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Abstract: An analysis of archival and literary materials, as well as recently collected data in coastal
areas at 14 locations in the Eurasian seas showed that the diversity of biomass-dominating key
bryozoan species is low, totaling 26 species, less than 1/15 of the total bryozoan fauna richness.
Their number decreases eastward from 17 species with an average total biomass of >16 g/m2 in
the Barents Sea to three species with an average biomass of about 3 g/m2 in the East Siberian
Sea. In the Chukchi Sea, their number and average biomass increase to 10 species and ~12 g/m2,
respectively. Average biomass strongly correlates with the number of species in each sea. Furthermore,
variation in biomass is significantly correlated with the composition of bottom sediments and, in
some locations, with depth. The marked decrease in the number of key species along the vector
from Barents→Kara→Laptev→East Siberian Sea is due to a decline in the number of boreal and
boreal–Arctic bryozoans of Atlantic origin. In contrast, the appearance of boreal and boreal–Arctic
Pacific species is responsible for the increase in key species in the Chukchi Sea.

Keywords: bryozoa; biomass-dominating key species; biogeographic affiliation; distribution; depth;
sediments grain size; coastal area; Arctic seas

1. Introduction

Bryozoans, such as polychaetes, crustaceans and molluscs, are one of the most diverse
taxonomic groups of the Arctic [1], but their role in the formation of the total zoobenthos
bioresources in this region of the world ocean has been a matter of contention. Some
workers believe that this entire group has only patchy distributed aggregations in the
Arctic seas [2–8]. The results of the studies conducted over a broad timeframe, however,
indicate that stable mass aggregations of bryozoans have existed in the Arctic seas over
a long period of time [9–13]. Furthermore, some workers argue that bryozoans are one
of the background groups that contribute significantly to the total biomass of zoobenthos
communities on the continental shelf [12–18]. These diametrically opposed views on
the importance of bryozoans in zoobenthos communities have provided a stimulus for
quantitatively assessing the distribution and abundance of bryozoans on the continental
shelf of the Barents Sea [19]. Mapping of then-available data showed that an increase in the
total biomass of this group tended to coincide with sea regions having bottom sediments
dominated by stones, gravel, and other coarse-grained fractions, a relationship confirmed
by statistical analysis [19].

It was therefore established by the early 1990s that the distribution and abundance
of bryozoans in the open part of the Barents Sea is highly variable and controlled by
environmental parameters [11,14]. However, insufficient information about bryozoans
in the coastal regions of seas where environmental parameters undergo the most abrupt
changes hindered the identification of such patterns in shallow waters.

Several expeditions conducted by the Zoological Institute of the Russian Academy of
Sciences in the 1970–2000s collected data on bryozoan biomass in the coastal regions of
the Eurasian seas. Some of this information has been published, but the results presented
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in specialized studies on bryozoans were mostly concerned with their biogeographical
and species composition [20–24]. Some observations on the quantitative representation
of this group can be found in papers dealing with descriptions of benthic communities
in general [25–29], but this information is insufficient to identify possible causes that can
explain changes in the distribution and biomass of bryozoans.

The purpose of this study was to characterize the distribution and biomass of bry-
ozoans in the Eurasian Arctic seas based on an integrated analysis of the available archival
and literature data together with recently collected biomass data from surveys conducted
in the upper littoral of the coastal regions. We hypothesize that both the diversity and
biomass of key bryozoan species, species represented by a biomass >1 g/m2, must decrease
eastward in parallel with similar changes in species richness of the overall bryozoan fauna
and that the key bryozoan species that have originated in the Atlantic are replaced by Arctic
or Pacific species.

2. Materials and Methods
2.1. Study Area

The study area covered 14 coastal localities in the five seas of the Arctic, which
vary in their environmental conditions [30]: Barents, Kara, Laptev, East Siberian, and
Chukchi (Figure 1). Three of these locations were situated in the Barents Sea. One of these,
Yarnyshnaya Bay, lies in the south-western part of the sea and is greatly influenced by
Atlantic waters carried from the west with the Murmansk near-shore current [31]. Sea water
temperature in this bay is normally above zero throughout the year, with surface water
warming to 7–9 ◦C in summer while not exceeding 4–5 ◦C deeper in the water column.
Salinity in the bay is 33.4–34.5 psu, which is close to that in the ocean [32]. Bottom sediment
composition varies greatly from the mouth to the head of the bay and from the littoral to
deeper areas, ranging from stony bottoms to soft silty sands (Table 1) [33].

The second Barents Sea location is in the waters of the Franz Josef Land Archipelago
(FJL), in particular off Hayes Island and the straits around it (Figure 1). Arctic waters
influence this area with negative sea water temperatures throughout the year at depths
below 5 m and a steady summer temperature of +2 ◦C in the surface water layers [30,32].
Bottom sediment composition at sampling sites varies from boulder-covered bottoms to
silty sands or mixed gravel–sandy–clayey sediments in the upper littoral [25,33] (Table 1).
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Table 1. Sampling stations and environmental parameters in the study area. Sediment type: C, clay; M, mud; Ms, muddy sand; Fs, fine sand; S, sand; Sis, silt with
shells; s, shells; SiS, silty sand; G, gravel; P, pebble; B, boulders; R, rock.

