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Abstract 

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 2009-2018 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 rosmarus), 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 
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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. 

Keywords: Arctic environment, marine invertebrates, epibenthos, thermal habitat, climate change, 

climate prediction, 
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1.0 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 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 distribution 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 knowledge 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; Huntington et al., 2020). 

The ability of organisms to exist across the local range of temperatures is a significant 

component of fitness and temperature is regarded to be a key determinant of species distribution 

(Calosi et al., 2010; Chown et al., 2009). Thus although the habitat of Arctic epibenthic invertebrates is 

characterized by a variety of environmental variables in addition to temperature, such as: sediment 
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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, 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 (Jorgensen 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 measurements 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 physiological 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, particularly 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. 
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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., 2020; 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 distribution 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 projected changes in 

thermal habitat on epibenthic community diversity and Arctic foodwebs. 

2.0 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 
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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. domestic 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 

communities that rely on the northern Bering and Chukchi seas for food security through subsistence 

harvest of marine mammals, fish and seabirds (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 conducted by National Oceanic and Atmospheric Administration 

(NOAA) National Marine Fisheries Service, Alaska Fisheries Science Center (AFSC) (Baker et al., 2020; 

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 2009-2018 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 



      

   

       

     

    

  

        

       

     

       

   

      

      

   

         

      

  

   

     

        

       

      

    

    

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

level feasible on board or from voucher specimens and 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 

https://seabird.com
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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 occurence, and not weighted by 

biomass, we did not project habitat displacements using center of gravity analyses such as in Fossheim 

et al. (2015). 

www.esri.com
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3.0 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 to 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”, contained the greatest proportion of taxa (38%). Cluster B, “cold, eurythermic” 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, “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, sipunculids, 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 
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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 eurythermic” 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 projections 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 increases. 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 
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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, stenothermic” (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 virtually 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 clusters, except Cluster A, “cold, stenothermic”, for which thermal 

habitat was confined to the north and west; and Cluster C, “warm, stenothermic”, 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). 

4.0 Discussion 

An ensemble of eight coupled climate models projected a mean increase 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 
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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 sourthern 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 & 

Overland, 2015) – as we know sea ice plays an important role in regulating 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 projections of bottom temperature are consistent with projected future 

reductions 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., 2020). 

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; 
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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 examined 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 consequence. 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 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 (Dawes 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 temperatures 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 
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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 environmental factors have been shown to influence benthic marine 

species distribution. For example, at the level of an individual species, temperature 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 community 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 community 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 captures 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 northward contraction of suitable thermal habitat, Renaud et al. (2015) 

concluded that the northward progression of low-temperature isotherms suggest shrinking distribution 
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ranges for these taxa in the future. Fourteen 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 distributions and trophic levels of Bering Sea epibenthic 

communities from 1982-2016 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. Retrospective studies also show northward expansion of subarctic groundfish 

which would have competitive and predatory implications for Arctic benthic epifauna (Stevenson & 

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 
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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 warmingDispersal 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 & Sponaugle 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 invertebrate 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., 2018, 2006). The decreases in the Bering Sea were 
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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 incorporates 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 

(Pleuronectes 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 Livington 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 

https://pers.com
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(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 species local physiological tolerances. Laboratory studies of 

thermal acclimation potential of Arctic epibenthic invertebrate megafauna are scarce. Laboratory 

experiments have been conducted to determine the temperature limit of 4 species from Kongsfjorden in 

Svalbard: a sea urchin (Strongylocentrotus droebachiensis), a gastropod mollusk (Margarites helicinus), 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 
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summer to an average of 4 °C to 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).  Supporting 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., 2010, 

2009a, 2009b).  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 temperatures warm there. Examples of these taxa are brittlestars 

(Ophiura sarsii) (Pawson et al., 2009; Stöhr et al., 2019), mussels (Musculus spp.) (Zenetos et al., 2005) 
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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 degrees in 40 years (Timmermans and Labe, 2020), and our projections are 

that sea temperatures are predicted to rise 4 degrees 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 timescales (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. 

5.0 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 and Gulf of Alaska to expand their range into a warming Bering Sea also deserves further study. 

Finally, continued monitoring of the distribution, abundance and species composition is needed to track 
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changes and refine predictions about the future of this diverse and productive community that supports 

a number of upper trophic taxa and Arctic human communities. 

Acknowledgments 

The authors would like to acknowledge the efforts of all field-going personnel from the Alaska 

Fisheries Science Center’s Resource Assessment and Conservation Engineering Division. Louise Copemen 

and Mike Litzow (NOAA-AFSC), and two anonymous reviewers provided valuable comments that 

improved to quality of the manuscript. Funding: This work was supported by the Nordic Council, AG-FISK 

(Project number: (159)-2017-Arctic biodiversity); and the North Pacific Research Board (NPRB) Arctic 

Integrated Ecosystem Research Program (AIERP). This article is NPRB publication number: ArcticIERP-

30]; and is publication EcoFOCI-1020. 

