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Abstract 14 
While numerous regional studies of bathymetric zonation of benthic fauna globally have been done, few 15 
large-scale analyses exist, and no ocean-scale studies have focused on the Arctic Ocean to date. In the 16 
present work we, hence, examined bathymetric zonation of macro- and megabenthos over a depth range 17 
spanning from the shelf to the abyssal plain (14 – 5416 m) and regionally extending from the Fram Strait 18 
to the Beaufort Sea (as a whole hereafter called the Central Arctic). Based on 104 quantitative (box-corers 19 
and grabs) and 37 semi- quantitative (trawls) samples compiled from different studies we evaluated 20 
bathymetric zonation patterns in abundance, biomass and diversity, and also compared species 21 
composition among samples. Abundance and biomass decreased with depth from >3000 ind. m-2 and >40 22 
g ww m-2 to ~130 ind. m-2 and <1 g ww m-2 corroborating previous studies. Diversity showed a parabolic 23 
pattern, peaking at ~100-600 m. Cluster analysis revealed four (macrofauna) and five (megafauna) groups 24 
of benthic assemblages, including three that covered the upper and lower continental slope and the abyssal 25 
plains with relatively little overlap (named the Lower Shelf – Upper Slope 1, the Lower Slope and the 26 
Abyss). Substantial changes in benthic community composition were observed at depths 650-950 m 27 
(between the Lower Shelf – Upper Slope 1 and the Lower Slope) and 2600-3000 m (between the Lower 28 
Slope and the Abyss), so we interpreted these two depth horizons as major bathymetric boundaries. The 29 
first boundary (650-950 m) corresponds to the transition from sublittoral to bathyal fauna consistent with 30 
previous studies. The second boundary (2600-3000 m) reflects a decrease in benthic abundance, biomass 31 
and diversity within the Central Arctic abyssal plain. Bathymetric patterns and species overturn of benthos 32 
were relatively uniform throughout the entire Central Arctic continental slope and abyssal plain. For some 33 
regions of the Arctic Ocean, foremost for the area north from Greenland and Canadian Archipelago, 34 
benthic data are still unavailable and further research is needed. 35 
 36 
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1. Introduction 38 

Multiple lines of evidence suggest we can expect that on-going climate change and continuous decline of 39 

sea ice cover will lead to shifts in the Arctic marine ecosystem, eventually affecting benthic biota 40 

(Wassmann et al., 2011; Jansen et al., 2020). In particular, changes in species distributions, benthic 41 

abundance and biomass are expected due to sea ice losses followed by regionally enhanced algal blooms 42 

and subsequent increase of carbon uptake and storage (Meredith et al., 2019). To better understand 43 

possible changes, and perhaps predict them, a solid understanding of large-scale current patterns, derived 44 

from comparable and standardized data on benthic fauna, across all regions of the Arctic Ocean are 45 

required. 46 

Bathymetric distribution of macro- and megabenthic communities was addressed by numerous 47 

studies worldwide (Hedgpeth, 1957; Grassle & Morse-Porteous, 1987; Golikov et al., 1990; Rex & Etter, 48 

2010; Watling et al., 2013), but most consider small-scale basins or regions on scales of hundreds of 49 

kilometers at best. Past studies have examined depth-associated changes for specific seas (for example,  50 

Denisenko et al., 2003; Budaeva et al., 2008; Käß et al., 2019; Vedenin et al., 2015; Ravelo et al., 2020). 51 

Few investigations included the deep Central Arctic Ocean (e.g. Kröncke, 1994; Kröncke, 1998; Deubel, 52 

2000), a still poorly sampled area. From the spotty data Sirenko et al. (1998) produced a schematic map 53 

of the types of benthic communities replacing one another with depth from coastal regions to the base of 54 

the continental slope along a wide band of Eurasian Arctic from the Barents Sea to the Chukchi Sea. More 55 

recently, Piepenburg et al. (2011) and Bluhm et al. (2011; 2020) demonstrated some degree of uniformity 56 

of bathymetric patterns of benthos distribution around the entire Arctic Ocean. 57 

To date, however, few studies have attempted an integration of benthic fauna data from different 58 

Arctic regions and those that have gone beyond a single region showed somewhat differing results or 59 

focused on one benthic size fraction only. For example, from the Barents Sea to the Laptev Sea 60 

macrobenthic communities replaced one another relatively uniformly with depth in five main types of 61 

benthic communities corresponding to the shelf, upper slope, mid-slope, lower slope and abyssal plain 62 

(Vedenin et al., 2018). These same authors reported a peak in species richness at a depth of 100-300 m, 63 

which is shallower than the bathymetric richness peak reported in other bathymetric studies (e.g. 64 

Wlodarska-Kowalczuk et al., 2004 and a meta-analysis by Bluhm et al., 2011). Combining data from 65 

different regions processed by different authors into one data set can introduce bias owing to differences 66 

in sampling methods, protocols and taxonomy, as was summarized in Bluhm et al. (2011) and Vedenin et 67 

al. (2018). Yet, such integration must be the goal if we are to attempt to provide a comparable 68 

understanding of benthic bathymetric zonation based on quantitative taxonomical structure at the scale of 69 

the Arctic Ocean. 70 

In this study, despite the difficulties mentioned, we pooled different data sets on benthic 71 

communities in the Arctic Ocean to analyze patterns of bathymetric distribution over a broad depth range 72 
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(from 14 to 5416 m). We hypothesize that the major patterns of bathymetric distributions of macro- and 73 

megabenthos remain relatively constant across all regions of the Central Arctic Ocean. We use the 74 

approximate position of bathymetric biogeographic boundaries as well as bathymetric trends in 75 

abundance, biomass, and diversity as metrics. Based on earlier findings we also hypothesize that 76 

bathymetric patterns in diversity differ from known patterns in other areas of the World Ocean. Our 77 

geographic scope is large-scale- including the Barents, Kara and Greenland Seas, the Yermak Plateau, the 78 

Beaufort Sea, and the entire Eurasian deep-sea basins. 79 

 80 
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Materials & Methods 81 

2.1.Study Area 82 

We focused on an extensive area of the Arctic Ocean extending across the continental shelf, continental 83 

slope, and abyssal plain. The sampled shelf areas vary in depth and size and include the broad and Barents 84 

Sea that extends down to ~500 m depth, the shallow and broad Kara and Laptev Seas, and the shallow 85 

and narrow Beaufort Sea. The continental slopes vary in steepness and the depth of the abyssal plains 86 

ranges from ~2500 to 4500 m. Several basins and a series of ridges, including the Gakkel, Lomonosov, 87 

Mendeleev and Alpha Ridges divide the abyssal Arctic Ocean north of Eurasia from that off of North 88 

America. The shallow waters of the focal areas differ markedly from one another, mainly because of 89 

differences in river run-off, which is especially prominent on the Siberian (Kara and Laptev Seas) shelf 90 

and in the Beaufort Sea. At ~100-700 m, warmer and more saline waters of Atlantic origin flow through 91 

the eastern Fram Strait into the central Arctic Ocean, thereby warming the water masses along the slopes 92 

of the Eurasian Arctic (Wassmann et al., 2019). The Atlantic layer gradually decreases in temperature as 93 

it travels eastward and into the Amerasian Basin (Bluhm et al., 2020). Below the Atlantic layer, cold 94 

Arctic deep-sea waters straddle the entire Arctic Ocean at depths ~>700-800 m (Bluhm et al., 2020; see 95 

Meltofte, 2013 for detailed hydrology of the Arctic Ocean). Sea ice covers vast areas of the deep-sea 96 

Arctic temporarily or permanently although mean sea ice extent is decreasing rapidly (Wassmann et al., 97 

2011; Jansen et al., 2020).  98 

In particular, our focal areas include Fram Strait, the Yermak Plateau, the Northern Barents Sea 99 

slope, the Kara Sea, the Laptev Sea, the Beaufort Sea and adjacent Canada Basin and the deep-sea Nansen 100 

and Amundsen basins (Fig. 1, 2). Water depths range from 10s of meters in the Kara and Laptev Seas to 101 

over 5000 meters (Molloy Deep in the Fram Strait as our deepest point at 5416 meters). Hereafter we refer 102 

to this focal area as the Central Arctic. 103 

 104 

2.2.Material processing 105 

The total pool of invertebrate macro- and megafauna samples included 141 stations taken during 13 106 

expeditions. We divided all samples into quantitative and semi-quantitative based on the sampling gear 107 

used. Overall we obtained 106 quantitative stations using grabs and corers: the ‘Okean’ grab (0.1 or 0.25 108 

m2 sampling area), USNEL Box-corer and Multibox-corer (Lisitsyn & Udintsev, 1955; Hessler & Jumars, 109 

1974; Gerdes, 1990) (Fig. 1). The sampling area per station varied from 0.023 m2 to 0.75 m2 depending 110 

on the number of subsamples taken from each gear (Table S1), the mesh sizes varied from 0.2 to 0.5 mm. 111 

The final quantitative dataset was compiled from 11 expeditions: the 1991 expedition, where extensive 112 

box-corer sampling was surveyed in the Central Arctic Ocean across the Nansen and Amundsen Basins 113 

(Kröncke, 1994; Kröncke, 1998); the 1995 expedition, where multiple box-corer transects were collected 114 

and published for the continental slope in the Kara and Laptev seas (Anisimova et al., 2003; Sirenko et 115 
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al., 2004); the 1997 expedition to the Yermak Plateau with box-corers presented by Degen et al. (2014); 116 

the 2002 and 2005 expeditions to the Beaufort Sea slope and abyssal plain, the results of macrobenthic 117 

surveys using box corers were published by Bluhm et al. (2005) and MacDonald et al. (2011); the 2007 118 

and 2015 expeditions where a series of grab samples on the shelf and slope of the Kara and Laptev Seas 119 

was obtained (Vedenin et al. 2015; 2018); the 1993 and 2012 surveys in the Central Arctic were performed 120 

using Multibox-corer (Vedenin et al., 2018). the 2012 and 2016 surveys of macrobenthos using box-corers 121 

at the Long-Term Ecological Research observatory “HAUSGARTEN” in the Fram Strait (Vedenin et al., 122 

2016; Käß et al., 2019). 123 

 124 

Fig. 1. Study area indicating the 104 quantitative stations across the Arctic. Specific expeditions are marked by 125 
colour. ARK – RV ‘Polarstern’; 2002-23 – CCGS ‘Louis S. St. Laurent’; HLY05-02 – USCGC ‘Healy’; AMK – 126 
RV ‘Akademik Mstislav Keldysh’. 127 
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 128 

The above listed publications provide species lists with abundance and biomass data (wet weight) 129 

standardized to square meter from these stations. The original samples were re-sorted and re-identified by 130 

a single pool of experts [except for samples in Anisimova et al. (2003), Bluhm et al. (2005) and Macdonald 131 

et al. (2010)] to avoid bias due to possible misidentification of benthic organisms. All taxa names were 132 

verified with use of the World Register of Marine Species database http://marinespecies.org/. 133 

In addition, we obtained material from 37 semi-quantitative samples using Sigsbee and Agassiz 134 

trawls (Eleftheriou & McIntyre, 2005) (Fig. 2), samples were sieved through 1 mm mesh sized sieve, both 135 

total number of individuals and percentage values of abundance for each taxon was calculated. The 136 

expeditions included trawl surveys in the Kara and Laptev seas shelf and adjacent areas of the deep-sea 137 

Central Arctic; again, species lists from trawl samples were previously published (Kim et al., 2006; 138 

Vedenin et al., 2015; Vedenin et al., 2018; Rybakova et al., 2019; Vedenin et al., 2020; Udalov et al., 139 

2020). A complete list of all stations with the expedition name, year, coordinates, depth and sampling area 140 

is given in Appendix Table S1. 141 

 142 

 143 
Fig. 2. Study area indicating the 37 semi-quantitative stations across the Eurasian Arctic. Specific 144 
expeditions are marked by colour. ARK – RV ‘Polarstern’; AMK – RV ‘Akademik Mstislav Keldysh’; 145 
PSh – RV ‘Professor Shtokman’. 146 
 147 
2.3. Statistics 148 

We used abundance, biomass and diversity indices calculated for quantitative samples as summary metrics 149 

for each station. For semi-quantitative (trawl) samples we calculated diversity indices only because it is 150 

impossible to normalize the abundance and biomass per square area (Eleftheriou & McIntyre, 2005). 151 
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Diversity metrics included number of taxa per sample, Shannon index (Shannon & Weaver, 1963), 152 

Pielou’s evenness (Pielou, 1966; McCune et al., 2002) and Hurlbert rarefaction per 100 individuals (ES-153 

100) (Hurlbert, 1971) which is suited to compare different sample sizes (Magurran, 2004). In addition, 154 

because of the low macrobenthic abundance in some samples, we extrapolated diversity using Hill 155 

numbers (q = 0) for 50 individuals (further referred to as ‘Hill 50 extrapolated’). Chao et al. (2014) 156 

introduced this method and provided the detailed algorithms for extrapolation (see Appendix Table S2). 157 

We calculated Hill numbers using original non-transformed number of individuals in each sample. 158 

We estimated similarity between all quantitative and (separately) among all trawl samples using 159 

Bray-Curtis similarity based on sample abundances (macrofauna) and number of individuals in trawl haul 160 

(megafauna): 161 

𝐶𝐶𝐵𝐵𝐵𝐵 = 200
∑ min {𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖}
𝑆𝑆12
1

∑ 𝑥𝑥𝑖𝑖 + ∑ 𝑦𝑦𝑖𝑖
𝑆𝑆2
1

𝑆𝑆1
1

, 162 

where CBC is the similarity value, xi and yi are the abundances of i-th species in sample 1 and 2, S1 and 163 

S2 are the species richness of sample 1 and 2 and min{xi,yi} is the smaller abundance value of i-th species 164 

shared for samples 1 and 2 (Bray & Curtis, 1957; Clarke et al., 1996). Noting the sensitivity of Bray-165 

Curtis to sample size differences (Chao et al., 2006) we also employed two other indices – the Morisita-166 