Expedition/
Research Vessel Date Station Long. Lat. Gear Sample

Area (m2)
Samples

No. Depth (m) Sediments ◦C
Bottom
Salinity

(psu)

Barents Sea
Franz Josef Land area
R/V Dalniye Zelentsy 20 August 1992 4 63.5383 81.0899 Grab 0.25 3 75 Ms −0.2 34.9
R/V Dalniye Zelentsy 20 August 1992 6 58.6763 79.8749 –»– 0.25 3 43 PSS −0.5 34.9
R/V Dalniye Zelentsy 20 August 1992 8 57.8913 80.7363 –»– 0.25 3 29 FsP −0.2 34.9
R/V Dalniye Zelentsy 25 August 1992 15 60.3333 80.3333 –»– 0.25 3 37 Sis −0.2 34.9
R/V Dalniye Zelentsy 24 August 1992 16 58.8263 79.8753 –»– 0.25 3 43 PsM −0.2 34.9
R/V Dalniye Zelentsy 25 August 1992 17 58.0883 80.6186 –»– 0.25 3 27 PsM −0.2 34.9
R/V Dalniye Zelentsy 26 August 1992 18 52.6333 80.3166 –»– 0.25 3 29 P −0.2 34.9
Hayes Island 25 July 1984 Section 1 57.6688 80.5258 Quadrat 0.1 9 0–15 P 0.4 33.8
Pechora Sea coastal area
R/V J. Smirnitskiy 10 August 1995 7 55.431 68.362 Box corer 0.1 3 7 MsC 10.1 18
R/V Geophizik 23 June 1995 1 56.0075 69.0044 Grab 0.1 3 7 Ms 4.1 21.4
R/V Geophizik 23 June 1995 2 55.7098 68.9035 –»– 0.1 3 9.7 Fs 4.3 27.1
R/V Dalniye Zelentsy 27 September 1999 4 56.6063 69.5351 –»– 0.1 3 27 Ms 4.5 29.1
R/V Prof. Kuznetsov 6 September 2016 10 59.1688 69.1186 –»– 0.1 3 11 GS 3.2 32.7
SW Barents Sea
Yarnyshnaya Bay 9 July 1987 Section 2 36.0537 69.1123 Quadrat 0.1 12 0–25 BP 5.0 33.5
Yarnyshnaya Bay 10 August 1987 Section 3 36.0541 69.1121 –»– 0.1 15 0–65 BP, S 5.0 33.5
Yarnyshnaya Bay 20 July 1987 Section 4 36.0461 69.1258 –»– 0.1 12 0–25 RB 5.0 33.5
Yarnyshnaya Bay 1 August 1987 Section 5 36.0633 69.1350 –»– 0.1 10 0–20 BP 5.0 33.5

Kara Sea
R/V J. Smirnitskiy 11 September 1995 80 96.417 76.263 Box corer 0.1 3 32 GSS 0.2 30.2
R/V J. Smirnitskiy 12 September 1995 82 85.280 73.591 –»– 0.1 3 17 CS 5.5 17
R/V J. Smirnitskiy 14 September 1995 83 80 73.17 –»– 0.1 3 32 CS −0.4 30
R/V J. Smirnitskiy 16 September 1995 92 73.198 72.367 –»– 0.1 3 19 CS 1.5 25.5

Laptev Sea

Golikov et al., 1990 [26] August 1973 Lyakhovskiye
Islands 141.7132 73.2446 Quadrat 0.1 3 5 SMP −1.2

Golikov et al., 1990 [26] August 1973 –«– 142.9409 73.1668 –»– 0.1 3 11 SMP −1.2
Golikov et al., 1990 [26] August 1973 –«– 140.7986 73.8596 –»– 0.1 3 10 SMP −1.2
Golikov et al., 1990 [26] August 1973 Zemlia Bunge 142.8732 74.7953 –»– 0.1 3 15 SMP −1.2
Golikov et al., 1990 [26] August 1973 Stolbovoy Isl 135.7764 74.2733 –»– 0.1 3 22–25 SMP −1.2
Golikov et al., 1990 [26] August 1973 –«– 135.7764 74.2733 –»– 0.1 3 12–15 PG −1.2
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Table 1. Cont.