References 

Aagaard, K., Coachman, L.K., Carmack, E., 1981. On the halocline of the Arctic Ocean. Deep Sea Res. Part 

A. Oceanogr. Res. Pap. 28, 529–545. 

Abookire, A.A., Rose, C.S., 2005. Modifications to a plumb staff beam trawl for sampling uneven, 

complex habitats. Fish. Res. 71, 247–254. 

Alabia, I.D., García Molinos, J., Saitoh, S.I., Hirawake, T., Hirata, T., Mueter, F.J., 2018. Distribution shifts 

of marine taxa in the Pacific Arctic under contemporary climate changes. Divers. Distrib. 24, 

1583–1597. https://doi.org/10.1111/ddi.12788 

Aune, M., Aschan, M.M., Greenacre, M., Dolgov, A. V., Fossheim, M., Primicerio, R., 2018. Functional 

roles and redundancy of demersal Barents sea fish: Ecological implications of environmental 

change. PLoS One 13, 1–21. https://doi.org/10.1371/journal.pone.0207451 

https://doi.org/10.1371/journal.pone.0207451
https://doi.org/10.1111/ddi.12788


   

   

    

  

  

     

  

  

   

    

     

    

    

  

       

  

   

    

  

  

  

   

   

  

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Baker, M.R., Hollowed, A.B., 2014. Delineating ecological regions in marine systems: Integrating physical 

structure and community composition to inform spatial management in the eastern Bering Sea. 

Deep. Res. Part II Top. Stud. Oceanogr. 109, 215–240. 

https://doi.org/10.1016/j.dsr2.2014.03.001 

Baker, M.R., Farley, E. V., Ladd, C., Danielson, S.L., Stafford, K.M., Huntington, H.P., Dickson, D.M.S., 

2020. Integrated ecosystem research in the Pacific Arctic – understanding ecosystem processes, 

timing and change. Deep Sea Res. Part II Top. Stud. Oceanogr. 177, 104850. 

https://doi.org/10.1016/j.dsr2.2020.104850 

Baker, M.R., Kivva, K.K., Pisareva, M.N., Watson, J.T., Selivanova, J., 2020. Shifts in the physical 

environment in the Pacific Arctic and implications for ecological timing and conditions. Deep. 

Res. Part II Top. Stud. Oceanogr. 177, 104802. https://doi.org/10.1016/j.dsr2.2020.104802 

Baker, M.R., 2021. Contrast of warm and cold phases in the Bering Sea to understand spatial 

distributions of Arctic and sub-Arctic gadids. Polar Biol. 44, 1083–1105. 

https://doi.org/10.1007/s00300-021-02856-xBluhm, B.A., Gradinger, R., 2008. Regional 

variability in food availability for arctic marine mammals. Ecol. Appl. 18(sp 2), S77–S96. 

https://doi.org/10.1890/06-0562.1 

Bluhm, B.A., Iken, K., Hardy, S.M., Sirenko, B.I., Holladay, B.A., 2009. Community structure of epibenthic 

megafauna in the Chukchi Sea. Aquat. Biol. 7, 269–293. 

Bock, H.-H., 2008. Origins and extensions of the k-means algorithm in cluster analysis. J. Électronique 

d’Histoire des Probab. la Stat. [electronic only] 4. 

Calosi, P., Bilton, D.T., Spicer, J.I., Votier, S.C., Atfield, A., 2010. What determines a species’ geographical 

range? Thermal biology and latitudinal range size relationships in European diving beetles 

(Coleoptera: Dytiscidae). J. Anim. Ecol. 79, 194–204. https://doi.org/10.1111/j.1365-

2656.2009.01611.x 

https://doi.org/10.1016/j.dsr2.2020.104850
https://doi.org/10.1016/j.dsr2.2020.104802
https://doi.org/10.1111/j.1365
https://doi.org/10.1890/06-0562.1
https://doi.org/10.1007/s00300-021-02856-xBluhm
https://doi.org/10.1016/j.dsr2.2014.03.001


  

  

      

  

   

   

  

    

   

  

  

   

    

  

 

      

  

  

  

  

   

   

     

    

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Chown, S.L., Gaston, K.J., Robinson, D., 2004. Macrophysiology: large-scale patterns in physiological. 

Funct. Ecol. 18, 159–167. 

Coachman, L.K., 1986. Circulation, water masses, and fluxes on the southeastern Bering Sea shelf. Cont. 

Shelf Res. 8, 758–772. 

Coachman, L.K., Aagaard, K., Tripp, R.B., 1975. Bering Strait: The Regional Physical Oceanography. 

University of Washington Press, Seattle WA. 

Cowen, R., Gawarkiewicz, G., Pineda, J., Thorrold, S., Werner, F., 2007. Population connectivity in marine 

systems: An overview. Oceanography 20, 14–21. https://doi.org/10.5670/oceanog.2009.01 

Cowen, R.K., Sponaugle, S., 2009. Larval dispersal and marine population connectivity. Ann. Rev. Mar. 