Horn similarity index:  167 

𝐶𝐶𝑀𝑀𝑀𝑀 = 2
∑ (𝑥𝑥𝑖𝑖𝑆𝑆1

𝑦𝑦𝑖𝑖
𝑆𝑆2

)𝑆𝑆12
1

∑ (𝑥𝑥𝑖𝑖𝑆𝑆1
)2 + ∑ (𝑦𝑦𝑖𝑖𝑆𝑆2

)2𝑆𝑆2
1

𝑆𝑆1
1

, 168 

and the quantitative Sørensen similarity index: 169 

𝐶𝐶𝑆𝑆 =
2𝑈𝑈𝑈𝑈
𝑈𝑈 + 𝑉𝑉

, 170 

Where U and V are total relative abundances of those species in sample 1 and, respectively, sample 2, that 171 

are shared, i.e. present in both samples (Horn 1966; Chao et al., 2006). 172 

Quantitative samples were analyzed untransformed and square-root transformed depending on 173 

specific metric used (Bray-Curtis similarity was calculated based on the untransformed data to accentuate 174 

the quantitative differences in species composition); semi-quantitative samples (data on simple number 175 

of individuals of each taxon) were fourth-root transformed to reduce the dominant taxa bias, as one-two 176 

taxa often contribute over 50% of the total abundance in the trawl samples (Galkin & Vedenin, 2015). 177 

Hierarchical clusters were generated using the UPGMA-algorithm, i.e. group-average (Clarke et al., 178 

1996). The similarity profile routine (SIMPROF) was used at the significance level of 0.01, to test for 179 

statistical significance of clusters (Clarke & Warwick, 2001). We identified different benthic assemblages 180 

based on quantitative faunal similarity in the dendrogram by slicing above the statistically insignificant 181 

nodes outlined with the SIMPROF routine. Identified assemblages were tested with Permutational 182 

multivariate analysis of variance (PERMANOVA) (Andersen, 2005). Hereafter we avoid the term 183 
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‘benthic community’ because of the debate over the specific definition of this term, and replace it with 184 

‘benthic assemblage’. Non-parametric Kruskal-Wallis tests followed by Dunn’s post-hoc tests verified 185 

differences between identified assemblages for abundance, biomass and diversity (Marshall, 2019). 186 

Similarity percentages analysis based on the Bray-Curtis dissimilarity (SIMPER) was used for identifying 187 

character species contributing most to cluster differences (Clarke & Warwick, 1994). We then plotted the 188 

identified benthic assemblages along the depth axis to visualize bathymetric structure within the study 189 

area. 190 

Statistical analysis used PAST 3.0, Primer V6, IBM SPSS statistics and Microsoft Excel 2010 191 

software (Clarke & Warwick, 2001; Hammer et al., 2001; Marshall, 2019). Hill numbers, Morisita-Horn 192 

and quantitative Sørensen similarity indices were calculated using original Python 3.8 scripts using 193 

NumPy, Pandas, Scipy, Scikit-bio, Scikit-learn, Math, and Matplotlib libraries 194 

(https://www.python.org/downloads/release/python-380/). The scripts are available in Appendix S3. 195 

Maps were built using Ocean Data View software (Schlitzer, 2020). 196 

 197 
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3. Results 198 

3.1.Quantitative samples 199 

Abundance and biomass values varied greatly, from 12 ind. m-2 (at st. 2012-229) to 8861 ind. m-2 (st. 200 

1993-31) and, from 0.004 g ww m-2 (st. 2002-AL10) to 2316.500 g ww m-2 (st. 1995-93), respectively. 201 

The number of species per station varied from 2 (at several stations, including sts. 1997-2833, 1997-2847, 202 

1997-2849-7, 1997-2868 and 2012-229) to 120 (st. 1995-93), recognizing taxon numbers are affected by 203 

area sampled. Sampling area was smallest at st. 1993-20 (0.023 m2) and largest at sts. 2015-5225 and 204 

2015-5227 (0.750 m2), see Table S1 for details. Smaller variation characterized diversity indices: ES-100 205 

differed from 2 (same stations as for lowest number of species per station) to 44 (st. 1993-40); Hill 206 

50 extrapolated numbers varied from 2 (st. 2012-229) to 30 (st. 1997-2837); Pielou’s evenness varied 207 

from 0.48 (st. 2005-5) to 1 (st. 2012-229) and Shannon index varied from 0.58 (st. 1997-2868) to 3.93 (st. 208 

1993-40). For details, see Appendix Table S5. A complete list of individual taxa abundances per station 209 

is given in Appendix Table S6. 210 

Cluster analysis with SIMPROF test based on Bray-Curtis similarity identified four distinct clusters 211 

(= benthic assemblages) at 6% similarity, including all but two stations (Fig. 3). We identified the clusters 212 

as the Lower Shelf - Upper Slope 1, Lower Shelf - Upper Slope 2, Lower Slope and Abyss assemblages. 213 

Lower Shelf - Upper Slope 2 was defined based on lower similarity level (4) due to taxonomical peculiarity 214 

(described in this subsection below) (Fig. 3). The names of the clusters were chosen according to the 215 

geographic and bathymetric position of the station, explained below (Fig. 4). PERMANOVA showed 216 

significant results with p-value < 0.001 (Fig. 3). Non-parametric Kruskal-Wallis test found significant 217 

differences between most clusters in terms of the community parameters, including abundance, biomass 218 

and diversity metrics (Table 1). 219 
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 220 
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Fig. 3. Cluster analysis of quantitative stations using Bray-Curtis similarity index with SIMPROF results. Red lines 221 
indicate branches and nodes not statistically significant at p<0.01. Marker colour and shape indicate benthic 222 
assemblages, defined at a similarity level of 6 percent; similarity is plotted on a logarithmic scale. Enclosed the 223 
PERMANOVA results are shown. 224 

 225 

Morisita-Horn or Sørensen similarity indices yielded similar results, with the Lower Shelf - Upper 226 

Slope 1 assemblage containing almost identical stations to the Bray-Curtis dendrogram. However, 227 

compared to the Bray-Curtis dendrogram, several stations shifted between the Lower Slope and Abyss 228 

assemblages, whereas the Lower Shelf - Upper Slope 2 assemblage became indistinct (Supplementary 5, 229 

Fig. S-1, S-2). Given that all 3 indices yielded generally comparable results, and that some of the statistical 230 

methods work only with Bray-Curtis similarity, we based plots and figures in the main text on Bray-231 

Curtis similarities. 232 

The benthic assemblages were distributed within specific depth ranges, with three forming 233 

consistent depth bands that spanned the study area – the Lower Shelf - Upper Slope 1, the Lower Slope 234 

and the Abyss (Fig. 4). 235 

 236 

Table 1. Mean values of benthic abundance, biomass and diversity of each assemblage and results of Kruskal-Wallis 237 
and Dunn’s post-hoc tests for quantitative samples.  238 

Group 
Mean values ± SD   Kruskal-Wallis 

Dunn's post-hoc 
comparisons (1) Lower Shelf - 

Upper Slope 1 
(2) Lower 

Slope (3) Abyss (4) Lower Shelf - 
Upper Slope 2   Chi 

square p 

Quantitative samples 

Number of samples 18 59 19 6  - - - 

Abundance (ind m-2) 3845 ±2020 805 ±453 134 ±156 3694 ±2765  73.08 <0.001 1-2; 1-3; 1-4; 2-3; 2-4 

Biomass (g ww m-2) 44 ±75 4 ±5 0.8 ±1.1 633 ±901  57.63 <0.001 1-2; 1-3; 2-3; 2-4 

Species number 70 ±23 28 ±20 8 ±6 57 ±45  51.15 <0.001 1-2; 1-3; 2-3; 3-4 

ES-100 34 ±8 20 ±10 8 ±6 24 ±12  45.61 <0.001 1-2; 1-3; 2-4; 3-4 

Hill 50 extrapolated 24 ±5 18 ±6 11 ±8 17 ±7  29.66 <0.001 1-2; 1-3; 1-4; 2-3 

Numbers in Dunn’s post-hoc comparisons column indicate corresponding group of benthic assemblages, revealed 239 
with Bray-Curtis similarity.  240 
 241 
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242 
Fig. 4. Distribution of groups of benthic assemblages (color-shape-coded) based on quantitative samples 243 
(Bray-Curtis similarity). Colours and shapes of markers are the same as in Fig. 3. 244 

 245 

Each of the identified assemblages was generally weakly structured within clusters on the 246 

dendrogram. One exception included station groups of high similarity (> 50%) in the Fram Strait area 247 

(2012 and 2016 stations on Fig. 1, e.g. HGIV, S1-S3, N1-N5) within the Lower Slope assemblage.  Second 248 

exception were the Beaufort Sea stations (2002 and 2005 stations on Fig. 1) grouped separately within the 249 

Lower Shelf – Upper Slope 2 group and, to a lesser extent, within the Lower Slope group (Fig. 3). 250 

The SIMPER analysis based on Bray-Curtis similarity identified the most characteristic species 251 

according to their mean contribution to differences between the assemblages (taxa with cumulative 252 

contribution up to 70% are shown, Table 2). In the Lower Shelf - Upper Slope 1 group the bivalve Yoldiella 253 

solidula was the most characteristic species, followed by the polychaetes Prionospio cirrifera, Spiophanes 254 

kroyeri and Tharyx sp. The polychaetes Galathowenia fragilis, Myriochele heeri, Chaetozone jubata and 255 
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Prionospio sp. contributed most to the Lower Slope cluster. The polychaetes Anobothrus laubieri, 256 

Ophelina opisthobranchiata, Aricidea spp. and Tharyx sp. and sponge Thenea abyssorum were primarily 257 

responsible for separating the Abyss group. In the Lower Shelf - Upper Slope 2 assemblage, the 258 

polychaetes Bushiella (Jugaria) similis, sponges Demospongiae gen. sp. and the bryozoans Tubulipora 259 

fruticosa were of primary importance (Table 2). 260 

Changes in the summary metrics with depth indicated several patterns. Abundance and biomass 261 

gradually decreased with depth (Fig. 5 a,b) except for samples from the Lower Shelf - Upper Slope 2 262 

assemblage. Exponential trend lines produced the best approximations. The species number and 263 

extrapolated Hill 50 values changed parabolically with maximum values in the ~100-500 m depth range 264 

(Fig. 5 c,d). For diversity values, polynomial trend lines provided the best approximations given by the 265 

equations and R2 values (Fig. 5). The Hill 50 values of Lower Slope and Abyss stations decreased with 266 

depth more slowly than other diversity measures due to extrapolation of diversity considering the 267 

potentially unsampled taxa (Fig. 5 d, Fig. 6). The ‘true’ rarefactions (Fig. 6) are denoted with continuous 268 

lines ending with large circles, with dashed lines showing the extrapolated rarefaction with larger values 269 

of expected number of species per 50 individuals (Fig. 6).  270 

 271 
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Table 2. Results of SIMPER analysis of quantitative samples with values of average abundance, average dissimilarity 272 
and percentage contribution of taxa within retrieved groups of assemblages individually and cumulatively. First several 273 
most significant taxa in each assemblage are marked in grey. 274 

Group Species 

Average abundance (ind. m-2) 
Average 

Dissimilarity 
Dissimilarity/ 

SD 
Contribution 

(%) 
Cumulative 

(%) Lower Shelf - 
Upper Slope 1 

Lower 
Slope Abyss Lower Shelf - 

Upper Slope 2 

Pol Bushiella (Jugaria) similis 0 0 0 363.1 5.6 0.8 5.7 5.7 
Pol Siboglinum hyperboreum 0 12.3 1.1 338.9 4.5 0.5 4.6 11.4 
Por Demospongiae gen.sp. 0.1 0.4 3.6 203.1 2.7 0.5 2.8 16 
Pol Prionospio cirrifera 196.3 23 0 21.5 2.7 0.8 2.8 18.8 
Cni Stephanoscyphus 2 6.5 0 141.7 2.5 0.4 2.5 21.5 
Pol Tharyx sp. 173.4 26.6 4.3 15.3 2.4 1 2.5 24.1 
Biv Yoldiella solidula 255.6 0.7 0 3.3 2.2 0.6 2.2 26.6 
Pol Chone duneri 124.3 0.1 0 70.4 2 0.5 2.1 28.8 
Pol Galathowenia fragilis 0 65.9 0.8 0 1.8 0.5 1.8 30.8 
Pol Polychaeta gen.sp. 0.4 8 0 127.7 1.7 0.4 1.7 32.7 
Pol Myriochele heeri 61.7 43.9 0.3 0.3 1.6 0.6 1.6 34.4 
Por Tetilla infrequens (sensu Koltun) 0 0 0 114.3 1.4 0.7 1.5 36 
Pol Anobothrus laubieri 14.6 1.9 45.9 1.5 1.4 0.4 1.4 37.5 
Pol Spiophanes kroyeri 137.4 0.4 0 0 1.2 0.4 1.2 38.9 
Biv Mendicula ferruginosa 131.2 0.1 0 0 1.1 0.4 1.2 40.1 
Pol Galathowenia oculata 57.4 24.3 0.2 0.3 1.1 0.6 1.2 41.2 
Sip Nephasoma sp. 64.4 16.8 0 6.2 1.1 0.7 1.2 42.4 

Cum Ectonodiastylis nimia 89.7 0.5 0 0 1.1 0.3 1.1 43.5 
Pol Chaetozone setosa 94.4 0.5 0 29.2 1.1 0.7 1.1 44.6 
Por Geodia spp. 0 0 0 137 1.1 0.8 1.1 45.7 
Pol Notoproctus oculatus 89.6 1.1 0 22.9 1 0.6 1.1 46.8 
Oph Ophiacantha bidentata 9.7 0 0 77.5 1 0.7 1.1 47.9 
Pol Pholoe sp. 92.5 0.6 0 1.8 1 0.6 1 48.9 
Pol Chaetozone jubata 0 36.5 2.9 0 1 0.6 1 50 
Bry Tubulipora fruticosa 4.2 0.2 0 182.5 0.9 0.4 1 51 
Pol Aricidea (Strelzovia) abranchiata 10.2 31 3.9 0 0.9 0.4 1 51.9 
Pol Prionospio sp. 1 34.1 0 0 0.9 0.4 0.9 52.9 
Pol Proclea graffi 83.6 0.8 0 0.3 0.9 0.6 0.9 53.8 
Pol Melinnopsis arctica 40.4 18.7 0 0 0.9 0.4 0.9 54.7 

Nem Nemertea gen.sp. 64.7 9.7 2.3 2.1 0.9 0.8 0.9 55.6 
Pol Maldane arctica 67.5 5.9 1.2 0 0.8 0.4 0.9 56.5 

