juveniles were distributed completely at a depth of 
up to 63 m from the surface. 

Pelagic juvenile walleye pollock was observed at temperatures from 
− 0.4 to 3.3 ◦C (Fig. 4). The largest number was recorded at a temper-
ature of 0.9–1.8 ◦C (46.4%) and 3.0 ◦C (29.4%). 

3.1.2. Bottom trawl 
Since 2010, research in the Chukchi Sea has been carried out by 

bottom trawl only. In this year, a single individual (FL 82 cm) was 
recorded in a catch near Cape Dezhnev (Fig. 5) at a depth of 57 m within 
the warm Bering Sea waters inflow. The temperature of the surface layer 
was 7.6 ◦C, while near the bottom layer 1.8 ◦C. The frequency of walleye 
pollock occurrence in catches was 2.7%. In terms of the area, the density 
made up 19.9 inds./km2 and 98.3 kg/km2 (Fig. S3). 

In 2018, the bottom trawl survey covered two separate areas of the 
western Chukchi Sea, i.e. the eastern part of the shelf inside the 50 m 
isobath and the continental slope outside of the 100 m isobath. The 
temperature range near the bottom was from − 0.09 to +4.7 ◦C. There 
was a significant increase in walleye pollock abundance compared to 
previous years. The schools in the southern sector of the study area 
consisted mainly of large individuals (FL > 42 cm) (Fig. 6A) with the 
frequency of occurrence 40.7%. Several areas of dense concentrations 
were observed within 49–50 m isobaths and bottom temperatures of 
4.2–4.4 ◦C. The first area, consisting mainly of juveniles, was confined to 
the coordinates 69◦N and 171◦W at the traverse of Cape Serdtse-Kamen’ 
(5788.5 inds./km2 and 992.1 kg/km2). The second mixed schooling at 
the traverse of Cape Dezhnev consisted mainly of large pollock (2513.6 
inds./km2 and 1000.0 kg/km2). It should be noted that the contribution 
of juveniles to the formation of concentrations here was 56.1%, while 
the proportion of large and medium-sized fish accounted for 40.6% and 
3.3%, respectively. The frequency of walleye pollock occurrence in the 
southern sector was 96.6%. Pollock also had a high frequency of 
occurrence in the northern region (93.3%), but the abundance was an 
order of magnitude lower compared to the southern region, which also 
affected the average values of the density for the entire study area 
(Fig. 6A, S4A). 

Interestingly, there was no large-sized pollock in the catches within 
the boundaries of the northern sector. Here, the catches were dominated 
by medium-sized individuals. Walleye pollock distribution was rela-
tively uniform. Schooling with a rather high density consisting only of 
medium-sized fish is marked at coordinates 75◦N and 174◦W (202.5 
inds./km2 and 17.8 kg/km2) at a depth of 249 m. The average densities 
in the northern region were 66.8 inds./km2 and 3.2 kg/km2 (Figs. S5A 
and S6A). The temperature near the bottom in this area varied from 
− 0.09 to +0.35 ◦C, the depths were from 150 to 257 m. 

If we consider the depth distribution of pollock over the study area, 
the main concentrations were confined to 40–60 m isobaths and bottom 
temperatures of 1.9–4.7 ◦C (1629.5 inds./km2 and 935.2 kg/km2). 
Representatives of all three size groups were registered here. At the same 
time, the schools were formed mainly by juveniles (1015.2 inds./km2 

and 935.2 kg/km2). The second position belonged to large-sized in-
dividuals (602.9 inds./km2 and 927.8 kg/km2), while medium-sized 
pollock was rare in the catches (11.5 inds./km2 and 0.7 kg/km2). 
Denser concentrations of medium-sized individuals were confined to 

Fig. 3. Vertical distribution and relative abundance of walleye pollock various size groups in mid-water trawl catches in the western Chukchi Sea in 2003 (A), 2007 
(B), 2008 (С), and averaged data for 2003–2008 (D). Legend is shown on panel A. 
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depths of 230–250 m (172.8 inds./km2 and 13.5 kg/km2) at a bottom 
temperature of 0.2–0.3 ◦C. It is worth noting that all the size groups of 
walleye pollock were found at depths of 50–60, while large fish were 
absent deeper in the catches. Deeper, the catches were represented only 
by juveniles and medium-sized individuals (140–150, 170–240, and 
250–260 m) or only by medium-sized fish (240–250 m). At the same 
time, the densities of juveniles (64 inds/km2 and 7 kg/km2) and 
medium-sized fish (86.3 inds/km2 and 4.1 kg/km2) in mixed schools at 
depths of 140–150, 170–240 m almost did not differ. 

In 2019, there was an increase in walleye pollock abundance in the 
western Chukchi Sea near the bottom. Its average density was twice 
higher compared to the level of 2018 (1310.5 inds./km2). The frequency 
of occurrence was 87.9%. The spatial distribution of individuals can 
hardly be called uniform. The main concentrations of walleye pollock 
with FL of more than 17 cm were observed in the central part of the 
southern sector at a bottom temperature of 2 ◦C. The structure of schools 
in 2019 differed significantly from that in 2018 (Fig. 6B, S4B). The 
proportion of large individuals (FL > 42 cm) reached 83.9% with an 
average density of 1095 inds./km2, which is 4 times higher compared to 
2018 (Fig. 6A and B). At the same time, the proportion of juveniles and 
their density, on the contrary, decreased compared to 2018 (15.6% and 
208.5 inds./km2). The medium-sized pollock accounted for less than 
1%. The range of the depths surveyed varied from 27 to 248 m, the 
temperature near the bottom was from − 1.5 to +4.2 ◦C. Walleye pollock 
in the southern region in 2019 was observed in 97.3% of trapezoids, 
while the average density of schools was slightly higher than the average 
value over the entire study area and amounted to 1427.4 inds./km2 and 
1735.9 kg/km2 (Figs. S5B and S6B). Walleye pollock concentrations 
here were mainly represented by adults (Fig. 6B). Their density varied 
from 20.5 to 3146.2 inds./km2 and 0.3–4252.7 kg/km2. The proportions 
of different size groups were comparable to that for the entire study 
area. The share of large pollock was 86.0% by number and 99.9% by 
weight, while the proportion of juveniles was 13.9% and 0.1%, 

respectively. Juveniles (FL < 17 cm) were concentrated mainly in the 
northern part of the southern sector. Taking into account the size 
structure described, 64.2% of the total number of juveniles and 73.7% of 
the number of large walleye pollock were concentrated in the southern 
area. In the central area, walleye pollock was recorded in 92.9% of 
trapezoids within 38–57 m isobaths. The density exceeded the values 
obtained for the entire study area, averaging 1651.3 inds./km2 and 
1523.9 kg/km2 (Figs. S5B and S6B). In the central sector compared to 
the southern one and the entire study area, the distribution of different 
size groups varied. The number of large walleye pollock in the central 
sector was 78.7% and that of juveniles was 19.6% (Fig. 6B, S4B). In the 
central sector, schooling with a maximum density was observed in the 
area with coordinates 71◦30ʹN and 173◦W at 44 m isobath and at a 
bottom temperature of 3.1 ◦C, which consisted of adults only (15654.4 
inds./km2 and 17622.8 kg/km2). In the northern region, the occurrence 
of walleye pollock was only 28.6% (Fig. 6B, S4B). The density turned out 
to be several orders of magnitude lower compared to the southern and 
central sectors, which significantly affected the average values for the 
entire study area. The average density of schools in the northern sector 
was 10.7 inds./km2 and 0.1 kg/km2 (Figs. S5B and S6B). The low values 
here were due to the absence of large- and medium-sized fish. The range 
of the depths studied was 71–240 m, the bottom temperature was from 
− 1.5 to +0.2 ◦C. The depth distribution of walleye pollock in the study 
area differed from that in 2018. Thus, dense concentrations of juveniles 
(584.9 inds./km2 and 6.2 kg/km2) were observed within 20–30 m iso-
baths and at bottom temperature 2.5 ◦C. The proportion of juveniles 
decreased on isobaths of 50–60 m, while their density again became 
considerable on depths of 60–70 m at temperatures from − 1.0 to +2.2 
◦C (526.6 inds./km2 and 5.4 kg/km2). There were no juveniles in the 
catches on isobaths of 30–40, 70–80, 160–180, and 210–240 m. 
Increased concentrations of large-sized fish were observed on isobaths of 
50–70 m in the temperature range near the bottom from − 1.3 to +4.2 ◦C 
(2021.2 inds./km2 and 2964.6 kg/km2). Individuals of this size group 

Fig. 4. Relative abundance and distribution of walleye pollock various size groups in mid-water trawl catches in the western Chukchi Sea depending on bottom 
temperature in 2003 (A), 2007 (B), 2008 (С), and averaged data for 2003–2008 (D). Legend is shown on panel A. 
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were absent from catches at depths of 80–250 m. Medium-sized in-
dividuals, as in 2018, were rare in the catches. Their densities at depths 
of 40–70 m within a temperature range from − 1.3 to +4.2 ◦C were 29.4 
inds./km2 and 2.8 kg/km2. Denser concentrations were found at depths 
of 110–120 (67.5 inds./km2 and 1.7 kg/km2) and 130–140 m (44.9 
inds./km2 and 5.2 kg/km2). At depths of deeper 140 m, this size group 
was not represented in the catches. 

In 2020, the abundance of walleye pollock in the western Chukchi 
Sea near the bottom remained at a high level, despite a significant 
reduction of the study area. The survey covered only the southern sector 
with isobaths of 43–68 m and a bottom temperature from − 1.3 to +4.2 
◦C. Here, the frequency of occurrence was 92.3%, the average density 
exceeded the level of 2019 (2067.1 inds./km2 and 1847.8 kg/km2) 
(Figs. S5C and S6C). The structure of walleye pollock schools in 2020 
differed from that in 2018 and 2019. They were mainly mixed, their bulk 
was formed by individuals with FL over 42 cm (64.6%), and the average 
density was 1336.6 inds./km2, which is higher compared to 2019. Also, 
a significant contribution was made by juveniles (35.2%), the average 
density of which was 726.5 inds./km2. The medium-sized pollock 
accounted for only 0.2% and 4.0 inds./km2. The densest concentrations 
of walleye pollock were observed in the central, eastern, and western 
parts of the sector at a bottom temperature of 2.0 ◦C. At the same time, 
significant catches of juveniles were obtained in waters with a temper-
ature close to 0 ◦C. The depth distribution of walleye pollock had also 
undergone some changes compared to 2018 and 2019. These changes 
were mainly related to the range of depths at which the trawl hauls were 
carried out. Mixed schools (5407.1 inds./km2 and 3701.8 kg/km2) 
consisting of representatives of three size groups were observed on the 
isobaths 40–70 m. The exception was the range of 60–70 m, where there 

was no medium-sized pollock. At the same time, if at depths of 40–50 m 
(temperature from − 1.3 to +2.8 ◦C) high concentrations of juveniles 
were recorded (902.9 inds./km2 and 7.2 kg/km2), then at depths of 
50–60 m (temperature from − 1.2 to +4.2 ◦C) fish was quite scattered 
(309.5 inds./km2 and 3.0 kg/km2), and deeper (60–70 m and 2 ◦C) the 
abundance of walleye pollock increased again (1320.9 inds./km2 and 
6.7 kg/km2). Large-sized individuals prevailed in catches at depths of 
50–70 m (2417.4 inds./km2 and 3104.8 kg/km2). Walleye pollock 
schools of medium-sized fish, as in previous years of research, were 
scarce in the catches (7.6 inds./km2 and 0.3 kg/km2). 

Thus, it can be concluded that in the western Chukchi Sea, about 
98% of the total number of juveniles and 100.0% of the number of large 
pollock are concentrated in the southern sector of the sea. Their main 
biomass is found in the area from shore down to a depth of 70 m. 

In bottom trawl catches, 39.2–66.5% of juvenile walleye pollock 
abundance was observed at depths up to 50 m, and from 33.5 to 60.5% 
deeper than 50 m. All medium-sized and large-sized individuals were 
caught at depths of about 50 m (Fig. 7). 

Near the bottom in the western Chukchi Sea, walleye pollock was 
recorded at a temperature from − 1.2 to 4.3 ◦C. The maximum number 
was typical for the ranges 2–3 ◦C (45.6%), >3 ◦C (24.3%), and 1–2 ◦C 
(12.1%). A small number of individuals (1.6%) were found at negative 
bottom temperatures (Fig. 8). 

3.2. Acoustic abundance and biomass estimates 

There were no dense accumulations of walleye pollock in most of the 
northern polygon. In the southern part of the study area, on the contrary, 
the schools were predominantly of high density with maximum 

Fig. 5. Spatial distribution of bottom temperatures and relative abundance of walleye pollock by size classes in the western Chukchi Sea, 2010.  
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concentrations (SA = 1000–2000 m2/nm2) to the east and southeast of 
the Wrangel Island (Fig. 9). 

Recalculation of the abundance and biomass of walleye pollock in 
the Chukchi Sea in 2019 using new data on the size-weight relationship 
and the formula for the target strength allowed us to obtain updated 
data, which amounted, respectively, to 276 million individuals and 
303.0 thousand tons (Table 4). 

3.3. Trawl surveys abundance and biomass estimates 

In the water column of the western Chukchi Sea, walleye pollock 
abundance was low during the entire study period. The highest esti-
mates were in 2003 (10.8 tons and 8.9 million individuals (Table 5). 

The dynamics of walleye pollock abundance in the near-bottom layer 
of the western Chukchi Sea from 2018 to 2020 changed. In 2018, for the 
first time, a significant increase in the abundance and biomass of walleye 
pollock was observed, which amounted to 43 million individuals and 

25.9 thousand tons, respectively. In 2019, stocks size continued to in-
crease to 160 million individuals and 182.4 thousand tons, and the bulk 
of biomass was formed by large-sized specimens (99.8%). Results of 
2020 studies showed that the prevalence of large walleye pollock 
(99.7%) in schools contributed to the stability of biomass value at a high 
level (157.2 thousand tons). It is worth noting that the study area in 
2020 was noticeably smaller than in 2018 and 2019. 

3.4. Fishing 

Results from recent research have shown that due to global warming, 
walleye pollock is expanding its range and occupies not only the 
southern part of the Chukchi Sea but also has become an abundant 
species in the northern part of the sea (Orlov et al., 2020b, 2021a). Es-
timates of the stock size allowed recommendations to initiate a com-
mercial fishery. As a result, the total available catch (TAC) of walleye 
pollock for 2021–2022 within the Russian EEZ of the Chukchi Sea was 

Fig. 6. Spatial distribution of bottom temperatures and relative abundance of walleye pollock by size classes in the western Chukchi Sea in 2018 (A), 2019 г. (B), 
2020 (С), and averaged data for 2018–2020 (D). Legend is shown on panel А. 
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set at 37.2 thousand tons. According to the Monitoring System of the 
Federal Agency for Fisheries of the Russian Federation data (https://os 
m.gov.ru/) in 2021, the total catch of walleye pollock by Russian com-
mercial fishing vessels in the western Chukchi Sea exceeded 4 thousand 
tons, and its fishing was carried out by 2 vessels (Fig. 10). 

4. Discussion 

4.1. Spatial distribution 

It is known that the distribution of walleye pollock in the water 
column and at the bottom differs significantly (Kotwicki et al., 2005). In 
addition, the pelagic layers are inhabited mainly by juveniles of the 
species under consideration, which, as they grow, move to inhabit near 
the bottom (Karp and Walters, 1994; Nikolaev and Stepanenko, 2006; 
Kuznetsov et al., 2006, 2013; Shuntov, 2016). As the results of our 
research have shown, the character of the spatial distribution of walleye 
pollock in the western Chukchi Sea does not fundamentally differ from 
that in other parts of the species range. Thus, schools in the water col-
umn during all the years of research were mainly represented by juve-
niles FL < 17 cm, the proportion of which varied from 93.3 to 100%, 
while medium-sized and large individuals in catches were rare. In bot-
tom trawl catches, walleye pollock was represented mainly by both 

juveniles and large-sized fish, and the proportion of medium-sized in-
dividuals was insignificant. 

In the Bering Sea, adjacent to the area of our research, certain pat-
terns in the spatial distribution of walleye pollock can be noted. In its 
eastern part, younger individuals are concentrated in more northern 
areas compared to large-sized individuals, which are distributed more or 
less evenly throughout the shelf. At the same time, medium-sized 
walleye pollock are distributed on the outer shelf closer to the conti-
nental slope (Kotwicki et al., 2005; Nikolaev and Stepanenko, 2006; 
Stepanenko et al., 2007; Honkalehto et al., 2009; O’Leary et al., 2020). 
The distribution of walleye pollock in the northwestern part of the sea, 
where the shelf is noticeably narrower, has its specifics and differs from 
the one described above. Thus, in the shallow waters of the 
Olyutor-Navarinsky area with depths up to 80–100 m, mainly finger-
lings, yearlings (aged 1 year), and large fish over 50 cm long are 
concentrated, while medium-sized fish are distributed on the outer shelf 
closer to the continental slope (Stepanenko and Gritsay, 2018; Datsky, 
2016). In the Gulf of Anadyr, where the shelf zone with isobaths of 
50–150 m is quite wide, larger juveniles aged from 1+ to 3+ years and 
middle-aged mature walleye pollock are distributed near the bottom. 
Medium-sized fish with insignificant by-catch of fingerlings and year-
lings inhabit the outer shelf, and larger pollock 40–65 cm long are 
caught within the continental slope (Gritsay, 2008). The character of the 

Fig. 7. Depth distribution and relative abundance of walleye pollock various size groups in bottom trawl catches in the western Chukchi Sea in 2018 (A), 2019 (B), 
2020 (С), and averaged data for 2018–2020 (D). Legend is shown on panel A. 
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Fig. 8. Relative abundance and distribution of walleye pollock various size groups in bottom trawl catches in the western Chukchi Sea depending on the bottom 
temperature in 2018 (A), 2019 (B), 2020 (С), and averaged data for 2018–2020 (D). Legend is shown on panel A. 

Fig. 9. Walleye pollock distribution in the western Chukchi Sea according to acoustic and transformed trawl data (A), echogram of its densest concentrations (B), 
echogram of bottom scattered schools in the southwestern part of the study area (C). 
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spatial distribution of walleye pollock in the western Chukchi Sea seems 
closest to that of the Olyutor-Navarinsky area of the Bering Sea. There, 
juveniles and large individuals are found within the shallow depths of 
the shelf, while medium-sized fish feed in more northern and deeper 
areas. 

Many authors have noted the presence of interannual changes in the 
character of walleye pollock spatial distribution (Smith, 1979; Bulatov, 
1995; Balykin, 2002; Kuznetsov et al., 2004; Honkalehto et al., 2009, 
2011; Stepanenko and Gritsay, 2018; O’Leary et al., 2020; Baker, 2021) 
both concerning immature fish and large individuals (Thorson et al., 
2017; Eisner et al., 2020), as well as in the water column and near the 
bottom (Kuznetsov et al., 2013). Our research also revealed interannual 
changes in the spatial distribution of walleye pollock in the western 

Table 4 
Abundance and biomass of walleye pollock in the western Chukchi Sea based on 
acoustic research, August 2019.  

Item Variant of estimation 

Orlov et al. 
(2019) 

Taking into account SA(TR), new 
equation and key 

Abundance, million 
inds. 

241.6 276.4 

Biomass, thousand t 398.4 303.0  

Table 5 
Abundance and biomass of walleye pollock in the western Chukchi Sea based on results of research surveys, 2003–2020.  

Year Layer Area surveyed, 
thousand sq. 
km 

Number of 
hauls 

Share of walleye 
pollock by 
trapezoid, % 

Abundance, million inds. Biomass, t 

Total Small Medium Large Total Small Medium Large 

2003 Water 
column 

37.95261 18 41.2 8.9197 8.9197 0 0 10.8 10.8 0 0 

2007 Water 
column 

84.64721 48 5.0 0.4081 0.4048 0 0.0033 11.8 2.0 0 9.8 

2008 Water 
column 

51.19725 25 25.0 0.3873 0.3612 0.0176 0.0085 22.4 2.6 1.5 18.3 

2003–2008 Water 
column 

106.4017 91 22.0 3.4417 3.4318 0.0059 0.0040 16.1 6.2 0.5 9.4 

2010 Bottom 80.79681 38 2.7 0.0393 0 0 0.0393 194.7 0 0 194.7 
2018 Bottom 56.81871 54 96.6 42.7962 23.9963 1.4048 17.3951 25895.3 173.1 89.6 25632.6 
2019 Bottom 119.1585 80 87.9 160.9470 25.0325 0.8689 135.0456 182376.9 253.2 59.8 182063.9 
2020 Bottom 85.37448 62 92.3 175.9313 61.8349 0.3481 113.7483 157188.8 536.3 15.5 156637.0 
2018–2020 Bottom 153.5979 196 87.0 208.3312 63.5090 2.1681 142.6541 191283.8 526.0 136.2 190621.6  

Fig. 10. Fishing effort and tracks of commercial vessels in the western Chukchi Sea, 2020 to 2021 (based on the data of Global Fishing Watch, Inc., www.glo 
balfishingwatch.org, Accessed on December 09, 2021). 
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Chukchi Sea, which are probably due to the different abundance of year 
classes that came to feed from the Bering Sea in each year. 

The character of the spatial distribution of walleye pollock is subject 
to strong variability and is determined by the year-class abundance, 
oceanological conditions, and food availability (Kuznetsov et al., 2006; 
Stepanenko et al., 2007). Therefore, it hardly makes sense to compare 
the data we have obtained on walleye pollock densities in the western 
Chukchi Sea with those from other parts of its range. In addition, den-
sities in different publications are often given in the illustrations (maps 
and graphs) with relative values in different units (for example, acoustic, 
per hectare, per square mile, per square km), which makes the com-
parison of the results very problematic. 

4.2. Vertical distribution 

Walleye pollock in general occurs within the range from the surface 
to a depth of 1280 m, with optimal depths of 30–590 m (Orlov and 
Tokranov, 2019). The features of its vertical distribution in the water 
column and at the bottom differ significantly. It is believed that walleye 
pollock juveniles aged 1–5 years are more abundant in the water column 
(Karp and Walters, 1994; Gritsay, 2006; Stepanenko and Nikolaev, 
2004a), although they can also occur near the bottom (Honkalehto et al., 
2009), which is associated with their vertical diurnal migrations 
following zooplankton (Serobaba, 1970; Bailey, 1989). Honkalehto et al. 
(2009) reported that about 21% of the biomass of juvenile walleye 
pollock is concentrated in the upper 60-m layer in the Bering Sea. 

Its habitat conditions are not the same in different areas, which de-
termines the unevenness of its distribution (Serobaba, 1970), including 
by depth. The character of its vertical distribution differs significantly in 
areas with wide and narrow shelves (Datsky, 2016). In addition, the 
distribution pattern of the species under consideration changes signifi-
cantly during the life cycle (Serobaba, 1970; Stepanenko and Nikolaev, 
2004a; Gritsay, 2006, 2008; Barbeaux and Hollowed, 2018), and it is 
also subject to interannual and seasonal variability (Serobaba, 1970; 
Smith, 1979; Balykin, 1990, 2002; Baker 2021). 

