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Abstract 8 

Benthic communities change drastically in both biomass and community structure with increasing water 9 

depth on a global scale, attributed to a combination of food supply, environmental drivers, as well as 10 

physiological and competitive capacities. In the Arctic, benthic biogeographic patterns are additionally 11 

thought to be a result of the region’s glaciation history. Here, we investigate gross epibenthic biomass 12 

and assemblage structure turnover with water mass from coastal to bathyal depths from 136 beam 13 

trawl samples collected in the Beaufort Sea. We test whether Pacific Boreal Arctic species have their 14 

core distribution in shelf water masses while Atlantic Boreal Arctic species have wider depth ranges. 15 

Gross biomass estimates differed statistically among water masses, with high values mostly under the 16 

influences of the Polar Mixed Layer and Arctic Halocline (outer shelf and upper slope, respectively). 17 

Stations in the Coastal Zone and Canada Basin Deep Water had the lowest biomass. Epibenthic 18 

assemblages also differed significantly among water masses, with high taxon richness in shelf water 19 

masses that decreased considerably with depth. Biomass of benthic taxa with Pacific Boreal Arctic 20 

affinity was essentially limited to the shelf, while Atlantic Boreal Arctic taxa occurred across a broad 21 

depth range, though their biomass increased in deeper water masses for mollusks and echinoderms, but 22 

not for decapods/isopods. Our results confirm earlier evidence of a strong Atlantic-Arctic deep-water 23 

connectivity reaching into the Pacific Arctic region and suggest new arrivals of species from the boreal 24 

Pacific are likely to settle on Pacific Arctic shelves, but are unlikely to invade continental slope and basin 25 

waters in the foreseeable future. 26 
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Introduction 30 

On a global scale, benthic communities change with increasing water depth in both biomass 31 

(Rex et al. 2006; Wei et al. 2010; Bluhm et al. 2010) as well as community composition patterns (Brandt 32 

1997; Nephin et al. 2014; Ravelo et al. 2015). Food availability, mediated through vertical flux of surface-33 

produced particles and flux attenuation with depth, is thought to be the primary reason for the 34 

observed biomass decrease with depth (Wei et al. 2010). Change in community composition with depth 35 

is interpreted in the context of a combination of factors rather than merely a direct result of food supply 36 

(Mayer and Piepenburg 1996; Piepenburg 2005).  Species-specific depth ranges and underlying reasons 37 

for broad (eurybathic) versus narrow (stenobathic) depth distribution ranges are generally not well-38 

understood for benthic organisms; however, they are thought to be modulated by local or regional 39 

environmental conditions such as current regimes in concert with physiological constraints, biological 40 

interactions, and a region’s history (Gaylord and Gaines 2000; Clarke 2003). Physical properties of water 41 

masses such as temperature influence physiological rates and, hence, distributions patterns of species 42 

(Clarke 1983, 2003). Particular water masses occurring at certain depths also drive propagule supply and 43 

can influence biogeographic distribution of species (Kinlan et al. 2005; Cowen and Sponaugle 2009). In 44 

the Arctic, depth-dependent turnover of species and resulting community composition is likely a 45 

combination of such water mass-related factors, the geological history of the formation of the Arctic 46 

shelves and basins, and the Arctic glaciation history (summarized by Renaud et al. 2015).  47 

Biogeography deals with patterns in the distribution of species across spatial gradients and must 48 

be discussed within defined temporal scales (Hedgpeth 1957, Golikov et al. 1990). Specifically, here we 49 

are concerned with the biogeographic affinity of species, which relates to a species’ climatic tolerances, 50 

defined by the earth’s climatic history in combination with its evolutionary niche conservatism (Harrison 51 

and Grace, 2007). Critical time periods for interpreting today’s Arctic biogeography include ‘the great 52 

trans-Arctic interchange’ and the glaciation history. The great interchange occurred around 3.5 Ma years 53 

ago when Bering Strait opened sufficiently to allow a large number of shallow-water boreal species to 54 

migrate into the then cold-temperate Arctic and North Atlantic and resulted in mixing of different 55 

faunas (Briggs 2003). Many more Pacific species invaded the Arctic than did Atlantic species during this 56 

period (Briggs 2003). This unequal establishment is attributed to either a competitive advantage of 57 

Pacific species and unequal extinction rates or to species loss in the Atlantic fauna (Vermeij 1991). 58 

Repeated northern hemisphere glaciation since about 1.8 Ma years ago and until ~6000 years ago in 59 

both the Pacific and the Atlantic sectors of the Arctic caused a drastic reduction in the amount of boreal 60 
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species that inhabited the Arctic shelves after the great interchange (Vermeij 1991; Briggs 2003). 61 

Although the exact extent of the ice sheets at the height of various glaciated periods is debated (Maggs 62 

et al. 2008 and references therein), re-expansion onto Arctic shelves apparently occurred by species 63 

remaining in unglaciated pockets around the Arctic or from the deeper ocean (Maggs et al. 2008). The 64 

re-expansion from either glacial shelf refugia or the deep ocean appeared to have been asymmetric 65 

between the Pacific and Atlantic sides. Because shelf refugia were present on the Pacific Arctic shelves, 66 

and the Pacific boreal fauna invaded the Arctic through the shallow Bering Strait connection, today’s 67 

benthic communities on the Pacific Arctic shelves are thought to be dominated by shallow-water and 68 

stenobathic species. In contrast, benthic communities on the Atlantic Arctic side tend to be more 69 

eurybathic (Dunton 1992 and references therein), in part stemming from deeper-water faunal 70 

connections with the Atlantic boreal regions and re-expansion onto the shelves from the deep ocean 71 

after glaciation events. This concept was tested on the Beaufort Sea shelf with the available published 72 

marine data of shallow Arctic fauna and flora from 1965-1988 (Dunton 1992), but over larger depth 73 

ranges has only been tested for polychaetes and bivalves (Bilyard and Carey 1980, Krylova et al. 2013). A 74 

larger dataset containing additional taxa and spanning the upper continental slope has recently become 75 

available, affording us the ability to perform a more in-depth biogeographic analysis. 76 

The Alaskan Beaufort Sea is an ideal setting to study assemblage patterns along nearshore-to-77 

slope depth gradients. Situated in the Pacific Arctic, this interior shelf sea (c.f., Carmack and Wassmann 78 

2006) receives surface water from the Pacific after it transits through the Chukchi Sea, while its steep 79 

slope meets Atlantic-origin water masses at about ~250 m depth (summarized in Majewski et al. 2017). 80 

As a consequence of this hydrographic situation and the above-mentioned Arctic glaciation history, the 81 

Beaufort Sea shelf and slope contain a combination of Pacific and Atlantic boreal Arctic and Arctic 82 

species (Nesis 1984; Dunton 1992). Over the continental slope, increasing water depth itself modulates 83 

carbon fluxes with degradation processes during sedimentation reducing the amount and quality of food 84 

with increasing depth (Lalande et al. 2009; Bell et al. 2016), thus influencing overall benthic biomass 85 

and, to some extent, community composition with depth (Nephin et al. 2014; Roy et al. 2014, 2015). In 86 

addition, the layering of waters of different origins over the Beaufort Sea slope influences biogeography 87 

(see Smoot and Hopcroft 2017 for zooplankton), and thus, may also play a role in the benthic species 88 

turnover with depth. The characteristic oceanographic, hydrographic and geographic characteristics of 89 

the Beaufort Sea allows for the distinction of a number of geographic domains, defined by one or 90 

several of these features.  91 



4 

Epibenthic organisms in the Arctic tend to be long-lived and many have relatively low mobility; 92 

thus, we pose that the distribution of epibenthic species reflect time-integrated environmental 93 

conditions along the shelf and slope. In this study, we used data collected along a steep depth gradient 94 

with distinct water masses to understand the distribution of epibenthic communities in an Arctic sea. 95 

The goal of this analysis is two-fold, first, to understand how water masses, with distinct oceanographic 96 

features, may influence changes in epibenthic community diversity and composition; second, do inspect 97 

how the distribution of biogeographic affinities changes amongst water masses. First, we describe 98 

depth- and water mass-associated epibenthic assemblage structure. Second, we analyze assemblage 99 

patterns based on biogeographic affinities of four biomass-dominant taxa, echinoderms, decapods, 100 

isopods, and mollusks across water masses. We tested two hypotheses: 1) Epibenthic biomass and 101 

assemblage structure change in synchrony with water mass from coastal to bathyal depths, and 2) 102 

Pacific Boreal Arctic species have their core distribution on the shelf where Pacific origin waters prevail, 103 

while Atlantic Boreal Arctic species have wider depth distribution ranges.  104 

Materials and Methods 105 

Study area 106 

The combination of hydrography, depth and land-ocean interactions was used to define the 107 

following five water masses for the study region in the central Beaufort Sea: the Coastal Zone (CZ) water 108 

(recognizing this is a dynamic mixture of waters, Weingartner et al. 2017), the Polar Mixed Layer (PML), 109 

the Arctic Halocline (AH), the Atlantic Water (AW), and the Canadian Basin Deep Water (CBDW) (Table 110 

1). The Coastal Zone of the Beaufort Sea (0-~35 m) is the most land-ocean –influenced region, reaching 111 

from shore to about 10 m by riverine influx that carries terrestrial run-off consisting of freshwater, 112 

inorganic sediment and terrestrial carbon into the marine system (Carmack et al. 2015). To about the 20 113 

m isobath, the Coastal Zone is characterized by landfast sea ice that persists for about 8 months of the 114 

year (Mahoney et al. 2007). The Stamukhi zone, an area of pressure ridges created by the collision of 115 

landfast ice and offshore pack-ice with keels reaching the seafloor and keeping low salinity water 116 

inshore of this zone, ranges from ~18 - 35 m depth on the Beaufort Sea shelf (Reimnitz and Kempema 117 

1984). The conjunction of the diverse environmental features characterize the Coastal Zone as an area 118 

of high disturbances for benthic fauna and, as a result, depauperate faunal communities (Ravelo et al. 119 

2015). Beyond the Coastal Zone, the Polar Mixed Layer is the ocean surface layer, formed by the upper 120 

part of the boundary current that enters the Beaufort Sea through Barrow Canyon, mixed with 121 

freshwater inputs in the Beaufort Sea itself (Carmack et al. 1989). The summer configuration of this 122 
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water mass is predominantly derived from the fresher Alaska Coastal water with a smaller fraction of 123 

Chukchi/Bering summer water (Weingartner et al. 2017). While the water column of the Polar Mixed 124 