Amp Harpinia mucronata 55.7 4.6 0.3 0 0.8 0.6 0.8 57.3 
Por Sycon sp. 17.5 4.3 0 96.9 0.8 0.4 0.8 58.1 
Por Polymastiidae gen.spp. 12.8 14.1 0 10.1 0.7 0.5 0.7 58.9 
Pol Terebellides atlantis 20.6 11.2 5.6 0 0.6 0.6 0.7 59.6 
Pol Scoletoma fragilis 76.1 0.5 0 0.7 0.6 0.4 0.7 60.3 
Por Craniella cranium 2.1 0 0 95 0.6 0.6 0.6 60.9 
Pol Ophelina opisthobranchiata 0 21.5 3.7 0 0.6 0.4 0.6 61.6 
Bry Exidmonea atlantica disticha  0 0 0 119.6 0.6 0.5 0.6 62.2 
Oph Ophiocten sericeum 61.9 0.2 0 12.8 0.6 0.5 0.6 62.8 
Pol Apomatus globifer 0 0.1 0 59.1 0.6 0.4 0.6 63.4 
Bry Diplosolen intricarium 0 0 0 95.2 0.6 0.6 0.6 64 
Pol Aricidea nolani (tax. inquirend.) 14 1.5 2.3 20.8 0.5 0.5 0.6 64.6 
Pol Ophelina cylindricaudata 21.5 3.2 0 11.7 0.5 0.5 0.5 65.1 
Tan Akanthophoreus gracilis 59.3 1.3 0 4 0.5 0.6 0.5 65.7 
Pol Euchone sp. 23.3 1.7 0 44.6 0.5 0.6 0.5 66.2 
Bry Cyclostomatida gen.sp. 3.6 0.8 0.3 19.4 0.5 0.4 0.5 66.7 
Biv Bathyarca frielei 3.2 12.6 0 20.8 0.5 0.5 0.5 67.3 
Por Thenea abyssorum 0 8.7 8.6 0 0.5 0.5 0.5 67.8 
Biv Yoldiella annenkovae 8.9 15.5 0.8 0 0.5 0.4 0.5 68.3 
Pol Clymenura polaris 55.4 1.2 0 1.5 0.5 0.4 0.5 68.8 
Pol Terebellides sp. 17.6 0.4 0 12 0.5 0.6 0.5 69.3 

Amp Byblis minuticornis 41.4 1.4 0 0 0.5 0.3 0.5 69.8 
Pol Praxillura longissima 43.5 4.7 0 0 0.5 0.6 0.5 70.3 



 15 

Taxa with cumulative contribution < 70% are shown. First several most significant taxa in each assemblage are marked 275 
in grey. Por – Porifera; Cni – Cnidaria; Pol – Polychaeta; Sip – Sipuncula; Nem – Nemertea; Biv – Bivalvia; Cum – 276 
Cumacea; Amp – Amphipoda; Tan – Tanaidacea; Bry – Bryozoa; Oph – Ophiuroidea. 277 

 278 
 279 

280 
Fig. 5. Total abundance (ind. m-2, a), biomass (g ww m-2, b), species number (c) and Hill 50 extrapolated values (d) in 281 
quantitative Arctic benthic samples in relation to depth. Colour and shape of markers correspond to assemblages as in 282 
Figs. 3 and 4. Axes of abundance, biomass in upper plots and depth in lower plots are logarithmic. Trend line equations 283 
and R2 values are shown in boxes (D – depth; a – abundance; b – biomass; n – species number or rarefaction per 50 284 
individuals). 285 
 286 
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 287 
Fig. 6. Rarefaction curves for the quantitative samples up to 50 individuals with extrapolation based on the Hill 288 
numbers (q = 0). A – Lower Shelf - Upper Slope 1 assemblage; B – Lower Shelf - Upper Slope 2 assemblage; C – 289 
Lower Slope assemblage; D – Abyss assemblage. Colour corresponds to assemblages as in Figs. 3-5. Continuous lines 290 
indicate true (sample-sized) rarefaction; circles indicate the end of sample in case of <50 ind m-2; dashed lines indicate 291 
the extrapolated rarefaction. 292 

 293 
Benthic assemblages largely replaced one another with depth except the Lower Shelf - Upper Slope 294 

2 assemblage that sits within the depth range of the Lower Shelf - Upper Slope 1 and Lower Slope 295 

assemblages (Fig. 7). The Bray-Curtis similarity dendrogram identified depth ranges of community 296 

clusters as follows: 60-942 m for the Lower Shelf - Upper Slope 1 group; 239-1850 m for the Lower Shelf 297 

- Upper Slope 2 group; 657-3054 m for the Lower Slope group and 2644-5416 m for the Abyss group (Fig. 298 

7). The depth ranges differed some for the Morisita-Horn index: 60-1026 m for the Lower Shelf - Upper 299 

Slope 1 group; 640-3848 m for the Lower Slope group and 3677-5416 m for the Abyss group; the Lower 300 
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Shelf - Upper Slope 2 group stations split into few clusters not forming a single assemblage (Fig 7, 301 

Supplementary 5, Fig. S-1). For the quantitative Sørensen similarity index the depth ranges were a bit 302 

more overlapping between assemblages: 60-1216 m for the Lower Shelf - Upper Slope 1 group; 640-3848 303 

m for the Lower Slope group and 2027-5416 m for the Abyss group; the Lower Shelf - Upper Slope 2 304 

stations overlapped the Lower Shelf - Upper Slope 1 group and the Lower Slope group (Fig 7, 305 

Supplementary 5, Fig. S-2). 306 

  307 

308 
Fig. 7. Bathymetric distribution of groups of Arctic benthic assemblages based on quantitative samples (three 309 
different similarity indices). Colours as in Figs. 3-5. B-C – depth ranges from the Bray-Curtis similarity 310 
dendrogram; M-H – depth ranges from the Morisita-Horn similarity dendrogram; S – depth ranges from the 311 
quantitative Sørensen similarity dendrogram. 312 
 313 

3.2.Semi-quantitative samples 314 

The number of taxa per semi-quantitative sample varied from 8 (st. 2012-259) to 199 (st. 2015-seep), the 315 

diversity index values varied from 8 (st. 2012-259) to 39 (st. 2012-205) for ES-100, from 0.23 (st. 2007-316 

4996) to 0.98 (st. 2012-359) for Pielou’s evenness and from 0.8 (st. 2007-4996) to 3.5 (st. 2012-205) for 317 

Shannon diversity (Supplementary 3). A complete list of individual taxa with percentage abundance at 318 

each station appears in Supplementary 6. 319 

The cluster analysis based on the Bray-Curtis similarity index with SIMPROF test identified five 320 

distinct clusters (= benthic assemblages), corresponding to the same cluster names introduced in the 321 
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previous section except the Upper Shelf, since no shelf stations were included in the quantitative data set 322 

(Fig. 8). PERMANOVA showed significant results with p-value < 0.001 (Fig. 8). Other similarity indices 323 

demonstrated similar dendrogram topology, except of the Upper Shelf, Lower Shelf - Upper Slope 2 324 

clustered within the Upper Shelf, Lower Shelf - Upper Slope 1 assemblage (Morisita-Horn index – 325 

Supplementary 5, Fig. S-3). Furthermore, Lower Slope stations clustered together with the Abyss stations 326 

(Sørensen index – Supplementary 5, Fig. S-4). 327 

 328 

329 
Fig. 8. Cluster analysis of semi-quantitative Arctic benthos samples using Bray-Curtis similarity index with 330 
SIMPROF results. Branches and nodes not statistically significant at p<0.01 are shown with red lines. Colour and 331 
shape indicate benthic assemblages, defined at the similarity level of 22 (vertical line); similarity axis is logarithmic. 332 
Enclosed the PERMANOVA results are shown. 333 
 334 

Kruskal-Wallis tests indicated significant difference between benthic assemblages for diversity 335 

indices (Table 3), though with lower p-values compared to quantitative samples. The Lower Shelf – Upper 336 

Slope 1 and the Abyss groups appeared widely distributed across the entire area. The Upper Shelf, Lower 337 
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Shelf - Upper Slope 2 and Lower Slope groups were more localized, resulting from the limited geographic 338 

spread of samples in those assemblages (Fig. 9). 339 

Table 3. Mean values of benthic diversity of each assemblage and results of Kruskal-Wallis and Dunn’s post-hoc 340 
tests for semi-quantitative samples.  341 

Group 
Mean values ± SD   Kruskal-Wallis 

Dunn's post-hoc 
comparisons (1) Upper 

Shelf 
(2) Lower Shelf - 
Upper Slope 1 

(3) Lower 
Slope (4) Abyss (5) Lower Shelf - 

Upper Slope 2   Chi 
square p 

Number of samples 7 20 2 7 1  - - - 

Species number 55 ±36 98 ±34 50 ±33 19 ±6 133   22.82 <0.001 1-2; 2-4; 4-5 

ES-100 16 ±7 24 ±8 22 ±6 11 ±2 39   17.46 0.0016 2-4; 4-5 

Hill 50 extrapolated 10±3 15 ±5 16 ±3 11 ±6 24  11.24 0.0240 1-2; 1-5; 2-4; 4-5 

Numbers in Dunn’s post-hoc comparisons column indicate corresponding group of benthic assemblages, revealed 342 
with Bray-Curtis similarity.  343 
 344 

 345 
Fig. 9. Distribution of semi-quantitative samples coloured according to benthic assemblages. Colours and shapes 346 
of markers as in Fig. 3-7. 347 

 348 

SIMPER analysis revealed a suite of taxa from different phyla and classes responsible for 349 

differences among assemblages (Table 4). As in Table 2, all taxa are listed according to their mean 350 

contribution to assemblage differences (only taxa with cumulative contribution up to 70% are shown). 351 

The bivalve Portlandia arctica, the mysid Mysis oculata, the polychaete Spio cf. filicornis and the 352 

ophiuroid Stegophiura nodosa were dominant in relative abundance and separated the Upper Shelf cluster. 353 

The Lower Shelf - Upper Slope 1 group differed from other clusters by the high relative abundances of 354 

the ophiuroids Ophiocten sericeum and, to a lesser extent, Ophiacantha bidentata and Ophiura robusta 355 

and the bivalve Yoldiella solidula. The prevalence of the bivalve Bathyarca frielei, the isopod Saduria 356 

sabini, the gastropod Mohnia danielsseni and, to a lesser extent, the holothurian Kolga hyalina 357 

differentiated the Lower Slope group. The extreme dominance of K. hyalina and high relative abundances 358 
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of the actiniarian Bathyphellia margaritacea, the polychaete Anobothrus laubieri and, occasionally the 359 

ophiuroid Ophiostriatus striatus differentiated the Abyss group. The Lower Shelf – Upper Slope 2 group, 360 

represented by a single station, contained high proportional abundances of the polychaete Notoproctus 361 

oculatus, the sipunculid Nephasoma diaphanes, the sponge Geodia barretti and Scyphozoa polyps 362 

(Stephanoscyphus) (Table 4). 363 

Diversity parameters in semi-quantitative samples also yielded a parabolic relationship with depth 364 

with maximum species numbers and ES-100 at depths of ~100-600 m (Fig. 10). 365 

 366 

Table 4. Results of SIMPER analysis of semi-quantitative Arctic benthos samples with values of average percentage 367 
abundance, average dissimilarity and percentage contribution within retrieved groups of assemblages.  368 

Group Species 

Average Abundance (%) 
Average 

Dissimilarity 
Dissimilarity/ 

SD 
Contribution 

(%) 
Cumulative 

(%) Upper 
Shelf 

Lower Shelf - 
Upper Slope 1 

Lower 
Slope Abyss Lower Shelf - 

Upper Slope 2 

Biv Portlandia arctica 59.1 6 0 0 0 11 0.6 11.2 11.2 
Pol Notoproctus oculatus 0 0.1 0 0 24.7 5.7 2 5.8 17 
Oph Ophiocten sericeum 0.01 14.4 3.6 0 0 4.7 0.8 4.9 21.9 
Biv Bathyarca frielei 0 0 33 0 0 4.7 0.8 4.9 26.8 
Sip Nephasoma diaphanes 0 8.1 0 0 11.3 4.2 1.9 4.3 31.1 
Mys Mysis oculata 11.2 0.1 0 0 0 3.6 0.7 3.6 34.7 
Hol Kolga hyalina 0 0 3.6 48.8 0 3.5 3.1 3.6 38.3 
Oph Ophiacantha bidentata 0 6.8 0 0 0.7 2.4 1.9 2.5 40.8 
Biv Yoldiella solidula 0 7.4 0 0 0.7 2.4 1.8 2.4 43.2 
Pol cf. Spio filicornis 5.5 0 0 0 0 2.4 0.5 2.4 45.6 
Oph Ophiura robusta 0 4.4 0 0 0.2 2.2 1.8 2.2 47.8 
Cni Stephanoscyphus  0 4.7 0 0.1 4.4 2.1 1.5 2.1 49.9 
Por Geodia barretti 0 0 0 0 8.4 1.9 3.3 2 51.9 
Cni Bathyphellia margaritacea 0 0 6.9 13.5 0 1.9 0.8 2 53.9 
Oph Stegophiura nodosa 3.4 0 0 0 0 1.9 0.5 1.9 55.8 
Iso Saduria sabini 2.0 0.3 2.7 0 0 1.6 1 1.6 57.4 
Gas Mohnia danielsseni 0 0 4.0 0.1 0 1.2 1 1.3 58.7 
Biv Portlandia aestuariorum 2.7 0 0 0 0 1.2 0.5 1.2 59.9 
Pol Myriochele heeri 0 0.9 1.3 0 3.5 1.1 1.9 1.2 61.1 
Pol Anobothrus lauberi 0 0 0 13.4 0.7 1.1 1.3 1.2 62.2 
Hol Elpidia heckeri 0 0 6.1 4.1 0 1.1 0.8 1.1 63.3 
Biv Dacrydium vitreum 0 5.1 0 0 0 0.9 0.3 1 64.3 
Pol Siboglinum hyperboreum 0 0 6.2 0 0 0.9 0.8 0.9 65.2 
Iso Saduria sibirica 1.8 0.1 0.6 0 0 0.8 0.8 0.9 66.1 
Por Thenea muricata 0 0 0 0 3.5 0.8 3.3 0.8 66.9 
Pol Galathowenia oculata 0 0.04 0 0 3.2 0.8 2 0.8 67.6 
Hol Elpidia glacialis 0 4 0 0 0 0.7 0.3 0.8 68.4 
Hol Myriotrochus theeli 0 0 4.9 0 0 0.7 0.8 0.7 69.1 
Pol Notomastus sp. 0 0 1.3 0 0.4 0.6 1.6 0.6 69.8 
Biv Similipecten greenlandicus 0 1.8 0 0 0 0.6 0.5 0.6 70.4 