Sci. 1, 443–466. https://doi.org/10.1146/annurev.marine.010908.163757 

Dalpadado, P., Arrigo, K.R., van Dijken, G.L., Skjoldal, H.R., Bagøien, E., Dolgov, A. V., Prokopchuk, I.P., 

Sperfeld, E., 2020. Climate effects on temporal and spatial dynamics of phytoplankton and 

zooplankton in the Barents Sea. Prog. Oceanogr. 185, 102320. 

https://doi.org/10.1016/j.pocean.2020.102320 

Danielson, S.L., Eisner, L., Ladd, C., Mordy, C., Sousa, L., Weingartner, T.J., 2016. A comparison between 

late summer 2012 and 2013 water masses, macronutrients, and phytoplankton standing crops in 

the northern Bering and Chukchi Seas. Deep Sea Res. Part II Top. Stud. Oceanogr. 1–20. 

https://doi.org/10.1016/j.dsr2.2016.05.024 

Danielson, S.L., Ahkinga, O., Ashjian, C., Basyuk, E., Cooper, L.W., Eisner, L., Farley, E., Iken, K.B., 

Grebmeier, J.M., Juranek, L., Khen, G., Jayne, S.R., Kikuchi, T., Ladd, C., Lu, K., McCabe, R.M., 

Moore, G.W.K., Nishino, S., Ozenna, F., Pickart, R.S., Polyakov, I., Stabeno, P.J., Thoman, R., 

Williams, W.J., Wood, K., Weingartner, T.J., 2020. Manifestation and consequences of warming 

and altered heat fluxes over the Bering and Chukchi Sea continental shelves. Deep. Res. Part II 

Top. Stud. Oceanogr. 177. https://doi.org/10.1016/j.dsr2.2020.104781 

https://doi.org/10.1016/j.dsr2.2016.05.024
https://doi.org/10.1016/j.dsr2.2020.104781
https://doi.org/10.1016/j.pocean.2020.102320
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.5670/oceanog.2009.01


  

  

  

  

  

  

    

    

  

  

   

  

      

   

  

   

    

  

   

    

    

  

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

Davis, G.E., Baumgartner, M.F., Corkeron, P.J., Bell, J., Berchok, C., Bonnell, J.M., Bort Thornton, J., 

Brault, S., Buchanan, G.A., Cholewiak, D.M., Clark, C.W., Delarue, J., Hatch, L.T., Klinck, H., Kraus, 

S.D., Martin, B., Mellinger, D.K., Moors-Murphy, H., Nieukirk, S., Nowacek, D.P., Parks, S.E., 

Parry, D., Pegg, N., Read, A.J., Rice, A.N., Risch, D., Scott, A., Soldevilla, M.S., Stafford, K.M., 

Stanistreet, J.E., Summers, E., Todd, S., Van Parijs, S.M., 2020. Exploring movement patterns and 

changing distributions of baleen whales in the western North Atlantic using a decade of passive 

acoustic data. Glob. Change Biol. 26, 4812–4840. https://doi.org/10.1111/gcb.15191 

Dawe, E.G., Mullowney, D.R., Moriyasu, M., Wade, E., 2012. Effects of temperature on size-at-terminal 

molt and molting frequency in snow crab Chionoecetes opilio from two Canadian Atlantic 

ecosystems. Mar. Ecol. Prog. Ser. 469, 279–296. https://doi.org/10.3354/meps09793 

Eisner, L.B., Napp, J.M., Mier, K.L., Pinchuk, A.I., Andrews, A.G., 2014. Climate-mediated changes in 

zooplankton community structure for the eastern Bering Sea. Deep. Sea Res. Part II Top. Stud. 

Oceanogr. 109, 157–171. https://doi.org/10.1016/j.dsr2.2014.03.004 

Eisner, L.B., Zuenko, Y.I., Basyuk, E.O., Britt, L.L., Duffy-Anderson, J.T., Kotwicki, S., Ladd, C., Cheng, W., 

2020. Environmental impacts on walleye pollock (Gadus chalcogrammus) distribution across the 

Bering Sea shelf. Deep. Res. Part II Top. Stud. Oceanogr. 181–182, 104881. 

https://doi.org/10.1016/j.dsr2.2020.104881 

Fedewa, E.J., Jackson, T.M., Richar, J.I., Gardner, J.L., Litzow, M.A., 2020. Recent shifts in northern Bering 

Sea snow crab (Chionoecetes opilio) size structure and the potential role of climate-mediated 

range contraction. Deep. Res. Part II Top. Stud. Oceanogr. 181–182, 104878. 

https://doi.org/10.1016/j.dsr2.2020.104878 

https://doi.org/10.1111/gcb.15191
https://doi.org/10.1016/j.dsr2.2014.03.004
https://doi.org/10.1016/j.dsr2.2020.104881
https://doi.org/10.1016/j.dsr2.2020.104878
https://doi.org/10.3354/meps09793


  

   

  

  

  

  

   

  

   

    

  

  

  

              

   

  

  

   

   

  

  

  

      

   

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R.B., Aschan, M.M., Dolgov, A. V., 2015. Recent 

warming leads to a rapid borealization of fish communities in the Arctic. Nat. Clim. Chang. 5, 

673–677. https://doi.org/10.1038/nclimate2647 

Foyle, T.P., O’Dor, R.K., Elner, R.W., 1989. Energetically defining the thermal limits of the snow crab. J. 