Layer is well mixed in winter, a seasonal pycnocline can separate the Polar Mixed Layer from the 125 

underlying colder, and highly nutrient-rich and structured Arctic Halocline in the summer months at 126 

around 100 m depth (Shimada et al. 2001). The Arctic Halocline varies widely in its depth distribution 127 

throughout the Beaufort Sea, ranging from 50 – 170 m, depending on latitude (Shimada et al. 2005). On 128 

the Beaufort Sea upper slope, this water layer can extend down to 250 m depth (Shimada et al. 2005). 129 

Below approximately 250 m, the bottom of the Beaufort Sea slope is covered by the warmer and more 130 

saline Atlantic Water (Shimada et al. 2004). This water mass is flowing eastward along the continental 131 

slope as part of a large-scale cyclonic boundary current system within the Arctic Ocean (Coachman et al. 132 

1975). The Atlantic Water, characterized by temperatures greater than 0° C, originates in the Barents 133 

Sea and travels through the Arctic (Coachman and Barns 1963). The temperature maximum of the 134 

Atlantic Water in the central Beaufort Sea occurs at a depth of about 450 m, reaching up to 0.5° C in this 135 

area (Coachman and Barns 1963). Heat loss and freshening of the Atlantic Water occurs as the water 136 

mass approaches the Canadian Basin, from interacting with the over- and underlying colder and fresher 137 

water masses, forming the Canadian Basin Deep Water (Rudels et al. 1994). The transition of Atlantic 138 

Water into the cold Canadian Basin Deep Water is at 750-800 m depth in the Canadian Basin (Rudels et 139 

al. 1994; Lansard et al. 2012). We included stations sampled at 750 m in the Canadian Basin Deep Water 140 

designation. We refer to the epibenthos as occurring in the described water masses where those water 141 

masses meet the seafloor, while recognizing that these benthic communities are indirectly influenced by 142 

the entire water mass assembly above. 143 

Biogeographic affinities classification 144 

Based on compilations from published biogeographic classifications (e.g. MacPherson 1971, 145 

Vassilenko and Petryashov 2009, Buzhinskaja 2011) and geographic distributions of species, we used the 146 

following five classification categories to describe biogeographic affinities (for detailed references and a 147 

detailed list of species included in this classification see ESM 2). Arctic species are here defined to be 148 

limited to the shelves of the marginal Arctic seas, and they may extend to the continental slope of the 149 

Arctic basin. These species have an uninterrupted (circumpolar) or interrupted range and do not occur in 150 

boreal regions. In the category ‘Pacific Boreal Arctic and Pacific Boreal species’ we combine species that 151 

occur as far south as in temperate waters to 33°- 38° N in the Pacific Ocean and also occur in either large 152 

or limited parts of the Arctic, but do not occur in the Atlantic. In the group ‘Atlantic Boreal Arctic and 153 
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Atlantic Boreal species’ we combine species that are found in the North Atlantic (generally north of ~38° 154 

N) and also occur in often large parts of the Arctic or just penetrate into the Arctic. Given few truly 155 

boreal species occur in our study area, we use the terms ‘Pacific Boreal Arctic’ and ‘Atlantic Boreal 156 

Arctic’ in the remaining text In the group ‘Boreal Arctic and Amphiboreal species’ we include species 157 

that are found in temperate waters of both the North Atlantic and North Pacific and are either wide-158 

spread in the Arctic or only extend into parts of the Arctic mostly near inflow shelves. For brevity, we 159 

refer to this group as ‘Boreal Arctic’ in the remainder of the paper. Bathyal species here are  species 160 

restricted to waters deeper than ~200 m and occurring on the slope either only in the Arctic or also 161 

beyond (Vassilenko and Petryashov 2009). Because of the scarcity of information on the biogeographic 162 

affinity of certain taxa sampled in this study, we limited the analysis of biogeographic affinity 163 

distribution across water masses to taxa within the phyla Echinodermata, Mollusca, and taxa within the 164 

orders Decapoda and Isopoda (both in the phylum Arthropoda). 165 

Data collection 166 

Epibenthos were sampled from a modified 3‐m plumb‐staff beam trawl with 7 mm mesh and 4 mm cod 167 

end liner and bottom roller gear that avoids penetration of the foot rope into the typically soft, muddy 168 

sediment on the Beaufort Sea shelf and slope. Start and end times of the bottom contact, recorded by a 169 

time‐depth recorder (Star Oddi) affixed to the net, were taken to be matched with specific latitudes and 170 

longitudes from the ship records. Area swept was calculated from trawl width, trawling time on the 171 

bottom, and trawling speed (Holme and McIntyre 1984) and standardized to catch-per-unit-effort 172 

(CPUE) calculations as biomass per 1000 m2. These commonly used estimates are considered semi-173 

quantitative because of variable trawl performance across bottom types, net avoidance behavior of 174 

some taxa and difficulties in precisely weighting the gear to obtain ideal bottom contact; hence, we 175 

refer to these data as gross estimates (Eleftherious & MacIntyre 2005). Haul duration was approximately 176 

3–15 minutes depending on the substrate and the real-time display on the SIMRAD depth sensor at a 177 

current speed of approximately 1–2 knots (ESM 1). For detail of trawling procedures see Norcross et al. 178 

(2010).  179 

Epibenthic invertebrates from whole trawl catches or a defined, well-mixed subsample were 180 

sorted to the lowest taxonomic level possible. We excluded taxa that were clearly pelagic (specifically 181 

jellyfish, hyperiid amphipods and euphausiids) or clearly infaunal (specifically infaunal clams and many, 182 

mostly sedentary polychaete families) because they are not caught quantitatively with the trawl and 183 

represent accidental captures.  We consulted Degen and Faulwetter (2019) and where in doubt, we 184 
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included taxa; very few hyperbenthic taxa were encountered and they were included. Voucher samples 185 

were preserved to later confirm questionable field identifications in consultation with taxonomic 186 

experts listed in the acknowledgments. Several taxa within the groups Nemertea, Porifera, Bryozoa and 187 

Sipuncula remained at a higher taxon level because of lacking available expertise. Taxon names were 188 

standardized to the World Register of Marine Species as the most widely accepted standard for current 189 

names of marine species. Weight per taxon was determined on board the ship using digital hanging 190 

scales.  191 

A total of 136 stations on the central Beaufort Sea shelf and slope were included in this study 192 

ranging from 3 m to 1163 m depth (Figure 1). Stations sampled as part of the US-Canada Transboundary 193 

Fish and Lower Trophic Communities project in 2013 (44 stations) and 2014 (48 stations) occurred along 194 

transects perpendicular to shore at  target sampling depths of 20 m, 50 m, 100 m, 200 m, 350 m, 500 m, 195 

750 m, and 1000 m. Stations sampled as a part of the Arctic Nearshore Impact Monitoring in 196 

Development Area (ANIMIDA) III project in 2014 (26 stations) and 2015 (18 stations) were placed 197 

following a random tessellated grid design and ranged from 3 m to 302 m. The stations were assigned to 198 

the above-mentioned water masses based on their water depth (Table 1). Bottom water temperature 199 

and salinity data collected at 2 – 5 m above bottom at each station, with larger distances on the slope of 200 

up to 10 m, from Conductivity Temperature Depth (CTD) deployments were used to explore how closely 201 

our predetermined water mass affiliations matched with groupings based on actual physical 202 

measurements (Figure 2). Overall, we found a good match between the two metrics, with some scatter 203 

especially in the Coastal Zone and the Polar Mixed Layer, likely due to the highly spatio-temporal 204 

heterogeneous nature of these zones (Weingartner et al. 2017). We deemed our a priori assignment 205 

appropriate to represent the water masses of the region and used those for all further analyses (Figure 206 

3a). 207 

Data Analysis 208 

Epibenthic biomass was the metric used for all analyses because it included colonial taxa such as 209 

Porifera, Hydrozoa, Bryozoa, colonial Ascidiacea, etc., which cannot be enumerated as individuals, 210 

would be excluded from count-based assessments, reducing by 14%, on average, the taxon richness per 211 

station. Hence, biomass patterns present a more complete picture of epibenthic assemblages. 212 

Significant differences of total biomass, taxon richness (number of taxa) and evenness (Pielou’s 213 

evenness J’= H’/log(S)) among water masses were tested with one-way ANOVAs and pairwise 214 
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comparisons of means using R (www.r-project.org, V3.5.0). All maps were produced using ArcGIS 215 

(ArcMap 13.0) and assemblage value breaks were determined by Jenks’ natural breaks. 216 

All multivariate statistical analyses of epibenthic assemblage patterns were done in Primer-e V7. 217 

Biomass data were square-root transformed to reduce the influence of taxa with very large biomass 218 

while still maintaining the overall dominance structure of the assemblage. To test the significance of 219 

station groupings based on a Bray-Curtis similarity matrix by water mass affiliation, a Permutational 220 

multivariate analysis of variance (PERMANOVA) was used with “water mass” as a fixed factor. As an 221 

exploratory tool we used a non-metric Multidimensional Scaling (nMDS) plot to depict differences 222 

among assemblages classified by water mass. In support of the nMDS, a cluster diagram based on a 223 

Bray-Curtis similarity matrix was also conducted (ESM 3). The taxa that contribute most to characterizing 224 

epibenthic assemblages by water mass were identified with a Similarity percentages (SIMPER) routine (), 225 

which provides the similarity contribution of each taxon (Contribution, %) and their combination 226 

(Cumulative, %). We chose to represent here only those taxa that individually contributed 5% or more to 227 

similarity within a water mass. 228 

Differences in biogeographic affinities among water masses were explored qualitatively through 229 

relative percentage (number of taxa and biomass) graphs and shade plots (provided in ESM 4-7). 230 

Results 231 

Epibenthic assemblage structure 232 

The mean biomass for the study region was 377 g ww/1000 m2 (± 576 (sd)). The biomass varied 233 

by three orders of magnitude across all stations from 4 to 3,968 g ww/1000 m2 (Figure 3b). Stations with 234 

higher biomass were mostly located on the outer shelf and upper slope of the central study area, 235 

corresponding predominantly to the Polar Mixed Layer and Arctic Halocline abutting the seafloor. 236 

Stations under the influence of the Coastal Zone and the Canada Basin Deep Water typically had the 237 

lowest biomass (Figure 3b). By phylum, Echinodermata accounted for 67% of the total biomass across all 238 

stations, followed by Arthropoda (10%), Mollusca (9%), Cnidaria (7%), Annelida (3%), and Porifera (2%). 239 

All other phyla combined accounted for only 1.4% of the total biomass (Bryozoa (0.6%), Chordata (0.5%), 240 