Expedition/
Research Vessel Date Station Long. Lat. Gear Sample

Area (m2)
Samples

No. Depth (m) Sediments ◦C
Bottom
Salinity

(psu)

East Siberian Sea
R/V J. Smirnitskiy 24 August 1995 34 169.513 69.476 Box corer 0.1 3 15 SiS −0.2 34
R/V Ivan Kireev 5 September 2004 66 161.122 70.27 Grab 0.1 3 9 SiS 1.9 22.9
R/V Ivan Kireev 7 September 2004 81 169.3877 68.5943 –»– 0.1 3 13 SiS 3.0 20.8
R/V Ivan Kireev 8 September 2004 88 169.5527 69.3318 –»– 0.1 3 8 SiS 2.5 19.6

Chukchi Sea
Feder, Jevet 1978 [34]) 11 September 1976 Kotzebue Snd 197.3215 66.1046 Grab 0.1 25 SiS
R/V Alpha Helix 1 September 1995 33 190.971 66.3002 Grab 0.1 3 45 SiS
Vrangel Isl 15 August 1976 Section 1 182 71 Quadrat 0.1; 1.0 9 5–20 GM 0.5 29.1
Vrangel Isl 20 August 1976 Section 2 181.5333 70.9666 –»– 0.1; 1.0 8 4–25 PM −1.2 28.0
Vrangel Isl 25 August 1976 Section 3 181.5333 70.9666 –»– 0.1 4 2–5 PS 0.4 30.1
R/V Sever 22 August 2005 6 191.7042 65.6777 Grab 0.1 3 49 PS 2.6 32.7
R/V Sever 22 August 2005 8 190.9167 65.8781 –»– 0.1 3 54 PS 2.7 32.1
R/V Sever 22 August 2005 10 190.3767 66.0005 –»– 0.1 3 53.7 PS 4.6 31.9
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The third locality is in the south-eastern Barents Sea (Pechora Sea) near the mainland,
in shallow waters with depths less than 27 m. It is influenced by transformed Atlantic
waters desalinated by the runoff from the Pechora River and is characterized by sandy–fine-
grained sandy–clayey sediments. The water is strongly mixed by winds and tidal currents.
Negative temperatures persist throughout the entire water column in winter and warm to
5–8 ◦C during the summer [35].

Unlike the positions of the Barents Sea locations, all the Kara Sea ones are in its south.
The first two are situated across the Ob’ and Yenisei gulfs with depths of up to 35 m. They
are strongly affected by freshwater runoff from the Ob’ and Yenisei rivers. Consequently,
the salinity in the near-bottom water layer does not exceed 21 psu [36]. The gradient of
near-bottom water temperature ranges from −2 to −1 ◦C at depths as shallow as less than
5 m [36]. Because of the significant amount of organic and inorganic matter transported by
rivers, the bottom sediments are relatively soft and consist primarily of fine-grained sand
with river silt deposits [27].

The third and fourth locations are in the south-eastern part of the Kara Sea: Pyasina Bay
and south of the Nordenskjold Archipelago. Coarse-grained rocks with a predominance of
gravel comprise bottom sediments at both locations [33]. Water temperature gradients are
similar to those in the Ob’ and Yenisei bays, but salinity is much higher and exceeds 32 psu
(Table 1) [36].

The Laptev Sea includes three study areas within the Severnaya Zemlya Archipelago
that have non-uniform habitats characterized by soft sandy–aleuritic deposits mixed with
clay alternating with gravel–rocky ridges [26]. As in the Kara Sea, the near-bottom salinity
varies greatly from 17 to 32.5 psu depending on depth and season of the year, reaching
maximum values in winter [30]. Near-bottom water temperature in the southern part of
the sea varies just within several degrees, ranging from −1.8 to 1 ◦C [30].

The habitats in the localities chosen for the East Siberian Sea are very similar to those
in the Laptev Sea. They are characterized by the predominance of soft-bottom deposits
alternating with coarse-grained rocks that are patchily distributed [33]. Near-bottom water
temperatures usually remain subzero throughout the year, but the surface water layer in
the shallow Chaun Bay sometimes warms up in summer to 10 ◦C. Salinity does not rise
above 32 psu [37].

The combined impact of Arctic and Pacific water masses causes a greater variation in
habitats across the Chukchi Sea [38] and determines the oceanographic parameters of the
water column. Near-bottom temperatures in the southern localities of the Bering Strait are
above zero throughout the year (3–5 ◦C), and salinity exceeds 32 psu. Bottom sediments are
coarse grained [33]. The northern locality lies near Wrangel Island in waters that are typical
of the Arctic: summer surface water temperature does not exceed 2 ◦C, and at depths
below 5 m in summer and throughout the water column in winter, water temperature
remains below zero. Salinity stays about 32 psu throughout the year. In Kotzebue Sound
(Alaska Peninsula waters of the SE Chukchi Sea) and the coastal waters of the Chukchi
Peninsula, the temperature regime of the coastal waters is close to that of Bering Strait, but
the composition of bottom sediments varies, consisting primarily of silty sands with an
admixture of stones [38].