Exp. Biol. 145, 371–393. 

Gall, A.E., Morgan, T.C., Day, R.H., Kuletz, K.J., 2016. Ecological shift from piscivorous to planktivorous 

seabirds in the Chukchi Sea, 1975–2012. Polar Biol. https://doi.org/10.1007/s00300-016-1924-z 

Gibson, G.A., Stockhausen, W.T., Coyle, K.O., Hinckley, S., Parada, C., Hermann, A.J., Doyle, M., Ladd, C., 

2019. An individual-based model for sablefish: Exploring the connectivity between potential 

spawning and nursery grounds in the Gulf of Alaska. Deep. Res. Part II Top. Stud. Oceanogr. 165, 

89–112. https://doi.org/10.1016/j.dsr2.2018.05.015 

Grebmeier, J.M., 2012. Shifting Patterns of Life in the Pacific Arctic and Sub-Arctic Seas. Annu. Rev. Mar. 

Sci. 4, 63–78. https://doi.org/10.1146/annurev-marine-120710-100926 

Grebmeier, J.M., Frey, K.E., Cooper, L.W., Kędra, M., 2018. Trends in benthic macrofaunal populations, 

seasonal sea ice persistence, and bottom water temperatures in the Bering Strait region. 

Oceanography 31, 136–151. https://doi.org/10.5670/oceanog.2018.224 

Grebmeier, J.M., Overland, J.E., Moore, S.E., Farley, E. V, Carmack, E.C., Cooper, L.W., Frey, K.E., Helle, 

J.H., McLaughlin, F.A., McNutt, S.L., 2006. A major ecosystem shift in the northern Bering Sea. 

Science. 311 (5766), 1461–1646. 

Hiatt, T., Dalton, M., Felthoven, R., Fissel, B., Garber-yonts, B., Haynie, A., Himes-Cornell, A., Kasperski, 

S., Lee, J., Lew, D., Pfeiffer, L., Sepez, J., Seung, C., 2021. Stock Assessment and Fishery 

Evaluation Report for the Groundfish Fisheries fo the Gulf of Alaska and Bering Sea/Aleutian 

Islands Area: Economic Status of the Groundfish Fisheries Off Alaska, 2010. North Pacific Fishery 

Management Council, 1007 West Third, Suite 400, Anchorage, Alaska 99501 292 p. 

https://doi.org/10.1007/s00300-016-1924-z
https://doi.org/10.5670/oceanog.2018.224
https://doi.org/10.1146/annurev-marine-120710-100926
https://doi.org/10.1016/j.dsr2.2018.05.015
https://doi.org/10.1038/nclimate2647


   

   

  

  

   

    

  

  

   

  

  

  

   

  

    

   

   

   

   

  

  

   

    

  

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

Hovelsrud, G., McKenna, M., Huntington, H.P., 2008. Marine mammal harvests and other interactions 

with humans. Ecol. Appl. 18, 135–147. 

Hunt, G.L., Blanchard, A., Boveng, P.L., Dalpadado, P., Drinkwater, K.F., Eisner, L.B., Hopcroft, R.R., 

Kovacs, K.M., Norcross, B.L., Renaud, P., Reigstad, M., Renner, M., Skjoldal, H.R., Whitehouse, A., 

Woodgate, R.A., 2013. The Barents and Chukchi Seas: Comparison of two Arctic shelf 

ecosystems. J. Mar. Sys. 109-110: 43-68 

Huntington, H.P., 2000. Impacts of changes in sea ice and other environmental parameters in the Arctic. 

Final Report of the Marine Mammal Commission Workshop, Girdwood, Alaska, 15-17 February 

2000. 135 p. 

Huntington, H.P., Danielson, S.L., Wiese, F.K., Baker, M., Boveng, P., Citta, J.J., De Robertis, A., Dickson, 

D.M.S., Farley, E., George, J.C., Iken, K., Kimmel, D.G., Kuletz, K., Ladd, C., Levine, R., 

Quakenbush, L., Stabeno, P., Stafford, K.M., Stockwell, D., Wilson, C., 2020. Evidence suggests 

potential transformation of the Pacific Arctic ecosystem is underway. Nat. Clim. Change 10, 342– 

348. https://doi.org/10.1038/s41558-020-0695-2 

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva, 

Switzerland. 

Kolts, J.M., Lovvorn, J.R., North, C.A., Janout, M.A., 2015. Oceanographic and demographic mechanisms 

affecting population structure of snow crabs in the northern Bering Sea. Mar. Ecol. Prog. Ser. 

518, 193–208. https://doi.org/10.3354/meps11042 

Konar, B., Ravelo, A., Grebmeier, J., Trefry, J.H., 2014. Size frequency distributions of key epibenthic 

organisms in the eastern Chukchi Sea and their correlations with environmental parameters. 