Nemertea (0.2%), Sipuncula (0.1%), Platyhelminthes (< 0.1%), and Brachiopoda (< 0.1%)). Across all 241 

stations, three echinoderm taxa accounted for 38% of the total biomass, the sea cucumber Psolus 242 

peronii (22%), and the brittle stars Ophiocten sericeum (10%) and Ophiopleura borealis (6%). The mean 243 
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epibenthic abundance of the study region was 5,985 ind./1000 m2 (± 10,092 (sd)). The abundance per 244 

station varied largely from 12 to 5,641 ind. /1000 m2. 245 

The mean number of taxa per station in the study region was 30 (± 11), with a total of 332 taxa 246 

found during the study. The distribution of number of taxa varied by one order of magnitude across all 247 

stations, from 5 to 65 taxa per station (Figure 3c). By phylum, Arthropoda contained the greatest 248 

number of taxa (114), followed by Mollusca (81), Annelida (44), and Echinodermata (39) across the 249 

study region. Taxon richness within Bryozoa (22), Cnidaria (20), Porifera (9), Brachiopoda (1), Nemertea 250 

(1), and Platyhelminthes (1) was underestimated because of a lack of taxonomic resolution in those 251 

phyla. Number of taxa was highly variable under the Coastal Zone with some of the highest and some of 252 

the lowest value stations corresponding to this water mass. High taxon richness also occurred under the 253 

Polar Mixed Layer but typically decreased in deeper water masses (Figure 3c).  254 

The mean biomass, taxon richness and evenness varied significantly across water masses 255 

(ANOVAs, p-values < 0.05) (Tables 2 and 3). Biomass and taxon richness in the Polar Mixed Layer (47% of 256 

total biomass and 29% of total taxa) were significantly higher than those in both the Atlantic Water (8% 257 

biomass and 14% taxa) and the Canadian Basin Deep Water (5% of biomass and 12% of taxa) (Tables 2 258 

and 3). Biomass and taxon richness were significantly different between The Arctic Halocline and the 259 

Canadian Basin Deep Water, and biomass was significantly different between the Arctic Halocline and 260 

the Atlantic Water (Tables 2 and 3). Coastal Zone epibenthic biomass (7%) was significantly lower than in 261 

the Arctic Halocline (33%), and lower in taxon richness (23% for Coastal Zone) than in the Polar Mixed 262 

Layer (29% of taxa) (Tables 2 and 3). In terms of taxa evenness (Pielou’s evenness index), the values 263 

across water masses were intermediate and showed little variation (ranging from 0.55 to 0.65). Though 264 

evenness was significantly across water masses, the pairwise comparison of means revealed that the 265 

differences between communities by water mass were only significant between the Polar Mixed Layer 266 

and the Arctic Halocline communities (Tables 2 and 3). Epibenthic square-root transformed abundance 267 

did not vary significantly across water masses. 268 

 Epibenthic assemblage composition significantly differed among water masses (PERMANOVA 269 

Pseudo-F = 19.11, P(perm) = 0.0001; Table 4), with significant pairwise comparisons across all water 270 

masses (P(perm) =0.001; Table 5). Epibenthic assemblages under the Canadian Basin Deep Water were 271 

the most dissimilar to assemblages under the Polar Mixed Layer and the least dissimilar to those in the 272 

Atlantic Water (Table 5). These relationships were also well reflected in multi-dimensional space, where 273 

assemblages under the same water mass affiliation clearly grouped together (Figure 4, ESM 3).  274 
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With the exception of the Coastal Zone, taxa that contributed most to assemblage similarity 275 

within each water mass belonged to the phylum Echinodermata (Table 6). Similarity within the Coastal 276 

Zone assemblages was mostly driven by members of the Arthropoda. The number of taxa contributing 277 

≥5% to similarity within each of the water masses ranged from four to six taxa. Several species were 278 

characteristic across multiple water masses, e.g., the brittle star Ophiocten sericeum across the three 279 

upper water masses, and the sea star Pontaster tenuispinus in the deeper three water masses (Table 6).  280 

Comparing across water masses, the distribution of biomass differed at the phylum level (Figure 281 

5). Within the Echinodermata, 45% of all taxa had more than 50% of their biomass concentrated in the 282 

Arctic Halocline (Figure 5a). Many echinoderm taxa also had a high proportion of their biomass 283 

concentrated in the upper slope area of the Polar Mixed Layer but only a low number of taxa had high 284 

biomass in the Coastal Zone (Figure 5a). Arthropoda and Mollusca both had high numbers of taxa with 285 

high biomass (>50%) in the Coastal Zone (25% of all arthropod and 31% of all mollusk taxa) and in the 286 

Polar Mixed Layer (35% of all arthropod and mollusk taxa) (Figures 5b and 5c). Among Arthropoda and 287 

Mollusca, fewer taxa with high biomass were present in the three deeper water masses. Across all phyla, 288 

the Atlantic Water and the Canadian Basin Deep Water had the fewest taxa with high biomass 289 

concentrated in these water masses. Differences in the distribution of biomass of individual taxa among 290 

water masses are visualized in shade plots (ESM 4 – 7.pdf). 291 

Biogeographic patterns 292 

Some biogeographic patterns were consistent across Echinodermata, Mollusca, and 293 

Decapoda/Isopoda (Figures 6 and 7). Common trends across all groups were the virtually zero biomass 294 

of Pacific Boreal Arctic taxa in the Atlantic Water and the Canadian Basin Deep Water, e.g., only 0.002% 295 

of echinoderm and 0.4% of decapod/isopod biomass with Boreal Pacific Arctic biogeographic affinity 296 

occurred in the Canadian Basin Deep Water. Also, Bathyal species biomass was exclusively found in the 297 

Atlantic Water and the Canadian Basin Deep Water (Figures 6 and 7). In addition, consistent across all 298 

taxonomic groups was the presence of Atlantic Boreal Arctic, Boreal Arctic and Arctic taxa in all water 299 

masses; however, biomass or taxon proportion of these biogeographic affinities across water masses 300 

differed for the different taxonomic groups (Figures 6 and 7).   301 

The proportion of epibenthic biomass within the various biogeographic affinities showed some 302 

differences between Echinodermata, Mollusca, and Decapoda/Isopoda. For mollusks and echinoderms, 303 

there was a clear increase in biomass of Atlantic Boreal Arctic taxa with depth, particularly in the 304 
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Atlantic Water and Canadian Basin Deep Water, while this was not the case for decapods/isopods 305 

(Figures 7a and 7b). Boreal Arctic taxa biomass was lowest in the Atlantic Water and Canadian Basin 306 

Deep Water in Mollusca and Echinoderm, but not in Decapoda/Isopoda (Figure 7a and 7b). However, 307 

these patters did not hold true for decapods-isopods, for neither Atlantic Boreal Arctic nor boreal Arctic 308 

taxa biomass (Figure 7c). The distribution of biomass of Arctic taxa among water masses did not show a 309 

consistent pattern across taxonomic target groups (Figure 7). Most of the Arctic affinity mollusk biomass 310 

was concentrated in the Polar Mixed Layer and Coastal Zone, while Arctic affinity echinoderms biomass 311 

was higher in the Arctic Halocline water mass, albeit being overall very low. In contrast, 312 

decapods/isopods with Arctic affinity had maximum biomass proportion in the Atlantic Water. In terms 313 

of number of taxa, there was a relatively uniform distribution of biogeographic affinities across water 314 

masses for all taxonomic target groups (Figure 7).  315 

Discussion  316 

Epibenthic assemblage structure 317 

We hypothesized that epibenthic biomass as well as assemblage structure change in accordance 318 

with water masses from coastal to bathyal depths, and overall, our results supported this hypothesis. In 319 

the Coastal Zone, at depths shallower than 35 m, overall biomass was low. Biomass-dominant taxa in 320 

the Coastal Zone, including highly mobile decapod shrimps (Eualus gaimardii, Sabinea septemcarinata), 321 

the ophiuroid Ophiocten sericeum, amphipods (e.g., Anonyx sp.), and the isopod Saduria entomon, have 322 

in common that they are tolerant to the dynamic shallow-water habitat (Hagerman and Szaniawska 323 

1988; Steffens et al. 2006). This coastal habitat is strongly affected by freshwater discharge from the 324 

multiple rivers draining into the Beaufort Sea (Dunton et al. 2006; Macdonald and Yu 2006; Mahoney et 325 

al. 2014), and is characterized by mobile sediments (often sandy bottoms) and strong ice scour, 326 

disturbances that limit the development of high benthic biomass (Conlan and Kvitek 2005). The mobile 327 

taxa typical for the Coastal Zone can either avoid larger disturbances by moving away, or they have large 328 

tolerance windows towards environmental conditions such as low salinity. While biomass of these 329 

coastal assemblages was typically low, species richness was occasionally surprisingly high, especially 330 

within the amphipods. Perhaps the reason is that the disturbance regime in the Coastal Zone enhances 331 

coexistence of species because of their differing responses to the disturbance-induced variability in 332 

resources and environmental conditions (Roxburgh et al. 2004). Most taxa in this zone have omnivorous 333 

and highly plastic feeding habits that allow them to capitalize on the large variety of food sources 334 
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available in the Coastal Zone, such as the mix of terrestrial and marine organic matter (Dunton et al. 335 

2006; Divine et al. 2015; Bell et al. 2016; Harris et al. 2018).  336 

Total biomass was generally highest in the Polar Mixed Layer and the Arctic Halocline, 337 

approximately between 35 – 200 m depth. Epibenthic assemblages in this depth range are exposed to 338 

more stable environmental conditions than in the shallower, disturbed Coastal Zone, and receive a 339 

stronger flux of more labile food particles from surface production (Roy et al. 2015; Bell et al. 2016). 340 

Dominant taxa in the shelf zone vary in relation to oceanographic conditions and sediment grain size 341 

structure (Ravelo et al. 2015). One character species of the Polar Mixed Layer was the sea cucumber 342 

Psolus peronii, which occurred mostly between 35 – 50 m depth within the seafloor underlying the Polar 343 

Mixed Layer. This species has an extremely patchy distribution, often contributing >50% to biomass at 344 

those stations where it occurs but being rare at other stations. At that depth range, a previous study 345 

highlighted the presence of shell hash, gravel and boulders interspersed within the soft sediment 346 

(Ravelo et al 2015). The restricted depth distribution and P. peronii’s typical association with coarse 347 

substrates (Glud et al. 2010) may indicate this filter-feeding species requires a combination of sufficient 348 

food particle concentrations and water movement plus hard substrate for attachment. Another highly 349 

abundant character species of the Polar Mixed Layer and the Arctic Halocline was the brittle star 350 

Ophiocten sericeum; however, with its small size, it contributed typically less to overall biomass than 351 

some less abundant but larger species. High densities of this brittle star species are common in many 352 