The natural separation of different size and age groups of walleye 
pollock, which helps juveniles to avoid predation by large adult fish, is 
typical for areas with a well-developed shelf, e.g. the Gulf of Anadyr. In 
areas with a narrow shelf, e.g. the Olyutor-Navarin area, the size-age 
segregation of walleye pollock is not so clearly expressed (Datsky, 
2016). In general, within the vast shelf of the northern Bering Sea, 
during the feeding period, walleye pollock aged 0+ and partially 1 year, 
and large older fish inhabit depths of less than 50 m. Larger juveniles 
and intermediate mature walleye pollock are distributed within the 
outer shelf, while the largest individuals 40–65 cm long are caught on 
the continental slope (Gritsay, 2008). According to other data (Datsky, 
2016), the depths of the habitat of fingerlings, yearlings, and large fish 
(FL > 50 cm) in the shallow waters of the northwestern Bering Sea are 
80–100 m. In the western Chukchi Sea, which is characterized by the 
presence of an extensive shelf, the character of the vertical distribution 
generally corresponded to the above. In general, the vast majority of 
walleye pollock individuals were observed on isobaths less than 100 m. 
The abundance of small-sized pollock (97.5%), medium-sized in-
dividuals (29.9%), and all large fishes were concentrated at these 
depths. At depths over 100 m, only the medium pollock (70.1%) reached 
a noticeable abundance, while the small-sized individuals were few 
(2.5%), and the large ones were absent. 

The character of the bathymetric distribution of walleye pollock in 
the western Bering Sea is subject to significant interannual dynamics 
(Balykin, 2002). In the western Chukchi Sea, based on observations of 
2018–2020, significant changes in the bathymetric distribution features 
of this species were not detected. Thus, the maximum densities of ju-
veniles in all years were observed at depths of less than 100 m, and only 
in 2019 slightly denser concentrations were also recorded deeper than 
100 m (4%). The densest schools of the largest walleye pollock in all 
years were also observed at depths up to 100 m (except 2018, when it 

was absent from catches). Only the distribution pattern of medium in-
dividuals, which were few in the bottom trawl catches during all the 
years of observation, differed markedly interannually. Thus, in 2018, 
medium walleye pollock were predominantly observed at depths >200 
m (57.9%), 51–200 m (31.3%), and <50 m (13.7%). In 2019, the 
maximum densities were typical for depths shallower 100 m (60.6%) 
and deeper 100 m (39.4%). In 2020, all medium-sized fishes were 
observed at depths swallower 70 m. The reasons for the low number or 
absence of medium-sized individuals in catches in the western Chukchi 
Sea may be related to the peculiarities of its migration activity and 
spatial distribution. Gritsay (2008) believes that individuals of this size 
group (FL 31–50 cm) have high migratory activity. In the western Bering 
Sea, their catches are observed closer to the continental slope (Datsky, 
2016). Medium walleye pollock migrate into the western Chukchi Sea in 
small numbers (in some years not at all), is mostly distributed within the 
slope areas of the Bering Sea, or its main part feeds in the western 
Chukchi Sea in areas adjacent to the continental slope located outside 
the Russian EEZ that have not been surveyed. The latter assumption is 
supported by the results of the 2018 survey when medium-sized walleye 
pollock was recorded in noticeable numbers exclusively in the northern 
part of the study area. 

In general, the character of the walleye pollock vertical distribution 
in the western Chukchi Sea differs little from that in the neighboring 
Bering Sea. It is also characterized by an increase in the number of large 
and older fish with a decrease in depth (Balykin, 1990; Gritsay, 2006), as 
well as the predominance of adult fish and juveniles at shallow depths 
(Serobaba 1970; Honkalehto et al., 2009). 

4.3. Water temperature-dependent distribution 

Walleye pollock is a species with a fairly wide temperature range of 
habitat, i.e. from − 1.8 to +14.0 ◦C, with optimal temperatures in the 
northern regions from − 1.0 to +4.0 ◦C, while in the southern ones they 
are in the range of 0.5–5.0 ◦C (Shuntov, 2016). Most authors agree that 
individuals of this species prefer low positive water temperatures and 
avoid cold waters with negative or near 0 ◦C temperatures (Kotwicki 
et al., 2005; Kuznetsov et al., 2006, 2013; Baker, 2021). Nevertheless, 
the data on the temperature range of walleye pollock occurrence in the 
Bering Sea are somewhat controversial. Smith (1979) reported it as 
0.5–6.0 ◦C, while Balykin (1990) noted occurrence at temperatures of 
− 1.8 to 8.4 ◦C and the formation of schools in the range 0.5–5.0 ◦C (most 
frequently 2–5 ◦C). 

Optimal temperatures of walleye pollock habitation in the water 
column and near the bottom are different. In the Bering Sea, they are in 
the range of 2–4 ◦C and 1.5–3.5 ◦C, respectively (Serobaba, 1970). 
However, other authors (Stepanenko and Nikolaev, 2004a) believe that 
the vast majority of fingerlings feed in relatively warm waters with a 
temperature at the surface of 8–9 ◦C and near the bottom of 2–4 ◦C. 
Kuznetsov et al. (2013) reported concentrations of fingerlings and ju-
veniles in the autumn period in the upper water column within the 
temperature range of 2–3 ◦C. In the western Chukchi Sea in 2003–2008 
the largest number of pelagic juvenile walleye pollock was recorded at a 
temperature of 0.9–1.8 ◦C and 3.0 ◦C, i.e. at slightly lower values 
compared to the Bering Sea. Near the bottom in the western Chukchi 
Sea, the maximum number of walleye pollock was typical for the ranges 
2–3 ◦C, > 3 ◦C, and 1–2 ◦C. A small number of individuals were found at 
negative bottom temperatures. A low abundance of walleye pollock or 
its absence in areas with low bottom temperatures (<− 1 ◦C) and the 
occurrence of the absolute majority of individuals within the shelf at 
positive water temperatures were reported by Kuznetsov et al. (2013). 
Thus, in general, our data on the distribution of walleye pollock in the 
western Chukchi Sea depending on the bottom temperature correspond 
to previously published data for the Bering Sea (Serobaba, 1970; Ste-
panenko and Nikolaev, 2004a; Kuznetsov et al., 2013). 

Walleye pollock of various size groups are characterized by different 
temperature preferences (Serobaba, 1970; Barbeaux and Hollowed, 
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2018). Medium fish in the Bering Sea form schools at bottom tempera-
tures of 0.5–2.5 ◦C, while large individuals and juveniles up to 30 cm at 
temperatures from − 1 to 0 ◦C. Our data obtained for the western 
Chukchi Sea differ significantly from those given above. Walleye pollock 
juveniles were the most numerous at temperatures of 0–1 ◦C (43.3%) 
and above 2 ◦C (44.2%), while only 3.3% of its number was recorded at 
subzero temperatures. Medium fish was more abundant at the bottom 
temperatures below 1 ◦C (57.9%, including 18.5% at subzero tempera-
tures). Their abundance was noticeable in the temperature range >2 ◦C 
(22.1%). The vast majority of large individuals (91.4%) were caught at 
the bottom temperatures >1 ◦C. 

Some authors (Balykin, 2002) have noted that in the western Bering 
Sea there is large interannual temperature variability at depths where 
the main walleye pollock concentrations are formed. We have also 
identified interannual changes in its distribution in the western Chukchi 
Sea depending on the bottom temperature. In 2018, the maximum 
number of small pollock was recorded in the range of 4.2–4.4 ◦C 
(67.2%), in 2019 it was 0.8–1.3 ◦C (29.2%) and 3.1–3.5 ◦C (32.3%), in 
2020 between 2.0 and 2.5 ◦C (45.9%) and below 0 ◦C (35.5%). Inter-
mediate walleye pollock in 2018 was more abundant at a temperature of 
0.3 ◦C (60.6%), its distribution in 2019 was more uniform with 
maximum concentrations at temperatures of − 0.1 ◦C (24.6%), 0.8 ◦C 
(16.1%), 2.2 ◦C (15.8%), and 3.1 ◦C (19.0%). In 2020, almost all 
medium-sized fish (96.6%) was registered in the range of 2.0–2.5 ◦C. 
Large pollock in 2018 concentrated mainly (91.7%) at temperatures 
above 2.4 ◦C, a bimodal distribution was observed in 2019 in the ranges 
1.3–2.5 ◦C (24.0%) and 3.0–3.3 ◦C (44.2%). In 2020, more than half of 
large individuals (51.9%) were recorded between 2.0 and 2.5 ◦C, and 
increased numbers were also noted in the ranges 0.3–0.5 ◦C (10.8%) and 
2.8–3.0 ◦C (12.5%). Thus, small and medium walleye pollock demon-
strate different trends concerning temperature in the interannual aspect, 
i.e. small individuals began to be observed at lower temperatures, while 
medium-sized fish, on the contrary, at higher temperatures. No changes 
in temperature preferences were detected in large individuals. 

4.4. Overall abundance and biomass estimates 

Absolute estimates of walleye pollock abundance and biomass in the 
Chukchi Sea are not yet available. Similar data for various areas of the 
Bering Sea adjacent our study area are presented in many publications 
(Balykin, 1990; Bulatov, 1995, 2004, 2006, 2014, 2015; Nikolaev and 
Stepanenko, 2001, 2006; Stepanenko, 2001; Gritsay and Stepanenko, 
2003; Borets et al., 2002; Stepanenko and Nikolaev, 2004b; Glubokov, 
2005, 2017; Ianelli, 2005; Kuznetsov et al., 2006, 2013; Stepanenko 
et al., 2007; Gritsay, 2008; Stahl and Kruse, 2008; Honkalehto et al., 
2009; Ianelli et al., 2020). However, it does not make sense to compare 
our results with those given in the above papers since walleye pollock 
abundance and biomass experience dramatic long-term fluctuations 
(O’Leary et al., 2020) that depend on several factors, including climate 
change, ice cover, water temperature anomalies, primary production, 
availability of zooplankton, predator pressure, conditions of the first 
wintering, fishing, etc. (Bulatov, 1995, 2014, 2015; Quinn and Nie-
bauer, 1995; Stepanenko et al., 2007). 

In the western Bering Sea, the ratio of walleye pollock in the water 
column and near bottom varies significantly from year to year (Borets 
et al., 2002). On average, the pelagic component accounts for 
19.6–64.3% of the abundance and 15.4–45.8% of the biomass. Similar 
values for bottom walleye pollock are, respectively, 35.7–80.4% and 
54.2–84.6%. A different ratio of its specimens in the water column and 
near the bottom was observed in the Chukchi Sea. In the Chukchi Sea in 
2003–2020, pelagic walleye pollock accounted for only 1.6% of abun-
dance and 7.8% of the biomass, while near the bottom the respective 
values were 98.4% and 92.2%. Such differences are primarily due to the 
high number of adult fish of older ages in this area, which switch to 
inhabit mainly near the seafloor (Karp and Walters, 1994), feeding 
primarily on bottom invertebrates and fish and become similar to Pacific 

cod Gadus microcephalus in terms of feeding habits (Volkov, 2015). Ac-
cording to the results of 2018–2020 surveys, the age groups of walleye 
pollock aged 3–5 years, representing recruitment of commercial stock, 
were not observed in the catches. This suggests that the walleye pollock 
population of the Chukchi Sea is not independent, and its density de-
pends on the migration activity of individuals from the Bering Sea. 

4.5. Acoustic vs. trawl surveys estimates 

The accuracy of acoustic estimates depends on several issues, 
including the migration of fish outside the study area, the inaccuracy of 
the relationship between the target strength and the fish length, the 
variability of catch rates, and if these factors vary spatially and tempo-
rally (Walline, 2007). Acoustics also have a near-surface blind zone and 
a near-bottom acoustic dead zone, where fish often remain undetected 
(Kotwicki et al., 2015). At the same time, it is believed that the results of 
estimates of walleye pollock stock size based on acoustic surveys are 
ambiguous and, as a rule, are significantly lower compared to other 
methods (Bulatov, 2006). Meanwhile, our research has shown that the 
acoustic survey provided estimates of walleye pollock abundance and 
biomass in the western Chukchi Sea to be 1.7 times higher than the 
bottom trawl survey. Bulatov (2006) believes that the hydroacoustic 
method requires further improvement, and the scope of its application is 
limited to a comparative analysis of the dynamics of biomass. Despite 
the ambiguity of this opinion, there are no serious alternatives to 
trawl-acoustic methods for assessment of walleye pollock (Karp and 
Walters 1994; Kuznetsov et al., 2004; Honkalehto et al., 2011). 

4.6. Reasons for the walleye pollock increasing of abundance in the 
Chukchi Sea 

Walleye pollock are characterized by seasonal migrations, which in 
the northern regions can reach 1000–2000 km (Bulatov, 2004). So far, 
its active migrations in the Bering Sea have been limited to the move-
ment of its aggregations for feeding purposes from the eastern part of the 
sea to the western (Olyutor-Navarinsky area) and northwestern (Gulf of 
Anadyr) areas (Kuznetsov et al., 2006, 2013). However, some authors 
deny the relationship between the abundance of eastern Bering Sea 
walleye pollock and juveniles in the Gulf of Anadyr (Balykin, 2002). 
Walleye pollock in Russian waters accounts for only 3% of the total 
biomass and 1.2% of the total abundance of this species in the Bering Sea 
(Honkalehto et al., 2009). It would be logical to assume that walleye 
pollock found in large quantities in the Chukchi Sea in 2019, originates 
from the eastern Bering Sea population. However, the results of recent 
genetic studies (Orlova et al., 2022; Emelyanova et al., 2022) show that 
stocks are not genetically homogeneous in the Chukchi Sea and, most 
likely, include individuals that originate from different populations of 
the western and eastern Bering Sea. The reason for this may be different 
ways walleye pollock enter the Bering Sea, since this species is charac-
terized by a passive drift of pelagic eggs, larvae, and juveniles by cur-
rents and active migrations of fish that have switched to the demersal 
mode of life starting from the age of 2–3 years (Stepanenko, 2001; 
Gritsay, 2008; Kuznetsov et al., 2006, 2013; Orlov et al., 2020a, 2021b). 

Most authors (Stepanenko, 2001; Nikolaev and Stepanenko, 2001, 
2006; Stepanenko and Nikolaev, 2004a; Kotwicki et al., 2005; Kuznet-
sov et al., 2006, 2013; Stepanenko and Gritsay, 2016, 2018; O’Leary 
et al., 2020) agree that the direction and magnitude of walleye pollock 
migrations and shifts in its main concentrations are determined by many 
factors, including the oceanological regime of a particular year (mainly 
bottom temperatures); ice cover; the direction of currents; the number, 
qualitative and quantitative composition of zooplankton and its spatial 
distribution; the duration of daylight hours; the abundance of different 
generations and age composition; the total abundance and biomass of 
the population. We now consider each of these factors. 

It is known that in the northwestern Bering Sea, post-spawning and 
immature walleye pollock from the eastern part of the sea migrate in 
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large numbers in warm years (Stepanenko, 2001; Stepanenko and 
Nikolaev, 2004b). At the same time, cold temperatures prevent such 
movements (Nikolaev and Stepanenko, 2001). The temperature condi-
tions in the northern Bering Sea and the Chukchi Sea have changed 
dramatically in recent years. There was an increase in the bottom tem-
peratures and a decrease in the area of the cold pool (Baker et al., 2020a; 
Eisner et al., 2020). Several authors point to the existence of a rela-
tionship between the features of walleye pollock distribution and the 
location and area of the cold pool (Kuznetsov et al., 2006; O’Leary et al., 
2020; Baker, 2021). Kotwicki et al. (2005) assumed that seasonal in-
crease in temperature above 0 ◦C opens new geographic areas for 
walleye pollock migrations. The appearance of this species in the 
Chukchi Sea in 2019 in large quantities can serve as proof of this 
assumption. 

The ice cover is considered one of the factors influencing the features 
of the spatial distribution and migration activity of walleye pollock 
(Stepanenko, 2001; Bulatov, 2004). In recent years, there has been a 
decrease in the ice cover in the northern Bering Sea and the Chukchi Sea, 
the area of the ice-free water area has increased and earlier periods of ice 
retreat have been observed (Baker et al., 2020a; Eisner et al., 2020), 
which created more favorable conditions for walleye pollock feeding in 
these areas. 

Currents in the life cycle of the species under consideration play an 
important role (Stepanenko, 2001; Kuznetsov et al., 2013; Stepanenko 
and Gritsay, 2018), ensuring passive drift of its pelagic eggs, larvae, and 
fry. Eisner et al. (2020) note that the strengthening of northward cur-
rents led to changes in the distribution of adults and fish aged 1 year. In 
addition, these authors suggest that such an increase in currents could 
lead to a change in the distribution of walleye pollock forage resources 
and, as a result, determined its migration to the Chukchi Sea. Kotwicki 
et al. (2005) also point out the possibility of walleye pollock foraging on 
organisms being transported by currents, such as an increase in 
zooplankton biomass in the northern regions. The composition and 
dominance of planktonic organisms in various years in the southwestern 
Chukchi Sea depends on the volume of Bering Sea waters coming 
through the Bering Strait since they are more productive and improve 
the feeding conditions of walleye pollock in this area (Slabinsky and 
Figurkin, 2014). 

The abundance, qualitative and quantitative composition of 
zooplankton and its spatial distribution are considered important factors 
determining the feeding conditions and seasonal migrations of walleye 
pollock (Bulatov, 1995; Kotwicki et al., 2005; Kuznetsov et al., 2006; 
Stepanenko and Gritsay, 2016, 2018; Kotenev et al., 2019). Stepanenko 
(2001) notes that the reason for its feeding northwestward migrations 
from the eastern Bering Sea is the lack of forage resources on the shelf 
and high plankton production in the western and northwestern parts of 
the sea. With a lack of these forage resources in some shelf areas, walleye 
pollock can be actively redistributed to areas with a higher biomass of 
copepods and euphausiids (Dulepova, 2018). In recent years, there has 
been a tendency in the Chukchi Sea to a gradual increase of the large 
zooplankton biomass. Thus, from 2003 to 2010, it increased from 402.4 
to 2087.7 mg/m3, and main concentrations of large zooplankton were 
confined to areas under the influence of Bering Sea waters (Slabinsky 
and Figurkin, 2014). Kotwicki et al. (2005) believe that walleye pollock 
can migrate after forage organisms as zooplankton production and 
abundance increase northward. 

The duration of daylight is also considered an important stimulus for 
walleye pollock northward migrations (Kotwicki et al., 2005). Vision 
plays an important role in the feeding of this species. Therefore, longer 
daylight duration in northern latitudes provides walleye pollock with 
additional advantages compared to more southern latitudes, where the 
daylight is significantly shorter. 

The relative abundance of different generations and the age 
composition of walleye pollock can determine the magnitude of its 
movements since the migration activity of fish changes significantly 
during its life cycle. Individuals under the age of 2–3 years are passive 

migrants and can be carried by currents to places far removed from 
spawning grounds (Bailey et al., 1999b). However, Stepanenko (2001) 
believes that fingerlings can be carried out by currents, the scale of 
migrations of 1-2-year-olds is not large, and walleye pollock juveniles 
begin to migrate actively at the age of 2–3 years. Nevertheless, it has 
been determined that the juveniles of the species in question are trans-
ported into the Arctic by currents from the spawning grounds of the 
North Pacific (Rand and Logerwell, 2011; Logerwell et al., 2015) and in 
particular into the Chukchi Sea from the northern Bering Sea (Levine 
et al., 2021). The medium walleye pollock, according to Gritsay (2008), 
has high migratory activity. It is believed that the magnitude of migra-
tions of this species increases with increasing of the size of its individuals 
until they reach a length of 50 cm, while large walleye pollock over 50 
cm long do not make feeding migrations since their main food is benthos 
and groundfish, including their own juveniles (Kotwicki et al., 2005). 
This conclusion does not correspond to our observations since in 
2018–2020 large walleye pollock over 50 cm long dominated in the 
Chukchi Sea catches, which is consistent with the observations of 
O’Leary et al. (2020) in the Bering Sea, who noted the northward shift of 
large pollock schools in recent years. 

The total abundance and biomass of walleye pollock can also 
determine the magnitude and direction of its migrations. The high 
abundance of the species in question in the eastern Bering Sea in the past 
determined its periodic escape to the deep-water Aleutian and Com-
mander basins (Stepanenko and Nikolaev, 2004a, 2004b; Stepanenko 
et al., 2007; Glubokov, 2017). Walleye pollock biomass in the Bering Sea 
began to increase in 2013 in its northern part and after 2018 in the 
eastern part (Baker, 2021). Currently, it is at a fairly high level, com-
parable to the periods of high abundance in the late 1980s and early 
2000s (Ianelli et al., 2020; O’Leary et al., 2020). 

Thus, during the 2000–2020 years in the northern Bering Sea and the 
Chukchi Sea, a complex of conditions has probably evolved that ensured 
mass-feeding migrations of walleye pollock through the Bering Strait, its 
survival, and wintering in the Chukchi Sea. These include climate 
changes (an increase in bottom temperature and northward currents, 
and decrease in ice cover and the area of the cold pool), an increase in 
the biomass of large zooplankton, a high abundance of the eastern 
Bering Sea population, especially older individuals. It should be noted 
that under the influence of climatic changes in recent years, not only 
walleye pollock demonstrates a significant northward shift in the dis-
tribution and/or the northward expansion of the species range. A similar 
phenomenon has been observed for Pacific cod (Spies et al., 2020; 
Cooper et al., 2022), sand lance (Ammodytidae; Baker et al., 2022b), as 
well as some flounders (Pleuronectidae), sculpins (Cottidae), eelpouts 
(Zoarcidae), and jellyfishes (Stevenson and Lauth, 2012, 2019; Loger-
well et al., 2015). It is also known that during the period of high 
abundance, Pacific herring Clupea pallasii can also migrate and be widely 
distributed within the Aleutian Basin (Shuntov, 2017). 

4.7. Prospects of walleye pollock fishing in the Chukchi Sea 

Available literature data (Rand and Logerwell, 2011; Logerwell 
et al., 2015, 2020) testify to the lack of walleye pollock spawning in the 
Chukchi Sea since bottom temperatures here are too cold to support the 
reproduction of this species. Thus, we do not consider fishing in this area 
to be profitable. In the future, two scenarios can be considered. 

The first one assumes the continuation of walleye pollock migrations 
from the Bering Sea to the Chukchi Sea. In this case, the dynamics of its 
abundance will be determined by the number of actively migrating adult 
fish. In addition, if the conditions of feeding and wintering of juvenile 
fish allow them to reach commercial sizes, then we can expect a notable 
contribution of this size group to the commercial stock. Under such 
conditions, relatively profitable fishing should be ensured. 

The second one is associated with the cessation of migrations from 
the Bering Sea to the Chukchi Sea due to climate change. In this case, 
walleye pollock biomass in the Chukchi Sea will decrease significantly 
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over time due to the high natural mortality of older individuals that 
predominate in the population. This will result in the loss of interest to 
this species as to a fishery on this species in the Chukchi Sea. 