2.2. Material

The dataset for this study was assembled from the authors’ own research, published
literature [27–29], and from collections and data of catalogs of the Zoological Institute of
the Russian Academy of Sciences (Saint Petersburg, Russia) archived from 1983 to 2014
and collected prior to the onset of steady warming of the Arctic, which began in 2010 [39].
The dataset included information on bryozoans from the 14 coastal localities in the Barents,
Kara, Laptev, East Siberian, and Chukchi seas. In total, the material examined comprised
177 samples collected from 33 stations and 5 transects. Sampling depths ranged from the
littoral to 55 m.
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Sampling sites differed both in temperature and depth, as well as in the bottom
sediment composition (Table 1). On transects, three replicates were collected at depths
ranging from 5 to approximately 25 m with 0.1 m2 or 1 m2 quadrats using SCUBA with
divers deployed from a rubber boat (Table 1). At the stations located far from shore
(Figure 1), the material was collected from research vessels by van Veen (sampled surface:
0.1 m2) or a Russian modification of the Petersen grab called “Ocean” (sampled surface:
0.25 m2) grab samplers, or box core (sampled surface: 0.1 m2). Three replicate grab samples
were taken at each station, washed through a 1 mm mesh sieve to remove the substrate, and
then fixed with 4% formaldehyde in sodium tetraborate. In the laboratory, bryozoans were
separated from the remaining substrate, identified, counted, weighed, and preserved in
75% ethanol. In some cases, colonies were not counted because flexible, bush-like colonies
are often interlaced and clumped together in a dense mass, making their counting difficult.

Biomass was used to measure the abundance of all species. To determine biomass,
bryozoans were removed from their substrate and weighed. Encrusting species firmly
attached to substrates were scraped off and weighed. Bush-like bryozoans were detached
at their point of attachment and weighed. All weights include colony exoskeletons. Among
samples, species with a biomass >1 g/m2 were designated as key species in the bryozoan
taxocenes. The number of colonies of each of these species was counted and used as
a second estimate of abundance. In a few cases, colonies of matted bush-like species
were interlaced, so the entire clump was treated as a single colony. The study used
valid species names according to the World Register of Marine Species (WoRMS) (https:
//www.marinespecies.org, 20 March 2023 accessed). Information on the biogeographic
affiliation of bryozoan species was taken from the literature [19,23,24,40,41].

2.3. Analytical Methods

Average total biomass, standard error (SE), and standard deviation (SD) were used to
estimate variation among different seas and variation among individual masses of colonies
of a species. The total average biomass of key bryozoan species in each sea was calculated
as the sum of their weights among samples within a sea divided by the number of those
samples. The average biomass of each key bryozoan species within each sea was calculated
individually as the sum of its biomass among all locations divided by the total number of
samples within a sea.

Relationships between the biomass and selected environmental variables were eval-
uated using the ridge multiple regression model that minimizes collinearity between
the predictor variables. The analysis was performed using Statistica 6.0 (StatSoft Russia,
Moscow, Russia). The Ocean data view (AWI) software package was used to draw a map
of the study region.

The Chekanovsky–Sørensen similarity index (Cz) [42–44] was used to assess the
similarity among samples using data of species presence/absence. For each resulting
dendrogram, locations that were less than 50% similar were regarded as distinct. Faunistic
differences were also evaluated using the pair-group method with arithmetic means [45–47].
Statistically significant differences (p < 0.05) within and among seas in the resulting groups
of key species composition were evaluated using the one-way ANOSIM test (Primer 6) [48].

3. Results
3.1. Composition of Biomass-Ranked Key Bryozoan Species

In total, 26 bryozoan species were found in the coastal regions of the Eurasian seas,
with their biomass in assemblages exceeding 1 g/m2 (Table 2). All species belong to the class
Gymnolaemata, one-fifth of which are representatives of the order Ctenostomatida and lack
the calcareous skeleton, while the remaining species belong to the order Cheilostomatida,
whose colonies are calcified to a varying degree. The taxonomic diversity of biomass-
ranked key bryozoan species ranged from three in the East Siberian Sea to 17 species in the
Barents Sea (Figure 2). The diversity of key species in the regarded areas is influenced to a

https://www.marinespecies.org
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certain extent by the water temperature in the near-bottom layer because the correlation is
very close to significant (Pearson correlation where R = 0.63; p = 0.05) (Figure 3).

The cluster analysis based on comparisons of Cz similarity indices on data of species
presence/absence collected at different localities of the Barents Sea indicated the key
bryozoan species composition in the south-western (Yarnyshnaya Bay), south-eastern
(coastal areas of the Pechora Sea), and north-eastern (FJL) parts of this sea are distinct
because the differences in similarity among them exceeded 60% (Figure 4).

Table 2. Individual average biomass (g/m2) with standard deviation (B ± SD) and abundance
(col/m2) with standard deviation (D ± SD), and biogeographic affiliation of biomass-dominating
key bryozoan species within each Eurasian sea of the Arctic. A—Arctic species occurring in Arctic
waters; B, At and BA, At—boreal and boreal–Arctic species of Atlantic origin occurring in the Atlantic
Ocean and in the Atlantic waters in the Arctic; B, P and BA, P—boreal and boreal–Arctic species of
Pacific origin occurring in Pacific Ocean and in Pacific waters in the Arctic; BA, ws—widespread
boreal–Arctic species occurring in both Atlantic and Pacific Oceans.