Arctic shelf regions, such as on the Barents, Kara and Laptev Sea shelves (Piepenburg and Schmid 1996, 353 

1997; Steffens et al. 2006; Galkin et al. 2015) and in the Canadian Arctic (Roy et al. 2014), where it is 354 

known to play important roles in nutrient recycling (Piepenburg et al. 1997). In the Chukchi Sea and on 355 

the Beaufort Sea shelf west to our study region (west of ~150°W), the dominant brittle star species shifts 356 

from O. sericeum to the larger-bodied brittle star Ophiura sarsii (Bluhm et al. 2009; Ravelo et al. 2015). 357 

We previously hypothesized that O. sarsii may have the ability to outcompete O. sericeum in areas 358 

influenced by nutrient-rich water masses, with higher primary production and strong pelagic-benthic 359 

coupling (Ravelo et al. 2016). Another ophiuroid, Ophiacantha bidentata, became prominent in the 360 

deeper Arctic Halocline, which is consistent with patterns in the adjacent Canadian Beaufort Sea (Nephin 361 

et al. 2014) and other regions of the Arctic where O. bidentata starts to replace O. sericeum at 362 

intermediate shelf break depths (Mayer and Piepenburg 1996; Piepenburg and Schmid 1996).  363 

Epibenthic biomass precipitously declined in the deeper water masses of the Atlantic Water and 364 

the Canadian Basin Deep Water. This decline was mostly due to lower densities at greater depth, which 365 
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is similar to patterns found in deeper waters of the Canadian Beaufort Sea (Nephin et al. 2014) and likely 366 

less to decreasing body size. In fact, some of the most dominant taxa at these deeper water masses 367 

were large-bodied sea stars (e.g., Pontaster tenuispinus, Bathybiaster vexillifer, Icasterias panopla) and 368 

ophiuroids (Ophiopleura borealis). This seems contrary to previous observations that Arctic (and global) 369 

benthic deep-sea fauna gets increasingly smaller-bodied with depth (Rex et al. 2006; Wei et al. 2006), 370 

but both these studies in fact show body size decrease is less obvious in epibenthic megafauna than in 371 

macro-infauna and in the upper 1000 m. The maximum depth sampled here (1162 m) is still located on 372 

the Beaufort slope and is likely exposed to more dynamic food supply from downward shelf transport or 373 

upwelling (Bell et al. 2016) than the fauna in the deep-sea plain, where limited food supply is thought to 374 

drive arctic benthic communities and their food webs (Iken et al. 2005; Bluhm et al. 2010; Roy et al. 375 

2015).  376 

At the greater depth of the Atlantic Water and the Canadian Basin Deep Water, species 377 

composition was quite different from the shallower water masses, instead of simply a shift in relative 378 

abundances of the same species. This agrees with patterns found in the adjacent Canadian Beaufort Sea 379 

where species turnover (β diversity) was particularly high on the mid-slope (Nephin et al. 2014). Among 380 

the sea stars characteristic of the epibenthic assemblages in these deeper water masses, Pontaster 381 

tenuispinus started to occur regularly, or to even dominate, below 250 m in the Atlantic Water, which is 382 

shallower than the common depth range for this sea star reported in areas located in the Amerasian and 383 

Eurasian basins (Smirnov 1994). While P. tenuispinus remained common into the Canadian Basin Deep 384 

Water, the more prominent sea star of this deeper water assemblage was the scavenging/predatory 385 

Bathybiaster vexillifer. This deep-sea species obtains food from both phyto-detrital and microbial 386 

sources (Howell et al. 2004), which supports our recent inference that microbial processing of organic 387 

material is an essential component of the slope food web of the Beaufort Sea (Bell et al. 2016). The 388 

dominant ophiuroid in these deep water masses (750 – 1000 m) was Ophiopleura borealis, which is also 389 

known from deep waters (500 m) in the Kara Sea (Galkin et al. 2015) and in Northeast Greenland 390 

(Starmans et al. 1999), although the species’ distribution can be shallower (< 100 m) in cold, arctic water 391 

masses (Aitken and Fournier 1993; Piepenburg and Schmid 1996). This distinct depth zonation in brittle 392 

stars, and the dominant role these different brittle star species play within the epibenthic assemblages 393 

of each of the water masses, showcase the overall importance of brittle stars in Arctic benthic systems 394 

and may indicate resource partitioning among these species (Graeve et al. 1997; Piepenburg 2003).  395 
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Although we only catalogued 332 epifaunal taxa of the estimated >750 combined macro- and 396 

megafaunal benthic invertebrate species occurring on the Beaufort shelf (Piepenburg et al. 2011), 397 

characteristic taxa for the Beaufort Sea shelf and slope were common to other Arctic regions, as 398 

discussed above. Most species similarities, especially in shallower water masses, are with other interior 399 

shelf systems (c.f. Carmack et al. 2015) that are strongly freshwater-influenced, like the Kara Sea (Galkin 400 

et al. 2015). In contrast, some notable species differences occurred to the adjacent Chukchi Sea inflow 401 

shelf, such as the above-mentioned transition of the dominant brittle star species (also see Ravelo et al. 402 

2015). Another noteworthy difference to Arctic inflow shelves was the extremely low abundance of 403 

brachyuran and anomuran crabs, such as the snow crab Chionoecetes opilio and the lyre crab Hyas 404 

coarctatus, which can be epibenthic assemblage dominants in the adjacent Chukchi Sea (Bluhm et al. 405 

2009; Ravelo et al. 2014). We encountered appreciable numbers of snow crab only in the western and 406 

deeper part of our study region, mostly in the Atlantic Water, where individuals were large compared 407 

with the smaller crab size prominent on the adjacent Chukchi Sea shelf (Konar et al. 2014). We also 408 

encountered high abundances of pycnogonids, especially at greater depths ≥750 m in the Canadian 409 

Basin Deep Water in our Beaufort Sea study region, which are reported as common also in the Barents 410 

Sea (Jørgensen et al. 2015), but can otherwise often be a rare group in the Arctic.  411 

In summary, epibenthic assemblage structure was strongly associated with the layers of water 412 

masses along the depth gradient from the shallow coastal shelf to the deep slope of the Beaufort Sea, as 413 

also found for the Canadian Beaufort Sea (Nephin et al. 2014). This is similar to water mass-associated 414 

community structures of zooplankton (Smoot and Hopcroft 2017) and fishes (Majewski et al. 2017) in 415 

the Beaufort Sea. Such patterns may be driven by physiological constraints associated with depth, the 416 

availability and quality of food mediated by surface production, the influences of midwater grazing and 417 

degradation processes on food particle quality, and sinking velocities (e.g., Roy et al. 2015; Bell et al. 418 

2016; Stasko et al. 2018), and/or by biogeographic affinities to water masses.  419 

Biogeographic patterns 420 

This study confirmed our hypothesis that benthic taxa with Pacific Boreal Arctic affinity were 421 

essentially limited to the shelf, primarily to areas under the Coastal Zone and Polar Mixed Layer waters. 422 

The virtual absence of Pacific Boreal Arctic taxa from deep waters confirms findings from earlier studies 423 

(Menzies 1973, Bilyard and Carey 1979), hence showing these earlier conclusions were not simply an 424 

artifact of sparse knowledge of the deep fauna during these earlier years. A recent study on epifaunal 425 

communities in the Chukchi Borderland area confirms the pattern (Zhulay et al. 2019). The underlying 426 
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causes that limit vertical distribution of Boreal Pacific Arctic species are not entirely clear, but appear to 427 

be strongly driven by a combination of today’s propagule supply and Arctic glaciation history.  428 

Propagule supply in the Pacific Arctic is a combination of larvae advected from the south 429 

through Bering Strait and of local reproduction (Parada et al. 2010). Advective inflow transports Pacific 430 

water containing benthic taxa propagules across the Chukchi Sea into the Beaufort Sea, where this 431 

water contributes primarily to the Polar Mixed Layer and Arctic Halocline waters (McLaughlin et al. 432 

1996). This propagule inflow agrees with our observations of Pacific Boreal Arctic species distribution 433 

records in the Polar Mixed Layer water on the Beaufort Sea shelf. Wind-mediated Pacific water 434 

pathways including upwelling events can transport this water to the coastal zone (Okkonen et al. 2009), 435 

which may explain the Pacific Boreal Arctic taxon occurrences in Coastal Zone water. Pacific water that 436 

moves offshore into the Canada Basin’s Polar Mixed Layer and Pacific Halocline also carries some Pacific 437 

holozooplankton and meroplankton (larvae of benthic invertebrates) species (Kosobokova et al. 2011; 438 

Smoot and Hopcroft 2017), but at least the Pacific holozooplankton species do not reproduce there 439 

(Kosobokova et al. 2011). The meroplankton in those studies could not be identified to species, but if 440 

they were Pacific Boreal species they apparently did not successfully settle to the deep seafloor off the 441 

shelf break. Exceptions were the Pacific Boreal hermit crab Pagurus capillatus and the Pacific Boreal 442 

brittle star Amphiodia craterodmeta, which we interestingly also found in the Canadian Basin Deep 443 

Water and believe to be first reports from these depths on the Beaufort Sea slope. The lower depth 444 

range of P. capillatus is given as ~500 m (Vassilenko and Petryashev 2009), while A. craterodmeta does 445 

occur to depths of 1000 m, but so far only on the Pacific and not the Arctic slope (Smirnov, ZIN, 2014 446 

unpubl. manuscript). Along the Beaufort Sea shelf, the Pacific water influence is most strongly seen in 447 

the benthic fauna until ~ 150° W where a biogeographic shift in benthic (Ravelo et al. 2015) and also 448 

pelagic communities (Smoot and Hopcroft 2016) is obvious. This distribution shift agrees with long-term 449 

mooring measurements tracking Pacific waters along the shelf (Pickart et al. 2013).  450 

Processes during and after glaciation events in the Arctic also likely contributed to the 451 

restriction of Pacific Boreal and Pacific Boreal Arctic taxa to the shelf water masses. Pockets of 452 

unglaciated shelf refugia remained in the Pacific Arctic during the arctic glaciation and allowed Pacific 453 

fauna to persist on shelf areas during glaciated times rather than going extinct or being pushed down 454 

the slope (Maggs et al. 2008). In contrast to boreal Atlantic Boreal Arctic and Atlantic boreal taxa, 455 

eurybathy did not seem to have been a biological trait selected for in Pacific Boreal and Pacific Boreal 456 

Arctic taxa during recolonization, as confirmed by the virtual absence of these taxa in deeper water 457 
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masses in our study. Also, the shallow depth of the Bering Strait would have limited the colonization of 458 