Deep Sea Res. Part II Top. Stud. Oceanogr. 102, 107–118. 

https://doi.org/10.1016/j.dsr2.2013.07.015 

https://doi.org/10.1016/j.dsr2.2013.07.015
https://doi.org/10.3354/meps11042
https://doi.org/10.1038/s41558-020-0695-2


  

  

     

  

   

    

   

  

   

     

 

     

  

    

   

  

     

  

   

   

   

    

   

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

Laidre, K.L., Stern, H., Kovacs, K.M., Lowry, L., Moore, S.E., Regehr, E. V, Ferguson, S.H., Wiig, Ø., Boveng, 

P., Angliss, R.P., Born, E.W., Litovka, D., Quakenbush, L., Lydersen, C., Vongraven, D., Ugarte, F., 

2015. Arctic marine mammal population status , sea ice habitat loss , and conservation 

recommendations for the 21st century 00, 1–14. https://doi.org/10.1111/cobi.12474 

Lauth, R.R., 2011. Results of the 2010 Eastern and Northern Bering Sea Continental Shelf Bottom Trawl 

Survey of Groundfish and Invertebrate Fauna. U.S. Dep. Commer., NOAA Tech. Memo. NMFS-

AFSC-227, 265 p. 

Lauth, R.R., Dawson, E.J., Conner, J., 2019. Results of the 2017 Eastern and Northern Bering Sea 

Continental Shelf Bottom Trawl Survey of Groundfish and Invertebrate Fauna. U.S. Dep. 

Commer., NOAA Tech. Memo. NMFS-AFSC-396, 270 p. 

Livingston, P.A., Aydin, K., Buckley, T.W., Lang, G.M., Yang, M.S., Miller, B.S., 2017. Quantifying food web 

interactions in the North Pacific – a data-based approach. Environ. Biol. Fishes 100, 443–470. 

Lovvorn, J.R., North, C.A., Kolts, J.M., Grebmeier, J.M., Cooper, L.W., Cui, X., 2016. Projecting the effects 

of climate-driven changes in organic matter supply on benthic food webs in the northern Bering 

Sea. Mar. Ecol. Prog. Ser. 548, 11–30. https://doi.org/10.3354/meps11651Morley, S.A., 

Lemmon, V., Obermüller, B.E., Spicer, J.I., Clark, M.S., Peck, L.S., 2011. Duration tenacity: A 

method for assessing acclimatory capacity of the Antarctic limpet, Nacella concinna. J. Exp. Mar. 

Bio. Ecol. 399, 39–42. https://doi.org/10.1016/j.jembe.2011.01.013 

Mueter, F.J., Litzow, M.A., 2008. Sea ice retreat alters the biogeography of the Bering Sea continental 

shelf. Ecol. Appl. 18, 309–20. 

Mueter, F.J., Weems, J., Farley, E. V, Sigler, M.F., 2017. Arctic Ecosystem Integrated Survey (Arctic Eis): 

Marine ecosystem dynamics in the rapidly changing Pacific Arctic Gateway. Deep Sea Res. II 135, 

1–6. https://doi.org/10.1016/j.dsr2.2016.11.005 

https://doi.org/10.1016/j.dsr2.2016.11.005
https://doi.org/10.1016/j.jembe.2011.01.013
https://doi.org/10.3354/meps11651Morley
https://doi.org/10.1111/cobi.12474


    

     

  

  

   

    

   

     

    

    

  

  

  

   

  

    

      

  

  

  

   

  

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Murphy, J.T., 2020. Climate change, interspecific competition, and poleward vs. depth distribution shifts: 

Spatial analyses of the eastern Bering Sea snow and Tanner crab (Chionoecetes opilio and C. 

bairdi). Fish. Res. 223, 105417. https://doi.org/10.1016/j.fishres.2019.105417 

North Pacific Fishery Management Council, 2009. Fishery Management Plan for Fish Resources of the 

Arctic Management Area. North Pacific Fishery Management Council 605 W. 4th Avenue, Suite 

306 Anchorage, Alaska 99501. 146 p. 

Packer, D.B., Watling, L., Langton, R.W., 1994. The population structure of the brittle star Ophiura sarsi 

Lütken in the Gulf of Maine and its trophic relationship to American plaice (Hippoglossoides 

platessoides Fabricius). J. Exp. Biol. Ecol. 179, 207–222. 

PAGES 2k Consortium, Neukom, R., Barboza, L.A., Erb, M.P., Shi, F., Emile-Geay, J., Evans, M.N., Franke, 

J., Kaufman, D.S., Lücke, L., Rehfeld, K., Schurer, A., Zhu, F., Brönnimann, S., Hakim, G.J., Henley, 

B.J., Ljungqvist, F.C., McKay, N., Valler, V., von Gunten, L., 2019. Consistent multidecadal 

variability in global temperature reconstructions and simulations over the Common Era. Nat. 

Geosci. 12, 643–649. https://doi.org/10.1038/s41561-019-0400-0 

Parada, C., Armstrong, D.A., Ernst, B., Hinckley, S., Orensanz, J.M., 2010. Spatial dynamics of snow crab 

(Chionoecetes opilio) in the eastern Bering Sea-putting together the pieces of the puzzle. Bull. 

Mar. Sci. 86, 413–437. 