Taxon
Biogeo-
Graphic
Affiliation

Barents Sea Kara Sea Laptev Sea East Siberian
Sea Chukchi Sea

Order
Ctenostomatida Biomass D Biomass D Biomass D Biomass D Biomass D

Alcyonidium disciforme A 25.6 ± 7.5 45 ± 10 17.2± 13.7 18 ± 9 4.7 ± 7.7 40 ± 16 2.0 ± 0.5 56 ± 43 20.7 ± 1.5 20 ± 16
Alcyonidium
gelatinosum BA, ws 24.2± 16.2 8 ± 6 6.67 ± 1.2 4 ± 1

Alcyonidium hirsutum B, At 33.7± 17.7 90 ± 38
Alcyonidium
vermiculare B, At 43.6 ± 3.8 2 ± 1

Flustrellidra gigantea B, P 22.5 ± 3.6 5 ± 2
Flustrellidra hispida B, At 14.0 ± 7.6 175± 135

Order
Cheilostomatida

Bugulopsis peachii BA, ws 3.1 ± 1.1 >100 4.7 ± 3.2 >100
Celleporina ventricosa BA, At 8.1 ± 4.2 16 ± 8 6.5± 2.9 10 ± 4 5.6 ± 4.2 25 ± 10
Celleporina surcularis BA, At 2.4 ± 0.9 4 ± 2
Cystisella saccata BA, ws 4.5± 2.9 36 ± 18 0.2 ± 0.0 8 ± 2 4.9 ± 1.8 29 ± 12
Dendrobeania
flustroides BA, P 5.0 ± 1.8 >100

Escharella ventricosa BA, At 1.4 ± 0.5 17 ± 9
Eucratea loricata BA, ws 23.9± 16.2 >100 0.9± 0.5 48 ± 20 9.4 ± 6.6 >100 1.8 ± 0.1 25 ± 10 7.6 ± 1.4 >100
Escharella dijmphnae A 2.1 ± 2.9 10 ± 6
Hippoporella
fastigatoavicularis BA, P 3.0 ± 0.5 18 ± 5

Leieschara subgracilis BA, ws 3.3 ± 1.3 4 ± 2
Microporella ciliata B, ws 5.3 ± 1.5 145± 87
Myriozoella costata BA, At 2.3 ±1.2 17 ± 15
Parasmittina jeffreysi BA, ws 1.2± 0.7 10 ± 4
Porella tumida BA, P 2.71± 0.15 42 ± 7
Posterula sarsii BA, At 5.1 ± 1.6 9 ± 7
Pseudoflustra solida A 1.2 ± 0.2 10 ± 2 1.7± 1.3 10 ± 5 1.3 ± 0.5 6 ± 2
Ragionula rosacea BA, ws 1.9 ± 0.3 3 ± 1
Serratiflustra serrulata BA, ws 4.7± 2.5 24 ± 6 5.6 ± 2. 1 13 ± 8
Terminoflustra
membranaceotruncata BA, ws 12.5± 5.6 8 ± 2 5.5 ± 4.1 4 ± 1

Tricellaria arctica BA, ws 1.7 ± 0.9 20 ± 9
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Figure 4. Dendrogram of the similarity of the composition of biomass-dominating key bryozoan
species between coastal localities within the Barents Sea. The vertical dashed line indicates 50%
similarity.

Similar calculations based on such data collected in the Siberian seas and in each area
of the Barents Sea (Figure 5) indicated high similarity (>50%) in key species composition
in the Kara and Laptev seas and the SE Barents Sea of the study region. Therefore, these
areas were united into a single group. Low similarity among the SW Barents, Franz Josef
Land areas, and Chukchi and East Siberian Seas indicates distinct species composition. A
statistically significant difference in key species composition between the FJL, SW Barents
area, East Siberian and Chukchi seas, on the one side, and the complex of the SE Barents,
Kara, and Laptev seas, on the other, was confirmed by the ANOSIM test (Global R = 0.84;
p = 0.03).
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3.2. Biogeographic Composition of Biomass-Dominating Key Bryozoan Species

The key bryozoan species identified in this study belong to six biogeographic cate-
gories (Table 2). Some of these are autochthonous Arctic species and widely distributed
boreal–Arctic species living not only in the Arctic, but also in temperate zones of the world
ocean. There are also boreal–Arctic and boreal species of Atlantic origin distributed pri-
marily in temperate latitudes of the Atlantic Ocean and in the regions influenced by the
Atlantic water masses of the Arctic Basin, as well as boreal and boreal–Arctic species of
Pacific origin living in the Arctic in the regions influenced by the Pacific waters.

The analysis of proportions of species with different biogeographic affinities suggests
that in the Barents Sea, there is a large proportion of species of Atlantic origin, with a
progressive eastward decrease in this proportion toward the Kara and then the Laptev
seas. Among the key species of the Chukchi Sea, a fairly large proportion is represented by
the Pacific bryozoans, while in the East Siberian Sea, these two biogeographic categories,
both Atlantic and Pacific, are absent. The proportion of Arctic species increases gradually
eastward from the Barents to the East Siberian Sea and then drops significantly in the
Chukchi Sea (Table 2, Figure 6).
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Figure 6. Variation in the proportion of key in biomass bryozoan species of different biogeographic
affiliation found in the coastal area within the study area. 1—Arctic species; 2—boreal and boreal–
Arctic species of Atlantic origin; 3—boreal and boreal–Arctic species of Pacific origin; 4—widespread
boreal–Arctic species.