Taxa with cumulative contribution <70% are shown. First several most significant taxa in each assemblage are 369 
marked in grey. Por – Porifera; Cni – Cnidaria; Pol – Polychaeta; Sip – Sipuncula; Gas – Gastropoda; Biv – 370 
Bivalvia; Mys – Mysida; Iso – Isopoda; Hol – Holothuroidea; Oph – Ophiuroidea. 371 
 372 
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373 
Fig. 10. Values of species number (a) and Hill 50 extrapolated (b) in semi-quantitative samples in relation to depth. 374 
Colour corresponds to clusters as in Figs. 3-8. Depth axis is logarithmic. Trend line equations and R2 values are 375 
shown in rectangles (D – depth; n – species number or rarefaction per 50 individuals). 376 
 377 

The benthic assemblages identified for semi-quantitative samples did not overlap by depth. The 378 

depth ranges of the benthic assemblages based on Bray-Curtis similarity were as follows: 14-27 m for the 379 

Upper Shelf; 29-553 m for the Lower Shelf - Upper Slope 1 group; 615 m for the Lower Shelf - Upper 380 

Slope 2 group; 1992-2390 m for the Lower Slope group and 3472-4380 m for the Abyss group. For the 381 

Morisita-Horn index identified depth ranges of 14-27 m for the Upper Shelf group; 29-615 m for the 382 

Lower Shelf - Upper Slope 1 group; 1992-2390 m for the Lower Slope group and 3472-4380 m for the 383 

Abyss group; the Lower Shelf - Upper Slope 2 assemblage fell within the Lower Shelf - Upper Slope 1 384 

cluster. The depth ranges for the quantitative Sørensen similarity index were the same as for the Bray-385 

Curtis index except that the Lower Slope and the Abyss assemblages shared a single cluster 386 

(Supplementary 5, Fig. S-3, S-4). Unlike groups based on quantitative samples, large depth gaps separated 387 

the groups of benthic assemblages based on semi-quantitative samples, likely reflecting the lower sample 388 

size and geographic coverage. Bathymetric distribution of clusters and rarefaction curves are available in 389 

Supplementary Figures S-5 and S-6. 390 

 391 



 22 

4. Discussion  392 

4.1. Benthic assemblages along a depth gradient 393 

Our analysis done within the Central Arctic was the first one to analyse the bathymetric distribution of 394 

the benthic assemblages across a large geographic area (from the Fram Strait to the Beaufort Sea) and a 395 

large depth range (from 14 to 5416 m). We identified five groups of benthic assemblages, and all except 396 

the Lower Shelf – Upper Slope 2 group replaced, rather than transitioned into, one another with depth. 397 

This is especially interesting considering the sampling area of each sample varied over 30-fold (from 398 

0.023 to 0.750 m2), apparently not decisively affecting the dendrogram structure (Figs. 3, 8). This zonation 399 

pattern spanned the entire analysed area, based either on quantitative (for macrofauna) or semi-400 

quantitative (for megafauna) samples and based on three different quantitative similarity indices (Figs. 3-401 

10). The five assemblages we identified largely aligned with those described in previous smaller-scale 402 

regional studies, (Deubel, 2000; Sirenko et al., 2004; Vedenin et al. 2018; Käß et al., 2019; Ravelo et al., 403 

2020) with impressively little bathymetric or geographic structure and variation within each assemblage. 404 

The exceptions were the Fram Strait area, which resembled the Lower Slope group, and the Beaufort Sea 405 

stations that grouped separately within the Lower Shelf - Upper Slope 2 and, to a lesser extent, within the 406 

Lower Slope groups (Fig. 3, Supplementary 5). Three of the described assemblages (the Lower Shelf – 407 

Upper Slope 1, the Lower Slope and the Abyss) formed consistent bands of zonation across entire study 408 

area. The distributional patterns of all five assemblages likely relate to environmental gradients at 409 

corresponding depths such as water masses, organic carbon fluxes, and near-bottom currents (Watling et 410 

al., 2013) which we discussed below, acknowledging that the exact factors remain hypothetical. 411 

The Upper Shelf group identified from semi-quantitative trawl samples partly corresponds to the 412 

Portlandia arctica and Ennucula tenuis bivalve community previously described for the Kara, Laptev, 413 

and East-Siberian Seas (Filatova & Zenkevich 1957; Deubel, 2000; Petryashev et al. 2004; Sirenko & 414 

Denisenko 2010; Vedenin et al. 2018). A similar assemblage type was reported from the Beaufort Sea 415 

coastal areas (Carey & Ruff, 1977). The low overall diversity of this assemblage corresponds with high 416 

values of abundance and biomass (Petryashev et al., 2004; Vedenin et al., 2018). The Upper Shelf group 417 

distribution likely relates to high sedimentation rate from the freshwater inflow over the wide and shallow 418 

Siberian shelves (Weber, 1989; Fütterer & Galimov, 2003; Flint et al., 2019; Vedenin et al., 2021). The 419 

shallow Chukchi Sea inflow shelf (of which we did not include samples) experiences little of this 420 

freshwater influence, and higher diversity (Blanchard et al., 2013; Schonberg et al., 2014; Grebmeier et 421 

al., 2015), so the pattern is not pan-Arctic but rather characteristic for interior shelves (Williams & 422 

Carmack 2015). 423 

The Lower Shelf – Upper Slope 1 group partly corresponds to two communities dominated by the 424 

ophiuroids Ophiocten sericeum and Ophiopleura borealis, both widely distributed across the Siberian and 425 

Beaufort shelves (Filatova & Zenkevich 1957; Petryashev et al., 2004; Ravelo et al., 2020). Near Franz-426 
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Joseph Land, Svalbard and in the Chukchi Sea, Ophiura robusta ophiuroids and/or Yoldiella solidula 427 

bivalves (Dahle et al., 2009) dominate communities at similar depths, along with the ophiuroids 428 

Ophiacantha bidentata and Ophiura sarsi (Piepenburg et al., 1996; Bluhm et al., 2009). Vedenin et al. 429 

(2018) and Deubel (2000) delineated this benthic assemblage as the UPPER SLOPE and HANG (= 430 

‘slope’) groups, respectively, for the Barents, Laptev and East-Siberian Seas shelf edge and slope. 431 

Assemblages similar in taxonomic composition were described for the Beaufort Sea by Ravelo et al. 432 

(2020). The quantitative and semi-quantitative samples used in this study identified Y. solidula and O. 433 

sericeum as the dominant species in this area, and an assemblage of higher diversity than the Upper Shelf 434 

group. This distribution likely relates to the higher number of ecological niches at the shelf edge and upper 435 

slope and less stress from turbidity and low salinity associated with river discharge (Carney, 2005; Flint 436 

et al., 2019). In addition, its lower limit roughly corresponds with the lower boundary of the Atlantic water 437 

layer (Wassman et al., 2019; Bluhm et al., 2020). Hydrobiochemical connectivity of the entire Arctic 438 

upper continental slope is given through boundary currents, cross-slope upwelling of nutrient rich water, 439 

and down-welling particulate organic matter from upper waters (summarized in Bluhm et al., 2020). 440 

Previous studies report faunal changes coinciding with the transition between the Atlantic layer and other 441 

water masses for polychaetes, isopods, gastropods and fishes in the Norwegian Sea, where a particularly 442 

steep hydrological gradient occurs (Svavarsson et al., 1990; Bergstad et al., 1999; Høisæter, 2010; Oug et 443 

al., 2017). 444 

The Lower Slope group in our study extended from the continental slope in the Fram Strait (at both 445 

Eastern and Western sides) to the Beaufort Sea and corresponds to benthic communities described in 446 

smaller-scale studies: Galathowenia fragilis - Myriochele heeri polychaete community in the Fram Strait 447 

(Budaeva et al., 2008; Vedenin et al., 2016; Käß et al., 2019); Polychaeta-dominated community in the 448 

Laptev Sea (Fütterer, 1993; Sirenko, 1998; Sirenko et al., 2004); the MID-SLOPE and LOWER SLOPE 449 

(Vedenin et al., 2018) and RAND and RÜCKEN (= ‘margin’ and ‘ridge’; Deubel, 2000) communities 450 

within the Barents and Laptev Seas and on Lomonosov Ridge. Oweniidae polychaetes and Bathyarca 451 

frielei bivalves dominated our quantitative and semi-quantitative samples, respectively. The Lower Slope 452 

group apparently spans a huge area around the Central Arctic Basin perimeter and including slopes of the 453 

Greenland and Norwegian Seas at depths of ~700-3000 m (Nilsen & Holthe, 1985; Schnack, 1998; 454 

Vedenin et al., 2016). Bluhm et al. (2020) suggested faunistic similarity along the entire continental slope 455 

in the Arctic Ocean based on a smaller data set. Our data set supports this assertion, along with occasional 456 

reports of communities dominated by polychaetes, for example Paraonidae and Cirratulidae (Paul & 457 

Menzies, 1974) or Prionospio sp. and unidentified polychaetes (Bluhm et al., 2005) from the Canada 458 

Basin continental slope. Environmental conditions defining the Lower Slope group distribution may 459 

include weaker currents compared to the Lower Shelf – Upper Slope 1 group and similar hydrographic 460 

properties related to Arctic Deep Water (synthesized in Bluhm et al., 2020). Interestingly, the mentioned 461 
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Galathowenia and Myriochele polychaetes are strict deposit-feeders that build their tubes out of fragments 462 

of plankton foraminifers and sponge spicules, depending therefore indirectly on the higher organic matter 463 

supply from upper water layers (Nilsen & Holthe, 1985; Parapar, 2006). This factor might be the reason 464 

for preventing Oweniidae distribution down to the abyssal plain. 465 

The holothurians Kolga hyalina and Elpidia heckeri and the actiniarian Bathyphellia margaritacea 466 

dominated the Abyss group, that apparently occupies the entire Central Arctic at depths >~3000 m, as 467 

shown in numerous publications based on data from the Greenland, Nansen, Amundsen and Canada basins 468 

(Gorbunov, 1946; Kröncke, 1992; Kröncke, 1994; Deubel, 2000; Sirenko et al., 2004; Soltwedel et al., 469 

2009; Vedenin et al., 2018; Rybakova et al., 2019). These dominants also often appear in bottom images 470 

and in semi-quantitative samples such as in trawls (Macdonald et al., 2010; Rybakova et al., 2019; Zhulay 471 

et al., 2019). Smaller quantitative gears demonstrate also high abundances of smaller polychaete species, 472 

such as Anobothrus laubieri, Ymerana pteropoda and Ophelina opisthobranchiata (Table 2). The poor 473 

trophic conditions likely resulted in the lowest values of abundance, biomass and diversity within the 474 

Abyss group (described in Bluhm et al. 2011; Bluhm et al., 2015; Vedenin et al., 2018; Rybakova et al., 475 

2019). For megafauna, including the holothurians K. hyalina and E. heckeri, falls of Melosira arctica 476 

algae colonies torn off the sea ice were shown to be important (if not primary) food source, that possibly 477 

drives the distribution of these taxa across the Central Arctic abyssal plains (Boetius et al., 2013). 478 

The Lower Shelf – Upper Slope 2 group overlapped the Lower Shelf – Upper Slope 1 and Lower 479 

Slope groups in depth. The former differed from other clusters in our study by its greater biomass and 480 

species number and the prevalence of filter-feeders, such as sponges (mostly Geodia spp. and Thenea 481 

muricata), polychaetes (Bushiella similis) and bryozoans (Tubulipora spp.). This benthic assemblage 482 

corresponds to the community of filter-feeders described by Sirenko et al. (2004) from a few areas around 483 

the Severnaya Zemlya archipelago. Furthermore, the taxonomic composition of this group resembled the 484 

benthic ecosystems in several areas in the northern Barents Sea and around Svalbard (Sswat et al., 2015). 485 

The similarity within this assemblage was lower than for the other assemblages because of some 486 

taxonomic differences between the Eurasian samples (northern slopes of Barents and Kara seas) and the 487 

Amerasian samples (northern slopes of Beaufort Sea and Northwind Ridge / Chukchi Plateau, see Fig. 3). 488 

However, we decided to retain the Lower Shelf – Upper Slope 2 as a separate assemblage because of 489 

similarity in filter-feeders composition. Strong near-bottom currents enriched with suspended food 490 

particles usually favour the development of communities dominated by filter-feeders, as shown for 491 

communities on the shelf edge of the North-Eastern Beaufort Sea (Pisareva et al., 2015; Rand et al., 2018). 492 

This type of benthic assemblages may occur widely across the Arctic continental slope, though with 493 

uneven distribution given its strong dependence on near-bottom hydrodynamics (Thomson, 1982). 494 

 495 

4.2. Benthic abundance, biomass and taxon richness 496 
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Previous studies have documented gradual decrease of abundance and biomass of macrobenthos with 497 

depth for different areas of the Arctic Ocean (Rex & Etter, 2010; Macdonald et al., 2010; Bluhm et al., 498 

2011; Bluhm et al., 2015; Bluhm et al., 2020; Vedenin et al., 2018). Our study extends earlier work by 499 

Vedenin et al. (2018) with three times more stations and several fold extension of the study region, 500 

however, we find similar patterns of depth-related changes (Fig. 5). One notable difference links to 501 

different diversity patterns using extrapolated rarefactions based on Hill numbers, which indicated higher 502 

diversity values for the Lower Slope and for the Abyss assemblages (Fig. 6, Supplementary 3). We also 503 

identified a cluster of Lower Shelf – Upper Slope 2 stations, absent in Vedenin et al. (2018). Decreases in 504 

abundance and biomass with depth likely relate to decreased food availability at the seabed with increasing 505 

ocean depth, a trend common for the global ocean and especially prominent in the Arctic Ocean largely 506 

covered with seasonal sea-ice (Wei et al., 2010 a; Degen et al., 2015; Vedenin et al., 2018; Käß et al., 507 

2019; Górska et al., 2020; Oleszczuk et al., 2021). Exceptions to this depth-related decline are rare and 508 

probable exist only where oceanographic anomalies disrupt typical patterns of food supply and oxygen 509 

concentrations, such as the East Pacific off Peru where biomass peaks at mid-depths of 800-1000 m 510 

(Rowe, 1971). 511 

Trends in diversity with depth in the ocean differ from trends in abundance and biomass. Maximum 512 

values of species richness and diversity often occur at mid- and low-bathyal depths from 2000 m to 4000 513 

m (Rex, 1981; Flach & de Bruin, 1999; Gage et al., 2000; Gebruk et al., 2010; Brown & Tatje, 2014). 514 