Pacific deep-water species into the deep Arctic during the trans-Arctic interchange, certainly for adults 459 

and deep-dwelling larvae both after deglaciation and today. Shelf-dwelling Pacific Boreal and Pacific 460 

Boreal Arctic taxa may be ill-adapted to migrate to and occupy deeper waters. Some Pacific Boreal 461 

invertebrate and fish species such as the crab Telmessus cheiragonus and Bering Flounder are 462 

documented and predicted to increasingly move northward and into the Arctic with warming waters 463 

(Cheung et al. 2009; Sirenko and Gagaev 2007; Mueter and Litzow 2008; Hollowed et al. 2013), but the 464 

currently scarce occurrence of Pacific Boreal and Pacific Boreal Arctic taxa deeper than the shelf break 465 

(Bilyard and Carey 1979; Menzies 1973; Zhulay et al. 2019; this study) suggests new immigrant species 466 

from the Pacific will probably settle on the Chukchi and Beaufort Sea shelves rather than invade the 467 

continental slope and basin waters in the foreseeable future. 468 

Low temperature, often invoked as a driver of species distribution limits through physiological 469 

and other constraints (Peck et al 2004; Hoegh-Guldberg and Bruno 2010), seems an unlikely depth-470 

limiting force for Pacific Boreal Arctic taxa given that water temperature can be lower on large parts of 471 

the Beaufort Sea shelf where these species occur compared with the deeper Atlantic Layer encountered 472 

at the Beaufort Sea slope. Rather, low temperatures prolong larval duration and survival and, thus, 473 

would allow farther dispersal of propagules (Hoegh-Guldberg and Bruno 2010), which may help explain 474 

the occurrence of Boreal Pacific Arctic and Boreal  Pacific species on shelf areas far from the Bering 475 

Strait inflow. 476 

Atlantic Boreal Arctic taxa, in contrast, occurred in all water masses across the full depth range 477 

of our sampling, again confirming our hypothesis of their broad vertical distribution ranges. The 478 

proportion of these taxa of total biomass in deeper water masses (especially Atlantic Water and 479 

Canadian Basin Deep Water) increased substantially for mollusks and echinoderms, albeit not for 480 

decapods and isopods and agrees with the dominance of Atlantic taxa in the Arctic Basins (Krylova et al. 481 

2013; Mironov et al. 2013). A similar although less dramatic increase with deeper water masses was 482 

observed for Atlantic Boreal Arctic taxon richness in all taxon groups. Our results stress the high 483 

connectivity of the North Atlantic’s and Arctic’s faunas in shelf waters and beyond the shelf break. This 484 

finding agrees with a series of recent molecular studies across different taxa demonstrating this strong 485 

Atlantic-Arctic connectivity (polychaetes: Carr et al. 2011; echinoderms: Hardy et al. 2011; bivalves: 486 

Krylova et al. 2013; bryozoans: Kuklinski et al. 2013; amphipods: Tempestini et al. 2018). In today’s 487 

setting, this connectivity is facilitated through the massive inflow of an annual ~ 9-10 Sv of Atlantic 488 
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water into the Arctic (Schauer et al. 2004). In contrast to the Pacific inflow, the Atlantic connection is not 489 

limited to surface waters but extends through much of the water column in Fram Strait (Schauer et al. 490 

2004). This inflow provides ample opportunity for propagules of deep-water or eurybathic species to 491 

spread into the Arctic. Highest faunal similarity between the North Atlantic and Arctic occurs in the 492 

Barents Sea region and extending to Svalbard’s west coast (Krylova et al. 2013), but over geological time 493 

North Atlantic species have clearly dispersed all the way into the Canada Basin and the adjacent 494 

Beaufort Sea slope with the flow of the Atlantic Water and Arctic Deep Water (Bilyard and Carey 1979; 495 

Krylova et al. 2013; this study).  Notably, however, Atlantic Boreal Arctic taxa also occur, and in some 496 

cases even dominate, the shallower water masses on the Beaufort shelf, such as some echinoderm taxa 497 

in the Coastal Zone. Alongside, Atlantic Boreal ARctic decapod and isopod biomass represented an 498 

important fraction of the total biomass of the Coastal Zone, the Polar Mixed Layer and the Arctic 499 

Halocline. This documents that Atlantic Boreal Arctictaxa can compete with species of other 500 

biogeographic affinities on Pacific shelves (Krylova et al. 2013; this study).  501 

Increasing expansions of Atlantic boreal species are being observed and predicted and are 502 

related to documented stronger inflow and/or warming of Atlantic water (Polyakov et al. 2017). Such 503 

species range extensions include, for example, increasing amounts of Atlantic cod north of Svalbard 504 

(Haug et al. 2017), the establishment of the boreal amphipod Gammarus oceanicus off the west and 505 

north coast of Spitsbergen over the past decades (Węsławski et al. 2018), and northward spreading of 506 

the crab Chionoecetes opilio and the Atlantic fish community in the Barents Sea (Fossheim et al. 2015; 507 

Renaud et al., 2015). Underlying the warming of recent decades and related species expansions is, 508 

however, the still-ongoing recolonization of the Arctic after glacial extinctions, a process that has 509 

resulted in terming Arctic fauna ‘immature’ (Zenkevitch 1963, Knox and Lowry 1977, Hardy et al. 2011). 510 

Like Atlantic Boreal Arctic taxa, Boreal Arctic taxa occurred in all water masses, with relatively 511 

little variation in taxon numbers among water masses, but with decreasing biomass proportions in the 512 

deeper water masses (Atlantic Water, Canadian Basin Deep Water). These observations generally agree 513 

with findings for other taxa in the Beaufort Sea, specifically polychaetes (Bilyard and Carey 1979) and 514 

bivalves (Krylova et al. 2013). The high proportion of shelf echinoderms being of Pacific affinity agrees 515 

with Mironov and Dilman’s (2010) finding for that group. Mostly, Boreal Arctic taxa derive from 516 

northward spreading during warmer times from either the Atlantic or the Pacific, and subsequent 517 

persistence in both boreal regions as well as parts of the Arctic (Laakkonen 2015). Future proportion of 518 

Boreal Arctic taxa may decline given large genetic breaks occurring between Pacific and Atlantic-Arctic 519 
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lineages (e.g., for polychaetes), supporting the notion of long-term separation (Carr et al. 2011). The 520 

classification of some species as ‘Amphiboreal’ may, hence, be limited by both our ability to delineate 521 

species based on morphology or molecular divergence thresholds (Hebert et al. 2003) and by ongoing 522 

speciation.  523 

Arctic and Bathyal taxa were the least represented biogeographic affinities in terms of number 524 

of taxa. However, Arctic taxa contributed substantially to biomass in the Coastal Zone and Polar Mixed 525 

Layer (Mollusca) and Atlantic water (Decapoda/Isopoda). Example species of Arctic affinity included the 526 

bivalve Similipecten greenlandicus, the gastropod Colus sabini and the decapod Eualus gamardii (Table 527 

6) which represented as much as 32-40% of the total biomass at stations where they were present. On 528 

the one hand this dichotomy of low taxon number of Arctic affinity but high biomass of these few taxa 529 

documents a current co-existence pattern of Arctic with Boreal Arcticspecies, in which few Arctic species 530 

managed to establish proportionally large biomass.  On the other hand, the fact that it is few Arctic 531 

epibenthic species that maintain currently strong presence in the Arctic shelf systems stresses the need 532 

for a better understanding of the fate of Arctic species in a rapidly changing Arctic environment. In 533 

contrast, not only were there few taxa representing the Bathyal biogeographic affinity, they also added 534 

very little to the overall biomass of the deeper stations. The taxa with Bathyal affinity included two 535 

decapods (Bythocaris biruli and Bythocaris irene) and two echinoderms (the sea star Bathybiaster 536 

vexillifer and the sea cucumber Kolga sp.). 537 

Conclusions and Outlook 538 

Here we demonstrated that gross biomass estimates and community structure differed among 539 

water masses and that Pacific Boreal Arctic and Pacific Boreal taxa were essentially limited to the shelf, 540 

while Atlantic Boreal Arctic and Atlantic Boreal taxa occurred across a broad depth range. The potential 541 

for northward range extensions of boreal marine species and transarctic biotic interchange between the 542 

Atlantic and the Pacific is gaining renewed interest related to climate warming scenarios. We show 543 

Atlantic taxa are already on the Beaufort Sea shelf with little distance left to the boreal Pacific region, 544 

though both the primary northward current flow from the Pacific into the Arctic and competition may 545 

keep them from spreading southward into boreal areas of the opposing ocean.  While few very recent 546 

Arctic transgressions have been documented so far (but see diatom Neodenticula seminae, Reid et al. 547 

2007), several relatively recent post-glacial transgressions suggest present-day trans-Arctic exchange is 548 

conceivable. The mussel Mytilus trossulus in Greenland, for example, is suggested to originate from the 549 

Pacific as a consequence of postglacial long-distance dispersal through Bering Strait (Bach et al. 2018). 550 
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Given the documented increasing warming of Arctic waters, in particular in inflow shelves (Polyakov et 551 

al. 2017), such exchange seems increasingly likely though we consider it less likely that new arrivals of 552 

Boreal Pacific taxa expand to continental slope and basin waters in the foreseeable future. Probably 553 

more likely, however, is quick dispersal across the Arctic in both directions related to increasing ship 554 

traffic, given that ballast water is a well-documented vector for unplanned and undesired transport of 555 

species and such human-aided trans-Arctic transports are considered increasingly likely (Chan et al. 556 

2013). Such upcoming changes in climate and human activities will complicate disentangling 557 

biogeographic patterns in the future, providing some urgency for biogeography mapping as done in the 558 

present work, which could be enhanced through the combination of fossil morphological and modern 559 

molecular tools. 560 
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Tables 863 

Table 1: Beaufort Sea study region water mass classification used in the present study. Published depth 864 

ranges corresponding to each water mass category, the depth range of the sample station and the 865 

number of stations assigned to each water mass are given. For relevant references see methods text. 866 

Water mass category (abbreviation) 
Literature-based 
depth range (m) 

Station 
depth range 

(m) 

Number of 
stations 

Coastal Zone (CZ) 0 - 35 3 - 35 33 

Polar Mixed Layer (PML) 36 - <100 36 - 75 31 

Arctic Halocline (AH) >50 - 250 96 - 230 28 

Atlantic Water (AW) <250 - <750 302 - 702 23 

Canadian Basin Deep Water (CBDW) 750 - 1000 750 - 1163 21 

 867 

  868 
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Table 2: Distribution of epibenthic mean biomass (g ww/1000 m²), abundance (ind./1000 m²), richness 869 