3.3. Biomass Characteristics

The key biomass species showed fairly large variation in weights among samples
within seas and in average values among seas. In the Barents Sea, the variation of this
characteristic between different species was as large as two orders of magnitude ranging
from 1.42 to 133.72 g/m2 (Table 2). In the Kara and Laptev seas, it differed by more than
ten-fold varying from 1.09 to 17.18 g/m2, and in the East Siberian Sea, all dominant species
had comparable average biomasses (1.77–5.60 g/m2). In the Chukchi Sea, variation in
average individual biomasses rose again from 2.71 to 43.60 g/m2 (Table 2).

The total average biomass of all key bryozoan species calculated for each of the seas
was also markedly variable ranging from 3.13 ± 2.14 to 16.67 ± 30.71 g/m2 (mean ± SE)
(Figure 7). Its minimum value was observed in the East Siberian Sea, where it was compa-
rable to that in the Laptev Sea (3.83 ± 3.24 g/m2), but in the Kara Sea the average biomass
was already twice as high (6.09 ± 5.65 g/m2). The average biomass of the key species
calculated for the Chukchi Sea was comparable to that in the Barents Sea, but was slightly
lower (12.05 ± 2.72 g/m2).
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Figure 7. Variations of average biomass of key bryozoan species in the coastal areas of the studied
seas. Symbology: solid square, mean; box, standard error of the mean; capped lines, standard
deviation.

The average biomass correlated fairly well with the number of key species that com-
posed this biomass in each sea (Pearson correlation where R = 0.92; p < 0.05).

Of the environmental parameters examined in this study: depth, temperature, and
grain-size distribution of bottom sediments, only the latter was a strong influence on
variation in biomass for the dominant bryozoan species (Pearson correlation where R = 0.82;
p = 0.03) (Figure 8). Depth and temperature did not have a significant effect on the
characteristics of bryozoans in the coastal locations studied (R = 0.03; p = 0.07 and R = 0.17;
p = 0.9, respectively) (Figure 9). The exception was the Pechora Sea, where the biomass
showed a significant association with depth (Pearson correlation where R = 0.98; p = 0.02),
a relationship that becomes only a trend for the waters around the FJL (Pearson correlation
R = 0.71; p = 0.08) (Figure 9B,C).
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Figure 8. Relationship between the bottom sediment composition and biomass of key bryozoan
species in the coastal area of the Eurasian Arctic seas. 1—clay with sand and muddy sand; 2—silty
sand and fine sand; 3—silty sand with shells; 4—sand, silt with gravel; 5—pebble, shells with mud;
6—pebble with shells and gravel with sand; 7—boulders, pebble, rocks.
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Figure 9. Variation of total average biomass of key bryozoan species with depth in the studied areas.
Barents Sea: (A)—SW (Yarnyshnaya Bay), (B)—SE (Pechora sea coastal area), (C)—NE (Franz Josef
Land Archipelago area); (D)—the Kara Sea; (E)—the Laptev Sea; (F)—the East Siberian Sea; (G)—the
Chukchi Sea.
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4. Discussion
4.1. Diversity of Biomass-Dominating Key Bryozoan Species and Their Biogeographic Affiliation

Despite a long history of zoobenthos research in the Arctic, the faunistic composition
and distribution of bryozoans in this region remain insufficiently studied, even though
about 90% of the species inhabiting the seas in this region are currently known [49]. Previous
studies in the Barents Sea have shown that only about 40–50 bryozoan species formed
dense assemblages [19], which accounted for less than 10% of overall bryozoan species
richness in the Arctic [50]. The diversity of species that contribute appreciably to the total
zoobenthos biomass in the coastal waters was even much lower. Moreover, while the
biomass-dominating species in the entire area of the sea comprised representatives of all
orders of marine bryozoans (Cyclostomatida, Ctenostomatida, and Cheilostomatida) [19],
those inhabiting the coastal areas lacked significant cyclostome assemblages.

Among the 26 biomass-dominating key species of bryozoans (with biomass exceeding
1 g/m2 in the Eurasian seas), the maximum number of species occurs in the shallow waters
of the Barents Sea. In the Siberian seas, key species richness gradually decreases in parallel
to that of the overall bryozoan fauna [50,51], reaching its minimum in the East Siberian
Sea (three species). The Chukchi Sea, however, shows an increased number of biomass-
dominating key species, again in line with a similar trend for the total species richness of
the bryozoan fauna [50].

It is currently known that in the Eurasian sector of the Arctic, bryozoans are rep-
resented by two distinctly different faunistic complexes [51], and the exact composition
of biomass-dominating key species is different in most seas. The exceptions are such
typical Arctic seas as the Laptev and East Siberian seas, in which the composition of
biomass-dominating species differs by no more than 47%. The similarity in composition of
biomass-dominating key species in these seas is readily explained by similarity in habitats,
in particular by the predominance of soft-bottom sediments in the coastal zone [33] together
with persistent negative temperatures near the seafloor and decreased salinity [30].