Parada, C., Hinckley, S., Horne, J., Mazur, M., Hermann, A., Curchister, E., 2016. Modeling connectivity of 

walleye pollock in the Gulf of Alaska: Are there any linkages to the Bering Sea and Aleutian 

Islands? Deep. Res. Part II Top. Stud. Oceanogr. 132, 227–239. 

https://doi.org/10.1016/j.dsr2.2015.12.010 

https://doi.org/10.1016/j.dsr2.2015.12.010
https://doi.org/10.1038/s41561-019-0400-0
https://doi.org/10.1016/j.fishres.2019.105417


  

    

  

   

  

  

  

  

  

   

  

   

   

    

     

  

  

    

      

  

   

   

  

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

Peck, L.S., Clark, M.S., Morley, S.A., Massey, A., Rossetti, H., 2009a. Animal temperature limits and 

ecological relevance: Effects of size, activity and rates of change. Funct. Ecol. 23, 248–256. 

https://doi.org/10.1111/j.1365-2435.2008.01537.x 

Peck, L.S., Massey, A., Thorne, M.A.S., Clark, M.S., 2009b. Lack of acclimation in Ophionotus victoriae: 

Brittle stars are not fish. Polar Biol. 32, 399–402. https://doi.org/10.1007/s00300-008-0532-y 

Peck, L.S., Morley, S.A., Clark, M.S., 2010. Poor acclimation capacities in Antarctic marine ectotherms. 

Mar. Biol. 157, 2051–2059. https://doi.org/10.1007/s00227-010-1473-x 

Polyakov, I. V., Alkire, M.B., Bluhm, B.A., Brown, K.A., Carmack, E.C., Chierici, M., Danielson, S.L., 

Ellingsen, I., Ershova, E.A., Gårdfeldt, K., Ingvaldsen, R.B., Pnyushkov, A. V., Slagstad, D., 

Wassmann, P., 2020. Borealization of the Arctic Ocean in Response to Anomalous Advection 

From Sub-Arctic Seas. Front. Mar. Sci. 7. https://doi.org/10.3389/fmars.2020.00491 

Pörtner, H., Knust, R., 2007. Climate change affects marine fishes through the oxygen limiation of 

thermal tolerance. Science 315, 95–97. https://doi.org/10.1259/0007-1285-53-633-920-b 

Pörtner, H.O., 2010. Oxygen- snd capacity-limitation of thermal tolerance: A matrix for integrating 

climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213, 881–893. 

https://doi.org/10.1242/jeb.037523 

Rand, K., Logerwell, E., Bluhm, B., Chenelot, H., Danielson, S., Iken, K., Sousa, L., 2018. Using biological 

traits and environmental variables to characterize two Arctic epibenthic invertebrate 

communities in and adjacent to Barrow Canyon. Deep. Sea Res. Part II Top. Stud. Oceanogr. 152, 

154–169. https://doi.org/10.1016/j.dsr2.2017.07.015 

Renaud, P.E., Sejr, M.K., Bluhm, B.A., Sirenko, B., Ellingsen, I.H., 2015. The future of Arctic benthos: 

Expansion, invasion, and biodiversity. Prog. Oceanogr. 139, 244–257. 

https://doi.org/10.1016/j.pocean.2015.07.007 

https://doi.org/10.1016/j.pocean.2015.07.007
https://doi.org/10.1016/j.dsr2.2017.07.015
https://doi.org/10.1242/jeb.037523
https://doi.org/10.1259/0007-1285-53-633-920-b
https://doi.org/10.3389/fmars.2020.00491
https://doi.org/10.1007/s00227-010-1473-x
https://doi.org/10.1007/s00300-008-0532-y
https://doi.org/10.1111/j.1365-2435.2008.01537.x


   

  

  

  

     

  

     

   

  

   

  

  

  

  

   

   

   

   

 

  

  

    

     

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Richard, J., Morley, S.A., Deloffre, J., Peck, L.S., 2012. Thermal acclimation capacity for four Arctic marine 

benthic species. J. Exp. Mar. Biol. Ecol. 424–425, 38–43. 

https://doi.org/10.1016/j.jembe.2012.01.010 

Rosenberg, R., Dupont, S., Lundälv, T., Sköld, H.N., Norkko, A., Roth, J., Stach, T., Thorndyke, M., 2005. 

Biology of the basket star Gorgonocephalus caputmedusae (L.). Mar. Biol. 148, 43–50. 

https://doi.org/10.1007/s00227-005-0032-3 

Sheffield, G., Fay, F.H., Feder, H., Kelly, B.P., 2001. Laboratory digestion of prey and interpretation of 

walrus stomach contents. Mar. Mammal Sci. 17, 310–330. https://doi.org/10.1111/j.1748-

7692.2001.tb01273.x 

Sheffield, G., Grebmeier, J.M., 2009. Pacific walrus (Odobenus rosmarus divergens): Differential prey 

digestion and diet. Mar. Mammal Sci. 25, 761–777. https://doi.org/10.1111/j.1748-

7692.2009.00316.x 

Solan, M., Ward, E.R., Wood, C.L., Reed, A.J., Grange, L.J., Godbold, J.A., 2020. Climate-driven benthic 

invertebrate activity and biogeochemical functioning across the Barents Sea polar front. Philos. 