The magnitude of the fishing efforts during walleye pollock fishery 
will also have a certain significance for its stability in this area since the 
abundance of extra-large individuals in the populations depends on the 
level of commercial exploitation, i.e. the more intensive the exploitation 
of the stock, the fewer fish of the maximum length is present in it 
(Gritsay, 2008). Overfishing is reported as one of the main reasons for 
the decline in walleye pollock stocks in the Bering Sea in the mid-2000s 
(Stepanenko et al., 2007). 

As an example of a possible scenario for the development of walleye 
pollock fishery in the Chukchi Sea, we can refer to its long-term fishing 
in the central Bering Sea (“donut hole”), when the huge stock of large- 
sized walleye pollock was discovered in the Aleutian Basin (Springer, 
1992; Wespestad, 1993; Bailey, 2011; Shuntov, 2017). At that time, 
large-scale commercial fishing of several countries (USSR, Japan, Korea, 
USA, China, and Poland) was conducted for several years, which led to a 
rapid sharp reduction of stock size and the need to regulate the fishery 
by concluding a Convention in 1993 (Bulatov, 2020). It is believed that 
the escape of walleye pollock aggregations into the deep-water Aleutian 
and Commander basins occurs during the years of its high abundance 
(Stepanenko and Nikolaev, 2004a, 2004b; Stepanenko et al., 2007). 
However, after 1997, fishable walleye pollock concentrations in the 
Aleutian Basin were not observed (Glubokov, 2017). 

To achieve biologically safe and profitable fishing and prevent 
overfishing of walleye pollock during the period of development of its 
fishery in the Chukchi Sea, there are some effective and widely accepted 
measures, including the establishment of the total allowable catch 
(TAC), a system of catch quotas, limitation of the fishing activity of the 
commercial fleet by regulating the timing of fishing and the number of 
vessels (Ianelli, 2005; Bulatov, 2006). The establishment of TAC is 
considered as one of the main regulatory mechanisms of walleye pollock 
fishing intensity (Bulatov, 2006). The size of the walleye pollock TAC for 
the Russian waters of the Chukchi Sea set for 2021–2022 (Ministry of 
Agriculture of Russia, 2020, 2021), taking into account the current state 
of its stocks, is more than precautionary. 

Several serious problems stand in the way of the development of 
walleye pollock fishing in the Chukchi Sea. The most important chal-
lenge is the limited time available for fishing. Most of the Chukchi Sea is 
free of ice only in August–October, i.e. for 3 months, when the long-term 
ice cover is 40.0–55.1% on average (Plotnikov et al., 2020). Accord-
ingly, the period of fishing, unlike other fishing areas, is strongly limited. 
For example, in the adjacent Bering Sea, walleye pollock fishing can be 
conducted year-round. Nevertheless, its fishing in the Chukchi Sea may 
attract the attention of individual fishing companies (new players in the 
market) since the number of large-sized fish in catches in the Chukchi 
Sea is relatively high (Orlov et al., 2019), its fishing is most effective 
during the summer period (Serobaba, 1970) and this species is the most 
important fishery product of Russian export (Bulatov, 2015). 

Another problem is the remoteness of the Chukchi Sea from major 
ports. The time and economic costs of transfer into the Chukchi Sea are 
high. In the northern regions, the cost of caught fish is significantly 
reduced due to the expensiveness of delivering products, supplying fuel 
and food products to fishing vessels (Watson and Haynie, 2016). In 
addition, the price of caught fish is influenced by climate features, the 
abundance of fish, and the size of the TAC (Haynie and Pfeiffer, 2013). 
Thus, the profitability of walleye pollock fishing in the Chukchi Sea is 
significantly lower compared to traditional areas of its fishing. Accord-
ing to climate change forecasts, the cooling is expected in the late 2020s 
– early 2030s, which will lead to a significant decrease in the biomass of 
walleye pollock stocks located on the northern periphery of its range 
(Bulatov, 2014; Kotenev et al., 2019). However, this hypothesis is 
considered very controversial (Shuntov, 2016). The state of its stocks is a 
determining factor in the dynamics of its catches (Balykin and Tokranov, 
2010). Meanwhile, walleye pollock is a species characterized by the 

presence of strong long-term fluctuations in abundance (O’Leary et al., 
2020), which depend on several reasons, including climate change, ice 
cover, water temperature anomalies, primary production, availability of 
zooplankton, predator pressure, conditions of the first wintering, fish-
ing, etc. (Bulatov, 1995, 2014, 2015; Quinn and Niebauer, 1995; Ste-
panenko et al., 2007). The influence of such several factors on the state 
of walleye pollock stocks makes the prospects for its fishing in the 
Chukchi Sea very uncertain. 

Unresolved problems of the walleye pollock population status in 
various parts of the range create difficulties for managing its fishery 
(Bailey et al., 1999a; Bulatov, 2006). The unclear status of the stocks of 
species under consideration in the Chukchi Sea (Orlova et al., 2022; 
Emelyanova et al., 2022) exacerbates the uncertainty of its fishing 
prospects in the future as well. 

There are also conservation concerns related to the development of 
Arctic fisheries (Fauchald et al., 2021), which may complicate efforts to 
develop commercial exploitation of walleye pollock in the Chukchi Sea. 
To preserve the biodiversity of fragile Arctic ecosystems from the 
negative impact of fishing, there has been a tendency to impose re-
strictions on it up to a complete ban in certain areas (Christiansen et al., 
2014; Glubokov et al., 2015; Sergunin, 2019). However, it should be 
noted in this regard that the walleye pollock fishery is monospecific 
(Springer, 1992) and is conducted in Russia by mid-water trawls (bot-
tom trawls are prohibited in the walleye pollock fishery). With such a 
highly specialized type of fishing, the proportion of this species in 
catches averages 95.8% (Zolotov, 2021). Since there is no direct contact 
of the fishing gear with the seabed, the threat to the demersal biota of 
the Chukchi Sea from the pelagic walleye pollock fishery seems minimal. 
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A B S T R A C T   

Many fish species have moved poleward with ocean warming, and species distribution shifts can occur because of 
adult fish movement, or juveniles can recruit to new areas. In the Bering Sea, recent studies document a dramatic 
northward shift in the distribution of Gadus macrocephalus (Pacific cod in English and tikhookeanskaya treska in 
Russian) during a period of ocean warming, but it is unknown whether the current northward distribution shift 
continues into the Chukchi Sea. Here, we use catch data from multiple gear types to present larval, age-0, and 
older Pacific cod distributions from before (2010 and 2012) and during (2017, 2018, and 2019) recent Chukchi 
Sea warming events. We also report on the habitat, diet, and condition of age-0 Pacific cod, which were present 
in the eastern Chukchi Sea in recent warm years (2017 and 2019), but were absent in a cold year (2012). We 
hypothesize that age-0 recruitment to the eastern Chukchi Sea is associated with recent warm temperatures and 
increased northward transport through the Bering Strait in the spring. Age-0 fish were present in both benthic 
and pelagic habitats and diets reflected prey resources at these capture locations. Age-1 Pacific cod were 
observed in the western Chukchi Sea in 2018 and 2019, indicating possible overwinter survival of age-0 fish, 
although there was little evidence that they survive and/or remain in the Chukchi Sea to age-2. Observed low 
lipid accumulation in age-0 Pacific cod from the Chukchi Sea suggests juvenile overwinter mortality may be 
relatively high compared to more boreal regions (e.g. Gulf of Alaska). Adult Pacific cod were also observed in the 
Chukchi Sea during 2018 and 2019. Although densities in the western Chukchi Sea were very low compared to 
the Bering Sea, the adults are the first known (to us) records from the Chukchi Sea. The increased presence of 
multiple age-classes of Pacific cod in the Chukchi Sea suggests poleward shifts in both nursery areas and adult 
summer habitat beyond the Bering Sea, but the quantity and quality (e.g. summer productivity and over-
wintering potential) of these habitats will require continued surveys.   
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1. Introduction 

The ranges of many marine fish species have moved poleward in 
response to recent warming temperatures (Mueter and Litzow, 2008; 
Nye et al., 2009; Kotwicki and Lauth, 2013; Wildes et al., 2022), which is 
impacting fisheries and ecosystems (Mueter and Litzow, 2008; Figueira 
and Booth, 2010; Hollowed et al., 2013). Distribution shifts caused by 
temperature often vary by ontogenetic stage (Morley et al., 2017; Bar-
beaux and Hollowed, 2018), because species may expand their range by 
multiple mechanisms, including movement of subadults and adults (Nye 
et al., 2009; Hill et al., 2016), or juveniles recruiting to new areas and 
remaining there as they grow (Rindorf and Lewy, 2006; Nye et al., 2009; 
Figueira and Booth, 2010). 

Currents on the eastern Bering Sea (EBS; Fig. 1) shelf generally move 
from the south to the north to the Bering Strait (Stabeno et al., 2016). 
Net flow though the Bering Strait is from the Bering Sea into the Chukchi 
Sea (Woodgate, 2018) and currents continue northwards through the 
Chukchi Sea (Stabeno et al., 2018). Summer temperatures in the Bering 
and Chukchi Seas have increased in recent years (Stabeno and Bell, 
2019; Danielson et al., 2020; Woodgate and Peralta-Ferriz, 2021). In the 
EBS, sea-ice coverage during winter and spring causes an area of cold 
(<2 ◦C) bottom water known as the cold pool, which persists through 
the summer (Wyllie-Echeverria and Wooster, 1998; Stabeno et al., 
2001). The annual spatial extent of the cold pool varies with annual 

sea-ice extent and can extend far into the southeastern Bering Sea in cold 
years, or be limited to areas of the northern Bering Sea (NBS) in warm 
years (Overland et al., 2012; Stabeno et al., 2012). In recent decades, the 
Bering Sea has alternated between multi-year periods of cold and warm 
summer ocean bottom temperatures (Overland et al., 2012; Stabeno 
et al., 2012; Baker et al., 2020a), including a cold period from 2007 
through 2013, and a warm period which began in 2014 (Stabeno and 
Bell, 2019). Temperatures of the Bering Sea inflow entering the Chukchi 
Sea during the summer have increased in recent years (Woodgate and 
Peralta-Ferriz, 2021), and temperatures on the Chukchi Sea shelf were 
historically high from 2014 to 2018 (Danielson et al., 2020). 

The summer distribution of Gadus macrocephalus (Pacific cod in 
English or tikhookeanskaya treska in Russian, hereafter referred to as 
“cod”) shifted northward in the EBS during the recent warm period 
(Thompson, 2018; Stevenson and Lauth, 2019; Baker, 2021), likely in 
response to the spatial reduction of the cold pool in the EBS, and warmer 
summer bottom temperatures in the NBS (Stevenson and Lauth, 2019). 
Sub-adult and adult cod abundance increased by more than 900% in the 
NBS between 2010 and 2017 (Stevenson and Lauth, 2019). The size 
range of cod inhabiting the NBS has also changed: in 2010, the surveyed 
population was comprised of juvenile fish from 10 to about 35 cm fork 
length (FL), and also larger adults >60 cm FL, with few fish in the in-
termediate size range. However, in 2017, there was a continuous length 
distribution of cod from juveniles through adults (Stevenson and Lauth, 

Fig. 1. Map of the study area in the Chukchi and northern Bering Seas and the surrounding area.  
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Fig. 2. Maps of sampling effort by gear type and year for A) larval nets in 2017, B) larval nets in 2018, C) surface trawl, D) midwater trawl, E) small-mesh benthic 
trawl, and F) large-mesh benthic trawls. 
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2019). In 2017, cod densities in the NBS were elevated near the Bering 
Strait (Stevenson and Lauth, 2019), which is at the southern border of 
the Chukchi Sea (Fig. 1), indicating that the population distribution may 
have continued into the unsampled southern Chukchi Sea. However, cod 
distribution and abundance have not been examined in the Chukchi Sea 
during the recent warm period, and the life stages and size distributions 
of any cod recently present in the Chukchi Sea are also unknown. 

Juvenile cod have been documented in the Chukchi Sea (Barber 
et al., 1997; Mecklenburg et al., 2011, 2018; Logerwell et al., 2015) and 
Beaufort Sea (Andriashev, 1937; Rand and Logerwell, 2010), however, 
relatively few records exist and habitat of juvenile cod in the Chukchi 
Sea has not been examined (Mecklenburg et al., 2011). In the Chukchi 
Sea, the largest reported cod were 33 cm (Logerwell et al., 2015), 31 cm 
(Barber et al., 1997), and 17.6 and 8.7 cm total length (TL) (Mecklen-
burg et al., 2011), which are below the smallest known size of maturity 
for cod in the EBS or Gulf of Alaska (Stark, 2007). In the EBS, age-0 cod 
inhabit nearshore benthic habitat, or pelagic habitat in offshore deeper 
areas (Hurst et al., 2015). Because size and energetic storage are 
important factors contributing to the overwintering survival of juvenile 
marine fishes (Sogard, 1997; Hurst, 2007), it is unclear whether small 
boreal gadids such as cod can survive long periods of cold in low pro-
ductivity habitats typical of the Chukchi Sea. 

The juvenile cod observed in the Chukchi Sea may be sourced from 
larvae advected northward from the Bering Sea. Cod spawn in the EBS 
from March to mid-April as far north as the continental shelf break at 
about 60◦N latitude (Neidetcher et al., 2014) and eggs likely remain at 
their spawned location because they are demersal (Thomson, 1963; 
Fadeev, 2005). Larvae become more buoyant at hatch (Laurel et al., 
2010) and are typically in surface waters where they have been reported 
in the EBS from April through June (Matarese et al., 2003) and in the 
western Bering Sea (WBS) in June (Bulatov, 1986). Ocean currents 
during the larval period may carry larvae from the NBS to the Chukchi 
Sea through the Bering Strait. A mooring (A3) located just north of the 
Bering Strait (Fig. 1), provides hourly time series of ocean temperatures 
and currents from which estimates of the northward transport through 
the Bering Strait have been made (Woodgate, 2018). 

The objectives of this study were to 1) investigate thermal and ocean 
transport conditions which could affect cod larvae transported between 
the NBS and Chukchi Sea; 2) describe cod distribution in the Chukchi 
Sea by life stage before (2010 and 2012) and during (2017, 2018, 2019) 
the recent period of warm summer ocean temperatures in the Chukchi 
Sea; and 3) understand the potential survival trajectories of age-0 cod in 

the Chukchi sea by comparing their habitat, size, diet and condition to 
juveniles collected farther south, in the Gulf of Alaska (GOA). 

2. Methods 

2.1. Bering Strait temperature and transport 

Monthly averaged near-bottom temperatures in April through June 
from 1998 through 2019 measured at a subsurface mooring were used to 
investigate the thermal exposure of any cod larvae possibly in the Bering 
Strait during the larval period (Mooring A3 in Woodgate et al., 2015; 
Woodgate, 2018; Woodgate and Peralta-Ferriz, 2021). This mooring is 
located ~35 km north of the Bering Strait proper, at a point where water 
temperatures are considered to be a meaningful average of the water 
temperatures in the eastern and western sides of the Bering Strait 
(Woodgate, 2018). These measurements are made near bottom and 
represent the bottom layer (~30–40 m) of the water column. In 
April–June, sea surface temperatures are ~1–2 ◦C warmer than the 
near-bottom temperatures in the annual mean (Woodgate and 
Peralta-Ferriz, 2021; Woodgate, 2018, Fig. 1). Thus, depending on 
where they reside in the water column, larvae in April–June may be 
exposed to warmer (~1–2 ◦C) temperatures than considered here. 

Estimates of water volume transport from the NBS to the Chukchi Sea 
during the larval period were obtained to investigate possible inter- 
annual differences in northward larval transport through the Bering 
Strait. Monthly-averaged northward transport estimates during 
April–June from 2000 to 2019 were calculated from the A3 mooring 
data (see Woodgate, 2018 for method), and an average transport value 
for April–June was calculated for each year. 

2.2. Larval distributions 

Larval Pacific cod were sampled in the Bering and Chukchi Seas 
during research cruises as part of the Arctic Shelf Growth, Advection, 
Respiration and Deposition (ASGARD) Rate Measurements Project, the 
Distributed Biological Observatory (DBO), and the Arctic Integrated 
Ecosytem Survey (AIES) funded by the North Pacific Research Board 
(NPRB) Arctic Integrated Ecosystem Research Program (AIERP; Baker 
et al., 2020b; 2023) in June 2017, June 2018, August–September 2017, 
and August–September 2018 (Fig. 2) using a paired 60-cm diameter 
bongo net (505-μm mesh) towed obliquely from the surface to 10 m off 
the bottom (see Deary et al., 2021 for a description of the sampling 

Table 1 
Summary of trawling effort and number and presumed life stage of Pacific cod caught during each survey used in this study.  

Year Months Trawl type Mouth opening Max. mesh 
(mm) 

Min. mesh 
(mm) 

No. 
stations 

Chukchi Sea 
Region 

Raw number (presumed 
age) 

2010 Sep. Large-mesh 
benthic 

16.2 m horiz. 80 10 38 Western 0 

2012 Aug.– 
Sep. 

Large-mesh 
benthic 

17.0 m horiz. 100 31 71 Eastern 4 (age-1) 

2012 Aug.– 
Sep. 

Small-mesh 
benthic 

2.1 m horiz. 7 4 40 Eastern 0 

2017 Aug.– 
Sep. 

Surface 18 m horiz. X 24 m vert. 1620 12 17 Eastern 64 (age-0) 

2017 Aug.– 
Sep. 

Midwater 7.5 m horz. X 7.9 m 
vert. 

64 30 33 Eastern 152 (age-0) 

2017 Aug.– 
Sep. 

Small-mesh 
benthic 

2.1 m horiz. 7 4 60 Eastern 43 (age-0) 

2018 Aug.– 
Sep. 

Large-mesh 
benthic 

16.2 m horiz. 80 10 54 Western 52 (age-1), 8 (adult) 

2019 Aug.– 
Sep. 

Surface 18 m horiz. X 24 m vert. 1620 12 10 Eastern 2 (age-0) 

2019 Aug.– 
Sep. 

Midwater 7.5 m horz. X 7.9 m 
vert. 

64 30 42 Eastern 52 (age-0), 1 (adult) 

2019 Aug.– 
Sep. 

Small-mesh 
benthic 

2.1 m horiz. 7 4 49 Eastern 7 (age-0) 

2019 August Large-mesh 
benthic 

16.2 m horiz. 80 10 79 Western 51 (age-1), 4 (adult)  
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design for each survey). Samples were preserved at sea in 5% formalin 
buffered with sodium borate and seawater and identified to the lowest 
taxonomic level at the Plankton Sorting and Identification Center in 
Szczecin, Poland. Taxonomic verifications took place at the National 
Oceanic and Atmospheric Administration, Alaska Fisheries Science 
Center in Seattle, WA, USA. Flowmeters (General Oceanics) attached to 
each net were used to calculate volume filtered for each net tow, 
enabling calculating catch per unit effort (CPUE) defined as (log[x+1]) 
where log is the natural log, and x is the number of individuals 10 m− 2 

(See Matarese et al., 2003). Hydrographic data were collected using a 
lowered conductivity-temperature-depth (CTD) profiler (SeaBird Elec-
tronics 911 plus) immediately prior to net deployments. Temperature 
(◦C) measurements were averaged over the entire water column 
(deepest CTD cast was ~60 m) and nearest neighbor interpolated using 
the “gstat” package in R (version 4.1.2; R Core Team 2021). 

2.3. Juvenile and adult distributions 

Cod juveniles and adults were caught in several trawl types used for 
multi-species surveys in the eastern Chukchi Sea (ECS) and western 
Chukchi Sea (WCS) in cold years (2010 and 2012) and recent warm 
years (2017–2019; Table 1 and Fig. 2). 

2.3.1. Surface trawl 
A Nordic 264 Rope Trawl (NETS Systems) was deployed at nearshore 

stations during AIES surveys in the ECS in 2017 and 2019 (Table 1, 
Fig. 2). The rope trawl was 184 m long with non-uniform hexagonal 
mesh in the wings and body (maximum mesh size = 162 cm) and a 1.2 
cm mesh liner in the codend. Tows were made at or near the surface for 
30 min at 0.77–1.54 ms− 1 (1.5–3 nautical miles hour− 1), and had typical 
trawl mouth openings of 20 m horizontally and 19 m vertically. All 
sampling was performed during daylight hours. CPUE was calculated as 
the number of fish divided by the surface area swept by the trawl. 
Surface area swept by the trawl was calculated as the width of the trawl 
opening multiplied by the distance fished. Distance fished was measured 
by Global Positioning System (GPS). 

2.3.2. Midwater trawl 
A modified-Marinovich midwater trawl (~34.5 m long, 12 m head-

rope, 6.4 to 1.8 cm mesh) with a 0.3 cm mesh codend liner was deployed 
during AIES surveys in 2017 and 2019 in the ECS to conduct targeted 
midwater hauls (Table 1, Fig. 2; De Robertis et al., 2017). Trawling 
location and depth were determined based on identification of strong 
scattering layers in shipboard acoustic data. CPUE of the midwater trawl 
was calculated as number of fish per trawl tow divided by the volume 
filtered by the trawl. Volume filtered was calculated as the trawl mouth 
opening multiplied by the distance fished. Distance fished was measured 
by GPS position. Net opening was measured using observation from a 
net sonar (Simrad FS70) placed on the headrope. For all hauls, the 
vertical net opening averaged 7.85 m (5.1–10.6 m range) and horizontal 
opening averaged 7.49 m (5–9.1 m range). Average headrope depth of 
midwater trawls was 32.1 m, ranging from 11.4 to 227.9 m, with an 
average ship speed during the tow of 1–1.5 m s− 1. Bottom depths of 
trawl locations ranged from 23 to 1130 m. 

2.3.3. Small-mesh benthic trawl 
A small-mesh benthic trawl was deployed in the ECS during the 

Arctic Ecosystem Integrated Survey (Arctic EIS) in 2012, and during 
AIES surveys in 2017, and 2019 (Table 1, Fig. 2). The trawl was a 3.05-m 
plumb staff beam trawl with a 7 mm mesh and 4 mm mesh codend liner 
(Gunderson and Ellis, 1986). In 2012, a tickler chain preceded the 
footrope (Gunderson and Ellis, 1986; Kotwicki et al., 2017). In 2017 and 
2019, the tickler chain was removed, and the trawl was modified with a 
footrope of 10.2 cm rubber discs over a steel chain as in Abookire and 
Rose (2005). Mean trawl durations and ranges (minutes) were 2.9 
(range = 2.8–7.4), 5.4 (range = 4.0–9.1), and 6.0 (range = 2.8–8.9) in 

2012, 2017, and 2019, respectively. Targeted towing speed was 0.77 
ms− 1 (1.5 nautical miles hour− 1). CPUE was calculated as the number of 
cod in the trawl tow divided by the area swept by the trawl. Area swept 
by the trawl was the effective width of the trawl multiplied by the dis-
tance fished by the trawl. Effective trawl width of the trawl was assumed 
to be 2.26 m in 2012 (Gunderson and Ellis, 1986; Kotwicki et al., 2017), 
and 2.1 m in 2017 and 2019 (Abookire and Rose, 2005). Distance fished 
was measured as the distance between the locations that the trawl began 
and stopped contact with the bottom. Bottom contact was determined by 
HOBO G acceleration data logger (Onset Corp.) placed in a waterproof 
steel housing and hung from the footrope in a manner forcing the data 
logger to pivot when it contacted the bottom. Time stamps from the 
acceleration data logger were used to match the start and conclusion of 
trawl bottom contact with location from GPS data. 