Only two of the species designated as biomass-dominating key species, the Arctic
Alcyonidium disciforme and the more widely distributed boreal–Arctic Eucratea loricata, form
settlements with a biomass greater than 1 g/m2 in all seas of the study area. Some species,
notably Alcyonidium gelatinosum, Cystisella saccata, Pseudoflustra solida, and Serratiflustra
serrulata, form sufficiently dense assemblages in the shallow waters of two or three seas.
However, most biomass-dominating key bryozoan species were reported from the coastal
regions of only one sea.

It should be noted that dense assemblages in the coastal zone are formed both by
eurybathic (for instance, the cheilostome Leieschara subgracilis, Posterula sarsi, Myriozoella
costata, and Microporella ciliata, or the ctenostome Alcyonidium gelatinosum) and stenobathic
forms. The latter include Alcyonidium hirsutum and Flustrellidra hispida, the obligate in-
habitants of the littoral zone. It is noteworthy that differences in species composition
between the biomass-dominating bryozoans were observed not only across seas, but also
within a single sea. For instance, in the Barents Sea, the overlap in species composition
of biomass-dominating bryozoans between different localities is less than 40%. The lack
of settlements of species such as Microporella ciliata, Alcyonidium hirsutum, and Flustrel-
lidra hispida in the northern and south-eastern parts of the seas and abundant occurrence
of Myriozoella costata and Escharella ventricosa only in the shallow waters around the FJL
and E. dijmphnae in the Pechora Sea are easily explainable by their different tolerance to
temperature and salinity factors. The first three species are boreal in their biogeographic
range and are unable to reproduce at negative water temperatures. The next two species
are Atlantic boreal–Arctic in origin and reproduce successfully under a wider range of
temperature regimes. However, they are very sensitive to desalination of the water column,
which is typical for the Arctic water mass. E. dijmphnae belongs to the Arctic forms, which
prefer lower salinities, are intolerant to temperatures higher than 4–5 ◦C, and reproduce at
near-zero temperatures [19]. Biological requirements of each representative of the bryozoan
fauna, including the presence of a short-lived lecithotrophic larva, are factors that cause a
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high degree of settlement aggregation of many bryozoan species. This conclusion is con-
firmed by observations of bryozoan settlements made in the littoral zone of the same bay at
different years over a time period of 30–35 years. For instance, widely distributed E. loricata
had dense settlements in Yarnyshnaya Bay both in 2014 [52] and 1982–1988 [53]. In contrast,
the settlements of Alcyonidium hirsutum and Flustrellidra hispida, whose mean biomass in
aggregations in the south-western part of the Barents Sea near the Kola peninsula had
reached several hundred grams in the 1980s [53], were not reported in 2014 [52]. Given that
the last two species belong to the boreal fauna [19], any influence of the steady warming
of the Arctic that began in the 2010s [39] can be ruled out. These observations lead to the
conclusion that the absence of these species in the material collected in 2014 is the result of
differences in sampling, or otherwise, they have disappeared due to certain autoecological
processes. It should be mentioned once again that some of the aforementioned species
have aggregations that remain stable throughout a long time period. These species include
Microporella ciliata, which was recorded in the south-western part of the Barents Sea, and
Alcyonidium disciforme from the Pechora Sea, whose mass settlements had been found in
these locations as early as the first half of the 20th century [10,11,54]. The latter species was
previously categorized as dominant in the shallow-water zoobenthos communities of the
Laptev Sea [55] and around the FJL [25]. In the 1970s, high biomass values were reported
for A. gelatinosum in the vicinity of the FJL [25] and for Eucratea loricata near Wrangel Island
(Chukchi Sea) [56]. The latter species was recently noted as biomass-dominating in the
waters off West Spitsbergen [57].

The established biogeographic composition of the bryozoan fauna of the Arctic seas
was formed in the geological past after the Quaternary glaciation as a result of the impact of
Atlantic and Pacific waters characterized by different intensity inputs [19,51]. The observed
differences in the biogeographic composition of key species in the coastal areas of regarded
seas are a consequence of the preference for species with different biogeographic affiliations
to water masses of a certain origin. In particular, boreal Atlantic species are found mainly
in the areas of the modern influence of the Atlantic water masses and observed in the
south-western part of the Barents Sea [31,32], and as this influence weakens and water
masses transform by cooling, the proportion of boreal–Arctic Atlantic species with high
biomass values also drops, gradually decreasing eastward to the Laptev Sea. This trend
is accompanied by an increase in the proportion of Arctic elements among the biomass-
dominant bryozoans; it is especially high in the shallow waters of the East Siberian Sea.
In areas under the predominant influence of Arctic water masses [19,24,58], boreal species
are absent. However, boreal–Arctic Atlantic species of bryozoans are still found in the
coastal regions of the Kara Sea and the Laptev Seas. as well as in the Chaun Bay of the
East Siberian Sea [22], where they do not form dense aggregations. In the Chukchi Sea,
which is under the influence of the Pacific waters flowing into this sea across Bering
Strait [37], a significant proportion of biomass-dominating species of bryozoans have a
Pacific origin. Only the widely distributed boreo–Arctic species that make up about 40% of
all key species do not show any propensity for waters of a certain origin. The variation in
the biogeographic composition of biomass-dominating key species described in this study
is predictably consistent with the trends observed for variation in the proportion of different
biogeographic groups in the overall bryozoan fauna [19,23,24,57,58]. Boreal–Arctic Atlantic
and Pacific species penetrated into the Siberian seas as a result of their dispersion in the
geological past [50].