Trans. R. Soc. A 378, 20190365. 

Spies, I., Gruenthal, K.M., Drinan, D.P., Hollowed, A.B., Stevenson, D.E., Tarpey, C.M., Hauser, L., 2020. 

Genetic evidence of a northward range expansion in the eastern Bering Sea stock of Pacific cod. 

Evol. Appl. 13, 362–375. https://doi.org/10.1111/eva.12874 

Stabeno, P.J., Reed, R.K., Schumacher, J.D., 1995. The Alaska coastal current: continuity of transport and 

forcing. J. Geophys. Res. 100, 2477–2485. 

Stauffer, G.D., 2004. NOAA protocols for groundfish bottom trawl surveys of the Nation’s fishery 

resources. U.S. Dep. Commer., NOAA Tech Memo NMFS-SPO-6, 205 p. 

https://doi.org/10.1111/eva.12874
https://doi.org/10.1111/j.1748
https://doi.org/10.1111/j.1748
https://doi.org/10.1007/s00227-005-0032-3
https://doi.org/10.1016/j.jembe.2012.01.010


     

   

   

   

  

  

   

     

   

  

     

  

  

  

  

  

    

   

  

  

     

  

       

  

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

Stevens, G.C., 1989. The Latitudinal gradient in geographical range : How so many species coexist in the 

tropics. Am. Nat. 133, 240–256. 

Stevenson, D.E., Lauth, R.R., 2019. Bottom trawl surveys in the northern Bering Sea indicate recent shifts 

in the distribution of marine species. Polar Biol. 42, 407–421. https://doi.org/10.1007/s00300-

018-2431-1 

Stockhausen, W.T., Coyle, K.O., Hermann, A.J., Blood, D., Doyle, M.J., Gibson, G.A., Hinckley, S., Ladd, C., 

Parada, C., 2019. Running the gauntlet: Connectivity between spawning and nursery areas for 

arrowtooth flounder (Atheresthes stomias) in the Gulf of Alaska, as inferred from a biophysical 

individual-based model. Deep. Res. Part II Top. Stud. Oceanogr. 165, 127–139. 

https://doi.org/10.1016/j.dsr2.2018.05.017 

Timmermans, M.-L., Labe, Z., 2020. Sea Surface Temperature. NOAA Arctic Rep. Card 2020, 53–57. 

https://doi.org/10.25923/v0fs-m920 

Walsh, J., McRoy, C., Coachman, L.K., Goering, J.J., Nihoul, J.J., Whitledge, T.E., Blackburn, T.H., Parker, 

P.L., Wirick, C.D., Shuert, P.G., Grebmeier, J.M., Springer, A.M., Tripp, R.D., Hansell, D.A., Djenidi, 

S., Deleersnijder, E., Henriksen, K., Lund, B.A., Andersen, P., Muller-Krager, F.E., Dean, K., 1989. 

Carbon and nitrogen cycling within the Bering/Chukchi Seas: Source regions for organic matter 

effecting AOU demands of the Arctic Ocean. Prog. Oceanogr. 22, 277–359. 

Wang, M., Overland, J.E., 2015. Projected future duration of the sea-ice-free season in the Alaskan 

Arctic. Prog. Oceanogr. 136, 50–59. https://doi.org/10.1016/j.pocean.2015.01.001 

Wang, M., Yang, Q., Overland, J.E., Stabeno, P., 2018. Sea-ice cover timing in the Pacific Arctic: The 

present and projections to mid-century by selected CMIP5 models. Deep. Sea Res. Pt. II Top. 

Stud. Oceanogr. 152, 22–34. https://doi.org/10.1016/j.dsr2.2017.11.017 

Wang, T., Overgaard, J., 2007. The heartbreak of adapting to global warming. Science 315, 49–50. 

https://doi.org/10.1126/science.1137359 

https://doi.org/10.1007/s00300-018-2431-1
https://doi.org/10.1007/s00300-018-2431-1
https://doi.org/10.1126/science.1137359
https://doi.org/10.1016/j.dsr2.2017.11.017
https://doi.org/10.1016/j.pocean.2015.01.001
https://doi.org/10.25923/v0fs-m920
https://doi.org/10.1016/j.dsr2.2018.05.017


     

     

  

  

        

  

   

  

  

     

     

  

  

  

  

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

Whitehouse, G.A., Buckley, T.W., Danielson, S.L., 2017. Diet compositions and trophic guild structure of 

the demersal fish community in the eastern Chukchi Sea. Deep. Sea Res. Part II 135, 95-110. 

https://doi.org/10.1016/j.dsr2.2016.03.010 

Wisz, M.S., Broennimann, O., Grønkjær, P., Møller, P.R., Olsen, S.M., Swingedouw, D., 2015. Arctic 

warming will promote Atlantic – Pacific fish interchange. Nat. Clim. Change 1–5. 

https://doi.org/10.1038/NCLIMATE2500 

Yamamoto, T., Yamada, T., Kinoshita, T., Ueda, Y., Fujimoto, H., Yamasaki, A., Hamasaki, K., 2015. Effects 

of temperature on growth of juvenile snow crabs, Chionoecetes opilio, in the laboratory. J. 