2.3.4. Large-mesh benthic trawls 
A large-mesh benthic trawl (DT 27.1/24.4 bottom trawl; Zakharov 

et al., 2013) was deployed in the WCS in 2010, 2018, and 2019 (Table 1, 
Fig. 2). Trawl mesh was 8.0 cm in the wings and body, 6.0 cm in the 
intermediate, 3.0 cm in the codend, and the codend was equipped with a 
10 mm mesh liner. Target trawl speed was ~1.5 ms− 1 (3 nautical miles 
per hour) for a target duration of 30 min. CPUE was calculated as the 
number or weight of cod in the tow divided by the area swept by the 
trawl. Area swept by the trawl was calculated as the horizontal opening 
of the trawl (16.2 m) multiplied by the distance fished by the trawl. 
Distance fished was the distance between the locations that the trawl 
began and stopped contact with the bottom. 

The large-mesh benthic trawl deployed in the ECS in 2012 (Table 1, 
Fig. 2) as part of the Arctic EIS survey was an 83–112 Eastern Trawl 
(Stauffer, 2004). Deployment of the trawl in 2012 is described by Kot-
wicki et al. (2017). The trawl horizontal opening was approximately 17 
m. Stretched mesh size was 10.2 cm in the wings and body, 8.9 cm in the 
intermediate and codend, and the codend was equipped with a 3.2 cm 
mesh liner. Target trawl speed was ~1.5 ms− 1 (3 nautical miles per 
hour) for a target duration of 15 min. CPUE was calculated as the 
number of cod divided by the area swept of the trawl. Area swept was 
calculated as the distance fished multiplied by the width of the trawl 
opening. Width of the trawl opening was measured with acoustic net 
mensuration sensors (Marport Deep Sea Technologies, Inc.). Distance 
fished was measured as the distance between the locations that the trawl 
began and stopped contact with the bottom. 

2.3.5. Gulf of Alaska small-mesh demersal seine 
Age-0 juvenile cod were collected in August of 2017 during the 

annual summer nearshore seine survey on Kodiak Island to compare 
condition to those collected in the ECS in 2017. The GOA survey uses a 
36 m demersal bag seine with 1 m wide seine wings at the ends 
expanding to 2.25 m in the middle. The mesh size was 13 mm within the 
wings and 5 mm in the bag-end. The seine wings were attached to 25 m 
ropes for deployment using a small boat and was set parallel to shore at a 
distance of 25 m away and then retrieved by two people standing on the 
shore, effectively sampling ~900 m2 of bottom habitat (see more details 
in Laurel et al., 2007). 

2.4. Trawl survey temperatures 

Bottom temperatures were recorded at each station for the small- and 
large-mesh benthic trawls in the ECS using an SBE-39 (Seabird Scienti-
fic, Inc.) temperature sensor attached to the trawl headrope. Bottom 
temperatures in the WCS were recorded with either an SBE-19 or SBE-25 
temperature sensor from CTD cast conducted at the trawl location. Gear 
temperatures for the surface and midwater trawls were measured with 
CTD casts taken with an SBE 911 plus. Near surface temperatures were 
used for the surface trawl, and temperatures averaged over the depth 
range between the trawl headrope and footrope at the targeted trawl 
depth were used for the midwater trawl. CTD casts were co-located with 
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surface trawl tows; however, midwater trawl tows were opportunistic 
and temperatures were obtained from the nearest CTD cast (the same 
sampling grid as for the small-mesh benthic trawl each year; Fig. 2). 

2.5. Fish length and length-based age classification 

In the surface, midwater, and small-mesh benthic trawls, cod were 
measured to the nearest millimeter at sea. In 2017, TL was measured, 
and in 2019, one large fish was measured to FL, and the smaller fish were 
measured to standard length (SL). For comparison with laboratory data 
and other studies of age-0 fish, lengths of juveniles were converted to SL. 
To compare sizes of the juvenile cod with larger cod caught with the 
large-mesh trawls, lengths of juvenile fish were converted to FL. Lengths 
of juvenile fish were converted between length types using length data 
provided by Oregon State University, the AFSC’s Auke Bay Laboratories 
and RACE Division’s Midwater Assessment and Conservation Engi-
neering program for fish within the same size range as the observed fish. 
The conversion factors were SL = TL(0.902) + 1.284 (based on 120 
samples up to 110 mm in length) and SL = FL(0.952) - 0.663 (based on 
11 samples up to 78 mm in length). Cod caught in both large-mesh 
benthic trawls were measured at sea to the nearest cm FL. 

The length mode (49–103 mm FL) of small juveniles caught in the 
ECS in the small-mesh benthic, midwater, and surface trawls was similar 
to reported lengths of age-0 fish in the EBS during the summer (Hurst 
et al., 2012a, 2015) and these fish will be referred to as age-0 for this 
study. The larger length mode of juveniles (100–230 mm FL) caught in 
the large-mesh benthic trawls in the ECS and WCS were smaller than 
age-1 fish in the Gulf of Alaska during the summer (150–250 mm TL; 
Laurel et al., 2016a); however, they are assumed to be age-1 based on 
length mode analysis (they were larger than the mode of age-0 fish), and 
will be referred to as age-1 fish for this study. There was an overlap in 
the size ranges of the age-0 and age-1 fish (100–103 mm FL); however, 
the size range contained only 3% of the fish in this study. Zero fish be-
tween 230 mm and 550 mm FL were caught in this study. The larger cod 
(550–780 mm FL) caught in this study are greater than the size of 50% 
maturity for cod from the EBS and GOA (Stark, 2007) and are referred to 
as adults for this study. 

2.6. Age-0 diets 

Diets of the age-0 cod caught in the ECS in 2017 were analyzed by 
capture trawl type (small-mesh benthic, midwater, and surface trawls) 
to investigate whether the age-0 cod captured in different parts of the 
water column used different prey resources. Sample sizes were 40 fish 
from 10 stations in the small-mesh benthic trawl, 28 fish from 6 stations 
in the midwater trawl, and 40 fish from 5 stations in the surface trawl. 
Fish were frozen at sea. Stomachs were dissected in the laboratory and 
stored in 10% formalin to fix stomach contents. Stomach contents were 
sorted to lowest practical taxonomic resolution and developmental stage 
(as appropriate) and weighed to the nearest 0.01 μg, and counted. 

To determine prey importance in the age-0 cod diets in each type of 
trawl, we used the percentage of the prey-specific index of relative 
importance (%PSIRI) (Brown et al., 2012). %PSIRI is calculated using 
frequency of occurrence (FO), prey-specific count (%PNi), and 
prey-specific weight (%PWi), which were calculated using the following 
equations: 

Frequency of occurrence (%FO): 

%FOi =
ni

n 

Prey-specific count (%PN): 

%PNi =
∑n

j=1
%Nij

/
ni 

Prey-specific weight (%PWi): 

%PWi =
∑n

j=1
%Wij

/
ni  

where %Nij is the proportional count (PNi) and %Wij is the proportional 
weight (PWi)) of prey category i in stomach sample j; ni is the number of 
stomachs containing prey i, and n is the total number of stomachs. 

The %PSIRI was then calculated: 

%PSIRIi =
%FOi∗(%PNi+%PWi)

2 

%PSIRI was calculated for prey items at the lowest practical taxo-
nomic resolution, and also for prey items grouped by the following prey 
habitat types: endobenthic, epibenthic, hyperbenthic, planktonic, or 
various (see Ferm et al., 2021 for a description, and a list of the habitat 
type for each prey taxon in the supplemental materials). Each prey item 
was assigned a prey habitat type based on a literature search. 

The symmetric niche overlap coefficient (Pianka, 1973), was calcu-
lated to determine whether there was niche overlap among the diets of 
cod caught in the different trawl types using: 

Okl =

∑n

i
pilpik

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i
p2

il
∑n

i p2
ik

√

where Okl is the resource overlap index between capture trawl type k and 
l, and pil is the proportion of resource i that is used by capture trawl type 
l. 

This resource overlap index produces values from 0 to 1, where 
0 indicates that no resources are shared and 1 indicates complete shared 
resource utilization between the cod collected in different trawl types. 
To test whether the observed diet differences between pairs of trawl 
types were significantly different (null hypothesis was there was no 
difference), we used the niche overlap methods in the EcoSimR package. 
The package first created a matrix of prey weights (columns) by trawl 
type at each station (rows). This matrix of prey weights was randomly 
shuffled 2000 times by row using the RA3 (default) algorithm in the 
EcoSim R package. For each randomization, the Okl value was calcu-
lated. The actual calculated Okl values observed for each trawl pair were 
compared to the histogram of Okl values from the 2000 randomized data 
sets, and the diet difference between the trawl types was considered 
statistically significant when the actual Okl values were outside the 95% 
percentile of the histogram of Okl values from the randomized data. All 
data analyses were conducted using R statistical analysis software (R 
Core Team, 2020). 

2.7. Age-0 condition 

One-hundred and seventeen age-0 cod collected in the ECS in 2017 
and 30 age-0 fish from the annual August GOA beach seine survey in 
2017 were saved for condition analyses. Fish from the four different gear 
types described above, small-mesh benthic (n = 45), midwater (n = 31), 
surface trawls (n = 41) and the GOA beach seines (n = 30) were frozen 
immediately at − 20 ◦C and maintained at − 80 ◦C at the land-based 
laboratory. Samples were frozen and shipped overnight from Alaska to 
the Marine Lipid Ecology Laboratory at Oregon State University’s Center 
for Marine Ecosystem and Resources Studies facility at the Hatfield 
Marine Science Center in Newport, OR, USA. Samples were stored at 
− 80 ◦C and dissected within 6 months of capture. At the laboratory, all 
fish were measured to SL (±0.1 mm) and wet weight (WWT; ±0.0001 
g). All of the fish from the Chukchi Sea and 18 of the 30 fish from the 
GOA were used in the biochemical analysis. For these fish, intestinal 
tracts were removed and fish were washed with filtered seawater, 
blotted dry, and heads were removed for later otolith analysis. Fish were 
bisected along a dorsal ventral plane and half of the tissues were frozen 
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for other analyses while half of the body tissues were placed in chloro-
form under nitrogen until extraction, within 1 month of sampling. 

Cod tissues were homogenized in 2:1 chloroform:methanol 

according to Parrish (1987) using a modified Folch procedure (Folch 
et al., 1956). Lipid extracts were derivatized through acid trans-
esterification using a Hilditch Reagent, H2SO4 in MeOH as described in 
Budge et al. (2006). Fatty acid methyl esters (FAMEs) formed in the 
reaction were analyzed on an HP 7890 GC FID equipped with an auto-
sampler and a DB wax + GC column (Agilent Technologies, Inc.). The 
column length was 30 m with an internal diameter of 0.25 mm and a film 
thickness of 0.25 μm. The column temperature profile was as follows: 
65 ◦C for 0.5 min, hold at 195 ◦C for 15 min after ramping at 40 ◦C 
min− 1, and hold at 220 ◦C for 1 min after ramping at 2 ◦C min− 1. The 
carrier gas was hydrogen, flowing at a rate of 2 ml min− 1. Injector 
temperature was set at 250 ◦C and the detector temperature was con-
stant at 250 ◦C. Peaks were identified using retention times based upon 
standards purchased from Supelco (BAME, PUFA 1, 37 component 
FAME, PUFA 3). Nu-Check Prep GLC 487 quantitative FA mixed stan-
dard was used to develop correction factors for individual FAs. Chro-
matograms were integrated using Chem Station (version A.01.02, 
Agilent). Total fatty acids were expressed in relation to fish WWT (g) to 
give an index of total acyl lipid storage. 

Regressions between log10 (SL) and log10 (WWT) as well as log10 (SL) 
and fatty acid concentrations (mg/g) were run as indices of morpho-
metric- and lipid-based condition, respectively. Residuals from these 
relationships were compared between the GOA and ECS using a two- 
sample t-test. 

3. Results 

3.1. Bering Strait temperature and transport 

Monthly-averaged near-bottom water temperatures in the Bering 
Strait in April were consistently cold throughout the time series, ranging 
from − 1.58 to − 1.89 ◦C (Fig. 3). Both temperature and inter-annual 
temperature variability increased in May, although May near-bottom 
temperatures remained below 0 ◦C for all years except 2017 (Fig. 3). 
Inter-annual temperature variability increased in June, with monthly 
averaged temperatures ranging from − 0.83 to 2.95 ◦C. Any larvae 
transported northward though the Bering Strait in June 2012 would 
have been exposed to temperatures of about 0.5–1.5 ◦C (near bottom 
temperature of − 0.5 ◦C plus 1–2 ◦C warmer in the water column). June 

Fig. 3. Environmental measurements from the A3 mooring north of the Bering 
Strait. Monthly-averaged near bottom temperatures in April–June from 1998 
through 2019 (Top panel) and mean of average monthly northward transport 
from April–June in 2000–2019 (Bottom panel). 

Fig. 4. Maps of larval Pacific cod CPUE and interpolated mean water column temperatures in A) June 2017 and B) August 2018. CPUE is in units of log[x+1], where 
x is the number of individuals per 10 m− 2, and shown with black circles. Black x’s indicate zero catch and white circles indicate CTD station locations. 
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near-bottom temperatures from 2015 to 2019 were among the highest in 
the time series. Larvae in June would have been exposed to temperatures 
of ~4–5 ◦C in 2017 and ~2.3–3.3 ◦C in 2019. 

Net northward transport from the NBS to the Chukchi Sea averaged 
over the larval period (April–June) increased over the past two decades 
from ~0.7 Sv (1Sv = 106m3s− 1) in 2000 to ~ 1.5 Sv in 2017, the record 
maximum (Fig. 3). 

3.2. Larval distributions and temperatures 

Pacific cod larvae were present in the NBS near the Bering Strait in 
June 2017 at sites where water temperatures ranged from 2.6 to 3.7 ◦C 
on average (Fig. 4A) and in the northeastern Chukchi Sea in August 2018 
where temperatures ranged from 1.3 to 2.5 ◦C (Fig. 4B). Larvae were 
absent in August 2017 and June 2018. Larvae caught in June 2017 were 
8–14 mm SL, and the single larva caught in the northeastern Chukchi 
Sea was 8 mm SL. 

3.3. Age-0 cod in the ECS 

3.3.1. Distribution and temperature 
Age-0 cod ranging in length from 45 to 94 mm SL (49–103 mm FL) 

were caught in the surface, midwater, and small-mesh benthic trawls in 
2017 and 2019 in the ECS (Fig. 5). Age-0 cod were absent from the ECS 
in 2012; however, the only trawl type deployed in 2012 capable of 
catching small juveniles was the small-mesh benthic trawl. Detailed 
results are reported by trawl type. 

In 2017, age-0 cod were present in the surface trawl catch at one 
station near Point Lay, and at several stations from the vicinity of Cape 
Lisburne to the southern end of the survey area (Fig. 6A). In 2019, age- 
0 cod were caught only at the most northerly surface trawl station, be-
tween Point Lay and Cape Lisburne (Fig. 6B). Surface temperatures 
where age-0 cod were present in the surface trawl ranged from 5.0 to 
6.2 ◦C in 2017, and surface temperature was 9.3 ◦C at the one station 
with age-0 presence in 2019. In both years, age-0 cod were present at 
stations near the median temperatures of all available surface trawl 
stations (Fig. 7). Bottom temperatures at stations where age-0 cod were 
caught in the surface trawl were slightly colder than surface tempera-
tures (range = 4.1–5.6 ◦C) in 2017; however, bottom temperature was 
slightly warmer at the one station with age-0 presence in 2019 (Fig. 7). 

In 2017, age-0 cod were present in the midwater trawl catch at sta-
tions from offshore of Point Lay south to the vicinity of Point Hope 
(Fig. 6C). In 2019, the observed distribution of age-0 cod shifted north, 
with absences near Point Hope and Cape Lisburne, and presences north 
of Point Lay (Fig. 6D). Age-0 cod were present in the midwater trawl 
catch at stations with gear temperatures ranging from 4.6 to 6.7 ◦C and 
2.3–10.0 ◦C in 2017 and 2019, respectively. Age-0 cod were almost 
exclusively caught in the midwater trawl at locations warmer than the 
median temperature of all midwater trawls (Fig. 7). At stations with age- 
0 presence, bottom temperatures were colder than the midwater gear 
temperatures, however, generally by less than 1 ◦C (Fig. 7). 

In 2012, age-0 cod were absent at all 40 stations sampled with the 
small-mesh benthic trawl (Fig. 8A). In 2017, age-0 cod were present at 
11 of 59 sampled stations, from offshore of Point Lay south to the 
southern edge of the sampling grid, including at 7 stations which had 
been sampled in 2012 (Fig. 8B). CPUEs at stations with fish presence in 
2017 ranged from about 1350 to 46,000 age-0s km− 2. In 2019, age-0 cod 
were present at 4 of 49 sampled stations, at CPUEs ranging from about 
1700 to 7100 age-0s km− 2 (Fig. 8C). Age-0 cod were present in bottom 
temperatures ranging from 2.5 to 5.9 ◦C and 4.4–9.5 ◦C in 2017 and 
2019, respectively. Station bottom temperatures during the 2017 and 
2019 surveys ranged from below 0 ◦C in the northern part of the survey 
area to near or exceeding 10 ◦C in the inshore and southern part of the 
survey grids each year (Figs. 7 and 8). In the mooring data, June tem-
peratures in the Bering Strait were colder in 2012 than in 2017 and 2019 
(Fig. 3), and summer bottom temperatures were colder in the northern 

Fig. 5. Length frequency distributions for Pacific cod caught in the Chukchi Sea 
in: A) 2012 in a large-mesh trawl in the eastern Chukchi Sea, B) 2017 in three 
trawls (small-mesh benthic trawl, midwater trawl, and surface trawl) in the 
eastern Chukchi Sea, C) 2019 in three trawls (small-mesh benthic, midwater, 
and surface) in the eastern Chukchi Sea, D) 2018 in a large-mesh benthic trawl 
in the western Chukchi Sea, and E) 2019 in a large-mesh-benthic trawl in the 
western Chukchi Sea. 
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and offshore stations in 2012 than in 2017 and 2019 (Fig. 8). However, 
bottom temperatures at the southern and nearshore stations with age- 
0 cod presence in 2017 were generally warmer in 2012 than in 2017 
(Fig. 8), and the range of available bottom temperatures surveyed by the 
bottom trawl in 2012 included the temperature range where age-0 cod 
were present in 2012 and 2019 (Fig. 7). 

3.3.2. Age-0 catch rates by depth 
Catch rates of age-0 cod by bottom depth varied by gear type in a 

similar pattern each year (Fig. 9). The highest catch rates in the small- 
mesh benthic trawl were between 20 and 29 m and 30–39 m bottom 
depth in 2017 and 2019, respectively, and in both years, catch rates 
were lower at depths greater than 40 m. In contrast, the highest catch 
rates in the midwater trawl were at greater bottom depths; between 40 
and 59 m in 2017, and between 40 and 49 m in 2019. Catch rates in the 
surface trawl were highest in the 20 – 29 m bottom depth range, how-
ever, the surface trawl was fished only at nearshore station and most 
surface trawls occurred over relatively shallow bottom depths. 

3.3.3. Age-0 diet by gear type 
Age-0 cod collected in all the surface, midwater, and small-mesh 

benthic trawls in 2017 consumed a variety of prey taxa (Table 2, 
Fig. 10). Copepods were the most important (importance measured by % 

PSIRI) prey taxa for fish collected in all three gears (Fig. 10), with 
benthic-caught fish primarily consuming the epibenthic calanoid 
copepod species Eurytemora herdmandi (PSIRI = 13.55%), while the 
surface- and midwater-caught fish primarily consumed various pelagic 
calanoid copepods (PSIRI = 70.54% and 26.40% for the surface and 
midwater trawls, respectively). The benthic-caught age-0 cod also 
consumed near equal percentages of a taxonomically-broad suite of prey 
items; including benthic prey taxa such as polychaetes, benthic amphi-
pods, benthic decapods, and benthic cnidarians (anemones). The most 
important prey taxa for the pelagic-caught fish, after calanoid copepods, 
were decapods for the surface trawl-caught fish, and fish (unidentified 
Gadidae) and decapods for the midwater trawl-caught fish. The niche 
overlap indices for diets of age-0 cod caught in the benthic and pelagic 
trawls were low (benthic and midwater = 0.01, benthic and surface =
0.08), indicating little overlap in diets, although only the difference 
between the benthic and midwater values was statistically significant (P 
= 0.0175), and there was somewhat higher overlap for the diets of the 
two pelagic trawls (surface and midwater = 0.2). Grouped by general 
habitat classifications, prey of the pelagic-caught fish were almost 
entirely pelagic or unknown, while the benthic-caught fish also 
consumed endo-, epi-, and hyper-benthic prey (Fig. 10). 

Fig. 6. Distribution and catch per unit effort of age-0 Pacific cod caught in: A) the surface trawl in 2017; B) the surface trawl in 2019; C) the midwater trawl in 2017; 
D) the midwater trawl in 2019. 
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3.3.4. Age-0 condition: ECS versus Goa 
Two measures of condition, length-weight residuals and total fatty 

acid concentration, were compared between age-0 cod from the ECS and 
the nearshore GOA (Fig. 11). Age-0 cod from the GOA were longer and 
heavier than age-0 cod from the ECS even though they were collected in 
August compared to fish collected in September in the ECS. Fish from the 
GOA in August averaged ~80 mm SL and weighed 5 g while fish from 
the ECS were ⁓67 mm SL and 3 g. The residuals from the log-length and 
log-weight relationship demonstrated that fish from the GOA were 
heavier at a given length than fish from the ECS. Total fatty acids per 
WWT did not increase with length (r2 = 0.02). The residuals from the 
length to total fatty acids relationship showed that fish from the GOA 
had a higher concentration of fatty acids per WWT at a given length than 
fish from the ECS (p < 0.001). Both morphometric condition and that 
based on length-lipid concentration showed that fish from the GOA were 
in better condition at the end of the summer/fall than fish from the ECS. 

3.4. Age-1 and adults 

3.4.1. WCS distributions and temperatures 
Cod were absent from the trawl sampling in the WCS in 2010 

(Fig. 12). Both age-1 juveniles and adults were present in the WCS in 

2018 and 2019 (Fig. 12). In both years, there was a length mode of ju-
veniles (assumed to be age-1), from 130 to 180 and 100–230 mm FL in 
2018 and 2019, respectively, and larger adult-sized fish, from 660 to 780 
and 550–750 mm FL in 2018 and 2019, respectively (Fig. 5). Although 
there were two juveniles larger than 180 mm FL in 2019, there was little 
evidence of a new length mode of fish greater than 180 mm FL in 2019, 
and these two fish are also assumed to be age-1. CPUEs of age-1 cod at 
stations where they were present ranged from 23 to 133 and 9–95 fish 
km− 2 in 2018 and 2019, respectively. A total of five adult cod were 
caught in 2018 and four in 2019. Estimated densities of adult-sized fish, 
where they were present, ranged from 12 to 24 and 10–22 fish km− 2 in 
2018 and 2019, respectively. CPUEs by weight for the age-1 and adults 
combined at stations where they were present, and in units for com-
parison with previous reports in the Bering Sea were 0.004–1.54 and 
0.0018–1.073 kg/ha in 2018 and 2019, respectively. 