However, in some locations, gradual decrease in diversity with depth (similar to the abundance and 515 

biomass trends) occur (Rex & Etter, 2010). Such a pattern may relate to the biogeographic history of a 516 

basin. For example, in basins with limited deep-water exchange such as those with shallow straits or sills 517 

where geologically recent impoverishment or extinction of the benthic ecosystem occurred, recolonization 518 

could follow from shallow waters or more slowly from adjacent deep-sea areas (Rex & Etter, 2010). The 519 

Mediterranean Sea and Arctic Ocean illustrate this process. The former was recolonized through the 520 

Gibraltar Strait after complete fauna extinction during the Messinian salinity crisis (Krijgsman et al., 521 

1999). In the Eastern Mediterranean, maximum benthic diversity occurs in shallow waters and decreases 522 

with depth (Tselepides & Eleftheriou, 1992; Tselepides et al., 2000). Several lines of evidence point to 523 

depletion (and possible extinction) of the benthic fauna of the Arctic Ocean during the Pleistocene 524 

glaciations, given that primary production dropped dramatically or even ceased beneath the ice shield 525 

(Menzies, 1962; Dunbar, 1968; Menzies, 1973; Renaud et al., 2008; Kędra et al., 2015). Following 526 

glaciation, recolonization took place from the Atlantic through the Fram Strait and from the Pacific 527 

through the Bering Strait, involving mostly shallow-water species (Vermeij, 1991; Nesis, 2001; Mironov, 528 

2013). Therefore species numbers (and biodiversity) decrease with depth in the high Arctic, as shown by 529 

Wlodarska-Kowalczuk et al. (2004), Bluhm et al. (2011) and Käß et al. (2019). However, recent analysis 530 

of a subset of the samples used in the present study identified a diversity peak at depths 100-300 m 531 
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(Vedenin et al., 2018), a depth range not included in these previous deep-sea studies. Our study extended 532 

the sampling area westward to the Yermak Plateau and Fram Strait (Fig. 4), and we found a similar 533 

parabolic pattern of diversity change with depth. Based on semi-quantitative trawl samples on the Siberian 534 

shelf and slope (Fig. 9), diversity peaked at 100-600 m. Vedenin et al. (2018) linked the diversity 535 

maximum at 100-300 m on the Laptev Sea shelf and slope to river run-off that impacts ocean stratification 536 

and primary productivity above the shallow shelf. However, this explanation cannot apply to the Svalbard 537 

area. A possible reason for peak diversity values can be the warmer Atlantic waters inflowing at ~100-538 

800 m, enriching this area with organic carbon as well as Atlantic boreal species (Wassmann et al., 2019; 539 

Bluhm et al., 2020). For example, the inflow of zooplankton biomass contributed by Calanus spp. alone 540 

might exceed a million tons C year-1 (Wassmann et al., 2015; Basedow et al., 2018). Our dataset lacks 541 

samples from <100 m depth near Svalbard, so the local diversity trends could be different. 542 

 543 

4.3.Bathymetric boundaries in the Arctic benthic fauna 544 

Different researchers have used different approaches to describe biogeographic zonation, including 545 

bathymetric patterns. Mironov (2013) distinguished three main types: based on the distribution of species 546 

(1), communities (2) and environmental parameters (3). Multiple studies show major bathymetric 547 

boundaries in the global ocean, based on species distributions near 200 m, corresponding to the boundary 548 

between sublittoral and bathyal faunas, and near 3000 m at the boundary between bathyal and abyssal 549 

faunas (Carney, 2005; Howell et al., 2002; Krayushkina, 2000; Mironov, 1986; Vinogradova, 1962). The 550 

200-m boundary roughly corresponds to the lower limit of the photic zone and to the shelf break (Carney, 551 

2005; Wei et al., 2010 b), whereas the 3000-m boundary likely reflects decreasing food availability and 552 

significant changes in bottom topography, such as the transition from continental slope to continental rise 553 

and abyssal plain (Thistle, 2003; Wei et al., 2010 b; Watling et al., 2013). Many studies also identify a 554 

boundary at 800-1200 m depth (Gage, 1986; Svavarsson, 1990; Howell et al., 2002), explaining this 555 

boundary by peculiarities of bottom topography, near-bottom currents and sediment changes, that affect 556 

the distribution of benthos in case of isopods (Svavarsson, 1990) and distributional paths of plankton 557 

larvae in case of echinoderms (Gage, 1986). Most of these publications were based on data from the 558 

Pacific, Atlantic and the Norwegian Sea. In the high Arctic, only Vedenin et al. (2021) used a species-559 

based approach to bathymetric zonation. Based on data on three macrofaunal taxa - Polychaeta, Crustacea 560 

and Echinodermata, we identified two main boundaries, the first at 450-800 m between the sublittoral and 561 

bathyal faunas and at 1800-2000 m between the bathyal and abyssal faunas. Our study, based on the 562 

distribution of groups of benthic assemblages rather than species, identified the boundary between 563 

sublittoral and bathyal faunas at depths of ~650-950 m (between the Lower Shelf – Upper Slope 1 and 564 

Lower Slope groups) based on Bray-Curtis similarity or at ~650-1200 m based on Sørensen similarity. 565 

Thus, two different methods support a strong boundary around ~450-1200 m. We refrained from defining 566 



 27 

a boundary between the Upper Shelf and Lower Shelf – Upper Slope 1 groups because of the small sample 567 

set, and because previously published data suggest a deeper position for biogeographic boundaries in the 568 

Arctic (Mironov, 2013; Vedenin et al., 2021). As we already mentioned, a possible environmental driver 569 

for this boundary is the transition from the warm Atlantic layer to the deep and cold Arctic waters that 570 

lies at approximately 700-800 m (Wassman et al., 2019; Bluhm et al., 2020). 571 

Species distributions indicated a boundary at ~2000 m (Vedenin et al., 2021). When considering the 572 

distribution of benthic assemblages based on quantitative samples from our study, similar species 573 

appeared to dominate within a depth range of 650-3000 m (based on Bray-Curtis similarity) or 650-3800 574 

m (based on Morisita-Horn and Sørensen indices) for the Lower Slope assemblage. The semi-quantitative 575 

(trawl) material we have is relatively scarce, with large depth gaps. However, Sirenko et al. (2004) 576 

reported a boundary at ~1900-2000 m between the slope ‘polychaete community’ and the deeper 577 

community dominated mainly by the holothurians Kolga hyalina and Elipida heckeri. Deubel (2000) 578 

reported boundaries at ~530-990 m and at 1740-2100 m based on quantitative macrofaunal data. For the 579 

Beaufort Sea and Canada Basin stations in this study, we identified a transition between the different 580 

deep-sea communities at ~1850-3200 m (Bluhm et al., 2005) and at ~2700-3500 m (MacDonald et al., 581 

2010). We lack any bathymetric transects on the slope north of Ellesmere Island and Greenland but 582 

identify different bathymetric boundaries in the Arctic Ocean based on our own data and on previous 583 

studies (Fig. 11). 584 

For the Barents and Laptev Seas previous work showed that benthic communities replace one 585 

another with depth with little bathymetric overlap (Vedenin et al., 2018). Unlike these results, we found 586 

significant depth overlap at ~650-950 m (or 650-1200 m by different similarity indices) between two 587 

groups of benthic assemblages – the Lower Shelf – Upper Slope 1 and Lower Slope. This overlap may 588 

reflect regional differences in the depth ranges of the eurybathic species that dominated their 589 

corresponding assemblages (discussed in Vermeij, 1991; Nesis, 2001; Vedenin et al., 2021). At greater 590 

depths we found overlap between the Lower Slope and Abyss groups (2644-3054 m based on Bray-Curtis 591 

similarity; 3677-3848 m based on Morisita-Horn similarity; 2027-3848 m based on Sørensen similarity). 592 

No published evidence suggests any boundary at these depths in the Arctic, except for Vedenin et al. 593 

(2018) and, possibly, MacDonald et al. (2010) (both data sets integrated in this study). Based on the 594 

present and earlier studies we think that the boundary at this depth reflects abrupt changes in major 595 

community characteristics, including abundance and diversity (Table 1, 3; Figs. 5, 10) at the continental 596 

rise to abyssal seafloor transition, rather than significant changes in taxonomic composition (Boetius et 597 

al., 1996; Klages et al., 2004; Degen et al., 2015). Therefore, reduced sensitivity of the Morisita-Horn and 598 

Sørensen similarity indices to sample size (Chao et al., 2006), elucidated a markedly different depth range 599 

of the Lower Slope / Abyss transition compared to the Bray-Curtis index. 600 
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Environmental gradients, briefly discussed earlier and in previous publications (Mironov, 2013; 601 

Watling et al., 2013; Vedenin et al., 2021) drive the boundaries elucidated by these different approaches. 602 

In particular, the boundary between the Lower Shelf – Upper Slope 1 and the Lower Slope assemblages 603 

roughly corresponds to the lower boundary of the warm Atlantic water masses, while the boundary 604 

between the Lower Slope and the Abyss matches the transition from the continental rise to abyssal plain. 605 

However, the exact mechanisms remain unknown and require further studies. 606 

 607 
Fig. 11. Bathymetric boundaries between the sublittoral and bathyal (black rectangles within ~450-900 m) and 608 
between the bathyal and abyssal (black rectangles within ~1700-2100 and ~2000 m) faunas identified in the Arctic 609 
in the present study (based on Bray-Curtis similarity) and in published research. Diagonal pattern indicate 610 
boundaries at different depth ranges revealed by different similarity indices (either Morisita-Horn or Sørensen). 611 
Colours in the left column are the same as in Fig. 3-10. MacDonald et al. (2010) did not sample shallower than 800 612 
m and Ravelo et al. (2020) sampled to 1000 m. 613 

 614 

4.4. Pan-arctic extrapolation 615 
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Based on combined data on bathymetric benthic fauna zonation across the Central Arctic slope and abyssal 616 

zone, our study confirms major boundaries at ~450-900 m (Deubel, 2000; Sirenko et al., 2004; Bluhm et 617 

al., 2020; Vedenin et al., 2021; this study) and at ~1700-2100 m (Deubel, 2000; Sirenko et al., 2004; 618 

Vedenin et al., 2021). The entire macrofauna essentially changes at these pronounced biogeographic 619 

boundaries. The less universal deeper boundary at ~2600-3000 m (MacDonald et al., 2010; present study) 620 

can be distinguished based on cluster analysis and corresponds to the depth of a steep decrease in 621 

abundance, biomass, and diversity within the Central Arctic rather than a taxonomic turnover (Klages et 622 

al., 2004; Degen et al., 2015; Vedenin et al., 2018). The shelf benthic assemblages documented in our 623 

study are unlikely to be Pan-arctic, given quite marked differences in species composition between the 624 

Barents Sea, the Siberian seas and the Chukchi Sea within the Arctic (Sirenko et al., 1998; Grebmeier et 625 

al., 2006; Mironov, 2013). 626 

The bathymetric overlap between the deeper benthic assemblages increases when extending the area 627 

from the smaller Barents and Laptev Sea area to almost the entire Arctic (Vedenin et al., 2018; this study). 628 

Apparently, higher environmental variability (e.g. varying freshwater discharge, sea ice volume or 629 

Atlantic/Pacific waters influence, Bluhm et al., 2020) over the broader study area contributes to this 630 

overlap. However, general trends of replacement of benthic communities and their composition remain 631 

similar at similar depths. Therefore, we suggest potential extrapolation of these bathymetric patterns 632 

across the continental slope and abyssal plain around the entire Central Arctic Ocean. Similar bathymetric 633 

patterns occur on both sides of the continental slope of the Fram Strait, despite the influence of different 634 

water masses: The warm Norwegian Current bathes the eastern slope, whereas the western slope sits 635 

beneath the cold East Greenland Current (Käß et al., 2019). Faunal composition deviates in the Beaufort 636 

Sea where the upper slope differs slightly as a result of the admixture of species of Pacific origin with 637 

those that disappear rapidly with the transition to the Atlantic layer (Bluhm et al., 2005; MacDonald et 638 

al., 2010; Conlan et al. 2013; Zhulay et al., 2019; Ravelo et al., 2020). In addition, a significant data gap 639 

remains on benthic communities from the continental slope of a large area north of Greenland and the 640 

Canadian Arctic Archipelago (Bluhm et al., 2020). A comprehensive test of the hypothesis of the pan-641 

arctic uniformity of benthic bathymetric zonation will require adding data from this area, where remaining 642 

multi-year sea ice has hindered access to date. 643 

We propose a visualization of the benthic bathymetric boundaries in the Central Arctic (Fig. 12), 644 

averaging the bathymetric profile for the Arctic Ocean and setting the shelf boundary at ~200 m (see 645 

Jakobsson et al., 2012; Hay, 2016). Within the study area we propose relatively uniform patterns 646 

including: (1) a parabolic change in species diversity that peaks at ~100-600 m, (2) bathymetric zonation 647 

of benthic assemblages (based on cluster analysis), that changes with increasing depth, (3) major 648 

biogeographic boundaries at ~450-900 m (or 450-1200 m depending on similarity indices) and ~1700-649 
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2100 m, and a less universal boundary (recognised by community summary characteristics such as 650 

biomass and species richness) at around ~2600-3000 m (Fig. 12). 651 

 652 

 653 
Fig. 12. Schematic of the benthic faunal bathymetric zonation in the Central Arctic based on the present study and 654 
published data. Upper and lower solid gray horizontal lines indicate boundaries at different depth ranges revealed 655 
by Bray-Curtis similarity index; diagonal pattern indicate boundaries revealed by different similarity indices 656 
(Morisita-Horn and Sørensen). Diversity trend is shown in the left. The seafloor contour and the outline of ellipses 657 
are coloured according to the benthic assemblages as in Figs. 3-11. Species characterizing the community clusters 658 
are shown in the corresponding ellipses (photos by A. Vedenin). 659 
 660 
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Table S1 

 

Expedition Region Date Event Station Latitude Longitude
Depth 

(m)
Gear

Sampling 
area (m2)