Crustac. Biol. 35, 140–148. https://doi.org/10.1163/1937240X-00002309 

Zacher, L.S., Richar, J.I., Litzow, M.A. In prep. The 2021 Eastern Bering Sea continental shelf trawl survey: 

Results for commercial crab species. U.S. Dep. Commer., NOAA Tech. Memo. 193 p. 

Zhulay, I., Iken, K., Renaud, P.E., Bluhm, B.A., 2019. Epifaunal communities across marine landscapes of 

the deep Chukchi Borderland (Pacific Arctic). Deep. Res. Part I Oceanogr. Res. Pap. 151, 103065. 

https://doi.org/10.1016/j.dsr.2019.06.011 

https://doi.org/10.1038/NCLIMATE2500
https://doi.org/10.1016/j.dsr.2019.06.011
https://doi.org/10.1163/1937240X-00002309
https://doi.org/10.1016/j.dsr2.2016.03.010


  
   

   
       

   
   

   
 

 
  

  
 

  
 

     

         

         

         

       
 

 

       
 

  

 

  

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° to 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 Magnitude Qualitative # of taxa % kg km-2 

temperature range (°C) of range descriptors 
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 26 (8%) 3% 
eurythermic 



 
 

 
  

  
   

  
  

  
  

  
  

  
  

  
  

 

 
  

  
  

  
  

  
  

  
  
  

  
  

   
  
  

  
  

  
  

   
   

   
  
  

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  
 Other 

 Grand Total 

0.1%  
0.4%  
49%  

 

  Cluster C "warm, stenothermic" taxa 
 Taxon  % kg km-2 

Nuculana radiata  
  Pyrulofusus sp. 

Alcyonidium gelatinosum  
 Other 

 Grand Total 

1%  
0.4%  
0.1%  

0.04%  
2%  

 

  Cluster D "warm, eurythermic" taxa 
 Taxon  % kg km-2 

 Chionoecetes opilio 
 Bivalvia 

Ctenodiscus crispatus  
 Asterias amurensis 

 Actiniaria 
Echinarachnius parma  
Alcyonidium disciforme  

 Gorgonocephalus sp.   
 Strongylocentrotus sp.   

 Porifera 
Pagurus trigonocheirus  
Hyas coarctatus  

 Solaster sp.   
Neptunea heros  
Ennucula tenuis  
Evasterias echinosoma  
Cyanea capillata  

 Neptunea sp. 
Neocrangon communis  

  Gersemia sp. 
Eucratea loricata  
Stomphia sp.   
Cryptonatica affinis  
Buccinum scalariforme  
Strongylocentrotus droebachiensis  

 Bryozoa 
Gorgonocephalus eucnemis  

 Labidochirus splendescens 

9%  
4%  
4%  
3%  
2%  
2%  
1%  
1%  
1%  
1%  
1%  
1%  
1%  
1%  

0.4%  
0.4%  
0.4%  
0.4%  
0.4%  
0.3%  
0.3%  
0.3%  
0.3%  
0.2%  
0.2%  
0.2%  
0.2%  
0.2%  



 Chrysaora melanaster 
 Pyrulofusus deformis 

 Boltenia ovifera 
 Styela rustica 

Neptunea communis  
 Scyphozoa 

Eualus fabricii  
 Ascidiacea 

Lethasterias nanimensis  
Eualus belcheri  
Pagurus capillatus  

  Cistenides sp. 
 Hyas lyratus 

 Anonyx sp.   
  Beringius sp. 

Neptunea ventricosa  
 Tachyrhynchus erosus 

Crangon dalli  
 Other 

 Grand Total 

0.2%  
0.2%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.1%  
0.6%  

37.5%  
 

  Cluster E "warm, highly eurythermic" taxa 
 Taxon  % kg km-2 

 Gorgonocephalus cf. arcticus  
 Argis lar 
 Balanus sp.  

Sclerocrangon boreas  
Urticina crassicornis  
Argis dentata  
Stegophiura nodosa  

 Other 
 Grand Total 

2%  
0.3%  
0.3%  
0.2%  
0.1%  
0.1%  
0.1%  
0.1%  

3%  
 



     
  

 

      

 

 
 
 

       

       

 

 

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 Present to 
mid- end-of-
century 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 



   
   

    Proportion of area within temperature  
 range 

 Cluster Temperature Qualitative   Present  Mid-century  End-century # of  
 range  descriptors Species  

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  96%  98%  72%   26 (8%) 
 eurythermic 

 

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). 



 

        
   

  

 
  

   
    

 
     

   

  
  

  

   
   

   
  

  
   

 

 

Figure legends 

Figure 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. 

Figure 2. Relationship between number of groups in k-means clustering and within-cluster variance (sum 
of squares). 

Figure 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). 

Figure 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 Figure 4c is the same 
for all maps. 

Figure 5. Maps of temperature-defined habitat for each cluster based on present-day model forecasts. 
Temperature scale is the same for all maps. 

Figure 6. Maps of temperature-defined habitat for each cluster based on mid-century model forecasts. 
Temperature scale is the same for all maps. 

Figure 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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