(number of taxa) and evenness (calculated using Pielou's evenness formula) among water masses in the 870 

central Beaufort Sea study region. sd: standard deviation. Coastal Zone (CZ), Polar Mixed Layer (PML), 871 

Arctic Halocline (AH), Atlantic Water (AW), Canadian Basin Deep Water (CBDW). For description of water 872 

mass categories see methods text. 873 

Water mass 
category 

mean biomass (sd) mean abundance (sd) 
mean richness 

(sd) 
mean 

evenness (sd) 

CZ 1,122  (1,213) 2,491  (3,190) 29.2  (15.1) 0.63  (0.1) 

PML 7,789  (7,802) 14,491  (14,539) 37.9  (8.9) 0.55 (0.2) 

AH 5,999  (7,081) 8,882  (10,681) 32.6  (7.6) 0.65 (0.1) 

AW 1,745  (1,656) 700  (555) 25.4  (5.2) 0.57 (0.1) 

CBDW 1,248  (2,199) 843  (971) 22.9  (5.2) 0.56 (0.1) 

 874 

  875 
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Table 3: Significant differences of epifaunal communities in the Beaufort Sea among water mass 876 

categories for biomass, taxon richness and evenness. Only significant values for Tukey’s test (95% 877 

confidence level) are shown for each comparison of means. df: degrees of freedom, SS: sum of squares. 878 

Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water (AW), Canadian Basin 879 

Deep Water (CBDW). For description of water mass categories see methods text. 880 

  881 

Response variable water mass category df SS F-value p-value 

Biomass 
   

4 1,099,000 10.6 0.0001 

CZ vs AH 
   

0.0025 

PML vs AW 
   

0.0010 

PML vs CBDW 
   

0.0010 

AH vs AW 
   

0.0282 

AH vs CBDW 
   

0.0130 

Taxon Richness 
   

4 3,658 9.7 0.0001 

CZ vs PML 
   

0.0046 

PML vs AW 
   

0.0010 

PML vs CBDW 
   

0.0010 

AH vs CBDW 
   

0.0064 

Evenness 

   

4 0.2028 3.549 0.0089 

PML vs AH       0.0218 

  882 
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Table 4: Multi-variate test results showing significant differences in epifaunal community biomass 883 

composition among water masses in the Beaufort Sea. PERMANOVA design used “water mass” as fixed 884 

factor. df: degrees of freedom, SS: sums of squares, MS: mean squares, Pseudo-F: pseudo-F ratio, 885 

P(perm): permutation P-value and perms: unique permutations. 886 

Source  df         SS     MS Pseudo-F P(perm)  perms 

Water mass 4 176,790 44,199 19.11 0.0001 9,845 

Residuals 131 303,060 2,313                         

Total 135 479,860                                

 887 

  888 
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Table 5: Significant differences among epifaunal communities in different water masses. Shown are 889 

results from pairwise comparisons from PERMANOVA analysis. P(perm) was 0.001 across all groups and 890 

number of unique permutations ranged from 997-999. Water mass labels correspond to Coastal Zone 891 

(CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water (AW), and Canadian Basin Deep 892 

Water (CBDW). df: degrees of freedom, t: t statistic. For description of water mass categories see 893 

methods text. 894 

 895 

Water mass Group 
comparisons 

t df 

CBDW – PML 6.26 50 

AW – PML 5.47 52 

AH – CBDW 5.27 47 

CBDW - CZ 4.73 52 

CZ – AW 4.17 54 

AH – AW 3.88 49 

AW – PML 3.72 57 

AH – CZ 3.72 59 

CZ – PML 3.47 62 

CBDW – AW 2.66 42 

 896 

  897 
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Table 6: Taxa that contributed most to the similarity (%) among stations within epibenthic communities 898 

in each water mass. The total community similarity within each water mass is presented in parenthesis 899 

in the water mass column. The individual contribution to within-group similarity of each taxon is 900 

presented in percentage (Contribution, %) as well as their cumulative contribution (Cumulative, %). Only 901 

taxa individually contributing ≥5% similarity are presented here. A: Arthropoda, C: Cnidaria, E: 902 

Echinodermata, M: Mollusca. 903 

Water mass 
(Similarity) 

Taxa (Phylum) 
Av. 

Similarity 
Contribution 

(%) 
Cumulative 

(%) 

Coastal Zone (21%) 

Eualus gaimardii (A) 3.7 17.4 17.4 

Sabinea septemcarinata (A) 1.7 8.2 25.6 

Saduria entomon (A) 1.6 7.6 33.2 

Ophiocten sericeum (E) 1.4 6.5 39.7 

Anonyx sp. (A) 1.2 5.7 45.4 

Polar Mixed Layer 
(37%) 

Psolus peronii (E) 7.9 21.4 21.4 

Ophiocten sericeum (E) 5.5 15.0 36.4 

Similipecten greenlandicus (M) 4.6 12.5 48.9 

Sabinea septemcarinata (A) 2.7 7.4 56.3 

Arctic Halocline 
(34%) 

Ophiacantha bidentata (E) 5.6 16.6 16.6 

Ophiocten sericeum(E) 4.9 14.5 31.1 

Florometra sp. (E) 3.0 9.0 40.1 

Pontaster tenuispinus (E) 2.5 7.4 47.5 

Allantactis parasitica (C) 2.0 5.9 53.4 

Argis spp. (A) 1.7 5.0 58.4 

Atlantic Water 
(37%) 

Pontaster tenuispinus (E) 8.4 22.9 22.9 

Ophiopleura borealis (E) 5.7 15.5 38.4 

Bathybiaster vexillifer (E) 3.4 9.3 47.7 

Icasterias panopla (E) 3.0 8.3 56.0 

Eualus gaimardii (A) 2.9 7.9 63.8 

Canadian Basin 
Deep Water (45%) 

Ophiopleura borealis (E) 13.8 30.5 30.5 

Bathybiaster vexillifer (E)  6.2 13.8 44.3 

Pontaster tenuispinus (E) 6.1 13.4 57.7 

Saduria sabini (A) 2.9 6.4 64.1 

Zoantharia (C) 2.3 5.0 69.1 

 904 

  905 
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Figure Captions 906 

Fig 1 Beaufort Sea study region, stations are color coded by sampling year. Colored arrows represent the 907 

major oceanographic features in the region 908 

Fig 2 Distribution of stations in the Beaufort Sea study region in a salinity versus temperature (°C) plot. 909 

Stations are color coded according to a priori assigned water masses based on their depth distribution 910 

(see text and references for details). Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), 911 

Atlantic Water (AW), Canadian Basin Deep Water (CBDW) 912 

Fig 3 Beaufort Sea study region stations. a. Distribution of stations color coded by a priori designated 913 

water masses. b. Total epibenthic biomass (g ww/1000 m2), represented by the size of the circle at each 914 

station. c. Taxon richness, represented by the size of the circle at each station. Coastal Zone (CZ), Polar 915 

Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water (AW), Canadian Basin Deep Water (CBDW) 916 

Fig 4 Epibenthic assemblage similarity on the central Beaufort Sea shelf and slope, shown in an nMDS 917 

plot based on square-root transformed epibenthic biomass data. Stations are symbolized by water mass 918 

(see text for details). Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water 919 

(AW), Canadian Basin Deep Water (CBDW) 920 

Fig 5 Number of taxa  represented in sampled trawls in the Beaufort Sea study region for Mollusca (a), 921 

Echinodermata (b) and Arthropoda (c), color coded by the proportions of their biomass occurring in 922 

each water mass shown in shades black (100-75% of biomass), red (75-50%), pink (50-25%) and light 923 

pink (25-0.1%). Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water (AW), 924 

Canadian Basin Deep Water (CBDW) 925 

Fig 6 Proportion of epibenthic biomass (a) and number of taxa (b) by biogeographic affinity in each 926 

water mass domain in the Beaufort Sea study area for Mollusca (M), Echinodermata (E), and 927 

Decapoda/Isopoda (D-I). Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic 928 

Water (AW), Canadian Basin Deep Water (CBDW). For biogeographic affinity designation, see methods 929 

text and ESM 2. 930 

Fig 7 Biogeographic affinity of the proportion of epibenthic biomass (left) and number of taxa (right) in 931 

each water mass domain in the Beaufort Sea study area for Mollusca (a), Echinodermata (b) and 932 

Decapoda/Isopoda (c). Coastal Zone (CZ), Polar Mixed Layer (PML), Arctic Halocline (AH), Atlantic Water 933 

(AW), Canadian Basin Deep Water (CBDW). For biogeographic affinity designation, see methods text and 934 

ESM 2. 935 
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 936 

ESM 1: Station table. Station number corresponds to those featured in Figure 1, Figure 3 and ESM 3. 937 

Station name corresponds to station identification assigned during field collections. 938 

Station 
number 

Station name 
Year 

sampled 

Latitude 
(decimal 

degree N) 

Longitude 
(decimal 
degree 
West) 

Depth 
(m) 

Water mass category 

1 A1-100 2013 70.34 -141.12 100 Arctic Halocline 

2 A1-1000 2013 70.60 -141.04 1008 Canadian Basin Deep Water 

3 A1-20 2013 69.72 -141.14 20 Coastal Zone 

4 A1-200 2013 70.37 -141.19 210 Arctic Halocline 

5 A1-350 2014 70.41 -141.05 350 Atlantic Water 

6 A1-50 2013 70.04 -141.08 50 Polar Mixed Layer 

7 A1-500 2013 70.47 -141.02 500 Atlantic Water 

8 A1-750 2013 70.53 -141.03 752 Canadian Basin Deep Water 

9 A2-100 2013 70.49 -141.94 100 Arctic Halocline 

10 A2-1000 2013 70.63 -142.07 988 Canadian Basin Deep Water 

11 A2-20 2013 69.92 -142.23 20 Coastal Zone 

12 A2-200 2013 70.50 -141.91 230 Arctic Halocline 

13 A2-350 2013 70.54 -142.00 352 Atlantic Water 

14 A2-50 2013 70.12 -142.26 50 Polar Mixed Layer 

15 A2-500 2013 70.56 -141.98 506 Atlantic Water 

16 A2-750 2013 70.62 -141.95 757 Canadian Basin Deep Water 

17 A6-100 2013 70.82 -146.06 100 Arctic Halocline 

18 A6-1000 2013 71.02 -146.13 1004 Canadian Basin Deep Water 

19 A6-20 2013 70.43 -146.11 34 Coastal Zone 

20 A6-200 2014 70.89 -146.08 200 Arctic Halocline 

21 A6-350 2013 70.93 -146.07 350 Atlantic Water 

22 A6-50 2013 70.68 -146.09 50 Polar Mixed Layer 

23 A6-750 2013 70.97 -146.03 782 Canadian Basin Deep Water 

24 A6-mid PSBT 2013 70.33 -146.06 30 Coastal Zone 

25 
GRY-100 

PSBT 
2013 70.09 -137.77 100 

Arctic Halocline 

26 
GRY-1000 

PSBT 
2013 70.52 -139.23 960 

Canadian Basin Deep Water 

27 GRY-20 2014 69.70 -136.67 20 Coastal Zone 

28 GRY-200 2013 70.14 -137.98 200 Arctic Halocline 

29 
GRY-350 

PSBT 
2013 70.25 -138.36 350 

Atlantic Water 

30 GRY-50 2013 69.88 -137.22 50 Polar Mixed Layer 

31 
GRY-500 

PSBT 
2013 70.30 -138.49 505 

Atlantic Water 

32 
GRY-750 

PSBT 
2013 70.44 -138.95 756 

Canadian Basin Deep Water 
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33 MAC-100 2013 69.63 -137.97 100 Arctic Halocline 