4.2. Biomass of Key Species

The average biomass of ctenostome bryozoan species that lack the calcareous skeleton
is often one order of magnitude greater than the calcified cheilostome, a result that is mostly
explained by the individual weight of the colony. For instance, in the coastal waters of
the Kola Peninsula, the high biomass of the pancake-shaped colonies of A. hirsutum and
F. hispida is the consequence of the high density of their colonies [53]. In contrast, the
branching shrubby colonies of Alcyonidium gelatinosum and Flustrellidra gigantea that reach
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15–20 cm in height and the ribbon-shaped colonies of A. vermiculare that grow up to 80 cm
in height have a high biomass primarily because of their size despite the low number of
colonies.

Previous studies focused on the biomass estimation of bryozoans that were conducted
in the Barents Sea showed a significant variation in bryozoan biomass across this water
body. The variation was statistically coupled with the structure of bottom sediments and
the patchiness in the distribution of hard bottoms and mixed sediments [11,14,19]. It is
the patchiness of bottom sediments and the extent of settlement aggregation of different
bryozoan species that result in differences in quantitative estimations of bryozoans in
different seas of the study region [2–6,9,10,14–18]. Another reason for the different reported
biomass values of bryozoans in bottom communities was the use of collection tools with
different surface areas. Locally aggregated assemblages of bryozoans can be efficiently
sampled by grab samplers with a small area, while the use of trawls offered better chances
in collecting colonies over a larger area of the seafloor covered with scattered stones and
gravel.

The patchiness of bottom sediments prevented us from identifying any patterns of
variation of bryozoan biomass with depth. However, in those regions that had uniform
bottom sediments, such as the region located in the Pechora Sea, the relationship between
the bryozoan biomass and depth was statistically significant. On the other hand, despite
the apparent lack of any pattern in variation in biomass with depth, a feature common
to the Siberian seas (Kara, Laptev, and East Siberian) and the south-eastern part of the
Barents Sea, was a very slow growth of bryozoan colonies at depths of 0 to 5 m, where the
seafloor is dominated by silty–clay sediments and water that contains a high concentration
of inorganic particles due to the intensive erosion of the coastal permafrost [33,59]. The
first factor limits the availability of substrates suitable for attachment, while the second
has an adverse effect on the filter-feeding tentacular apparatus of bryozoans and inflicts
injuries to the tentacles. These observations support the conclusion that depth is likely
a secondary influence that indirectly affects bryozoan biomass through the structure of
bottom sediments and some other factors such as water turbidity.

The average bryozoan biomass for the coastal regions was more than five times as
great as the average biomass of this group previously reported for the open part of the
Barents Sea [60]. This supports the idea that the proportion of bryozoans in the total
zoobenthos biomass for the coastal regions can be much higher than the same proportion
for the entire sea, which was previously reported to be approximately 4% [60].

It is currently impossible to determine the position that the bryozoans occupy among
other biomass-forming groups of the zoobenthos in the coastal zone of the Siberian seas
because of the lack of quantitative data in the literature [5–8]. The contribution of bryozoans
to the total zoobenthos biomass in this region is probably even lower than is currently
estimated, because the average bryozoan biomass is one order of magnitude lower there
than in the Barents Sea.

A lower average bryozoan biomass in the coastal regions of the Siberian seas com-
pared to the Barents and Chukchi Seas is the consequence of their harsher environmental
conditions [30,36,37,59]. Subzero temperatures in the near-bottom water layer and a lower
salinity, together with the predominance of fine-grained fractions in the bottom sediments
of the Siberian seas, result in a decrease in the diversity of species dominating in biomass.
This decline is a consequence of the elimination of less tolerant bryozoan species in this
region of the Arctic and the lower rates of colony growth in widely tolerant bryozoans [19].

5. Conclusions

An integrated quantitative study of large-scale variation in bryozoan biomass in the
Eurasian seas allowed the assessment of the distribution of dominant species, i.e., key
biomass species, in the coastal zone of this Arctic region. It was shown that as the influence
of Atlantic and Pacific waters weakens, boreal species are excluded from the fauna, and the
density of colonies of Atlantic and Pacific boreal–Arctic bryozoans become lower. This is
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likely due to the limitation of their growth rates leading also to the decline in the diversity
of key species. This brings about a decrease in the individual average biomass of each
species and more generally in the average biomass of the whole group. Lower average
biomass values in the coastal zone of the Siberian seas are directly related to the increase in
the proportion of soft-bottom sediments in this region (Figure 10). The correspondence of
bryozoan species with Atlantic and Pacific origin to the expansion of Atlantic and Pacific
water masses in the geological past, respectively, indicates their relatively recent occupation
of the studied seas.
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