Bottom temperatures where cod were present ranged from 1.9 to 
4.7 ◦C and 3.3–4.7 ◦C for age-1s and adults, respectively in 2018 (Fig. 7), 
and from 1.4 to 4.9 ◦C and 0.4–4.9 ◦C for age-1s and adults, respectively 
in 2019 (Fig. 7). Although 2010 was a year with cold temperatures in the 
Bering Strait in June (Fig. 3), much of the sampled area in the south-
western Chukchi Sea in 2010 was within the bottom temperature range 
that contained cod in 2018 and 2019 (Figs. 7 and 12). 

Fig. 7. Boxplots of water temperatures at trawl stations in the Chukchi Sea by trawl type and year: A) surface trawl for age-0 Pacific cod sampling, B) midwater trawl 
for age-0 Pacific cod sampling, C) small-mesh benthic trawl for age-0 Pacific cod sampling, D) Large-mesh benthic trawl for age-1 Pacific cod sampling and E) Large- 
mesh benthic trawl for adult Pacific cod sampling. Open boxplots represent gear temperatures at all sampled stations. Filled boxplots represent gear temperatures at 
stations with Pacific cod presence. Striped boxplots represent bottom temperatures at stations where Pacific cod were present in pelagic (surface and mid-
water) trawls. 
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3.4.2. ECS distributions and temperatures 
Age-1 cod were present at three stations in 2012 in the large-mesh 

benthic trawl in the ECS (Fig. 12). These age-1s ranged in size from 
100 to 130 mm FL (Fig. 5), and CPUE from 44 to 106 fish km− 2. Adults 
were absent at all stations in the ECS in 2012. 

Bottom temperatures where age-1 cod were present in 2012 in the 
large-mesh benthic trawl sampling ranged from 1.3 to 9.9 ◦C (Fig. 7). 
Similar to 2010 in the WCS, 2012 was a year with cold June water 
temperature in the Bering Strait, (Fig. 3); however, much of the sampled 
area in the shallow southeastern Chukchi Sea in 2012 was as warm as or 
warmer than areas with age-1 and adult presence in the WCS in 2018 
and 2019 (Figs. 7 and 12). 

In addition to the age-0 cod caught in the midwater trawl (section 
3.3.1), one much larger (64.7 cm FL) adult was caught using the mid-
water trawl during a tow that fished near the benthos at the southern 
end of the survey area in 2019 (Fig. 6). 

4. Discussion 

Age-0 cod were absent from the Chukchi Sea in a cold year (2012) 
and present in recent warm years (2017 and 2019) of this study. 
Increased temperatures could explain the age-0 cod presence in the 

Chukchi Sea though several mechanisms, including increased 
temperature-dependent larval growth and survival near the Bering 
Strait, increased springtime transport through the Bering Strait, and/or 
more larvae arriving at the Bering Strait due to changes in the EBS. 

Warmer springtime temperatures in the NBS possibly led to age- 
0 cod presence in the Chukchi Sea in recent warm years. In 2012, a 
cold year, larvae near the Bering Strait in June would have been exposed 
to cold (estimated ~0.5–1.5 ◦C) water. The growth of cod larvae is 
highly temperature-dependent and survival in the laboratory is reduced 
at 2 ◦C (Hurst et al., 2010). Unfed yolksac larvae can survive lower 
temperatures (e.g., 0 ◦C), but growth and development rates are very 
slow (Laurel et al., 2008) and hatch success is poor (Laurel and Rogers, 
2020). It is therefore unlikely that eggs and larvae have historically 
occupied these Arctic regions where juveniles have recently been 
observed. We note that larvae were observed near the Bering Strait in 
June in a warm year (2017), which would have likely contributed to 
better larval survival and increased presence of age-0 fish in the Chukchi 
Sea in 2017 and 2019. Warm June temperatures at the Bering Strait also 
occurred in a previous year (2007) when age-0-sized cod were observed 
in the Chukchi Sea (Mecklenburg et al., 2011). 

The observed higher springtime transport in recent warm years could 
also contribute to age-0 presence in the Chukchi Sea. Larvae were 

Fig. 8. Maps of catch per unit effort of age-0 Pacific cod caught in the small-mesh benthic trawl and interpolated bottom temperatures for three survey years: A) 
2012; B) 2017; and C) 2019. Note the colors representing interpolated bottom temperatures are the same for all three plots. 
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present in the NBS in June 2017, and the observed increased northward 
springtime transport in 2017 and other recent years could have advected 
them into the Chukchi Sea. Walleye pollock (Gadus chalcogrammus), a 
pelagic boreal species has also been observed in the Chukchi Sea in 
recent years of high transport (Orlov et al., 2019, 2020, 2021; Levine 
et al.,; Maznikova et al., 2023; Emelianova et al., 2022). Similar trends 
have also been noted in pelagic forage fishes in the same years (Baker 
et al., 2022). 

Age-0 cod presence in the Chukchi Sea could also be due to a supply 
of larvae from the Bering Sea reaching the Bering Strait in recent years. 
Pacific cod spawning in the EBS occurred from March through April in 
2005 and 2006 as far north as the shelf break east of St. Matthew Island 
(Neidetcher et al., 2014). Larvae originating from this location could be 
transported by the Bering Slope Current (Stabeno et al., 2016), and 
could reach the north side of St. Lawrence Island in about 4 months 
(Fig. 12 in Stabeno et al., 2016). Given size at hatch of about 5 mm 
(Laurel et al., 2008), growth rates of about 0.5–0.1 mm/day for 
pre-flexion larvae estimated from laboratory experiments at tempera-
tures of 1–6 ◦C (Hurst et al., 2010), and four months of larval transport, 
these larvae may have reached north of St. Lawrence Island at a size 
range of about 11–17 mm, which is similar to the observed larval size of 
about 8–14 mm in this area in June 2017. However, even if the larvae 
were spawned in March and traveled as fast as historical currents, with 
an estimated 20–30 day egg incubation period (Laurel et al., 2008) and 
four months in the Bering Slope Current, they would not arrive until 

August. It seems likely that if the larvae observed near the Bering Strait 
were from the Bering Sea, they either spawned earlier than previous 
reports, were spawned north of previous reports, or were transported by 
increased current speeds. Another possibility is that changes due to 
warmer temperatures in the EBS or NBS caused successful larval delivery 
to the Chukchi Sea by other mechanisms (or a combination of mecha-
nisms), such as improving egg survival (Laurel and Rogers, 2020), or 
improving larval prey fields (Laurel et al., 2021). It seems especially 
unlikely that the 8 mm SL larvae observed in the northeastern Chukchi 
Sea in August 2018 was spawned as far south as the known spawning 
areas in the EBS, implying spawning must occur north of previously 
documented spawning areas. 

Age-0 fish from other temperate areas have expanded their nursery 
habitat in recent years in response to increased larval transport or 
warmer temperatures. Age-0 nursery areas for Atlantic cod, Gadus 
morhua, shifted northward in the North Sea during years with increased 
northward winds during the larval period and warm ocean temperatures 
(Rindorf and Lewy, 2006). In the Barents Sea, age-0 fish from several 
species including Atlantic cod expanded their geographical habitat in an 
unusually warm year, and were also larger than the long-term average 
(Eriksen et al., 2020). 

Recent adult cod presence in the Chukchi Sea in 2018, and 2019, and 
absence in 2010 and 2012 may also be related to warmer temperatures 
in the NBS and Bering Strait in the spring. Adult cod avoid the cold pool 
in the EBS (Kotwicki and Lauth, 2013), and the movement of adult cod 

Fig. 9. Mean catch per unit effort (CPUE) of age-0 fish by bottom depth range for each gear type in 2017 and 2019. CPUE units are number of fish per km2 for the 
surface and small-mesh benthic trawls, and number of fish per 100,000 m3 for the midwater trawl. Error bars represent 95% confidence intervals as determined by 
the 2.5 and 97.5 percentile values from 2000 bootstrap replicates. 
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into the NBS between 2010 and 2017 coincides with a reduction in the 
cold pool in the NBS (Stevenson and Lauth, 2019; Baker, 2021). Pre-
liminary tagging data suggests that adult cod move from the EBS into the 
NBS after sea ice has retreated northward in the spring and summer (J. 
Nielsen, Kingfisher Marine Research, and S. McDermott, AFSC, personal 
communication, February 23, 2021). Based on these tagging data, it is 
possible that the early ice retreat in both 2018 and 2019 (Stabeno and 
Bell, 2019; Siddon et al., 2020) allowed the fish to reach the Bering Strait 
early enough in the year to continue northward into the Chukchi Sea by 
August. 

Increased temperatures on the Chukchi Sea shelf in the summer are 
less likely to be the cause of the increased cod presence in recent years 
than temperatures in the spring in the NBS and Bering Strait. Annual 
summer water temperatures on the ECS shelf have increased since 2014 
(Danielson et al., 2020); however, even in the earlier and colder years of 
this study (2010 and 2012), when age-0 and adult cod were absent, some 
of the sampled habitat was warm enough (based on observed presence in 
2017 and 2019) to support cod. The entire water column of the rela-
tively shallow southeastern Chukchi Sea warms in the summer due to 
both advection and wind mixing (Grebmeier et al., 2015; Woodgate 
et al., 2015), and the nearshore areas are in the Alaska Coastal Current, 
which is typically warmer than the rest of the shelf from June to at least 
October (Woodgate et al., 2010; Woodgate, 2018). Even in the cold 
years of this study, the Chukchi Sea appeared warm enough during the 
summer for age-0 and adult cod to be present. 

Age-0 cod in the Chukchi Sea use both pelagic and demersal habitats, 
which is similar to their habitat use in the EBS (Hurst et al., 2015). Diet 
differences between age-0 fish in pelagic and benthic habitats imply that 
age-0 cod remain at a habitat type for, at minimum, a daily feeding 
cycle. It should be noted that the age-0 fish from the benthic and mid-
water trawls that had significantly different diets were from different 
geographic areas, and prey field differences could be responsible for the 
observed diet differences. Nevertheless, the benthic-caught fish ate 
predominately benthic prey items, and the midwater-caught fish ate 
predominately pelagic prey items. In the EBS, age-0 cod are pelagic over 
deeper water and benthic in nearshore shallower areas, which is 
possibly related to temperature; the juveniles occupy demersal habitat 
in inshore areas with relatively warm bottom temperatures, and occupy 
warmer pelagic habitat when they are over deep water with cold benthic 
habitat (Hurst et al., 2015). Age-0 habitat use in the Chukchi Sea fits the 
same general pattern, with the addition that some fish use the pelagic 
nearshore habitat. This may mean that, in addition to temperature, fish 
in nearshore areas may select their depth in the water column based on 
some other factor, such as localized prey fields, or salinity. 

The absence of a length mode of juveniles in the ECS in 2019 larger 
than that observed in 2018 suggests that the age-1 cod in 2018 may not 
have survived to age-2. All previous reports of cod from the ECS have 
been of juvenile-sized fish (Barber et al., 1997; Mecklenburg et al., 2011, 
2018; Logerwell et al., 2015). It seems that cod juveniles in the Chukchi 
Sea either suffer high mortality rates, or migrate to other areas prior to 
adulthood. 

The juveniles in the Chukchi Sea may not be able to successfully 
grow and provision themselves well enough to survive to become adults. 
Condition (lipid densities and weight at length) was lower in the 2017 
age-0 cod from the Chukchi Sea than those from the GOA. Lipid densities 
were also lower in the age-0 cod in this study than in co-occurring gadids 
in the Chukchi Sea in 2017 (Copeman et al., 2022). The age-0 cod in the 
Chukchi Sea in this study inhabited colder waters (2017, 2–6 ◦C) than 
age-0 cod during the summer in the EBS (~6–12 ◦C; Hurst et al., 2015; 
Hurst et al., 2018) and the Gulf of Alaska (~8–11 ◦C; Abookire et al., 
2007; Laurel et al., 2016a). Further, summer temperatures in the 
Chukchi Sea are lower than those modeled for maximum growth 
(~11.0–11.5 ◦C) and maximum lipid accumulation (10 ◦C) in controlled 
laboratory growth experiments (Laurel et al., 2016b; Hurst et al., 2010, 
2012b; Copeman et al., 2017). Thus, temperatures during the summer in 
the Chukchi Sea may be too low for juvenile cod to achieve sufficient 
size or energetic thresholds to survive long, low-productive Arctic 
winters. Future monitoring of age-0 cod in the Chukchi Sea should 
include both growth and condition metrics. 

The abundance of age-0 cod in the ECS is potentially high enough to 
be ecologically meaningful if they could survive to adulthood. Only 
small numbers of juveniles were caught with our small-mesh benthic 
trawl, but catch rates in the nearshore areas of the ECS were similar to 
catch rates in EBS nursery areas using a similar trawl (Hurst et al., 2015, 
Table 3); however, they were one order of magnitude lower than catch 
rates in GOA nursery areas in high-abundance years (Table 3). An 
abundance estimate based on our limited number of stations in 2017 
should be viewed with caution, but it provides a general sense of the 
potential number of cod juveniles in the ECS in 2017. Benthic trawl 
catch rates in the ECS were highest from 67 ◦N to 69 ◦N inshore of 40 m 
bottom depth, an area of approximately 14,500 km2. Mean catch rates 
here were approximately 12,000 fish per km2. Assuming the trawl 
caught all of the fish in the towpath, and our sampling was represen-
tative of the area, mean density multiplied by area would equal 
approximately 174 million fish present in 2017 within the area from 
67◦N to 69 ◦N inshore of 40 m bottom depth. Alternatively, estimating 
abundance from the mean catch rates and area of the entire survey area 
south of 70 ◦N provides an estimate of approximately 150 million fish. 
Even if these estimates are high, there were tens of millions of age-0 cod 
in the ECS in 2017. If these or future age-0 cod survive to adulthood, and 
either remain in the Chukchi Sea or successfully migrate to other 

Table 2 
Prey-specific relative index of importance (PSIRI) for prey taxa by trawl type for 
Pacific cod small juveniles collected in the eastern Chukchi Sea in 2017. Only 
prey items with PSIRI greater than 3 are listed.  

Trawl Type Prey Taxa Prey Group PSIRI 

Small-mesh 
benthic 

Polychaeta Annelid worm 13.57 

Small-mesh 
benthic 

Eurytemora 
herdmandi 

Calanoid copepods, <2.5 mm 
Total length 

13.55 

Small-mesh 
benthic 

Nematoda parasite Unidentified 10.55 

Small-mesh 
benthic 

Euphausiidae juv/ 
adult 

Euphausiids, j+a 10.00 

Small-mesh 
benthic 

Decapoda Decapoda 8.83 

Small-mesh 
benthic 

Cistenides spp. Annelid worm 5.59 

Small-mesh 
benthic 

Margarites spp. Gastropod 4.41 

Small-mesh 
benthic 

Argis spp. Carideans 3.21 

Small-mesh 
benthic 

Paguridae juv/adult Anomuran crab 3.06  

Midwater Calanoida (<2.5 
mm) 

Calanoid copepods, <2.5 mm 
Total length 

17.68 

Midwater Actinopterygii Fish 17.48 
Midwater Caridea Carideans 17.01 
Midwater Gadiformes Fish 12.89 
Midwater Cirripedia cypris Barnacle 8.72 
Midwater Centropages 

abdominalis 
Calanoid copepods, >2.5 mm 
Total length 

8.09 

Midwater Brachyura megalopa Brachyuran crab 6.80 
Midwater Paguridae zoea Anomuran crab 6.04  

Surface Centropages 
abdominalis 

Calanoid copepods, >2.5 mm 
Total length 

31.41 

Surface Calanoida (<2.5 
mm) 

Calanoid copepods, <2.5 mm 
Total length 

31.28 

Surface Decapoda Decapoda 13.45 
Surface Crustacea Crustacean 8.33 
Surface Pseudocalanus spp. Calanoid copepods, <2.5 mm 

Total length 
7.34 

Surface Brachyura megalopa Brachyuran crab 5.73  
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spawning areas, it would mean a northward expansion of cod nursery 
area habitat, which is one type of poleward distribution shift that has 
been documented in marine fish due to ocean warming (Rindorf and 
Lewy, 2006; Nye et al., 2009; Figueira and Booth, 2010). 

Densities of adult and age-1 cod estimated in this study are very low 
compared to reports from the Bering Sea. CPUE by weight for combined 
age-1 and adult fish at stations where fish were present ranged from 
0.0018 to 1.5 kg/ha in this study. Even in 2010, when cod were 
considered “almost completely absent” from the NBS, cod CPUE values 
at some stations were greater than 10 kg/ha, and CPUE values in the EBS 
may be greater than 50 kg/ha (Stevenson and Lauth, 2019). These catch 
rate comparisons are between the DT 27.1/24.4 bottom trawl used in the 
WCS in this study, and the 83–112 trawl used in the NBS and EBS, 
however, catchability differences seem unlikely to cause the much lower 
CPUE values observed in the WCS in this study. In the western Bering 
Sea (WBS), cod densities have been reported from surveys using the 
same large-mesh trawl as used in the WCS in this study (Shuntov et al., 
2014). Cod densities in the WBS were summarized by statistical regions 
and depth range over the time period from 2006 through 2012. In re-
gions and depth ranges where cod are present in the WBS, reported 
mean densities ranged from 235 to 7631 kg ha-1, however, these den-
sities assumed that only 40% of fish encountering the trawl were 
retained by the trawl (Shuntov et al., 2014). To make these numbers 
comparable to the CPUE units used in this study (100% of fish retained), 
the values reported by Shuntov et al. (2014) were multiplied by 0.4. 
These converted mean CPUE values are 94 to 3052 kg ha-1 and are much 
higher than even the peak CPUE values observed in the Chukchi Sea in 
this study. 

Although estimated densities were low, the adult cod observed in the 
WCS (and the one adult caught in the ECS) in this study are among the 
first known (to us) adult Pacific cod caught in the Chukchi Sea. The only 
other is an adult Pacific cod caught in a subsistence fishing net near 

Point Hope, AK, in August 2020, and reported as a novel occurrence to 
the Alaska Arctic Observatory and Knowledge Hub (AAOKH; Donna 
Hauser, International Arctic Research Center, University of Alaska 
Fairbanks, personal communication, January 29, 2021). The lack of 
observed intermediate size ranges of fish between age-1 and adults 
makes it likely that there is not a self-recruiting cod population in the 
Chukchi Sea, and that the adults likely moved northward from the 
Bering Sea, similar to how adults moved into the NBS from the EBS 
(Stevenson and Lauth, 2019). Only one adult was caught in the ECS 
during this study, but it was caught when the pelagic midwater trawl 
was incidentally fished on the bottom while targeting a deep acoustic 
layer. It is possible that adults and larger juveniles were also present at 
other sampling stations in the ECS in the recent warm years of this study, 
but avoided the pelagic and small-mesh benthic sampling gear. Adult 
cod are primarily benthic (Fadeev, 2005; Nichol et al., 2007) and would 
not be available to the pelagic trawls, and could also likely avoid the 
small-mesh benthic trawl due to the small mouth opening and slow 
fishing speeds (Itaya et al., 2007). Therefore, the presence of larger ju-
venile and adult cod in the ECS is unknown and will remain unknown 
until the area is surveyed across a range of habitats with gear suited to 
their capture (see Emelin et al., 2023). 

Differences in abundance and distribution between the ECS and WCS 
for all life stages would be interesting to study, but trawl type differences 
in recent years make this difficult. The ECS has been surveyed with 
trawls likely to catch age-0 fish, and the WCS has been surveyed with 
gear likely to catch larger juveniles and adults. 

The data presented here show that multiple life stages of Pacific cod 
were present in the Chukchi Sea in recent warm years, which suggests 
that the species is expanding into the Chukchi Sea by both recruitment of 
age-0 fish, and adult movement. However, the true extent of this range 
expansion, its potential to persist into the future, and the ultimate fate of 
individuals that move into the Chukchi Sea, are still unknown. 

Fig. 10. Prey specific relative index of importance (PSIRI) of prey items in the diet of small juvenile Pacific cod caught in 2017. Top panel depicts PSIRI by prey 
taxonomic groups, and bottom panel depicts PSIRI by prey general habitat classification. 
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Monitoring surveys designed to estimate abundances and condition of 
multiple life stages are required to better understand this poleward 
distribution shift, and to assess its impacts to the ecosystem. 

5. Conclusions 

Age-0 sized Pacific cod were present in the eastern Chukchi Sea 
during a recent warm period and absent during a previous cold period. 
Pacific cod larvae were present south of the Bering Strait during June in 
a recent warm year. Increased springtime water temperatures near the 
Bering Strait and increased springtime northward transport through the 
Bering Strait during the recent warm period may allow larvae from the 
northern Bering Sea to be transported through the Bering Strait, and thus 
the northern Bering Sea is a likely source of the age-0 Pacific cod 

observed in the Chukchi Sea. 
Age-1 sized Pacific cod were present in the western Chukchi Sea 

during the recent warm period suggesting that some of the age-0 fish in 
the Chukchi Sea may survive the first winter. However, condition of the 
age-0 fish was much lower in the Chukchi Sea than in the Gulf of Alaska. 
Poor age-0 condition and absence of any juveniles older than age-1 
suggest that Pacific cod are not currently surviving to adulthood in the 
Chukchi Sea. Collection gear deployed in the western Chukchi Sea may 
not retain age-0 fish, and collection gear deployed in the eastern 
Chukchi Sea may not retain age-1 or older demersal fish limiting com-
parisons between the two areas. 