34 
MAC-1000 

PSBT 
2013 70.59 -139.78 980 

Canadian Basin Deep Water 

35 MAC-200 2013 69.83 -138.40 200 Arctic Halocline 

36 MAC-50 2014 69.46 -137.66 50 Polar Mixed Layer 

37 
MAC-500 

PSBT 
2013 70.30 -139.26 500 

Atlantic Water 

38 TBS-100 2014 70.24 -140.26 100 Arctic Halocline 

39 
TBS-1000 

PSBT 
2013 70.60 -140.37 1007 

Canadian Basin Deep Water 

40 TBS-200 2014 70.27 -140.30 200 Arctic Halocline 

41 TBS-350 PSBT 2013 70.34 -140.39 361 Atlantic Water 

42 TBS-50 2014 70.16 -140.40 50 Polar Mixed Layer 

43 TBS-500 PSBT 2013 70.42 -140.36 505 Atlantic Water 

44 TBS-750 PSBT 2013 70.56 -140.45 750 Canadian Basin Deep Water 

45 A1-100 2014 70.33 -141.07 102 Arctic Halocline 

46 A1-1000 2014 70.62 -141.15 1000 Canadian Basin Deep Water 

47 A1-20 2013 69.72 -141.15 20 Coastal Zone 

48 A1-200 2014 70.37 -141.21 205 Arctic Halocline 

49 A1-350 2013 70.41 -141.05 350 Atlantic Water 

50 A1-50 2013 70.03 -141.02 50 Polar Mixed Layer 

51 A1-500 2014 70.46 -140.99 501 Atlantic Water 

52 A1-750 2014 70.53 -141.06 702 Atlantic Water 

53 A2-100 2014 70.48 -141.92 100 Arctic Halocline 

54 A2-1000 2014 70.63 -142.05 1043 Canadian Basin Deep Water 

55 A2-10-13 2014 69.92 -142.23 13 Coastal Zone 

56 A2-20 2014 69.98 -142.22 22 Coastal Zone 

57 A2-200 2014 70.50 -141.93 213 Arctic Halocline 

58 A2-350 2014 70.54 -142.06 354 Atlantic Water 

59 A2-40-13 2014 70.13 -142.30 43.3 Polar Mixed Layer 

60 A2-50 2014 70.29 -142.14 52.5 Polar Mixed Layer 

61 A2-500 2014 70.56 -141.98 505 Atlantic Water 

62 A2-750 2014 70.61 -141.95 750 Canadian Basin Deep Water 

63 A4-100 2014 70.58 -144.16 100 Arctic Halocline 

64 A4-20 2014 70.20 -144.09 22 Coastal Zone 

65 A4-35 2014 70.30 -144.07 37 Polar Mixed Layer 

66 A4-50 2014 70.46 -144.07 53 Polar Mixed Layer 

67 A5-100 2014 70.72 -145.08 103 Arctic Halocline 

68 A5-1000 2014 70.99 -145.02 1075 Canadian Basin Deep Water 

69 A5-20 2014 70.12 -145.10 20 Coastal Zone 

70 A5-200 2014 70.75 -145.07 200 Arctic Halocline 

71 A5-35 2014 70.33 -145.10 35 Coastal Zone 

72 A5-350 2014 70.84 -145.08 350 Atlantic Water 

73 A5-50 2013 70.55 -145.06 50 Polar Mixed Layer 

74 A5-500 2014 70.94 -145.09 500 Atlantic Water 
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75 A5-750 2014 70.97 -145.02 753 Canadian Basin Deep Water 

76 A6-100 2014 70.82 -146.04 102 Arctic Halocline 

77 A6-1000 2014 71.01 -146.08 973 Canadian Basin Deep Water 

78 A6-1500 2014 71.03 -146.13 1163 Canadian Basin Deep Water 

79 A6-20 2014 70.27 -146.11 23 Coastal Zone 

80 A6-200 2013 70.89 -146.02 200 Arctic Halocline 

81 A6-350 2014 70.92 -145.97 355 Atlantic Water 

82 A6-37 2014 70.45 -146.11 37 Polar Mixed Layer 

83 A6-50 2014 70.64 -146.09 51 Polar Mixed Layer 

84 A6-500 2014 70.96 -146.06 500 Atlantic Water 

85 A6-750 2014 70.97 -146.04 750 Canadian Basin Deep Water 

86 TBS-100 2013 70.25 -140.31 100 Arctic Halocline 

87 TBS-1000 2014 70.60 -140.42 1000 Canadian Basin Deep Water 

88 TBS-200 2013 70.27 -140.33 200 Arctic Halocline 

89 TBS-350 2014 70.34 -140.36 347 Atlantic Water 

90 TBS-50 2014 70.15 -140.37 50 Polar Mixed Layer 

91 TBS-500 2014 70.40 -140.32 500 Atlantic Water 

92 TBS-750 2014 70.56 -140.45 753 Canadian Basin Deep Water 

93 AN14-1 2014 71.32 -152.10 64 Polar Mixed Layer 

94 AN14-1.05 2014 71.08 -152.56 16 Coastal Zone 

95 AN14-10 2014 70.71 -148.79 24 Coastal Zone 

96 AN14-11 2014 70.88 -148.14 44 Polar Mixed Layer 

97 AN14-12 2014 70.67 -147.60 39 Polar Mixed Layer 

98 AN14-15 2014 70.64 -146.69 40 Polar Mixed Layer 

99 AN14-8 2014 70.74 -149.45 19 Coastal Zone 

100 AN14-1C 2014 70.15 -144.80 24 Coastal Zone 

101 AN14-20 2014 70.35 -144.45 39 Polar Mixed Layer 

102 AN14-21 2014 70.27 -143.88 39 Polar Mixed Layer 

103 AN14-22 2014 70.19 -142.89 35 Coastal Zone 

104 AN14-23 2014 70.01 -141.97 35 Coastal Zone 

105 AN14-24 2014 70.26 -141.75 52 Polar Mixed Layer 

106 AN14-25 2014 69.85 -141.70 23 Coastal Zone 

107 AN14-5 2014 70.95 -151.37 19 Coastal Zone 

108 AN14-T3 2014 70.44 -145.82 38 Polar Mixed Layer 

109 AN14-5B (29) 2014 70.58 -148.93 17 Coastal Zone 

110 AN14-6 2014 71.28 -151.56 54 Polar Mixed Layer 

111 AN14-6D 2014 70.75 -150.48 19 Coastal Zone 

112 71-145 2015 70.67 -144.91 96 Arctic Halocline 

113 AN14-7 2014 70.85 -150.06 25 Coastal Zone 

114 AN14-7C (23) 2014 70.92 -152.01 10 Coastal Zone 

115 AN14-16 2014 70.74 -145.92 61 Polar Mixed Layer 

116 71-146 2015 70.96 -145.74 399 Atlantic Water 

117 AN14-L250-5 2014 70.36 -146.11 31 Coastal Zone 

118 143W-2 2015 70.44 -143.61 45 Polar Mixed Layer 
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119 143W-1 2015 70.26 -143.60 37 Polar Mixed Layer 

120 AN14-5(5) 2014 70.44 -147.34 19 Coastal Zone 

121 143W-3 2015 70.55 -143.54 100 Arctic Halocline 

122 143W-4 2015 70.57 -143.60 151 Arctic Halocline 

123 143W-5 2015 70.63 -143.58 302 Atlantic Water 

124 149-200 2015 71.21 -149.35 200 Arctic Halocline 

125 152W0 2015 71.00 -152.38 13 Coastal Zone 

126 152W1 2015 71.19 -152.25 36 Coastal Zone 

127 3A 2015 70.28 -147.07 3 Coastal Zone 

128 5A 2015 70.50 -148.77 9 Coastal Zone 

129 70-142 2015 70.46 -142.38 62 Polar Mixed Layer 

130 70-143 2015 70.36 -142.82 54 Polar Mixed Layer 

131 70-145 2015 70.49 -144.95 43 Polar Mixed Layer 

132 AN14-6F (21) 2014 70.67 -151.21 13 Coastal Zone 

133 AN14-9 2014 70.96 -149.00 36 Coastal Zone 

134 71-147 2015 70.97 -147.40 107 Arctic Halocline 

135 71-149 2015 71.15 -148.41 75 Polar Mixed Layer 

136 71-150 2015 70.94 -151.00 15 Coastal Zone 

 939 
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 941 

ESM2: Biogeographic affinity and source for taxa included in biogeographic analysis. 942 

Mollusca taxa 
Class 

Biogeographic 
affinity Reference 

Bathyarca glacialis Bivalvia 
Atlantic Boreal 
Arctic 

Coan et al. (2000) 

Ciliatocardium ciliatum  Bivalvia Boreal Arctic Coan et al. (2000) 

Hiatella arctica Bivalvia Boreal Arctic Coan et al. (2000) 

Lyonsia arenosa Bivalvia Boreal Arctic Coan et al. (2000) 

Musculus discors Bivalvia Boreal Arctic Coan et al. (2000) 

Musculus glacialis Bivalvia Boreal Arctic Coan et al. (2000) 

Pandora glacialis Bivalvia Boreal Arctic Coan et al. (2000) 

Serripes groenlandicus Bivalvia Boreal Arctic Coan et al. (2000) 

Similipecten 
greenlandicus 

Bivalvia Arctic Coan et al. (2000) 

Bathypolypus arcticus Cephalopoda 
Atlantic Boreal 
Arctic 

http://eol.org/pages/492845/maps 

Benthoctopus sibiricus Cephalopoda Arctic 
http://www.biodiversitylibrary.org/
name/Benthoctopus_sibiricus# 

Adalaria proxima Gastropoda Boreal Arctic Behrens (1991) 