ARK VIII Yermak Plateau 30.09.1991 PS2213-2 1991-2213 80.4710 8.1817 888 USNEL Box-corer 0.2500
ARK VIII Yermak Plateau 01.10.1991 PS2214-2 1991-2214 80.2742 6.6102 560 USNEL Box-corer 0.2500
ARK IX/4 Barents Sea 14.08.1993 PS2242 1993-14 81.7050 30.3300 2915 Multibox-corer 0.1380
ARK IX/4 Barents Sea 16.08.1993 PS2444 1993-17 82.4870 37.7400 2566 USNEL Box-corer 0.0690
ARK IX/4 Barents Sea 18.08.1993 PS2445 1993-19 82.7630 40.2430 2993 Multibox-corer 0.0690
ARK IX/4 Barents Sea 19.08.1993 PS2446 1993-20 82.4000 40.8930 2027 Multibox-corer 0.0230
ARK IX/4 Barents Sea 21.08.1993 PS2447 1993-24 82.1600 42.0450 1021 Multibox-corer 0.0460
ARK IX/4 Barents Sea 21.08.1993 PS2448 1993-25 82.1230 42.5380 534 Multibox-corer 0.1150
ARK IX/4 Barents Sea 21.08.1993 PS2449 1993-27 82.0230 43.5770 286 Multibox-corer 0.1150
ARK IX/4 Laptev Sea 02.09.1993 PS2454 1993-32 78.7100 132.2920 2962 Multibox-corer 0.1150
ARK IX/4 Laptev Sea 04.09.1993 PS2457 1993-35 78.3920 133.1600 2151 Multibox-corer 0.2990
ARK IX/4 Laptev Sea 05.09.1993 PS2458 1993-38 78.1670 133.3950 981 Multibox-corer 0.1380
ARK IX/4 Laptev Sea 05.09.1993 PS2459 1993-39 78.0980 133.5130 517 Multibox-corer 0.1380
ARK IX/4 Laptev Sea 06.09.1993 PS2460 1993-40 78.0720 133.6080 191 Multibox-corer 0.0690
ARK IX/4 Laptev Sea 06.09.1993 PS2461 1993-41 77.9100 133.5550 73 USNEL Box-corer 0.0460
ARK IX/4 Laptev Sea 07.09.1993 PS2463 1993-44 77.0300 126.4130 92 USNEL Box-corer 0.0460
ARK IX/4 Laptev Sea 09.09.1993 PS2465 1993-47 77.1830 126.2230 1026 USNEL Box-corer 0.0460
ARK IX/4 Laptev Sea 09.09.1993 PS2466 1993-48 77.1350 126.3530 552 Multibox-corer 0.1150
ARK IX/4 Laptev Sea 09.09.1993 PS2467 1993-49 77.0830 126.2230 284 Multibox-corer 0.1150
ARK IX/4 Laptev Sea 10.09.1993 PS2468 1993-50 77.6930 125.8930 1991 Multibox-corer 0.0910
ARK IX/4 Laptev Sea 12.09.1993 PS2470 1993-53 79.2283 122.8617 3234 Multibox-corer 0.3220
ARK IX/4 Laptev Sea 13.09.1993 PS2471 1993-54 79.1658 119.8205 3054 Multibox-corer 0.0690
ARK IX/4 Laptev Sea 18.09.1993 PS2477 1993-64 77.2470 118.5530 193 USNEL Box-corer 0.1610
ARK IX/4 Laptev Sea 20.09.1993 PS2481 1993-68 78.4730 110.7880 101 Multibox-corer 0.1610
ARK IX/4 Laptev Sea 21.09.1993 PS2482 1993-69 78.7020 112.5120 577 Multibox-corer 0.1380
ARK IX/4 Laptev Sea 21.09.1993 PS2483 1993-70 78.7620 112.7030 1216 USNEL Box-corer 0.3450
ARK IX/4 Laptev Sea 22.09.1993 PS2484 1993-71 78.5820 111.3870 235 Multibox-corer 0.1380
ARK XI/1 Kara Sea 09.09.1995 PS2785 1995-89 82.3383 92.7717 2644 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 09.09.1995 PS2786 1995-90 82.1408 91.3508 1771 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 10.09.1995 PS2787 1995-91 82.0763 91.0213 1117 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 10.09.1995 PS2788 1995-92 82.0375 90.9658 535 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 10.09.1995 PS2789 1995-93 81.9608 91.0767 239 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 10.09.1995 PS2790 1995-94 81.8105 90.7780 88 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 11.09.1995 PS2791 1995-95 81.4883 87.4883 315 USNEL Box-corer 0.5000
ARK XI/1 Kara Sea 11.09.1995 PS2792 1995-96 79.9842 86.9842 248 USNEL Box-corer 0.5000

ARK XIII/2 Barents Sea 04.07.1997 PS2830 1997-2830 80.9757 17.4945 517 USNEL Box-corer 0.2500
ARK XIII/2 Barents Sea 04.07.1997 PS2831 1997-2831 81.0943 16.9660 942 USNEL Box-corer 0.2500
ARK XIII/2 Barents Sea 05.07.1997 PS2823 1997-2832 81.1117 16.2183 2065 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 06.07.1997 PS2833 1997-2833 80.9717 11.8333 1964 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 08.07.1997 PS2834 1997-2834 80.9150 9.8233 1001 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 10.07.1997 PS2835 1997-2835 81.1017 7.0667 847 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 11.07.1997 PS2836 1997-2836 81.1310 5.6477 657 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 12.07.1997 PS2837 1997-2837 81.2332 2.4178 1028 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 13.07.1997 PS2838 1997-2838 81.2943 0.4433 2325 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 14.07.1997 PS2839 1997-2839 81.4033 -0.9717 2926 USNEL Box-corer 0.2500
ARK XIII/2 Greenland Sea 15.07.1997 PS2840 1997-2840 81.4217 -5.3083 3524 USNEL Box-corer 0.2500
ARK XIII/2 Greenland Sea 17.07.1997 PS2843 1997-2843 81.5670 -7.3495 2526 USNEL Box-corer 0.2500
ARK XIII/2 Central Arctic 18.07.1997 PS2847 1997-2847 81.8717 -4.5383 4130 USNEL Box-corer 0.2500
ARK XIII/2 Central Arctic 21.07.1997 PS2849 1997-2849 82.6517 1.4967 3247 USNEL Box-corer 0.2500
ARK XIII/2 Central Arctic 23.07.1997 PS2851 1997-2851 82.3750 3.6150 2927 USNEL Box-corer 0.2500
ARK XIII/2 Central Arctic 24.07.1997 PS2853 1997-2853 82.3183 3.7083 2008 USNEL Box-corer 0.2500
ARK XIII/2 Central Arctic 25.07.1997 PS2854 1997-2854 82.2003 3.9015 1805 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 26.07.1997 PS2855 1997-2855 82.0453 5.2848 1454 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 29.07.1997 PS2859 1997-2859 81.7517 10.1900 1180 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 30.07.1997 PS2860 1997-2860 81.5813 11.8523 2032 USNEL Box-corer 0.2500
ARK XIII/2 Yermak Plateau 31.07.1997 PS2861 1997-2861 81.2725 13.0503 2309 USNEL Box-corer 0.2500
ARK XIII/2 Fram Strait 04.08.1997 PS2868 1997-2868 79.1083 3.0950 5416 USNEL Box-corer 0.2500
AMK-54 Kara Sea 30.09.2007 AMK-5003 2007-5003 75.4430 72.5155 60 Okean grab 0.3000

ARK XXVII/3 Central Arctic 10.08.2012 PS80/229 2012-229 83.9970 31.3180 4008 Multibox-corer 0.1610
ARK XXVII/3 Central Arctic 15.08.2012 PS80/241 2012-241 83.9320 76.7110 3432 Multibox-corer 0.1840
ARK XXVII/3 Central Arctic 21.08.2012 PS80/262 2012-262 82.9760 109.9190 3601 Multibox-corer 0.1380
ARK XXVII/3 Central Arctic 25.08.2012 PS80/278 2012-278 82.8830 129.9550 4167 Multibox-corer 0.1610
ARK XXVII/3 Central Arctic 04.09.2012 PS80/326 2012-326 81.9270 130.9170 4038 Multibox-corer 0.1840
ARK XXVII/3 Central Arctic 08.09.2012 PS80/339 2012-339 85.0570 122.7360 4352 Multibox-corer 0.1610
ARK XXVII/3 Central Arctic 19.09.2012 PS80/355 2012-355 87.9270 61.0120 4381 Multibox-corer 0.1840
ARK XXVII/3 Central Arctic 23.09.2012 PS80/368 2012-368 88.7870 56.3720 4374 Multibox-corer 0.1840
ARK-XXVII/2 Fram Strait 24.07.2012 PS80/0186-4 2012-N5 79.9405 3.1728 2513 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 23.07.2012 PS80/0185-5 2012-N4 79.7393 4.5052 2668 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 25.07.2012 PS80/0188-3 2012-N3 79.6043 5.1723 2742 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 26.07.2012 PS80/0191-3 2012-N2 79.4100 4.6930 2506 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 26.07.2012 PS80/0194-3 2012-N1 79.2835 4.3265 2364 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 27.07.2012 PS80/0195-32012-HGIVa 79.0822 4.0983 2458 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 16.07.2012 PS80/0165-9 2012-HGIV 79.0652 4.1788 2466 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 19.07.2012 PS80/0174-1 2012-S1a 78.9335 4.9930 2609 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 27.07.2012 PS80/0197-1 2012-S1 78.9180 5.0017 2594 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 20.07.2012 PS80/0177-1 2012-S2 78.7805 5.3320 2470 USNEL Box-corer 0.1250
ARK-XXVII/2 Fram Strait 20.07.2012 PS80/0176-10 2012-S3 78.6100 5.0663 2340 USNEL Box-corer 0.1250

AMK-63 Laptev Sea 12.09.2015 AMK-5225 2015-5225 78.3750 130.6590 2390 Okean grab 0.7500
AMK-63 Laptev Sea 13.09.2015 AMK-5227 2015-5227 78.0910 130.5210 2020 Okean grab 0.7500
ARK-XXX Fram Strait 02.08.2016 PS99/0051-8 2016-EG1 78.9900 -5.4300 995 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 01.07.2016 PS99/0050-3 2016-EGII 78.9300 -4.6400 1548 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 01.07.2016 PS99/0049-3 2016-EGIII 78.8500 -3.9600 1971 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 30.06.2016 PS99/0048-132016-EGIV 78.8200 -2.7300 2603 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 10.08.2016 PS99/0066-4 2016-HGI 79.1400 6.0800 1282 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 06.07.2016 PS99/0057-3 2016-HGII 79.1400 4.9100 1540 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 11.08.2016 PS99/0069-6 2016-HGIII 79.1100 4.6000 1887 USNEL Box-corer 0.2500
ARK-XXX Fram Strait 27.06.2016 PS99/0042-142016-HGIV 79.0600 4.1800 2462 USNEL Box-corer 0.2500
2002–23 Beaufort Sea 16.08.2002 AG05 2002-AG05 70.5833 -122.9833 640 USNEL Box-corer 0.0400
2002–23 Beaufort Sea 18.08.2002 AL07 2002-AL07 71.7000 -134.7000 1570 USNEL Box-corer 0.0400
2002–23 Beaufort Sea 20.08.2002 AL10 2002-AL10 73.5000 -137.0000 3250 USNEL Box-corer 0.0800
2002–23 Beaufort Sea 05.09.2002 NA05 2002-NA05 75.9333 -155.6500 1350 USNEL Box-corer 0.1200
2002–23 Beaufort Sea 02.09.2002 NW01 2002-NW01 75.9667 -156.8167 800 USNEL Box-corer 0.0400
2002–23 Beaufort Sea 31.08.2002 NW05 2002-NW05 74.3333 -162.3167 1850 USNEL Box-corer 0.1200
HLY05-02 Beaufort Sea 28.06.2005 HLY0502-2 2005-2 72.3220 -155.7566 910 USNEL Box-corer 0.1800
HLY05-02 Beaufort Sea 01.07.2005 HLY0502-3 2005-3 72.3560 -155.3248 1840 USNEL Box-corer 0.1800
HLY05-02 Beaufort Sea 03.07.2005 HLY0502-4 2005-4 72.5481 -155.5493 1750 USNEL Box-corer 0.1800
HLY05-02 Beaufort Sea 06.07.2005 HLY0502-5 2005-5 73.3710 -153.4192 3900 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 10.07.2005 HLY0502-7 2005-7 74.4253 -151.7138 3841 USNEL Box-corer 0.1800
HLY05-02 Beaufort Sea 11.07.2005 HLY0502-8 2005-8 74.5865 -151.9773 3845 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 13.07.2005 HLY0502-9 2005-9 75.1698 -155.9039 3848 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 16.07.2005 HLY0502-11 2005-11 76.0215 -160.6869 1370 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 17.07.2005 HLY0502-12 2005-12 76.4280 -163.4817 937 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 21.07.2005 HLY0502-13 2005-13 75.2680 -161.2250 2090 USNEL Box-corer 0.1500
HLY05-02 Beaufort Sea 24.07.2005 HLY0502-15 2005-15 73.0727 -157.1896 2620 USNEL Box-corer 0.1500



Table S1, continued 

 

 

  

Expedition Region Date Event Station Latitude Longitude
Depth 

(m)
Gear

Sampling 
area (m2)

ARK IX/4 Laptev Sea 1993 PS2468 1993-50 77.6900 125.9183 1992 Agassiz trawl -
AMK-54 Kara Sea 2007 AMK-4983 2007-4983 76.9200 70.2700 555 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4985 2007-4985 76.7833 70.6167 465 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4987 2007-4987 76.6583 71.0483 275 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4988 2007-4988 76.5883 71.2567 160 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4990 2007-4990 76.1533 72.4967 110 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4996 2007-4996 72.5718 73.7862 20 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-4999 2007-4999 72.9565 73.2947 27 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-5000 2007-5000 73.7530 72.9423 23 Sigsbee trawl -
AMK-54 Kara Sea 2007 AMK-5003 2007-5003 75.4430 72.5155 60 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5016 2011-5016 72.5503 80.3420 14 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5019 2011-5019 73.1699 79.8608 25 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5020 2011-5020 73.7176 79.3896 29 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5010 2011-5010 74.2930 78.6251 33 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5024 2011-5024 74.9486 77.9020 34 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5026 2011-5026 75.9970 76.6741 63 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5032 2011-5032 76.5498 80.7481 57 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5033 2011-5033 77.2100 78.1277 120 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5034 2011-5034 77.4263 77.5674 220 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5039 2011-5039 78.0074 74.8968 364 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5042 2011-5042 78.4915 72.8047 472 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5051 2011-5051 75.8272 68.9850 351 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5054 2011-5054 72.9301 58.3447 376 Sigsbee trawl -
AMK-59 Kara Sea 2011 AMK-5061 2011-5061 71.6692 57.0368 325 Sigsbee trawl -

ARK XXVII/3 Central Arctic 2012 PS80/205 2012-205 81.4802 31.0252 615 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/222 2012-222 84.0377 30.1620 4012 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/249 2012-249 83.9673 77.6813 3470 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/259 2012-259 82.7090 109.5777 3575 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/286 2012-286 82.7780 129.8467 4159 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/332 2012-332 81.9062 130.8432 4039 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/346 2012-346 85.0688 122.6915 4354 Agassiz trawl -
ARK XXVII/3 Central Arctic 2012 PS80/359 2012-359 87.8922 59.3887 4380 Agassiz trawl -

PSh-125 Kara Sea 2013 125-30 2013-30 76.3533 88.8250 47 Sigsbee trawl -
PSh-125 Kara Sea 2013 125-32 2013-32 77.1187 87.6292 149 Sigsbee trawl -
PSh-125 Kara Sea 2013 125-34 2013-34 78.0150 87.6317 108 Sigsbee trawl -
AMK-63 Laptev Sea 2015 AMK-5230 2015-seep 76.7715 125.8418 72 Sigsbee trawl -
AMK-63 Laptev Sea 2015 AMK-5225 2015-5225 78.3747 130.6585 2390 Sigsbee trawl -



Suppl 2 

############################################################### 

''' Defenition of functions for diversity measurements. 