Adult Pacific cod were present in both the western and eastern 
Chukchi Sea during the recent warm period. Absence of intermediate- 
sized juveniles suggest that these adults moved into the Chukchi Sea 

Fig. 11. The effect of sampling region on the relationship between age-0 Pacific cod length (Log10, SL, mm) and (a) wet weight ((Log10, WWT, g) as well as (c) lipid 
density. Residuals from these relationships showed a significant effect of region of capture on condition based on length-weight residuals (b) and a significant effect of 
region on condition based on fatty acids concentrations (d). 
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Fig. 12. Distribution and catch per unit effort of juvenile (age-1) and adult Pacific cod in large-mesh benthic trawl in the Chukchi Sea: (A) Age-1s and adults in 2010; 
(B) Age-1s in 2012; (C) Age-1s in 2018; (D) Adults in 2018; (E) Age-1s in 2019; (F) Adults in 2019. 
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from the Bering Sea. 
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A B S T R A C T   

Bearded seals are pan-Arctic ice-obligate phocids; for the threatened Beringia population, the majority of the 
population feeds in the summer in the Chukchi Sea, then migrates south to overwinter in the northern Bering Sea. 
Contemporary information on the impact of rapidly changing climatic conditions on bearded seal distribution is 
essential for effective management. To monitor for marine mammals, passive acoustic recorders were deployed 
throughout the eastern Chukchi and northern Bering seas (64◦ N to 72◦ N), sampling at a rate of 16 kHz on a duty 
cycle of either 80 or 85 min every 5 h. Data from year-long deployments at nine sites over four years 
(2012–2016) were manually analyzed, totaling 13,275 days (~75,000 h). Bearded seal calling activity was 
present at every site in every year. Calling activity increased from September through February and reached 
sustained and saturated levels from March through June, at which point calling ceased abruptly regardless of ice 
cover. The timing of calling and its abrupt cessation correspond with the known breeding season of bearded 
seals. However, the timing of the cessation of calling occurred earlier each year, corresponding with an earlier 
sea ice retreat. The sustained calling detected overwinter at all locations suggests that this is more than just a few 
animals that are remaining in the Chukchi Sea. Preceding this main pulse was a smaller peak in calling that 
progressed southward, corresponding with the fall migration of bearded seals to the Bering Sea. These results 
increase our knowledge on the year-round spatio-temporal distribution and migration patterns of this pagophilic 
species, and the relationship between calling activity and sea ice concentration.   

1. Introduction 

The U.S. Arctic has been undergoing rapid climatic change and has 
been a region of major summer ice retreat since 2007 (Baker et al., 
2020a). This region has already seen an increase in temperatures of 
0.75 ◦C, exceeding the global average, in just the past decade (Post et al., 
2019). It is expected that the first ice-free Arctic summer (defined as <1 
× 106 km2; Wang and Overland, 2012) will occur before 2050, with 
some models showing projections as early as 2034 (Peng et al., 2020; 
Notz and SIMIP Community, 2020; Wang et al., 2021). Additionally, 
thick multiyear sea ice (2+ years) has dramatically reduced, being 
replaced by thin first year ice (Wood et al., 2015). This sea ice loss has 
resulted in a shift in the timing of the annual ice retreat, longer open 
water seasons, and increased ambient noise from both natural and 
anthropogenic sources. 

Bearded seals are an ice-breeding phocid with a circumpolar 

distribution (Cameron et al., 2010). Two subspecies have been 
described: E. b. barbatus occurs from the Laptev Sea to Hudson Bay and 
the North Atlantic (Rice, 1998), while E. b. nauticus occurs in the western 
Arctic Ocean and Bering and Okhotsk seas (Heptner et al., 1976; 
Cameron et al., 2010). Under the U.S. Endangered Species Act, the E. b. 
nauticus subspecies has been further divided into the Okhotsk Distinct 
Population Segment (DPS) in the Sea of Okhotsk and a Beringia DPS that 
inhabits the Bering, Chukchi, Beaufort, and East Siberian seas (Cameron 
et al., 2010). Both populations are primarily benthic feeders, feeding on 
crabs, shrimps, and snails; infaunal bivalves; and demersal fishes (Lowry 
et al., 1980). As such, they typically prefer relatively shallow (<200 m) 
habitats near areas of high benthic productivity (Burns, 1981; Bengtson 
et al., 2005; Cameron et al., 2010). 

Seasonal ice dynamics are a major driver of movement patterns for 
pagophilic species like the bearded seal, Erignathus barbatus (Burns, 
1981; Cameron et al., 2010; Breed et al., 2018). For critical life history 
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functions in the annual cycle of pupping, nursing, mating, and molting, 
bearded seals tend to prefer a dynamic ice habitat, with leads, fractures, 
and polynyas (Burns, 1981; Nelson et al., 1984). Many Beringia bearded 
seals move south with the advancing ice edge through the Bering Strait 
into the Bering Sea where they spend the winter (Burns and Frost, 1979; 
Frost et al., 2005), but others remain north of Bering Strait (Olnes et al., 
2020). While much of the population appears to overwinter in the 
central and northern Bering Sea (Fay 1974; Heptner et al., 1976; Burns 
and Frost, 1979), recent studies have shown that some portion of the 
population remains in the Chukchi over winter (Hannay et al., 2013; 
MacIntyre et al., 2013, 2015; Jones et al., 2014; Frouin-Mouy et al., 
2016; Jimbo et al., 2019). Throughout winter and early spring bearded 
seals are distributed on pack ice from the Chukchi Sea to the ice edge in 
the Bering Sea (Burns and Frost, 1979; Cameron et al., 2010; Breed et al., 
2018). Their southern migration into the Bering Sea in the fall is less 
noticeable and predictable than the spring northward migration (Burns, 
1981; Kelly, 1988). In spring (April through June), the population 
moves north with the ice edge into the Chukchi Sea for the whelping, 
mating, and molting season (Burns, 1981; Cameron et al., 2010; Mel-
nikov, 2017). Females give birth on the ice from April to May (Burns, 
1970, 1981), and pups are weaned within approximately three weeks 
(Burns, 1970; Kovacs et al., 1996). Mating is thought to occur right after 
weaning (Cameron et al., 2010). From August through October, bearded 
seals are primarily pelagic, occupying areas that are completely ice free 
(Boveng and Cameron, 2013). Given the rapid rate of Arctic sea-ice 
decline, contemporary information on how this is impacting bearded 
seal reproductive success is crucial for efficient management and con-
servation efforts. 

Acoustic communication plays an important role in behavior of 
pinnipeds, from establishing or defending territories (Hanggi and 
Schusterman, 1994), communicating with conspecifics (Rogers et al., 
1996), advertising breeding condition (Van Parijs et al., 2003), and 
mother-pup communications (Van Opzeeland and Van Parijs, 2004). 
Passive acoustics is ideal for monitoring Arctic species year-round, when 
ship-based methods are not feasible, and for examining their behavior 
and adaptability to changing climatic conditions. While all ice-breeding 
seals are known to produce underwater vocalizations (e.g., Stirling and 
Siniff, 1979; Watkins and Ray, 1985; Perry and Terhune, 1999; Jones 
et al., 2014; Cziko et al., 2020), bearded seals, given their highly vocal 
nature, are good candidates for passive acoustic monitoring, particularly 
during the breeding season. Only males are thought to call underwater 
during the breeding season (Ray et al., 1969; Cleator et al., 1989; Davies 
et al., 2006), and have shown geographical variation in repertoires that 
may be indicative of discrete breeding stocks (Cleator et al., 1989; Risch 
et al., 2007; Charrier et al., 2013). In the U.S. Arctic, male bearded seals 
produce primarily three call types, trills, ascents, and moans, which 
appear to be stable over long temporal scales (Risch et al., 2007; Jones 
et al., 2014; Frouin-Mouy et al., 2016). In addition to geographic vari-
ation, male bearded seals have also demonstrated individual variation in 
their trills (Van Parijs et al., 2003; Van Parijs and Clark 2006). 

Male bearded seals are in breeding condition from April to July 
(Burns, 1981; Cleator, 1996; Van Parijs et al., 2001), and will vocalize to 
either defend territories or advertise breeding status to females (Ray 
et al., 1969; Burns, 1981; Cleator et al., 1989; Van Parijs et al., 2001). To 
that end, males will employ either “roaming” or “territorial” mating 
strategies (Van Parijs et al., 2003, 2004; Van Parijs and Clark, 2006). 
Territorial males will show strong site fidelity and defend small terri-
tories, while roaming males travel over large areas (Van Parijs et al., 
2003, 2004; Van Parijs and Clark, 2006); the efficacy of these alternating 
strategies is thought to relate to differences in ice regimes (Van Parijs 
et al., 2004). In the Chukchi Sea, the less stable ice is thought to favor the 
“roaming” strategy, and although males can switch mating tactics, 
studies show they rarely do (Van Parijs et al., 2003, 2004; Van Parijs and 
Clark, 2006). 

In this study, we investigated the spatio-temporal distribution of the 
species at a multitude of sites and years throughout the U.S. Arctic using 

stereotyped calls of male bearded seals as an indicator of species pres-
ence. The results presented here describe the cessation of calling relative 
to ice concentration, and provide new information on the year-round 
presence of bearded seals throughout the eastern Chukchi Sea. 

2. Methods 

2.1. Data collection 

Data included in the current study were collected from year-round 
passive acoustic recorders deployed from 2012 to 2016 at nine sites 
per year throughout the northern Bering, Chukchi, and western Beaufort 
seas (Fig. 1a, Table 1). These bottom-mounted, sub-surface, moorings 
were composed of an anchor, chain, acoustic release, passive acoustic 
recorder, and steel float (Fig. 1b; total length of mooring ~8 m; hy-
drophone ~6 m off the seafloor). Autonomous Underwater Recorders 
for Acoustic Listening (AURAL-M2, Multi-Électronique, Rimouski, QC, 
Canada) recorded for an entire year at a sampling rate of 16 kHz, with 
16-bit resolution and 16 dB gain, on a duty cycle of either 80 or 85 min 
of recording every 5 h. With these settings the AURALs had a sensitivity 
of − 164 ± 1 dB re 1V/μPa (2 Hz–30 kHz), a spectral noise floor of 52 dB 
re 1 μPa2/Hz (Kinda et al., 2013), and a maximum input pressure (a 
signal saturation level) of 154 dB re 1 μPa, and a dynamic range of 90 dB 
over the effective bandwidth of the system. 

2.2. Data analysis 

Image files (pngs) of spectrograms were pre-generated (FFT 1024 
pts, 85% overlap, Hamming window). We looked for the presence of 
bearded seal calls in consecutive 90 s samples throughout each 80–85 
min recording interval; 90 s was an ideal length for spectrographic 
analysis of calls. The 5 h staggered duty cycle advanced by an hour each 
day, which resulted in variable daily recording effort. To account for the 
difference in number of hours of recording effort each day, data were 
normalized by daily recording effort (i.e., number of 10-min intervals 
with calls/number of total 10-min intervals for that day). This will be 
referred to as the percent of intervals with calls, or PIC, following Wright 
et al. (2018). The term “100% PIC” will refer to the daily calling activity 
equaling 100%; i.e., 100% of 10-min intervals for that day had bearded 
seal calls present. Note that PIC does not refer to the number of calls or 
number of calling animals. 

All acoustic data (100%) were manually analyzed using an in-house 
MATLAB-based program SoundChecker (see Wright et al., 2019 for full 
details). Each 90-s spectrogram was marked yes/no/maybe for the 
presence/absence of bearded seal calls. “Yes” was selected when the 
analyst was confident in species attribution; only “yes” detections are 
presented and analyzed here, resulting in a binary format (1 = yes, 0 =
no). Bearded seals were identified by their stereotyped, species-specific 
trills, moans, and ascents as classified by Risch et al. (2007), based on 
Cleator et al. (1989) (Fig. 2). A total of 13,275 days (over 75,000 h) of 
data from nine mooring locations over four years (2012–2016) were 
analyzed. 

Calling activity was compared with satellite-derived sea ice con-
centration, obtained from 25-km resolution data from the National Snow 
and Ice Center (https://nsidc.org/data/NSIDC-0079/versions/3). Sea 
ice data used in this project were version-3 Bootstrap algorithm files 
described by Comiso (2007). Mean daily sea ice concentrations were 
calculated with a 3-day moving average for each location and year and 
plotted against calling activity. 

Linear regression was used to quantify the trend in the date of calling 
cessation over time using the lm function in R (ver. 1.4.11; R Core 
Development Team). Generalized additive models (GAMs) were used to 
determine the effects of sea ice concentration, Julian date, latitude, 
distance from shore, and year on calling activity (including zero calling 
days) using the gam function in the mgcv package (Wood, 2006) in R. 
Given the binary nature of the data (presence/absence of calls), we 
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evaluated candidate models built using a binomial distribution with a 
logit link. To accommodate mooring-specific effects, we also created 
hierarchical GAMs (HGAMs) that allowed for interactions between 
factors and smoothed variables. Specifically, we used the “GS” model 
from Pedersen et al. (2019), which creates a global smooth, plus 
group-level smoothers (with the same wiggliness or smoothing penalty) 
corresponding to mooring. The default basis dimensions were used to 
initially parameterize the smoothing splines for all models. The mgcv 
function gam.check() was used to evaluate whether the basis dimensions 
were large enough; because the effective degrees of freedom were all 
much lower than the associated maximum basis complexity (i.e., the 
k-indices returned from gam.check()), there was no evidence that the 
basis dimensions were insufficient. Model selection was based on 
percent explained deviance, adjusted R-squared value, Akaike’s Infor-
mation Criterion, and expert knowledge of the ecosystem. 

To compare maximum detection range with other studies, and to 
determine independence of each mooring location from the nearest 
location (i.e., to ensure calls were not detected on multiple recorders 
simultaneously) propagation modeling was conducted using the 
Monterey-Miami Parabolic Equation (Smith et al., 2007). Parameters 
used include a water column sound speed profile obtained from con-
ductivity, temperature, depth (CTD) data at the IC1 mooring (P. Sta-
beno, Pacific Marine Environmental Laboratory, NOAA), ambient noise 
levels of 70 dB re 1 μPa (Roth et al., 2012; Southall et al., 2020), sedi-
ment velocity of ~1520 m s− 1 (Hamilton, 1980), water depth of 
approximately 45 m, a source level of 158 dB re 1 μPa (Charrier et al., 
2013), and a detection threshold of 0 dB (Au et al., 2001). 

3. Results 

Bearded seal calling activity was ubiquitous at all mooring sites and 
years (Fig. 3; Table 3). At all locations except the northern Bering Sea 
(NM1), calling increased from September through March and reached 
100% PIC (i.e., 100% of 10-min intervals had calls) from April through 

June before ceasing abruptly in late June/early July (Fig. 3; Table 4). 
Calling was detected year-round at the higher latitudes (BF2, WT1), but 
was absent in summer months at lower latitudes (NM1, KZ1, PH1) 
(Fig. 3). Among all mooring sites, the northern sites (BF2, WT1) had the 
greatest proportion of days with calls, while the lowest latitude sites 
(NM1, KZ1) had the lowest proportion of days with calls (Table 3). 

There were low levels of calling activity at the northern and offshore 
sites (e.g., BF2, WT1, IC3, IC2) in September and October, before the 
main pulse of calling began. Larger, more distinct peaks occurred in 
October and November before the main calling pulse began at the 
southern Chukchi sites (CL1, PH1, KZ1). This initial peak was absent at 
the northern Bering Sea site (NM1), except one instance lasting only ten 
days in November 2014 (Fig. 3). The latitudinal trend in the prominence 
of an autumn peak was less evident in 2016; the prominent initial peaks 
in the southern Chukchi were either greatly reduced (PH1) or missing 
entirely (KZ1). 

The date at which calling activity hit 100% PIC varied among years 
and locations; generally, lower latitudes reached saturation earlier than 
higher latitudes. In all years, site PH1 reached 100% PIC before any 
other site (Fig. 3). The elapsed time between the onset of calling and the 
first day of reaching 100% PIC also varied annually and spatially. Sites 
NM1 and PH1 had the fewest number of days on average between the 
onset of calling and 100% PIC (57 ± 16 and 60 ± 38, respectively 
(average ± SD); Table 3), while the northernmost site, BF2, had the 
greatest number (187 ± 41). Interestingly, despite its location between 
PH1 and NM1, KZ1 had over twice the number of days between the onset 
of calling and 100% PIC, but had the lowest standard deviation of all 
sites (125 ± 14; Table 3). Calling occurred on every day when ice con-
centration was 100% at all sites and all years. At all sites with an evident 
initial peak, that peak occurred before the ice arrived (most notably at 
CL1, PH1, and KZ1). 

Calling ceased abruptly between mid to late June and early July at all 
locations, regardless of ice concentration (Figs. 3 and 4; Table 4). This 
cessation occurred earlier at lower latitude locations, and a few weeks 

Fig. 1. Study area and mooring diagram. A) Map showing the location of all moorings (black circles) used in analyses. B) Schematic of the subsurface passive 
acoustic moorings. 
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later at higher latitude locations (Fig. 4). At lower latitudes (NM1, KZ1), 
ice was gone for weeks prior to cessation, whereas at northern sites (BF1, 
WT1) calling ceased several weeks prior to the ice receding (Fig. 3). All 
locations showed a significant (p < 0.0001) trend of cessation occurring 
earlier in successive years of the study; this was most noticeable at the 
lower latitude sites (Fig. 4; Table 4). Cessation of calling at the farthest 
south NM1 location occurred on average four days earlier each year of 
the study (Fig. 4; Table 4). Cessation at the southern Chukchi locations 

(KZ1, PH1, CL1) occurred an average of 3 days earlier each year. The 
northern locations (IC1, IC2, IC3, WT1, BF2) showed more interannual 
variability, but calling stopped an average of two days earlier each year 
(Table 4). The difference in cessation date between the southernmost 
(NM1) and northernmost (BF2) sites increased by a week over the course 
of the four-year study (Table 4). These trends were consistent with 
changes in sea ice concentration over the course of the study. The lower 
latitude sites saw the greatest reduction in sea ice over the four years, 
with ice formation occurring later, and sea ice breakup occurring earlier 
each year (Fig. 3). 

The top four candidate GAM models are defined in Table 2. GAM 
analyses showed that the variable Julian date explained 73% of the 
deviance in calling activity in a univariate model, while latitude and sea 
ice concentration explained 71% and 30%, respectively, in univariate 
models. Univariate models comprising each of the remaining candidate 
predictor variables explained less than 7% of the deviance in calling 
activity. The interaction between Julian date and sea ice concentration 
explained 74% of the deviance. The HGAMs with mooring-specific ef-
fects explained a higher percent of the deviance than the model 
comprising interactions among Julian date, sea ice concentration, and 
latitude. The model with the highest performance metrics indicated that 
the HGAM model that allowed for mooring-specific differences in the 
interaction between Julian date and sea ice concentration explained 
85% of the deviance in calling activity (p < 0.001). 

Results from the propagation modeling showed a maximum detec-
tion range of 40 km (assuming a signal to noise ratio of 0 dB). The two 
closest moorings, IC1 and IC2 (Fig. 1a), were 60 km apart. While a 
calling individual placed directly between these two recorders could 
potentially have been detected on both recorders, all other moorings 
were situated at least 89 km apart. This indicated that calling records 
from all other moorings were considered independent of each other. 

4. Discussion 

4.1. Spatio-temporal distribution 

Bearded seal calling activity was detected at all sites in all years and 
corresponds with the phenology of this species. Calling increased over 
the course of the breeding season; this may be the result of an increase in 
the number of calling individuals within the detection range of the 
recorder, rather than only an increase in individual call rate (Van Parijs 
et al., 2001). This is also supported by the increase in number of 
co-occurring calls from simultaneously calling individuals (e.g., Fig. 2a; 
Frouin-Mouy et al., 2016). No calling activity was detected during the 
months of July, August, and September at lower latitudes (PH1, KZ1, 
NM1), which is consistent with the results presented in Jimbo et al. 
(2019) from the southern Chukchi. However, because a small number of 

Table 1 
List of all passive acoustic recorder locations and recording parameters used in 
analysis, 2012–2016.  

Mooring 
Name 
Location 
Depth (m) 

Mooring 
Year 

Recording 
Start Date 
(mm/dd/ 
yyyy) 

Recording 
End Date 
(mm/dd/ 
yyyy) 

Duty 
cycle 
(min 
on/ 
total) 

Total # 
days 
with 
data 

BF2 
71.75◦N, 
154.46◦W 
109 

2012–13 8/31/2012 8/31/2013 85/300 366 
2013–14 9/3/2013 9/29/2014 80/300 392 
2014–15 10/1/2014 9/14/2015 80/300 349 
2015–16 9/16/2015 9/8/2016 80/300 359 

WT1 
71.05◦N, 
160.51◦W 
42 

2012–13 8/30/2012 8/27/2013 85/300 363 
2013–14 8/29/2013 10/10/2014 80/300 408 
2014–15 10/11/2014 9/13/2015 80/300 338 
2015–16 9/14/2015 9/7/2016 80/300 360 

IC3 
71.83◦N, 
166.08◦W 
43 

2012–13 8/28/2012 8/26/2013 85/300 364 
2013–14 8/28/2013 9/26/2014 80/300 395 
2014–15 9/27/2014 9/17/2015 80/300 356 
2015–16 9/18/2015 9/14/2016 80/300 363 

IC2 
71.23◦N, 
164.21◦W 
41 

2012–13 8/27/2012 7/31/2013 85/300 339 
2013–14 8/28/2013 9/26/2014 80/300 395 
2014–15 9/27/2014 9/13/2015 80/300 352 
2015–16 9/14/2015 9/14/2016 80/300 366 

IC1 
70.83◦N, 
163.11◦W 
43 

2012–13 8/25/2012 8/27/2013 85/300 368 
2013–14 8/28/2013 9/25/2014 80/300 394 
2014–15 9/26/2014 9/18/2015 80/300 358 
2015–16 9/19/2015 9/15/2016 80/300 363 

CL1 
69.32◦N, 
167.61◦W 
49 

2012–13 8/23/2012 8/25/2013 85/300 368 
2013–14 8/26/2013 9/24/2014 80/300 395 
2014–15 9/26/2014 9/19/2015 80/300 359 
2015–16 9/21/2015 4/2/2017 80/300 560 

PH1 
67.91◦N, 
168.20◦W 
58 

2012–13 8/22/2012 8/22/2013 85/300 366 
2013–14 8/24/2013 9/29/2014 80/300 402 
2014–15 9/17/2014 9/20/2015 80/300 369 
2015–16 9/20/2015 2/10/2016 80/300 142 

KZ1 
67.12◦N, 
168.60◦W 
51 

2012–13 8/21/2012 8/22/2013 85/300 367 
2013–14 8/24/2013 9/24/2014 80/300 397 
2014–15 9/25/2014 9/21/2015 80/300 362 
2015–16 9/22/2015 9/21/2016 80/300 365 

NM1 
64.85◦N, 
168.40◦W 
48 

2012–13 8/20/2012 8/21/2013 85/300 367 
2013–14 8/22/2013 9/20/2014 80/300 395 
2014–15 9/22/2014 8/20/2015 80/300 333 
2015–16 9/10/2015 9/23/2016 80/300 380  

Table 2 
Formulations and summary statistics for the top four bearded seal calling activity models. The models were formulated as generalized additive models (GAMs) and 
hierarchical GAMs (HGAMs). For each model, the formula as specified in the R package mgcv is provided, along with the English translation. Models are arranged in 
order of decreasing % explained deviance. Yes/Pngs refers to the number of time intervals with “yes” calls per day divided by the total number of time intervals per day.  

mgcv Model Formula Smoothing Spline Adj. 
R2 

% Explained 
Deviance 

ΔAIC 

gam(Yes/Pngs ~ te(CalJulian, Ice, bs = c("cc", "tp"), m = 2, 
k = 30) +t2(CalJulian, Ice, Mooring, bs = c("cc", "tp", 
"re"), m = 2, full = TRUE) 

HGAM with: 1) a shared global smoother comprising a tensor product 
interaction between Julian date (a cyclic cubic regression spline) and sea ice 
concentration (a thin plate regression spline); and 2) mooring-specific trends 
in the interaction between Julian date and sea ice concentration, with similar 
smoothness (shared penalty) across moorings. 