Admete regine Gastropoda Boreal Arctic MacGinitie (1959) 
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Admete solida Gastropoda Boreal Arctic MacGinitie (1959) 

Admete viridula Gastropoda Boreal Arctic Bouchet & Waren (1993) 

Anomalisipho 
verkruezeni 

Gastropoda 
Atlantic Boreal 
Arctic 

Bouchet & Waren (1993) 

Ariadnaria borealis Gastropoda Boreal Arctic MacPherson (1971) 

Aulacofusus brevicauda Gastropoda Boreal Arctic Bouchet & Waren (1993) 

Beringius behringi Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Buccinum angulosum Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Buccinum ciliatum Gastropoda Boreal Arctic MacPherson (1971) 

Buccinum glaciale Gastropoda Boreal Arctic MacPherson (1971) 

Buccinum hydrophanum Gastropoda Boreal Arctic MacPherson (1971) 

Buccinum plectrum Gastropoda Boreal Arctic MacGinitie (1959) 

Buccinum polare Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Buccinum scalariforme Gastropoda Boreal Arctic MacPherson (1971) 

Buccinum solenum Gastropoda Pacific Boreal Arctic Dall (1921) 

Calycidoris geuntheri Gastropoda Pacific Boreal Arctic Kantor  & Sysoev (2006)  

Colus pubescens Gastropoda Arctic Bouchet & Waren (1993) 

Colus sabini Gastropoda 
Atlantic Boreal 
Arctic Atlantic 
Boreal Arctic 

Bouchet & Waren (1993) 

Cryptonatica affinis Gastropoda Boreal Arctic MacGinitie (1959) 

Curtitoma decussata Gastropoda Boreal Arctic MacPherson (1971) 

Curtitoma 
novajasemljensis 

Gastropoda Arctic MacPherson (1971) 

Curtitoma violacea Gastropoda Boreal Arctic MacPherson (1971) 

Cylichna alba Gastropoda Boreal Arctic Behrens (1991) 

Cylichnoides occultus Gastropoda Boreal Arctic Kantor  & Sysoev (2006)  

Diaphana hiemalis Gastropoda Boreal Arctic Kantor  & Sysoev (2006)  

Euspira pallida Gastropoda Boreal Arctic MacGinitie (1959) 

Granotoma albrechti Gastropoda Pacific Boreal Arctic Kantor  & Sysoev (2006)  

Iphinopsis sp. Gastropoda 
Atlantic Boreal 
Arctic 

Bouchet & Waren (1993) 

Lacuna crassior Gastropoda Boreal Arctic Kantor  & Sysoev (2006)  

Lepeta caeca Gastropoda Boreal Arctic MacPherson (1971) 

Limneria undata Gastropoda Boreal Arctic MacPherson (1971) 

Margarites costalis Gastropoda Boreal Arctic MacPherson (1971) 

Margarites 
groenlandicus 

Gastropoda Boreal Arctic MacPherson (1971) 

Margarites helicinus Gastropoda Boreal Arctic MacPherson (1971) 

Neoiphinoe kroeyeri Gastropoda Boreal Arctic Kantor  & Sysoev (2006)  

Neptunea communis Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Neptunea heros Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Neptunea ventricosa Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Nodulotrophon 
coronatus 

Gastropoda Pacific Boreal Arctic Kantor  & Sysoev (2006)  
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Obesotoma japonica Gastropoda Boreal Arctic MacGinitie (1959) 

Obesotoma laevigata Gastropoda Arctic Kantor  & Sysoev (2006)  

Obesotoma simplex Gastropoda Boreal Arctic MacGinitie (1959) 

Obesotoma tenuilirata Gastropoda Boreal Arctic MacGinitie (1959) 

Oenopota harpa Gastropoda Pacific Boreal Arctic MacGinitie (1959) 

Oenopota impressa Gastropoda Pacific Boreal Arctic MacGinitie (1959) 

Oenopota pingelii Gastropoda 
Atlantic Boreal 
Arctic ArcticAtlantic 
Boreal Arctic 

Kantor  & Sysoev (2006)  

Oenopota pyramidalis Gastropoda Boreal Arctic MacGinitie (1959) 

Plicifusus kroeyeri Gastropoda Boreal Arctic MacPherson (1971) 

Propebela arctica Gastropoda Boreal Arctic MacPherson (1971) 

Propebela nobilis Gastropoda Boreal Arctic MacPherson (1971) 

Pyrulofusus deformis Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Retifusus roseus Gastropoda Pacific Boreal Arctic MacPherson (1971) 

Stenosemus albus Gastropoda Boreal Arctic MacPherson (1971) 

Turrisipho lachensis Gastropoda 
Atlantic Boreal 
Arctic ArcticAtlantic 
Boreal Arctic 

Bouchet & Waren (1993) 

Velutina coriacea Gastropoda Pacific Boreal Arctic Kantor  & Sysoev (2006)  

Velutina laevigata Gastropoda Boreal Arctic MacGinitie (1959) 

Velutina velutina Gastropoda Boreal Arctic MacPherson (1971) 

Volutopsius sp. Gastropoda Pacific Boreal Arctic Kantor  & Sysoev (2006)  

Amicula vestita Polyplacophora Boreal Arctic MacGinitie (1959) 

Echinodermata taxa Class 
Biogeographic 

affinity 
Reference 

Bathybiaster vexillifer Asteroidea Bathyal Smirnov (2014a) 

Crossaster papposus Asteroidea 

Atlantic Boreal 
Arctic ArcticAtlantic 
Boreal Arctic Smirnov (2014a) 

Ctenodiscus crispatus Asteroidea Boreal Arctic Smirnov (2014a) 

Henricia sanguinolenta Asteroidea 

Atlantic Boreal 
Arctic ArcticAtlantic 
Boreal Arctic Smirnov (2014a) 

Hymenaster pellucidus Asteroidea Arctic Smirnov (2014a) 

Icasterias panopla Asteroidea Arctic Smirnov (2014a) 

Leptasterias arctica Asteroidea Pacific Boreal Arctic Smirnov (2014a) 
Leptasterias 
groenlandica Asteroidea Boreal Arctic Smirnov (2014a) 

Leptasterias polaris Asteroidea Boreal Arctic Smirnov (2014a) 

Lophaster furcifer Asteroidea 
Atlantic Boreal 
Arctic Smirnov (2014a) 

Pontaster tenuispinus Asteroidea 
Atlantic Boreal 
Arctic Smirnov (2014a) 

Poraniomorpha tumida Asteroidea Arctic Smirnov (2014a) 
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Pteraste jordani Asteroidea Boreal Arctic Smirnov (2014a) 

Pteraste militaris Asteroidea Boreal Arctic Smirnov (2014a) 

Pteraster obscurus Asteroidea 
Atlantic Boreal 
Arctic Smirnov (2014a) 

Urasterias lincki Asteroidea 
Atlantic Boreal 
Arctic Smirnov (2014a) 

Strongylocentrotus 
pallidus Echinoidea Boreal Arctic Smirnov (2014b) 

Kolga sp. Holothuroidea Bathyal Smirnov (2014c) 

Molpadia borealis Holothuroidea 
Atlantic Boreal 
Arctic Smirnov (2014c) 

Myriotrochus rinkii Holothuroidea Pacific Boreal Arctic Smirnov (2014c) 

Ocnus glacialis Holothuroidea Pacific Boreal Arctic Smirnov (2014c) 

Psolus peronii Holothuroidea Pacific Boreal Arctic Smirnov (2014c) 

Eupyrgus scaber Holothuroidea  Arctic Smirnov (2014c) 

Amphiodia craterodmeta Ophiuroidea Pacific Boreal Arctic Martynov and Smirnov (2014) 

Amphiura sundevalli Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Gorgonocephalus sp. Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Ophiacantha bidentata Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Ophiocten sericeum Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Ophiopholis aculeata Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Ophiopleura borealis Ophiuroidea 
Atlantic Boreal 
Arctic Martynov and Smirnov (2014) 

Ophioscolex glacialis Ophiuroidea 
Atlantic Boreal 
Arctic Martynov and Smirnov (2014) 

Ophiura robusta Ophiuroidea 
Atlantic Boreal 
Arctic Martynov and Smirnov (2014) 

Ophiura sarsii Ophiuroidea Boreal Arctic Martynov and Smirnov (2014) 

Stegophiura nodosa Ophiuroidea Pacific Boreal Arctic Martynov and Smirnov (2014) 

Arthropoda taxa Order Biogeographic 
affinity 

Reference 

Bythocaris biruli Decapoda Bathyal Vassilenko and Petryashov (2009) 

Bythocaris irene Decapoda Bathyal Vassilenko and Petryashov (2009) 

Chionoecetes opilio Decapoda Boreal Arctic Vassilenko and Petryashov (2009) 

Eualus gaimardii Decapoda Arctic Vassilenko and Petryashov (2009) 

Eualus macilentus Decapoda Boreal Arctic Vassilenko and Petryashov (2009) 

Hyas coarctatus Decapoda Boreal Arctic Vassilenko and Petryashov (2009) 

Labidochirus 
splendescens 

Decapoda Pacific Boreal Arctic Vassilenko and Petryashov (2009) 

Lebbeus groenlandicus Decapoda Boreal Arctic Vassilenko and Petryashov (2009) 

Lebbeus polaris Decapoda Boreal Arctic Vassilenko and Petryashov (2009) 

Pagurus capillatus Decapoda Pacific Boreal Arctic Vassilenko and Petryashov (2009) 

Pagurus trigonocheirus Decapoda Pacific Boreal Arctic Vassilenko and Petryashov (2009) 

Pandalus goniurus Decapoda Pacific Boreal Arctic Vassilenko and Petryashov (2009) 

Pandora glacialis Decapoda Atlantic Boreal Vassilenko and Petryashov (2009) 
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Arctic 

Sabinea septemcarinata Decapoda 
Atlantic Boreal 
Arctic 

Vassilenko and Petryashov (2009) 

Sclerocrangon ferox Decapoda 
Atlantic Boreal 
Arctic 

Vassilenko and Petryashov (2009) 

Saduria entomon Isopoda Boreal Arctic 
http://www.eol.org/pages/128509/
maps 

Saduria sabini Isopoda Boreal Arctic 
http://www.eol.org/data_objects/2
1428319 

Saduria sibirica Isopoda Pacific Boreal Arctic 
http://www.eol.org/pages/345079/
maps 

Synidotea bicuspida Isopoda Boreal Arctic http://www.eol.org/pages/343135/
maps 

Munnopsis typica Isopoda  
Atlantic Boreal 
Arctic 

http://www.eol.org/pages/325664/
details 

Munnospsurus giganteus Isopoda  
Atlantic Boreal 
Arctic 

http://www.eol.org/pages/325458/
maps 
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