Input - np.array of list of species abundances in one sample''' 

 

import sys 

import numpy as np 

import scipy.stats 

from math import comb 

import random 

 

def SpRich(x): #Number of species 

    a = np.count_nonzero(x) 

    return a 

 

def sdi(x): #Shannon-Wiener index 

    from math import log as ln 

    def p(n, N): 

        if n == 0: 

            return 0 

        else: 

            return (float(n)/N) * ln(float(n)/N)             

    N = sum(x)     

    return -sum(p(n, N) for n in x) 

 

def Hill(x,q): #Simple Hill number 

    N = sum(x) 

    def p(i): 

        if i == 0: 



            return 0 

        else: 

            return (i/N)**q 

    if 1 !=0: 

        return sum(p(i) for i in x)**(1/(1-q)) 

    else: return sdi(x) 

     

def Dm_0 (x): #Observed interpolated species rarefaction, q = 0, see Chao et al. 2014 for 
equations 

    n = round(sum(x)) 

    S = SpRich(x) 

    l = [] 

    noz = np.array([a for a in x if a != 0]) 

    for m in range(1,n+1): 

        a_list = [] 

        for i in range(len(noz)): 

            a = comb((n-int(noz[i])),m)/comb(n,m) 

            a_list.append(a) 

            z = (sum(a_list)) 

        Dm = S - z 

        l.append(Dm) 

    return np.array(l) 

 

def Cind_0 (x): #Observed interpolated species sample coverage, q = 0 

    n = round(sum(x)) 

    l = [] 

    noz = np.array([a for a in x if a != 0]) 

    for m in range(1,n-1): 

        a_list = [] 

        for i in range(len(noz)): 



            a = (int(noz[i])/n)*comb((n-int(noz[i])),m)/comb((n-1),m) 

            a_list.append(a) 

            z = (sum(a_list)) 

        Dm = 1 - z 

        l.append(Dm) 

    return np.array(l) 

 

def Dm_1(x,y): #Observed extrapolated species rarefaction, q = 0; y (individuals) - the upper 
limit of the extrapolation 

    n = round(sum(x)) 

    S = SpRich(x)     

    f1 = np.count_nonzero(x == 1) 

    f2 = np.count_nonzero(x == 2) 

    if f1 == 0: 

        f0 = 0 

    elif f1 != 0 and f2 == 0: 

        f0 = ((n-1)/n)*f1*(f1-1)/2 

    else: 

        f0 = ((n-1)/n)*f1**2/(2*f2) 

    l = [] 

    for m in range (0,y): 

        if f0 ==0: 

            z = 0 

        else:             

            z = f1/(n*f0+f1) 

        Dnm = S + f0*(1-(1-z)**m) 

        l.append(Dnm) 

    return np.array(l) 

 

def Cind_1(x): #Observed extrapolated species sample coverage, q = 0 



    n = round(sum(x)) 

    f1 = np.count_nonzero(x == 1) 

    f2 = np.count_nonzero(x == 2) 

    l = []     

    for m in range (0,n+1): 

        Ci = 1-(f1/n)*(((n-1)*f1/(2*f2+f1*(n-1)))**m) 

        l.append(Ci) 

    return np.array(l) 

 

def pi_tuned(x): #Tuned probabilities of species occurence in sample x 

    n = round(sum(x))     

    f1 = np.count_nonzero(x == 1) 

    f2 = np.count_nonzero(x == 2) 

    if f2 == 0: 

        f0 = ((n-1)/n)*f1*(f1-1)/2 

    else: 

        f0 = ((n-1)/n)*f1**2/(2*f2)     

    CindN = 1-(f1/n)*((n-1)*f1/(2*f2+f1*(n-1)))     

    a_list = [] 

    for i in range(len(x)): 

        denom1 = (x[i]/n)*(1-x[i]/n)**n 

        a_list.append(denom1) 

    denom = (sum(a_list)) 

    l=[] 

    for i in range(len(x)): 

        if x[i] != 0: 

            lamb = (1-CindN)/denom 

            p_i = (x[i]/n)*(1-lamb*((1-x[i]/n)**n)) 

        else: 



            p_i = ((1-CindN)/(round(f0)))**2 

        l.append(p_i) 

    return l 

 

def pi_tuned_rev(x): #Reversed tuned probabilities for further randomization  

    n = round(sum(x))     

    f1 = np.count_nonzero(x == 1) 

    f2 = np.count_nonzero(x == 2) 

    if f2 == 0: 

        f0 = ((n-1)/n)*f1*(f1-1)/2 

    else: 

        f0 = ((n-1)/n)*f1**2/(2*f2)     

    CindN = 1-(f1/n)*((n-1)*f1/(2*f2+f1*(n-1)))     

    a_list = [] 

    for i in range(len(x)): 

        denom1 = (x[i]/n)*(1-x[i]/n)**n 

        a_list.append(denom1) 

    denom = (sum(a_list)) 

    l=[] 

    for i in range(len(x)): 

        if x[i] != 0: 

            lamb = (1-CindN)/denom 

            p_i = 1-(x[i]/n)*(1-lamb*((1-x[i]/n)**n)) 

        else: 

            p_i = 1-((1-CindN)/(round(f0)))**2 

        l.append(p_i) 

    return l 

 

def rand_gen(x,y): #Creates DataFrame with randomly generated samples of y replicates 



    population = x 

    sp_list = len(x) 

    prob_distr = pi_tuned_rev(x) 

    columns = np.array(range(1,len(x))) 

    rand_frame = pd.DataFrame({0: np.array(random.choices(population, 
weights=prob_distr, k=sp_list))}) 

    for i in range (1,y): 

        rand_frame[i] = np.array(random.choices(population, weights=prob_distr, k=sp_list)) 

    return rand_frame 

 

def rand_df_curve(x,y,z): #Creates DataFrame with generated rarefactions up to y 
individuals of z random replicates 

    col_0 = rand_gen(x,z)[0] 

    N_0 = (round(sum(col_0))) 

    if N_0 >= y: 

        curve_frame = pd.DataFrame({0: Dm_0(col_0)[:y]}) 

    elif N_0 < y: 

        curve_frame = pd.DataFrame({0: np.concatenate((Dm_0(col_0),Dm_1(col_0, y-
N_0)[1:]),axis=None)}) 

    for i in range (1,z): 

        col_i = rand_gen(x,z)[i] 

        N_i = (round(sum(col_i))) 

        if N_i >= y: 

            curve_frame[i] = Dm_0(col_i)[:y] 

        elif N_i < y: 

            new_col1 = Dm_0(col_i) 

            new_col2 = Dm_1(col_i, y-N_i)[1:] 

            curve_frame[i] = np.concatenate((new_col1, new_col2), axis=None) 

    return curve_frame 

 

def confidence_interval(data, confidence): # To calculate Confidence interval 



    a = 1.0 * np.array(data) 

    n = len(a) 

    m, se = np.mean(a), scipy.stats.sem(a) 

    h = se * scipy.stats.t.ppf((1 + confidence) / 2., n-1) 

    return h 

 

def mean_interval(data, confidence): # To calculate mean 

    a = 1.0 * np.array(data) 

    n = len(a) 

    m, se = np.mean(a), scipy.stats.sem(a) 

    h = se * scipy.stats.t.ppf((1 + confidence) / 2., n-1) 

    return m 

 

def mean(x,y): # mean curve up to y individuals, concatenated Dm_0 and Dm_1 in case you 
deal with large samples 

    N = (round(sum(x))) 

    if N >= y: 

         return Dm_0(x)[:y] 

    else: 

         return np.concatenate((Dm_0(x), Dm_1(x, y-N)[1:]), axis=None) 

 

def CI_rarefaction_minus(x,y, confidence): # Lower confidence inderval of rarefaction curve 

    fr = rand_df_curve(x,y) 

    N = (round(sum(x))) 

    mean = np.concatenate((Dm_0(x), Dm_1(x, 100-N)[1:]), axis=None) 

    y_graph = mean - confidence_interval(fr.T, confidence) 

    return y_graph 

 

def CI_rarefaction_plus(x,y, confidence): # Upper confidence inderval of rarefaction curve 

    fr = rand_df_curve(x,y) 



    N = (round(sum(x))) 

    mean = np.concatenate((Dm_0(x), Dm_1(x, 100-N)[1:]), axis=None) 

    y_graph = mean + confidence_interval(fr.T, confidence) 

    return y_graph 

 

 

'''An example of the rarefaction curve for one of the stations (1995-89) used in this study''' 

_1995_89_ = array([0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 4, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 7, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 7, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 

       0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 4, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 2, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 



       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

       0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 3, 0]) 

 

N = (round(sum(_1995_89_))) 

S = SpRich(_1995_89_) 

x1 = np.array(list(range(1,N+1))) 

y1 = Dm_0(_1995_89_) 

x2 = np.array(list(range(N,100))) 

y2 = Dm_1(_1995_89_, 100-N) 

x3 = N 

y3 = S 

 

fr = rand_df_curve(_1995_89_,100,10) 

mean = np.concatenate((Dm_0(_1995_89_), Dm_1(_1995_89_, 100-N)[1:]), axis=None) 

ci = confidence_interval(fr.T, 0.99) 

 

x4 = np.array(list(range(1,100))) 

y4 = mean-ci 

y5 = mean+ci 

 

# 

''' 

Or, in case of large samples when the sum of individuals exceeds usual values of 50 or 100, 
use this: 

ci = confidence_interval(fr.T, 0.99) 

mean_f = mean(_1995_89_, 100)          

x4 = np.array(list(range(1,101))) 



y4 = mean_f-ci 

y5 = mean_f+ci 

''' 

# 

 

fig = plt.figure(figsize =(15, 7)) 

 

plt.plot(x4,y4, color='orange', linewidth=2) 

plt.plot(x4,y5, color='orange', linewidth=2) 

plt.fill_between(x4, y4, y5, color='navajowhite') 

 

plt.plot(x1,y1, color='darkorange', linewidth=4) 

plt.plot(x2,y2, color='darkorange', linewidth=4, linestyle='dashed') 

plt.plot(x3,y3, color='darkorange', marker='o', markersize=12) 

 

plt.title('Rarefaction curve and extrapolation') 

plt.ylim(0.5,25) 

plt.xlim(1,50) 

plt.grid(True) 

plt.xlabel('Number of individuals') 

plt.ylabel('Species count') 

plt.show 

 

 

############################################################### 

''' Defenition of similarity indices for cluster dendrograms. 

Input - np.array of list of species abundances in each sample or pandas DataFrame''' 

 

import pandas as pd 



import numpy as np 

import seaborn as sns 

import matplotlib 

import matplotlib.pyplot as plt 

import scipy 

import sklearn 

import math 

import os, re, sys 

from math import log 

 

def Br_Cur(data1, data2): #Bray-Curtis similarity index 

    if len(data1) != len(data2): 

        raise ValueError("Error while calculating Bray-Curtis similarity index. The two input 
data lists must have the same length!\n") 

    if sum(data1) == 0 or sum(data2) == 0: 

        return -1     

    A = sum(data1) 

    B = sum(data2)     

    z = 0 

    for i, (x,y) in enumerate(zip(data1, data2)): 

        if x!=0 and x<=y: 

            z+=x  

        elif y!=0 and x>=y: 

            z+=y  

    minAB = z 

    if float(A+B) == 0: 

        return 0 

    else:  

        return (2*minAB)/(A+B) 

 



def rev_Br_Cur(data1, data2): #Bray-Curtis dissimilarity 

    return (1-Br_Cur(data1, data2))    

 

''' 

the script partly taken from 
https://github.com/ngannguyen/immunoseq/blob/master/src/similarity.py 

Jun 13 2012 

''' 

 

def morisitaHorn(data1, data2): #Morisita-Horn similarity index 

    S1 = sum(data1) 

    S2 = sum(data2) 

    if len(data1) != len(data2): 

        raise ValueError("Error while calculating MorisitaHorn similarity index. The two 
input data lists must have the same length!\n") 

    if S1 == 0 or S2 == 0: 

        return -1 

    sum_xy = 0 

    sum_x_sq = 0 

    sum_y_sq = 0 

    for i, x in enumerate(data1): 

        y = data2[i] 

        sum_xy += x*y 

        sum_x_sq += x*x 

        sum_y_sq += y*y 

    n = 2*sum_xy/(S1*S2) 

    d = (float(sum_x_sq)/(S1**2) + float(sum_y_sq)/(S2**2)) 

    return float(n)/d 

 

def reversed_morisitaHorn(data1,data2): #Morisita-Horn dissimilarity 



    return (1-morisitaHorn(data1, data2)) 

 

 

def SoerAbIn(data1, data2): #Quantitative Soerensen similarity index 

    if len(data1) != len(data2): 

        raise ValueError("Error while calculating Soerensen similarity index. The two input 
data lists must have the same length!\n")     

    if sum(data1) == 0 or sum(data2) == 0: 

        return -1 

    A = sum(data1) 

    a = 0 

    for i, (x,y) in enumerate(zip(data1, data2)): 

        if y!=0: 

            a+=x 

    U = a/A 

    B = sum(data2) 

    b = 0 

    for i, (x,y) in enumerate(zip(data1, data2)): 

        if x!=0: 

            b+=y 

    V = b/B     

    if float(U+V) == 0: 

        return 0 

    else:  

        return float(2*U*V)/float(U+V) 