0.866 85.7 – 

gam(Yes/Pngs ~ s(CalJulian, bs = "cc", m = 2, k = 30) +s 
(CalJulian, Mooring, bs = "fs", m = 2, k = 30) 

HGAM with: 1) a shared global smoother for Julian date (a cyclic cubic 
regression spline); and 2) mooring-specific trends in Julian date, with similar 
smoothness across moorings. 

0.859 84.5 38818 

gam(Yes/Pngs ~ te(CalJulian, Ice, Latitude, bs = c("cc", 
"tp","tp"), m = 2, k = c(20, 20, 9)) 

GAM with a tensor product interaction among Julian date (a cyclic cubic 
regression spline), sea ice concentration (a thin plate regression spline), and 
latitude (a thin plate regression spline). 

0.835 80.8 151685 

gam(Yes/Pngs ~ te(CalJulian, Ice, bs = c("cc", "tp"), m = 2, 
k = 20) 

GAM with a tensor product interaction between Julian date (a cyclic cubic 
regression spline) and sea ice concentration (a thin plate regression spline). 

0.813 78.8 358171  
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subadults are thought to remain in the northern Bering Sea after the ice 
is gone (Burns, 1981; Cameron et al., 2010), this suggests that a lack of 
detections in summer is not necessarily indicative of a lack of animals. 

Low levels of calling activity were detected during the summer at 
northern and offshore sites, which is in accordance with the results of 
MacIntyre et al. (2013), and with current knowledge on bearded seals 
preference for open water habitat in areas of high benthic productivity 
during the summer (Boveng and Cameron, 2013). Calling activity 
detected outside the known breeding season has been observed in other 
aquatic-mating pinniped species as well (e.g., Van Opzeeland et al., 

2010; Jones et al., 2014; Frouin-Mouy et al., 2019). Given the inherent 
difficulties in studying social behaviors of aquatic pinnipeds in remote 
locations, few studies have investigated the functions of calls outside the 
breeding season. 

Calling ceased abruptly irrespective of ice concentration at all loca-
tions, corresponding to the end of the breeding season. Within a week, 
on average, each site went from 100% PIC to 0% PIC (Fig. 3; Table 4); 
this abrupt cessation occurred over even fewer days at the southern 
locations. There was also an overall significant (p < 0.0001) trend to-
ward earlier cessation in later years (Fig. 4; Table 4), most notably in the 

Fig. 2. Examples of the three primary call types used to identify bearded seals. A) Trill. B) Ascent. C) Moan. All clips recorded at site IC3. All spectrograms Hanning 
window, 95% overlap. FFT size either 2048 (A and B) or 1024 (C). 

Fig. 3. Bearded seal calling activity (black lines, presented as PIC, or the percentage of 10-min time intervals per day with calls, adjusted for recording effort) for all 
locations, 2012–2016. Moorings are generally arranged latitudinally from north to south (see Fig. 1 for map of locations). Blue line indicates percent ice cover (zero- 
phase, three-day moving average). Gray shading indicates no data. 
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lower latitudes. The timing of cessation of calling at the southern lati-
tude locations stopped an average of three days earlier during each year 
of the study; NM1, the farthest south location and the site that showed 
the greatest reduction in sea ice over the study, showed cessation 
occurring an average of four days earlier each year. Even the northern 
locations, while showing increased interannual variability, saw a similar 
trend of cessation occurring an average of two days earlier each year. 
While across all locations there was a dramatic cessation of calling 
within a few weeks of each other regardless of ice cover, multiple studies 
have shown the importance of ice concentration to bearded seal calling 
and reproduction (Burns, 1970, 1981; Van Parijs et al., 2003, 2004; 
Jones et al., 2014; Frouin-Mouy et al., 2016). GAM results in the current 
study suggest that sea ice concentration, when combined with Julian 
date, are the most significant predictors of bearded seal calling activity, 
with mooring-specific differences in the relationship between these 
covariates. As such, an earlier shift of the ice retreat could have 
noticeable effects on both the timing of cessation of calling and bearded 
seal reproductive success. It remains unknown whether this cessation in 
calling is due to an earlier end to the breeding season, a distribution shift 
in the seals as the ice moves farther away, or some other unknown 
reason. Additionally, the decrease in sea ice concentration may result in 
a shift of reproductive strategies of males in the Alaskan Arctic from a 
“roaming” strategy toward a “territorial” strategy (Van Parijs et al., 
2003, 2004; Van Parijs and Clark, 2006). In Alaskan bearded seals, the 
calls of “roaming” males were longer in duration than the “territorial” 
males (Van Parijs and Clark, 2006); analyzing changes in the duration of 
calls could help determine whether decreasing sea ice concentration is 
resulting in a shift in mating strategies. 

A preliminary peak in calling activity in October–November was 
evident at many locations, particularly the southern Chukchi Sea sites 
(CL1, PH1, KZ1; Fig. 3). The lower levels of calling in the fall at the 
northern sites, followed later by these larger peaks at the southern sites, 
may be evidence of many bearded seals’ migration south to the Bering 
Sea (Boveng and Cameron, 2013). This initial peak was not documented 
by Jones et al. (2014) north of Barrow or Frouin-Mouy et al. (2016) in 
the northeastern Chukchi Sea, though it was evident in the results 

presented in MacIntyre et al. (2013), MacIntyre et al. (2015), and Jimbo 
et al. (2019) from the western Beaufort and Chukchi seas. Interestingly, 
there is some evidence for a similar initial fall peak in bearded seal 
observations occurring in October and November in Chukotka waters 
(Melnikov, 2017), although there were no overlapping years between 
that study and this one. Melnikov (2017) noted that the majority (81%) 
of bearded seals observed in October were headed southeast toward the 
Bering Strait. Bearded seals are known to make their way south in the 
fall with the advancing ice edge (Boveng and Cameron, 2013; Breed 
et al., 2018; Cameron et al., 2018; Quakenbush et al., 2019). Shortly 
after being tagged in Kotzebue in October, juvenile bearded seals began 
moving south toward the Bering Sea (Breed et al., 2018; Cameron et al., 
2018). In another study, tagged juvenile bearded seals gradually moved 
south toward the Bering Sea during September and October after 
spending the summer in the Chukchi Sea (Olnes et al., 2020), although 
the extent of latitudinal movement may be dependent upon tagging 
location (Quakenbush et al., 2019). There have been few studies 
involving satellite tagged adult bearded seals, but those few studies 
show a similar trend of moving south as the sea ice advances; by 
December all tagged animals were in the Bering Sea (Boveng and 
Cameron, 2013; Quakenbush et al., 2019). The timing of the calling 
peaks in the current study, beginning in the north in September and 
October, and moving south, combined with the increase in levels at the 
lower latitudes, suggests that these calls are associated with a south-
bound migration. 

There are a few caveats to this study that must be considered. Mul-
tiple studies have shown that for many aquatic-breeding phocids, it is 
primarily adult males that vocalize (e.g., Burns, 1981; Hanggi and 
Schusterman, 1994; Van Parijs et al., 1999, 2001, 2003; Stirling and 

Table 3 
Summary of calling presence for each mooring site and year.  

Location Total # 
days with 
data 

Total # days 
with bearded 
seal calls 

% days with 
bearded calls 

Avg (±SD) # days 
b/t onset and 
100% PIC 

BF2 1466 1047 71.4% 187 (±41) 
WT1 1469 1021 69.5% 152 (±22) 
IC3 1478 955 64.6% 138 (±26) 
IC2 1452 1016 70.0% 181 (±55) 
IC1 1483 857 57.8% 159 (±49) 
CL1 1682 1032 61.4% 152 (±27) 
PH1* 1279 868 67.9% 60 (±38) 
KZ1 1491 847 56.8% 125 (±14) 
NM1 1475 718 48.7% 57 (±16) 

*Mooring stopped early in 2016 (see Fig. 3). 

Table 4 
Date calling activity ceased after 100% PIC, the average number of days from the last day of 100% PIC to the first day reaching 0%, and the total number of days for 
calling to stop at all locations (i.e., number of days from first site reaching 0% to last site reaching 0%).  

Mooring 2012–13 2013–14 2014–15 2015–16 Avg # days from 100% to 0% 

BF2 7/7/2013 7/4/2014 7/3/2015 7/2/2016 7 
WT1 7/2/2013 7/5/2014 6/30/2015 6/28/2016 6 
IC3 7/3/2013 7/2/2014 6/29/2015 6/30/2016 5.75 
IC2 7/1/2013 7/6/2014 7/1/2015 6/25/2016 7.25 
IC1 6/26/2013 6/27/2014 6/29/2015 6/18/2016 7.5 
CL1 6/21/2013 6/19/2014 6/15/2015 6/14/2016 4.75 
PH1 6/19/2013 6/16/2014 6/13/2015 n/a 2.67 
KZ1 6/20/2013 6/14/2014 6/13/2015 6/14/2016 5.25 
NM1 6/18/2013 6/14/2014 6/11/2015 6/6/2016 4.75 
# days for cessation 20 23 23 27   

Fig. 4. Julian date at which bearded seal calling activity dropped to 0% (“date 
of cessation”) at all sites for each year of the study, color coded by 
mooring location. 
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Thomas, 2003; Davies et al., 2006; Miksis-Olds and Parks, 2011), 
particularly during the breeding season. While juvenile bearded seals 
will vocalize, elaborate vocal displays in bearded seals typically develop 
as the individual reaches sexual maturity (Davies et al., 2006). Although 
captive studies do show that female bearded seals vocalize, it is only for 
a short period (March), and only after nuzzling a vocalizing male 
(Mizuguchi and Dissertation, 2016). Furthermore, the females produced 
primarily snorts and bells; no females were recorded producing trills. 
The results presented here, therefore, do not account for females, young 
juveniles, or other non-vocalizing animals. As such, these results are a 
conservative estimate of bearded seal presence throughout the northern 
Bering and eastern Chukchi seas. Studies show that seal species with 
aquatic mating preferences tend to call louder to be heard by isolated 
individuals at greater distances than species that haul out on land in 
large aggregations (Rogers, 2003; Stirling and Thomas, 2003). Cleator 
et al. (1989) found that bearded seal calls were detected as far as 30 km 
away, with an average of 15 km; propagation modeling in the current 
study suggested a maximum detection range of 40 km. The closest pair 
of recorders, at IC1 and IC2, were 60 km apart; it is possible that calls 
emitted in a small region directly between those recorders could have 
been recorded at both sites, and their records should be interpreted 
accordingly. However, all the other pairwise distances between re-
corders were more than 89 km (i.e., more than double the modeled 
maximum detection range) and we are confident that the records of 
calling from those moorings are independent. 

4.2. Response to climate change 

The Alaskan Arctic has been undergoing rapid climate change in 
recent years, with record warm ocean temperatures having cascading 
effects on the marine ecosystem (e.g., Walsh et al., 2018; Duffy-Ander-
son et al., 2019; Piatt et al., 2020; Thoman et al., 2020). For ice-obligate 
species, the loss of sea ice over their benthic habitat is expected to 
directly impact their reproductive and foraging success (Moore and 
Huntington, 2008; Kovacs et al., 2011; Boveng et al., 2020). For 
example, Boveng et al. (2020) related declines in body condition of other 
Alaskan Arctic phocid seals to the loss of sea ice and the effects of the 
Northeast Pacific marine heatwave of 2014–2016. In addition to the 
direct impacts of the loss of their sea ice habitat, other indirect impacts 
will create additional challenges. Grebmeier (2012) suggested that the 
Alaskan Arctic ecosystem will shift to a more pelagic system in the 
future; such a shift will support new communities of secondary and 
tertiary consumers, potentially leading to a lack of suitable prey, 
increased competition, or dietary shifts (Moore and Stabeno, 2015; 
Moore et al., 2018; Huntingtonet al., 2020). 

The results presented here were able to monitor for bearded seal 
vocal activity during a period of rapid climatic change. The most 
powerful heat wave on record for the Gulf of Alaska and Bering Sea 
region occurred from 2014 to 2016 (Walsh et al., 2018). During this 
period, changes in calling behavior of bearded seals appear to be related 
to the rapid reduction in sea ice concentration, most notably in the 
southern latitude locations. The date at which calling activity stopped (i. 
e., reached 0%) happened earlier every year of the study, with the 
southernmost site (NM1) having the cessation of calling occur almost 
two weeks earlier in 2016 than the start of the project in 2012. This site 
also had a reduction in the number of days of 100% PIC over the course 
of the four years. The difference in cessation date between the south-
ernmost (NM1) and northernmost (BF2) sites also increased by a week 
over the course of the four-year study, a result of calling activity at the 
southern locations changing more rapidly than that at the northern 
latitudes. These results could be an early indicator of changes in 
reproductive behavior as a result of sea ice loss. If vocal activity during 
the breeding season is indicative of the overall length of their breeding 
season, and if these warming conditions continue in the Arctic, this 
suggests a possible shortening, or at least a shifting, of the breeding 
season as the conditions continue to warm in the Arctic. This, in turn, 

could have detrimental effects on their reproductive success. 
Vessel noise has been shown to alter the vocal behavior of aquatically 

breeding pinnipeds, with the potential to alter the ability of harbor seal 
males to maintain their territories or attract females (Matthews et al., 
2020). Additionally, increased ambient noise from other anthropogenic 
sound sources has been shown to impact calling rates and source levels 
of other U.S. Arctic marine mammal species as well (Blackwell et al., 
2015; Thode et al., 2020). With an increase in the open water season, an 
increase in vessel traffic and anthropogenic activities is expected, which 
will in turn increase ambient noise. Similar to what has been shown for 
bowhead whales (Blackwell et al., 2015), bearded seals will vocally 
compensate for increased ambient noise, but only up to an observable 
threshold, after which point their levels will plateau (Fournet et al., 
2021). This suggests a vulnerability to increased ambient noise and 
acoustic masking. If ambient noise levels in the Arctic continue to rise as 
a result of lengthening open water seasons and the resulting increase in 
vessel traffic, the resultant acoustic masking and/or the physical stress 
of altering their calling behavior could have additional negative impacts 
on their reproductive success. 

5. Conclusions 

Bearded seal calling activity was present on every mooring in every 
year, increasing from October through March before reaching 100% PIC 
from April through June. Calling ceased abruptly at all sites (100%–0% 
PIC within 4–7 days), with cessation occurring earlier at lower latitude 
sites. These trends correspond well with the known breeding season. 
During the four years of the study, the timing of cessation of calling 
occurred earlier each year; this is thought to be in relation to changes in 
sea ice concentration as a result of the unprecedented Northeast Pacific 
marine heatwave, and may be indicative of changes in their reproduc-
tive behavior as they relate to sea ice loss. The high levels of calling 
activity at all locations throughout the Chukchi Sea overwinter indicates 
that some portion of the population remains in the Chukchi year-round 
instead of overwintering in the Bering. Finally, an initial peak in calling 
activity starts at higher latitudes in September and October and pro-
gresses southward through the Chukchi Sea, suggesting evidence of a 
southern migration of bearded seals toward the Bering Sea. 

Understanding how marine mammals use acoustic cues is crucial to 
understanding how changes to their acoustic environment will affect 
their behavior and reproductive success. Future work will look at more 
recent years to see how these trends in calling behavior and migratory 
patterns persist or change in the face of unprecedented sea ice loss, and 
increases in open water seasons, vessel traffic, and background noise. 
Future analyses will also investigate call types within the initial migra-
tory peaks in comparison with calls in the main pulse and during peak 
breeding season to determine if differences in call usage may elucidate 
either different age/sex classes as they migrate south, or a unique 
geographic breeding population structure. These results highlight the 
effectiveness of passive acoustics for monitoring marine mammal spe-
cies in areas or times when traditional visual surveys are not feasible, 
and in particular areas of rapid environmental change. 
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Klinck, H., Plötz, J., Boebel, O., 2010. Acoustic ecology of Antarctic pinnipeds. Mar. 
Ecol. Prog. Ser. 414, 267–291. 

Van Parijs, S.M., Clark, C.W., 2006. Long-term mating tactics in an aquatic-mating 
pinniped, the bearded seal, Erignathus barbatus. Anim. Behav. 72 (6), 1269–1277. 

Van Parijs, S.M., Hastie, G.D., Thompson, P.M., 1999. Geographical variation in temporal 
and spatial vocalization patterns of male harbour seals in the mating season. Anim. 
Behav. 58 (6), 1231–1239. 

Van Parijs, S., Kovacs, K., Lydersen, C., 2001. Spatial and temporal distribution of 
vocalising male bearded seals - implications for male mating strategies. Beyond 
Behav. 138 (7), 905–922. 

Van Parijs, S.M., Lydersen, C., Kovacs, K.M., 2003. Vocalizations and movements suggest 
alternative mating tactics in male bearded seals. Anim. Behav. 65 (2), 273–283. 

Van Parijs, S.M., Lydersen, C., Kovacs, K.M., 2004. Effects of ice cover on the behavioural 
patterns of aquatic-mating male bearded seals. Anim. Behav. 68 (1), 89–96. 

Walsh, J.E., Thoman, R.L., Bhatt, U.S., Bieniek, P.A., Brettschneider, B., Brubaker, M., 
Danielson, S., Lader, R., Fetterer, F., Holderied, K., Iken, K., 2018. The high latitude 
marine heat wave of 2016 and its impacts on Alaska. Bull. Am. Meteorol. Soc. 99 (1), 
S39–S43. 

Wang, M., Overland, J.E., 2012. A sea ice free summer Arctic within 30 years: an update 
from CMIP5 models. Geophys. Res. Lett. 39, L18501 https://doi.org/10.1029/ 
2012GL052868. 

Wang, B., Zhou, X., Ding, Q., Liu, J., 2021. Increasing confidence in projecting the Arctic 
ice-free year with emergent constraints. Environ. Res. Lett. 16 (9), 094016. 

Watkins, W.A., Ray, G.C., 1985. In-air and underwater sounds of the Ross seal, 
Ommatophoca rossii. J. Acoust. Soc. Am. 77 (4), 1598–1600. 

Wood, S.N., 2006. Generalized Additive Models: an Introduction with R. CRC Press, Boca 
Raton.  

Wood, K.R., Bond, N.A., Danielson, S.L., Overland, J.E., Salo, S.A., Stabeno, P.J., 
Whitefield, J., 2015. A decade of environmental change in the Pacific Arctic region. 
Prog. Oceanogr. 136, 12–31. 

Wright, D.L., Castellote, M., Berchok, C.L., Panirakis, D., Crance, J.L., Clapham, P.J., 
2018. Acoustic detection of north pacific right whales in a high-traffic aleutian pass, 
2009-2015. Endanger. Species Res. 37, 77–90. https://doi.org/10.3354/esr00915. 

Wright, D.L., Berchok, C.L., Crance, J.L., Clapham, P.J., 2019. Acoustic detection of the 
critically endangered North Pacific right whale in the northern Bering Sea. Mar. 
Mamm. Sci. 35 (1), 311–326. 

J.L. Crance et al.                                                                                                                                                                                                                                

https://doi.org/10.1578/AM.37.4.2011.464
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref42
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref42
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref43
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref43
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref44
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref44
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref45
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref45
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref45
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref45
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref46
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref46
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref47
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref47
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref47
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref48
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref48
https://doi.org/10.3390/cli8010015
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref50
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref50
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref51
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref51
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref51
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref51
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref52
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref52
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref52
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref52
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref53
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref53
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref53
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref53
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref53
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref54
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref54
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref55
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref55
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref56
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref56
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref56
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref57
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref57
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref58
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref58
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref59
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref59
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref59
https://doi.org/10.1029/2019GL086749
http://oalib.hlsresearch.com/PE/MMPE/Smith_Wolfson_vanLeijen_TechReport.pdf
http://oalib.hlsresearch.com/PE/MMPE/Smith_Wolfson_vanLeijen_TechReport.pdf
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref62
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref62
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref62
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref63
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref63
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref63
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref64
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref64
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref65
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref65
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref65
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref65
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref66
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref66
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref66
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref66
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref66
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref67
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref67
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref68
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref68
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref68
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref69
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref69
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref70
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref70
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref70
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref71
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref71
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref71
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref72
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref72
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref73
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref73
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref74
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref74
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref74
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref74
https://doi.org/10.1029/2012GL052868
https://doi.org/10.1029/2012GL052868
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref76
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref76
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref77
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref77
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref78
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref78
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref79
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref79
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref79
https://doi.org/10.3354/esr00915
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref81
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref81
http://refhub.elsevier.com/S0967-0645(22)00201-6/sref81


Ecosystem linkages and 
investigations of shifts in the 
Pacific Arctic
Managing Editor: Matthew Baker
Handling Editors: Ed Farley, Seth Danielson, Cal Mordy, Kate Stafford

Deep Sea Research II: Topical Studies in Oceanography

CRediT statement 
Matthew Baker: Special Issue (SI) Editor, Managing Editor, Writing, Visualization, Supervision, 
Conceptualization, Project Administration; Edward Farley: SI Editor Seth Danielson: SI Editor; 
Calvin Mordy: SI Editor; Kathleen Stafford: SI Editor; Danielle Dickson: Project Administration. 

Acknowledgements As editors to the Special Issue, we thank all the authors and external 
reviewers that contributed to the development of this Special Issue publication. We also 
acknowledge the sponsors of and contributors to this program, including the North Pacific 
Research Board (NPRB), Collaborative Alaskan Arctic Studies Program (formerly the North Slope 
Borough/Shell Baseline Studies Program), Bureau of Ocean Energy Management (BOEM), and the 
Office of Naval Research (ONR) Marine Mammals and Biology Program. Generous in-kind support 
was provided by the National Oceanic and Atmospheric Administration (NOAA), the University of 
Alaska Fairbanks (UAF), and the Cooperative Institute for Climate, Ocean, & Ecosystem Studies 
(CIOCES) under NOAA Cooperative Agreement. This coordinated program was developed in 
cooperation with the Interagency Arctic Research Policy Committee (IARPC) Chukchi and Beaufort 
Sea Ecosystem Collaboration Team and the U.S. Arctic Research Commission (USARC). The 
program benefitted from and was informed by consultations with Alaska Native communities and 
regional and tribal associations, and coordinated in partnership with Alaska Sea Grant, the North 
Slope Borough, the village of Kotzebue, the Northwest Arctic Borough, the community of Little 
Diomede, the city of Nome, and Kawerak Inc. We thank contributors to the Chukchi Coastal 
Communities team, in particular: Opik Ahkinga (Diomede); Lucinda Wieler and Niviaaluk Brandt 
(Kawerak/Nome); Noah Naylor, Cyrus Harris, Siikauraq Whiting, and John Chase (Kotzebue); Steve 
Oomituk (Point Hope); Willard Neakok Jr. (Point Lay); George Noongwoook (Savoonga); and 
Qaiyaan Harcharek, Billy Adams, Brower Frantz, Nicole Kanayurak, and Robert Suydam (Utqia˙ 
gvik). We greatly appreciate the efforts of Opik Ahkinga, Igor Grigorov, Natalia Kuznetsova, 
Brendan Smith, and Aleksey Somov for contributions and efforts at sea. We thank Alexei Orlov for 
his efforts to solicit manuscript contributions from research related to the western Chukchi Sea. 
We also thank Ken Drinkwater and Kishore Sivakolundu for their work to edit and support the 
research presented in this Special Issue. This manuscript is a product of the NPRB Arctic Integrated 
Ecosystem Research Program, NPRB publication ArcticIERP-18, EcoFOCI contribution 1033, CIOCOS 
publication 2022–1243 and PMEL publication 5450. 



