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This long-term observation of the faunal composition within the Barents Sea provides a benchmark
for monitoring community changes caused by oceanographic variability, fishery activities, and crab preda-
tors (Chionoecetes opilio, Paralithodes camtschaticus), whose populations have been rapidly growing
and spreading in recent years. In the Arctic systems, megabenthic communities comprise a significant
part of benthic biomass and play an important role in carbon cycling on continental shelves. The gradual
accumulation of knowledge on megabenthos may make it possible to assess their role in the ecosystem
and ultimately contribute to a more rational management of the Barents Sea resources. This article rep-
resents an important series of long-term megabenthic observations in the Barents Sea. The main goal
of our research is to identify spatial patterns and temporal trends in the megabenthic part of communities,
including changes in the biomass and production values. As a part of the joint Norwegian-Russian ecosys-
tem surveys, benthic experts have been identifying the invertebrates (megafauna) collected by bottom
trawls during annual assessments of commercial stocks, such as Atlantic cod (Gadus morhua) and north-
ern shrimp (Pandalus borealis). The sampling equipment used was a Campelen 1800 bottom trawl, rigged
with rockhopper ground gear and towed on double warps, and standardized to a fixed sampling effort
(equivalent to a towing distance of 0.75 nautical miles (nm), or 1.4 km). The processing of the biologi-
cal material was conducted in accordance with standardized procedures, following the retrieval of each
trawl. This work represents data from 5016 stations from 2005 to 2017, with a total sampled biomass
of 238.4 tons and 14.9 million individual organisms. In total, 694 megabenthic species (1058 taxa) have
been recorded, with the greatest diversity observed in the depth range of 100-400 m, while the largest
mean catches were taken between depths of 600-800 m. The biomass (B) and production (P) values
of the benthic megafauna were approximately stable during the 9 years of investigation, although there
was a decreasing trend after 2014. The annual production P/B ratio of megabenthos was calculated to be
at 0.3. The distribution, contribution to production, and gross biomass values of the megabenthos had been
underestimated in the previous studies of zoobenthos. The results from this research show that, in the cur-
rent warm period, the majority of the Barents Sea is in an intermediate state between the Arctic and bo-
real regions due to the wide distribution of boreal species toward the north. The dynamics of the mean
biogeographical index (the border between areas of the dominance of boreal and Arctic species) within
the central-southern part of the Barents Sea suggests that a large part of the area can be characterized
as predominantly boreal intermediate since 2013.
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The effects of global climate change have been particularly noticeable in the Arctic, causing a restructur-
ing of Arctic ecosystem [19 ;25 ; 33] and a northward shift of biogeographical boundaries as a consequence
of warming [5;6;10; 12 ;18 ;21].
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In the Arctic systems, megabenthic communities comprise a significant part of benthic biomass [7 ; 30]
and play an important role in carbon cycling on continental shelves [23 ; 32]. Marine benthic communi-
ties are well-suited for long-term comparative investigations, as comprising species have a relatively long
lifespan and either are sessile or have low motility. These traits make it possible to measure the effects
of environmental change on communities over time. The potential impact of climate change on the marine
environment may be acute, but it is difficult to register due to the lack of baseline data. A recent analysis
showed that 34-59 % of Arctic megafauna taxa have yet to be documented [45].

The Barents Sea is a continental shelf sea with an average depth of 230 m (Fig. la); it is characterized
by a transitional zone from warm Atlantic waters to cold Arctic ones (Fig. 1b) [43 ; 44]. Substantial climatic
changes have been observed during the last four decades [8 ; 47]. Water temperatures in the subarctic
Barents Sea during the past decade have reached the highest rates over the period observed [8]. Ice coverage
has declined by about 10 % [4], while water temperature has risen by approximately 1.5 °C [35]. The area
covered by the warmer Atlantic water has increased [28] due to northward shifts in the polar front, where
Atlantic and Arctic water masses meet [43].

Analysis of Barents Sea benthic megafauna shows clear biogeographical patterns, with an Arctic produc-
tive community dominating in the northeast [11] and occasionally in the northwest, and an Atlantic warm
water community in the southwest [29 ; 30]. A deep-cold-water community is found in the northwestern
part of the Barents Sea shelf. A shallow bank community is predominant on the Spitsbergen Bank located
southwards of Spitsbergen and in the southeastern Barents Sea. This shallow bank community is also found
sporadically west and north of Spitsbergen [30].