 

def rev_SoerAbIn(data1, data2): #Quantitative Soerensen dissimilarity index     

    return (1-SoerAbIn(data1, data2)) 

 

# Example of the dendrogram using Morisita-Horn similarity index. 



#Input - DataFrame (named here as 'frame') with species as index names and stations as 
columns names 

 

 

from scipy.spatial.distance import pdist, squareform 

 

station_list = list(frame.columns) 

 

sim_matr = pd.DataFrame(squareform(pdist(frame.T, morisitaHorn)), 
columns=station_list, index=station_list) #non-transformed data 

sim_matr2 = pd.DataFrame(squareform(pdist(frame_trans.T, lambda u, v: 
morisitaHorn(u,v))), columns=station_list, index=station_list) #square-root transformed 
data 

 

from scipy.cluster import hierarchy 

 

ytdist = np.array(sim_matr2) 

 

Z = hierarchy.linkage(ytdist, 'average', metric=reversed_morisitaHorn, 
optimal_ordering=True) 

 

plt.figure(figsize=(15, 20)) 

matplotlib.rcParams['lines.linewidth'] = 1 

 

dn = hierarchy.dendrogram(Z, 

            p=100, 

            truncate_mode='level', 

            orientation='left', 

            labels=stations, 

            count_sort='ascending', 

            distance_sort='ascending', 



            show_leaf_counts=True, 

            leaf_rotation=0, 

            leaf_font_size=10, 

            above_threshold_color='black') 

 

plt.title('Cluster Analysis, Morisita-Horn index, sq-root transform, group average', 
fontdict={'fontsize':20}, pad=12); 

plt.xlim() 

plt.xticks(fontsize=12) 

plt.xlabel('Morisita-Horn dissimilarity', fontsize=15) 

plt.axvline(x=0.435, c='grey', lw=2, linestyle='dashed') 

 

plt.savefig('Morisita_Horn_sq-root_average_stations.png', dpi=300, bbox_inches='tight') 

  



Suppl. 3 

 

Station
Abundance       

(ind. m-2)
Biomass              

(g ww m-2)
Species 
number

Pielou's 
evenness

ES(100)
Estimated diversity 

of 50 individuals
Shannon-

Wiener index

1991-2213 856 5.785 53 0.85 33.60 25.02 3.36
1991-2214 3292 10.701 92 0.78 35.91 24.84 3.52

1993-14 1051 1.633 26 0.80 20.88 17.50 2.60
1993-17 261 0.647 5 0.97 5.00 5.00 1.56
1993-19 522 0.196 21 0.93 20.31 26.13 2.84
1993-20 565 2.083 8 0.96 8.00 10.43 1.99
1993-24 891 2.416 19 0.89 18.20 21.16 2.61
1993-25 8861 650.529 77 0.80 33.38 24.04 3.46
1993-27 2487 8.959 68 0.89 39.98 29.34 3.75
1993-32 948 1.577 26 0.84 21.42 18.65 2.73
1993-35 1080 7.482 47 0.86 29.85 23.31 3.30
1993-38 1552 6.442 59 0.88 37.13 28.14 3.60
1993-39 2905 7.118 75 0.84 38.43 27.43 3.64
1993-40 4122 27.490 77 0.90 44.31 31.57 3.93
1993-41 6500 26.817 54 0.81 32.87 24.20 3.24
1993-44 7868 340.169 77 0.87 40.13 29.05 3.77
1993-47 915 11.832 91 0.83 41.47 25.45 3.76
1993-48 3888 35.869 90 0.84 40.96 28.29 3.76
1993-49 2914 16.855 76 0.82 37.88 26.53 3.56
1993-50 652 7.902 26 0.87 23.75 23.62 2.83
1993-53 149 3.261 27 0.91 26.38 27.74 2.99
1993-54 435 0.652 11 0.85 10.88 13.54 2.03
1993-64 5103 34.162 100 0.79 37.37 26.10 3.64
1993-68 4858 51.813 99 0.80 38.52 26.73 3.66
1993-69 4898 43.538 109 0.81 41.55 28.42 3.82
1993-70 1147 4.090 76 0.80 38.00 26.60 3.47
1993-71 3021 4.754 52 0.67 25.57 18.18 2.65
1995-89 66 2.300 12 0.88 12.00 14.82 2.19
1995-90 474 2.400 34 0.80 23.19 17.95 2.80
1995-91 752 28.100 73 0.81 35.74 24.96 3.47
1995-92 2206 818.800 89 0.71 32.15 21.66 3.17
1995-93 3897 2316.500 120 0.74 37.32 24.66 3.54
1995-94 2040 13.800 37 0.53 17.48 12.29 1.92
1995-95 750 25.200 73 0.81 38.03 25.93 3.46
1995-96 884 44.900 46 0.78 26.43 19.55 2.99

1997-2830 4092 23.848 26 0.85 20.98 18.91 2.77
1997-2831 3454 20.856 47 0.82 28.80 23.93 3.18
1997-2832 440 2.288 6 0.90 6.00 12.37 1.61
1997-2833 88 0.198 2 1.00 2.00 2.00 0.69
1997-2834 704 2.970 7 0.95 7.00 7.92 1.84
1997-2835 440 0.682 8 0.95 8.00 22.49 1.97
1997-2836 550 2.167 11 0.72 10.92 26.49 1.73
1997-2837 946 12.606 20 0.89 18.91 29.80 2.67
1997-2838 704 2.090 10 0.90 9.99 14.76 2.06
1997-2839 119 0.469 6 0.93 6.00 6.00 1.67
1997-2840 704 2.754 6 0.70 6.00 11.04 1.25
1997-2843 264 0.986 4 0.90 4.00 6.50 1.24
1997-2847 132 0.079 2 0.92 2.00 2.33 0.64
1997-2849 30 0.421 2 1.00 2.00 2.50 0.69
1997-2851 220 5.918 4 0.96 4.00 7.60 1.33
1997-2853 572 9.649 9 0.97 9.00 11.86 2.14
1997-2854 836 1.426 10 0.90 9.98 15.76 2.08
1997-2855 484 1.377 9 0.96 9.00 25.97 2.10
1997-2859 704 1.685 16 0.87 15.28 16.58 2.42
1997-2860 308 1.087 5 0.96 5.00 6.93 1.55
1997-2861 440 4.770 4 0.92 4.00 4.45 1.28
1997-2868 83 0.316 2 0.83 2.00 2.00 0.58
2007-5003 2174 48.835 54 0.73 25.29 18.77 2.91
2012-229 12 0.008 2 1.00 2.00 2.00 0.69
2012-241 46 0.411 6 0.93 6.00 12.52 1.66
2012-262 21 0.070 2 0.92 2.00 2.33 0.64
2012-278 209 1.212 12 0.83 11.87 15.06 2.06
2012-326 97 0.147 10 0.92 10.00 13.41 2.12
2012-339 78 0.081 9 0.95 9.00 16.18 2.10
2012-355 20 0.087 3 0.95 3.00 4.50 1.04
2012-368 57 0.071 6 0.88 6.00 11.01 1.58
2012-N5 1168 1.816 29 0.87 23.14 19.62 2.93
2012-N4 1592 2.509 34 0.78 22.07 17.37 2.74
2012-N3 1152 0.971 30 0.84 22.67 19.01 2.86
2012-N2 1008 1.478 27 0.81 21.48 18.08 2.67
2012-N1 1024 3.592 31 0.84 24.75 20.74 2.89

2012-HGIV 984 2.628 27 0.76 20.68 20.41 2.52
2012-HGIVa 928 1.794 29 0.86 23.81 17.14 2.89

2012-S1a 1456 2.380 32 0.82 23.05 18.69 2.86
2012-S1 880 0.866 25 0.81 19.80 16.99 2.62
2012-S2 1064 2.205 37 0.86 27.78 22.89 3.12
2012-S3 1360 4.975 31 0.87 24.64 20.53 2.98

2015-5225 219 1.051 25 0.73 18.32 14.75 2.35
2015-5227 333 2.514 37 0.82 26.00 19.80 2.95
2016-EG1 764 0.452 51 0.82 33.50 24.76 3.24
2016-EGII 384 1.349 40 0.87 31.99 26.30 3.21
2016-EGIII 277 0.924 28 0.85 25.14 22.97 2.84
2016-EGIV 992 1.048 37 0.78 23.68 18.00 2.80
2016-HGI 1450 2.707 58 0.84 33.16 24.59 3.40
2016-HGII 1479 2.358 65 0.80 33.62 23.71 3.33
2016-HGIII 552 0.861 35 0.87 27.94 22.85 3.11
2016-HGIV 756 2.455 29 0.70 19.80 15.27 2.35
2002-AG05 4050 4.950 27 0.70 19.64 15.90 2.30
2002-AL07 675 2.600 14 0.93 13.87 19.47 2.45
2002-AL10 88 0.004 4 0.92 4.00 5.71 1.28
2002-NA05 1792 0.808 35 0.79 23.14 18.26 2.82
2002-NW01 1875 4.325 11 0.56 9.30 8.68 1.35
2002-NW05 1275 0.536 16 0.63 11.38 9.52 1.74

2005-2 2489 27.000 50 0.62 22.36 19.90 2.41
2005-3 833 0.100 18 0.76 16.01 20.06 2.20
2005-4 561 11.200 34 0.88 28.57 13.33 3.12
2005-5 339 2.400 8 0.48 7.60 11.36 1.00
2005-7 67 0.050 8 0.93 8.00 15.59 1.94
2005-8 128 0.050 10 0.90 10.00 14.06 2.07
2005-9 111 0.200 10 0.97 10.00 24.09 2.22

2005-11 239 3.700 17 0.90 16.67 7.43 2.55
2005-12 250 2.000 18 0.79 17.41 18.21 2.27
2005-13 167 1.800 9 0.77 8.98 13.49 1.69
2005-15 606 1.800 14 0.70 12.36 10.85 1.84

Quantitative samples
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Station
Abundance       

(ind. m-2)
Biomass              

(g ww m-2)
Species 
number

Pielou's 
evenness

ES(100)
Estimated diversity 

of 50 individuals
Shannon-

Wiener index
1993-50 - - 27 0.73 17.21 13.52 2.42

2007-4983 - - 57 0.45 18.94 12.52 1.81
2007-4985 - - 144 0.48 22.68 14.96 2.37
2007-4987 - - 48 0.49 16.03 11.24 1.92
2007-4988 - - 70 0.32 12.29 8.82 1.37
2007-4990 - - 89 0.67 30.58 19.92 3.02
2007-4996 - - 31 0.23 9.05 6.27 0.79
2007-4999 - - 38 0.58 18.47 13.28 2.11
2007-5000 - - 38 0.57 17.66 13.39 2.08
2007-5003 - - 99 0.61 27.14 18.29 2.82
2011-5016 - - 21 0.46 9.50 7.13 1.40
2011-5019 - - 52 0.32 11.91 8.08 1.27
2011-5020 - - 76 0.40 16.98 10.58 1.73
2011-5010 - - 126 0.64 29.36 20.26 3.12
2011-5024 - - 125 0.54 28.65 17.93 2.61
2011-5026 - - 73 0.73 31.85 22.03 3.15
2011-5032 - - 88 0.64 33.24 20.52 2.89
2011-5033 - - 122 0.69 34.47 23.06 3.31
2011-5034 - - 88 0.46 19.68 12.56 2.06
2011-5039 - - 67 0.35 16.48 10.74 1.49
2011-5042 - - 104 0.72 35.08 22.82 3.33
2011-5051 - - 103 0.46 16.90 11.37 2.15
2011-5054 - - 80 0.45 17.29 11.03 1.99
2011-5061 - - 79 0.43 11.82 9.08 1.86
2012-205 - - 133 0.71 39.25 24.19 3.48
2012-222 - - 22 0.48 14.25 10.96 1.49
2012-249 - - 24 0.52 14.78 11.01 1.64
2012-259 - - 18 0.60 10.96 8.48 1.73
2012-286 - - 21 0.54 10.45 7.88 1.64
2012-332 - - 17 0.55 10.96 8.28 1.55
2012-346 - - 25 0.31 9.33 6.77 0.99
2012-359 - - 8 0.98 8.00 24.61 2.04
2013-30 - - 96 0.52 27.67 16.87 2.39
2013-32 - - 94 0.48 18.06 12.44 2.16
2013-34 - - 131 0.57 27.26 17.13 2.76

2015-seep - - 199 0.55 28.98 18.79 2.91
2015-5225 - - 73 0.64 25.92 18.10 2.76

Semiquantitative samples
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Fig. S-1. Cluster analysis of quantitative stations using Morisita-Horn dissimilarity (square-root 
transformation). Colour labels for stations are the same as for the Bray-Curtis similarity dendrogram. 
Dashed line indicates slice at the dissimilarity level of 0.43. 

 



 

Fig. S-2. Cluster analysis of quantitative stations using quantitative Sørensen dissimilarity (square-root 
transformation). Colour labels for stations are the same as for the Bray-Curtis similarity dendrogram. 
Dashed line indicates slice at the dissimilarity level of 0.85. 

 



 

Fig. S-3. Cluster analysis of semi-quantitative stations using Morisita-Horn dissimilarity (4-th root 
transformation). Colour labels for stations are the same as for the corresponding Bray-Curtis similarity 
dendrogram. Dashed line indicates slice at the dissimilarity level of 0.3. 

 

 

Fig. S-4. Cluster analysis of quantitative stations using quantitative Sørensen dissimilarity (square-root 
transformation). Colour labels for stations are the same as for the corresponding Bray-Curtis similarity 
dendrogram. Dashed line indicates slice at the dissimilarity level of 0.83. 



 

 

Fig. S-5. Bathymetric distribution of groups of Arctic benthic assemblages based on semi-quantitative 
samples (three different similarity indices). Colours as in Figs. 8-10. B-C – depth ranges from the Bray-
Curtis similarity dendrogram; M-H – depth ranges from the Morisita-Horn similarity dendrogram; S – depth 
ranges from the quantitative Sørensen similarity dendrogram. 

 

 

 

 

 

 

 



 

Fig. S-6. Rarefaction curves for the quantitative samples up to 50 individuals with extrapolation based on 
the Hill numbers (q = 0). Colours as in Figs. 8-10. Continuous lines indicate true (sample-sized) rarefaction; 
circles indicate the end of sample; dashed lines indicate the extrapolated rarefaction. 
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