Deep Sea Research II: Topical Studies in Oceanography

Photo Credit: M. Baker



Deep Sea Research II: Topical Studies in Oceanography


	SpecialIssueII_CoverPage
	Slide Number 1

	NPRB_ArcticIERP_SpecialIssue_II
	SI_01_Integrated-research-in-the-Arctic---Ecosystem-lin_2023_Deep-Sea-Research-Par
	Integrated research in the Arctic – Ecosystem linkages and shifts in the northern Bering Sea and eastern and western Chukch ...
	1 Introduction
	2 Northern Bering Sea and Chukchi Sea
	3 Integrated research in the arctic
	3.1 Arctic Integrated Ecosystem Research Program
	3.2 International collaboration and multi-institution coordination
	3.3 Bridging east and west

	4 Ecosystem structure and linkages
	4.1 Oceanographic interactions and transport
	4.2 Pelagic production and benthic deposition
	4.3 Benthic communities and infauna

	5 Ecosystem shifts
	5.1 Epibenthic communities – winners and losers
	5.2 Fishes – climate-driven shifts in spatial distribution

	6 Arctic and sub-arctic cods
	6.1 Status and trends in Arctic cod – population and genetics
	6.2 Energetics and survival in the context of warming
	6.3 Sub-Arctic cods in the Arctic

	7 New approaches and refinement to existing methods
	7.1 High resolution automated instrumentation and passive acoustics
	7.2 Refinements to net sampling

	8 Implications and a view to the future
	8.1 Potential new state of the Pacific Arctic
	8.2 Further research needs

	CRediT statement
	Acknowledgements
	References


	SI_02_Impacts-of-short-term-wind-events-on-Chu_2022_Deep-Sea-Research-Part-II--Top
	Impacts of short-term wind events on Chukchi hydrography and sea-ice retreat
	1 Introduction
	2 Background and hypotheses
	2.1 The summer Chukchi Shelf
	2.2 Hypothesized role of wind
	3 In situ observations
	3.1 Observed sea ice concentration and wind data
	3.2 Case studies of 2008 and 2012 hydrography

	4 Numerical model
	4.1 Model configuration
	4.2 Model results
	4.2.1 Ice edge response
	4.2.2 Water mass characteristics and stratification
	4.2.3 Mean flow transport of front affected by sea surface height
	4.2.3 Lateral eddy heat transport affected by varied hydrographic features

	4.3 Summary from model results and further validation to hypotheses

	5 Discussion
	Author statement
	Declaration of competing interest
	Acknowledgements
	References


	SI_03_Re-examining-flow-pathways-over-the-C_2023_Deep-Sea-Research-Part-II--Topica
	Re-examining flow pathways over the Chukchi Sea continental shelf
	1 Introduction
	2 Data sources and methods
	2.1 Bathymetry
	2.2 Atmospheric variables
	2.3 Moorings
	2.4 Satellite-tracked drifters

	3 Results and discussion
	3.1 Meteorology
	3.2 Satellite-tracked drifters
	3.3 Moorings
	3.3.1 Velocity vertical structure
	3.3.2 Velocity time series
	3.3.3 Wind-current correlations
	3.3.4 Current-current correlations

	3.4 Re-examination of circulation pathways
	3.5 Transport
	3.5.1 Icy Cape transport
	3.5.2 Central Channel transport


	4 Summary and conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


	SI_04_High-resolution-biological-net-community-producti_2022_Deep-Sea-Research-Par
	High-resolution biological net community production in the Pacific-influenced Arctic as constrained by O2/Ar and O2/N2 obse ...
	1 Introduction
	1.1 Basis of O2/Ar and O2/N2 approach

	2 Methods
	2.1 Dissolved O2 measurements
	2.2 EIMS-O2/Ar
	2.3 GTD-O2/N2
	2.4 Comparison of O2/Ar and O2/N2 data
	2.5 NCP calculation
	2.6 Variables to assess physical gas saturation
	2.7 N2’ calculations

	3 Results and discussion
	3.1 Spatial patterns
	3.2 EIMS-GTD comparison
	3.3 Evaluating physically-driven bias in O2/N2 relative to O2/Ar
	3.4 Sea ice and biological influences on dissolved O2, N2, and Ar
	3.5 Net community production
	3.6 Uncertainty analysis
	3.7 Strengths and weaknesses of GTD and EIMS approaches

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_05_Phytoplankton-and-seston-fatty-acid-dynami_2023_Deep-Sea-Research-Part-II--T
	Phytoplankton and seston fatty acid dynamics in the northern Bering-Chukchi Sea region
	1 Introduction
	2 Methods
	2.1 Data collection
	2.2 Fatty acid analyses
	2.3 Statistical analyses
	2.4 Model analyses

	3 Results
	3.1 Spatial patterns of Chl-a and FA concentrations
	3.2 Seasonal dynamics of FA biomarkers
	3.3 Taxonomic comparison of FA biomarkers and FlowCAM images
	3.4 Associations between FA biomarkers and environmental conditions
	3.5 FA mixed effects models

	4 Discussion
	4.1 FA biomarker and FlowCAM estimates of diatoms and dinoflagellates
	4.2 Factors influencing seston FA dynamics
	4.3 Importance of dietary FAs for consumers

	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_06_Diatom-growth--biogenic-silica-production--and-gr_2021_Deep-Sea-Research-Par
	Diatom growth, biogenic silica production, and grazing losses to microzooplankton during spring in the northern Bering and  ...
	1 Introduction
	2 Methods
	2.1 Collection and hydrography
	2.2 Particulate matter standing stocks
	2.3 Diatom production and growth rates
	2.4 Microzooplankton grazing and phytoplankton growth rates
	2.5 Historical data and statistical analysis

	3 Results
	3.1 Hydrography and nutrients
	3.2 Phytoplankton community and diatom biomass
	3.3 Diatom bSiO2 production and growth rates
	3.4 Size-fractionated phytoplankton community rates: MZP grazing loss and phytoplankton growth

	4 Discussion
	4.1 Bottom-up regulation of phytoplankton growth rates
	4.2 Do MZP control diatoms during spring?
	4.3 The fate of diatom organic matter during spring

	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_07_Benthic-bacteria-and-archaea-in-the-North-America_2023_Deep-Sea-Research-Par
	Benthic bacteria and archaea in the North American Arctic reflect food supply regimes and impacts of coastal and riverine i ...
	1 Introduction
	2 Methods
	2.1 Collection
	2.2 Environmental data
	2.3 16S rRNA amplicon sequencing
	2.3.1 Data analysis


	3 Results
	3.1 Vertical distribution of prokaryotic communities within sediments (N Bering, SE Chukchi)
	3.2 Spatial distribution of sediment prokaryotic communities on a broader spatial scale
	3.3 Chukchi vs. Beaufort sediments

	4 Discussion
	4.1 Vertical distribution of prokaryotic communities within sediments (N Bering, SE Chukchi)
	4.2 Spatial patterns in Bering-Chukchi surface sediments
	4.3 Prokaryotic community structure in the North American arctic

	5 Conclusions
	Funding
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


	SI_08_Depth-distribution-of-organic-carbon-sou_2022_Deep-Sea-Research-Part-II--Top
	Depth distribution of organic carbon sources in Arctic Chukchi Sea sediments
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Determining organic matter sources using essential amino acid stable isotope analysis
	2.3 Sediment bacterial production incubations
	2.4 Statistical analysis

	3 Results
	3.1 Organic matter sources across sediments depths
	3.2 Bacterial production at different temperatures

	4 Discussion
	4.1 Distribution of sediment organic matter sources
	4.2 Sediment bacterial activity in a warming climate

	5 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix Acknowledgments
	References


	SI_09_Trait-based-assessment-of-polychaete-assemblages-dis_2023_Deep-Sea-Research-
	Trait-based assessment of polychaete assemblages distinguishes macrofaunal community structure among four distinct benthic  ...
	1 Introduction
	2 Methods
	2.1 Sample collection
	2.2 Macrofaunal and polychaete community structure
	2.3 Environmental parameters
	2.4 Data analysis

	3 Results
	3.1 Macrofauna
	3.2 Polychaete community structure
	3.3 Environmental setting

	4 Discussion
	4.1 Benthic “eco-regions” in the Alaskan Arctic
	4.2 Bioturbation potential
	4.3 Implications for ecosystem function in a changing arctic

	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


	SI_10_Winners-and-losers-in-a-warming-Arctic--Potential-_2022_Deep-Sea-Research-Pa
	Winners and losers in a warming Arctic: Potential habitat gain and loss for epibenthic invertebrates of the Chukchi and Ber ...
	1 Introduction
	2 Material and methods
	3 Results
	4 Discussion
	5 Conclusions
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


	SI_11_Corrigendum-to---Species-and-size-selectivity-of-tw_2021_Deep-Sea-Research-P
	Corrigendum to: “Species and size selectivity of two midwater trawls used in an acoustic survey of the Alaska Arctic” (Deep ...
	Author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_12_Modifying-a-pelagic-trawl-to-better-r_2023_Deep-Sea-Research-Part-II--Topica
	Modifying a pelagic trawl to better retain small Arctic fishes
	1 Introduction
	2 Materials and methods
	2.1 Trawl modification
	2.2 Recapture nets
	2.3 Field sampling
	2.4 Biological sampling
	2.5 Estimation of trawl selectivity
	2.6 Selectivity estimates
	2.7 Bootstrap estimates of confidence intervals

	3 Results
	4 Discussion
	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


	SI_13_Climate-driven-shifts-in-pelagic-fish-distr_2023_Deep-Sea-Research-Part-II--
	Climate-driven shifts in pelagic fish distributions in a rapidly changing Pacific Arctic
	1 Introduction
	2 Methods
	2.1 Acoustic data collection
	2.2 Midwater trawl sampling
	2.3 Data processing and abundance estimation
	2.4 Environmental data collection and processing
	2.5 Availability of 2012 and 2013 data

	3 Results
	3.1 Results of the 2017 and 2019 surveys
	3.1.1 Trawl catches
	3.1.2 Acoustic backscatter

	3.2 Acoustic estimates of fish abundance and distribution
	3.2.1 Abundance, distribution, and body size of arctic gadids
	3.2.2 Environmental conditions and associations


	4 Discussion
	4.1 Abundance and distribution of fishes
	4.2 Relative abundances of age-0 and age-1+ gadids
	4.3 Recent colonization of the Chukchi Sea by pollock
	4.4 Increased body size of arctic cod
	4.5 Impact of temperature on sources of age-0 gadids in the eastern Chukchi Sea
	4.6 What led to the spatial separation of gadids in 2019?
	4.7 The future of pelagic fishes on the chukchi shelf

	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


	SI_14_Spatial-distribution-of-arctic-sand-lance-in_2022_Deep-Sea-Research-Part-II-
	Spatial distribution of arctic sand lance in the Chukchi Sea related to the physical environment
	1 Introduction
	2 Methods
	2.1 Survey design
	2.2 Midwater trawl sampling and trawl selectivity corrections
	2.3 Environmental data – physical oceanography and water column attributes
	2.4 Environmental data – benthic substrates and sediment characteristics
	2.4.1 Processing of coarse grain sediments
	2.4.2 Processing of mixed grain sediments
	2.4.3 Processing of fine grain sediments
	2.4.4 Analysis of sediment attributes

	2.5 Spatial analyses – environmental associations of ﬁshes (benthic sediments)
	2.6 Spatial analyses – environmental associations of ﬁshes (oceanographic characteristics)
	2.7 Statistical analysis and model development

	3 Results
	3.1 Trawl survey metrics and estimated fish densities
	3.2 Physical environment
	3.3 Spatial correlations in fish distribution, oceanographic conditions, and benthic substrates
	3.4 Influence of qualitative environmental metrics on presence-absence and relative abundance
	3.5 Influence of quantitative environmental metrics on presence-absence and relative abundance

	4 Discussion
	4.1 Role of environmental variables in defining arctic sand lance presence and abundance in the Chukchi Sea
	4.1.1 Water masses
	4.1.2 Seafloor and sediments
	4.1.3 Oxygen and light

	4.2 Seasonality and diel patterns
	4.3 Movement and evidence for advection
	4.4 Indications of latitudinal shifts in distribution to the north

	Declaration of competing interest
	Acknowledgements
	Appendix Acknowledgements
	References


	SI_15_The-role-of-temperature-on-overwinter-survival--con_2022_Deep-Sea-Research-P
	The role of temperature on overwinter survival, condition metrics and lipid loss in juvenile polar cod (Boreogadus saida):  ...
	1 Introduction
	2 Methods
	2.1 Culture of juvenile polar cod
	2.2 Temperature-dependent overwintering experiment
	2.3 Condition metrics
	2.4 Lipid analyses
	2.5 Temperature and size effects on survival
	2.6 Calculation of relative weight and lipid loss
	2.7 Effects of temperature on size de-trended condition loss

	3 Results
	3.1 Survival
	3.2 Relative weight loss and lipid loss models
	3.3 Morphometric condition loss models
	3.4 Lipid concentration loss models

	4 Discussion
	4.1 Polar cod thermal habitat
	4.2 Polar cod lipid allocation
	4.3 Condition loss models
	4.4 Future research

	5 Conclusions
	Ethical approval
	CRediT author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


	SI_16_Arctic-cod--Boreogadus-saida--hatching-season_2023_Deep-Sea-Research-Part-II
	Arctic cod (Boreogadus saida) hatching season and growth rates in the Bering, Chukchi and Beaufort seas
	1 Introduction
	2 Methods
	2.1 Study region
	2.2 Sample processing and collection
	2.3 Otolith aging
	2.4 Length-frequency distributions
	2.5 Hatch date estimation
	2.6 Hatch date comparisons
	2.7 Growth rates

	3 Results
	3.1 Otolith-based ages
	3.2 Length comparisons among seasons, regions and vertical locations
	3.3 Age-at-length regressions
	3.4 Hatch timing
	3.5 Growth rates

	4 Discussion
	4.1 Seasonal differences in hatch dates
	4.2 Regional differences in hatch dates
	4.3 Differences in hatch dates between demersal and pelagic juveniles
	4.4 Interannual variability in hatch dates
	4.5 Arctic cod growth rates
	4.6 Management considerations

	5 Conclusions
	CRediT author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_17_Annual-and-spatial-variation-in-the-condition-and-li_2022_Deep-Sea-Research-
	Annual and spatial variation in the condition and lipid storage of juvenile Chukchi Sea gadids during a recent period of en ...
	1 Introduction
	2 Methods
	2.1 Sample collections
	2.2 Oceanographic and copepod abundance data
	2.3 Field fish sampling and tissue collections
	2.4 Lipid extraction and analysis
	2.5 Interspecific differences in age-0 weight and lipid storage
	2.6 Annual differences in condition metrics
	2.7 Multivariate fatty acid composition of juvenile gadids
	2.8 Partitioning variation in gadid multivariate fatty acid composition
	2.9 Spatial trends in gadid lipids

	3 Results
	3.1 Mass and lipid allometry
	3.2 Annual variability in body condition and lipid storage
	3.3 Inter-specific differences in lipid classes and fatty acids
	3.4 Partitioning variation in gadid fatty acids
	3.5 Spatial trends in juvenile gadid fatty acids

	4 Discussion
	4.1 Condition of juvenile gadids
	4.2 Lipid storage in juvenile Chukchi Sea gadids
	4.3 Fatty acid trophic markers
	4.4 Gadid fatty acid composition and ecosystem variability
	4.5 Direct and indirect impacts of continued warming
	4.6 Overwintering and summer lipid storage
	4.7 Future work

	Ethical approval
	CRediT author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


	SI_18_Polar-cod--Boreogadus-saida--of-the-Sibe_2023_Deep-Sea-Research-Part-II--Top
	Polar cod (Boreogadus saida) of the Siberian Arctic: Distribution and biology
	1 Introduction
	2 Materials and methods
	2.1 Surveys
	2.2 Biological data
	2.3 Environmental data
	2.4 Estimation of abundance and biomass
	2.5 Software

	3 Results
	3.1 Chukchi Sea
	3.1.1 Spatial distribution
	3.1.1.1 Mid-water trawl
	3.1.1.2 Bottom trawl

	3.1.2 Length and weight composition
	3.1.2.1 Mid-water trawl
	3.1.2.2 Bottom trawl

	3.1.3 Age composition and growth rate
	3.1.4 Sex ratio
	3.1.4.1 Mid-water trawl
	3.1.4.2 Bottom trawl

	3.1.5 Abundance and biomass

	3.2 East Siberian Sea
	3.2.1 Spatial distribution
	3.2.2 Length and weight composition
	3.2.3 Sex ratio
	3.2.4 Abundance and biomass

	3.3 Laptev Sea
	3.3.1 Spatial distribution
	3.3.1.1 Mid-water trawl
	3.3.1.2 Bottom trawl

	3.3.2 Length and weight composition
	3.3.2.1 Mid-water trawl
	3.3.2.2 Bottom trawl

	3.3.3 Age composition and growth rate
	3.3.3.1 Mid-water trawl
	3.3.3.2 Bottom trawl

	3.3.4 Sex ratio
	3.3.5 Abundance and biomass


	4 Discussion
	4.1 Distribution and habitat conditions
	4.2 Length and weight composition
	4.3 Age composition and growth rate
	4.4 Abundance and biomass

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_19_Polymorphism-of-mtDNA-gene-Cyt-b-of-the-Chukc_2022_Deep-Sea-Research-Part-II
	Polymorphism of mtDNA gene Cyt b of the Chukchi Sea polar cod, Boreogadus saida (Gadidae, Gadiformes)
	1 Introduction
	2 Material and methods
	3 Results
	4 Discussion
	CRediT author statement
	Declaration of competing interest
	Acknowledgements
	References


	SI_20_Polymorphism-of-mtDNA-gene-Cyt-b-of-walleye-polloc_2022_Deep-Sea-Research-Pa
	Polymorphism of mtDNA gene Cyt b of walleye pollock, Gadus chalcogrammus (Gadidae), in the Chukchi Sea, western Bering Sea, ...
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Distribution by haplotypes
	3.2 Distribution by haplogroups
	3.3 Haplotypic diversity
	3.4 Genetic differentiation
	3.5 Pooled sample analysis
	3.6 Tajima’s D test

	4 Discussion
	Funding
	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


	SI_21_Walleye-Pollock-breach-the-Bering-Strait_2022_Deep-Sea-Research-Part-II--Top
	Walleye Pollock breach the Bering Strait: A change of the cods in the arctic
	1 Introduction
	2 Methods
	2.1 Sample collection
	2.2 Laboratory
	2.3 Microsatellites
	2.4 mtDNA
	2.5 Analyses

	3 Results
	4 Discussion
	Declaration of competing interest
	Acknowledgments
	References


	SI_22_Invader-s-portrait--Biological-characteristics-_2022_Deep-Sea-Research-Part-
	Invader’s portrait: Biological characteristics of walleye pollock Gadus chalcogrammus in the western Chukchi Sea
	1 Introduction
	2 Material and methods
	3 Results
	3.1 Size composition and age structure
	3.1.1 Mid-water trawl
	3.1.2 Bottom trawl

	3.2 Sex ratio and state of gonad maturity
	3.2.1 Mid-water trawl
	3.2.2 Bottom trawl

	3.3 Diet composition
	3.4 Ontogenetic changes of the diet
	3.5 Spatial variability of the diet
	3.6 Interannual variability of the diet

	4 Discussion
	4.1 Size composition
	4.2 Age structure
	4.3 Sex ratio and state of gonad maturity
	4.4 Diet composition and feeding habits

	5 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	References


	SI_23_Can-an-invader-support-commercial-fishing--A-cas_2023_Deep-Sea-Research-Part
	Can an invader support commercial fishing? A case study of walleye pollock Gadus chalcogrammus in the western Chukchi Sea
	1 Introduction
	2 Material and methods
	2.1 Surveys
	2.2 Environmental data
	2.3 Estimation of abundance and biomass
	2.4 Maps of spatial distribution
	2.5 Statistical processing of the data

	3 Results
	3.1 Spatial and vertical distributions and water temperatures
	3.1.1 Mid-water trawl
	3.1.2 Bottom trawl

	3.2 Acoustic abundance and biomass estimates
	3.3 Trawl surveys abundance and biomass estimates
	3.4 Fishing

	4 Discussion
	4.1 Spatial distribution
	4.2 Vertical distribution
	4.3 Water temperature-dependent distribution
	4.4 Overall abundance and biomass estimates
	4.5 Acoustic vs. trawl surveys estimates
	4.6 Reasons for the walleye pollock increasing of abundance in the Chukchi Sea
	4.7 Prospects of walleye pollock fishing in the Chukchi Sea

	CRediT author statement
	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


	SI_24_Pacific-cod-or-tikhookeanskaya-treska--Gadus-macroce_2023_Deep-Sea-Research-
	Pacific cod or tikhookeanskaya treska (Gadus macrocephalus) in the Chukchi Sea during recent warm years: Distribution by li ...
	1 Introduction
	2 Methods
	2.1 Bering Strait temperature and transport
	2.2 Larval distributions
	2.3 Juvenile and adult distributions
	2.3.1 Surface trawl
	2.3.2 Midwater trawl
	2.3.3 Small-mesh benthic trawl
	2.3.4 Large-mesh benthic trawls
	2.3.5 Gulf of Alaska small-mesh demersal seine

	2.4 Trawl survey temperatures
	2.5 Fish length and length-based age classification
	2.6 Age-0 diets
	2.7 Age-0 condition

	3 Results
	3.1 Bering Strait temperature and transport
	3.2 Larval distributions and temperatures
	3.3 Age-0 cod in the ECS
	3.3.1 Distribution and temperature
	3.3.2 Age-0 catch rates by depth
	3.3.3 Age-0 diet by gear type
	3.3.4 Age-0 condition: ECS versus Goa

	3.4 Age-1 and adults
	3.4.1 WCS distributions and temperatures
	3.4.2 ECS distributions and temperatures


	4 Discussion
	5 Conclusions
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


	SI_25_Year-round-distribution-of-bearded-seals--Erign_2022_Deep-Sea-Research-Part-
	Year-round distribution of bearded seals, Erignathus barbatus, throughout the Alaskan Chukchi and northern Bering Sea
	1 Introduction
	2 Methods
	2.1 Data collection
	2.2 Data analysis

	3 Results
	4 Discussion
	4.1 Spatio-temporal distribution
	4.2 Response to climate change

	5 Conclusions
	Author Statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References



	SpecialIssueII_LastPage
	Slide Number 1
	Slide Number 2
	Slide Number 3