It has been suggested that climate change is causing a northward shift of biogeographical boundaries
in the northern hemisphere due to the warming process [21]. The number of boreal species has increased,
while the number of arctic species have declined [31]. The range of some species has expanded, and new
boreal-subtropical species have appeared in the Arctic [52 ; 53].

The gradual accumulation of knowledge on megabenthos may make it possible to assess its role
in the ecosystem and ultimately contribute to a more rational management of Barents Sea resources. This ar-
ticle presents an important series of long-term megabenthic observations in the Barents Sea. The main goal
of our research is to identify spatial patterns and temporal trends in the megabenthic part of communities,
including changes in biomass and production values.

MATERIAL AND METHODS

Benthos sampling. Norwegian and Russian ships were used to survey the Barents Sea annually August
to November. Sampling stations were established at fixed positions along a regular grid (around 35 nautical
miles between each station), covering an area of about 1.5 million km?. The sampling equipment used was
a Campelen 1800 bottom trawl, rigged with rockhopper ground gear, towed on double warps, and stan-
dardized to a fixed sampling effort (equivalent to a towing distance of 0.75 nautical miles, or 1.4 km).
The horizontal opening was 15 m, and the vertical one was 5 m. The mesh size was 80 mm (stretched)
in the front and 22 mm in the cod end, allowing capture and retention of vertebrates (fishes) and large in-
vertebrates (megabenthos) from the seabed. All catch data presented in the article have been standardized
to 1 nautical mile (hereinafter nm).

Data. Benthos specialists from the Polar branch of VNIRO (Russian and Norwegian ships), Institute
of Marine Research, Murmansk Marine Biological Institute, and other international institutions (Norwegian
ships) were involved in the processing and identification of benthos collected by the scientific trawl during
the annual Norwegian-Russian Ecosystem Survey [1].

The processing of the biological material was conducted in accordance with standardized proce-
dures, following the retrieval of each trawl [30]. The invertebrates were separated from the vertebrate
catch in the onboard fish laboratory. Depending on catch weight, the material was processed in total
or as a subsample. Records were made using paper datasheets, to be entered into a database afterward.
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Fig. 1. The Barents Sea, with: A — a map showing place names and depth contours; B — a map of bottom
water currents with arrows showing: 1) the main streams of Atlantic water (red), 2) coastal currents (green),
and 3) cold Arctic currents (black) [49]. C — % of areas covered by water with different bottom temperatures
in the Barents Sea (N71-79°, E25-55°) (August to September in 2000-2017) [26]

Puc. 1. Bapenuero mope: A — kapra ¢ yka3zaHUeM TonorpapMueckux Ha3BaHMil U rimyouH; B — kapra
NPUIOHHBIX TEUEHHUH, KPACHBIE CTPENIKH NTOKA3bIBAIOT OCHOBHbIE IOTOKU ATJIAHTUUECKOTO TEUEHH 1, 3€JIEHBIE —
NpUOPEXHbIE TEUEHUs, YEPHBIE — XOJIOIHBIE apKTUUeckue TeueHus [49]. C — coOTHOIIEHHE TIIONaIH IHA

€ pa3IMYHON NPUIOHHON TeMiepaTypoii Bojsl B BapenueBom mope (71-79° c. m1., 25-55° B. 1.) B aBrycre —
centsope 2000-2017 rr. [26]

The total subsample weight was used to determine the adjustment factor in order to represent the full
catch. All large (> 100 g) species, as well as rare megabenthic ones, were taken from the total catch, while
the remaining species were extracted only from the subsample.

Most of the taxonomic processing was undertaken onboard to the lowest possible taxon. In cases
of identification difficulties, the species were photographed and/or preserved for further processing by tax-
onomic specialists on land. In order to develop standardized species identification across all involved ships
and throughout the entire research period, the naming of all the species was checked using photographs
of each processed catch since 2013.

Following identification, the number of individuals of each species or taxon was counted, and wet weight
was measured on electronic balances (+ 0.5 g).

Totally, 5016 stations were sampled between 2005 and 2017 (Fig. 2). The total sampled biomass of ben-
thic megafauna was 238.4 tons, consisting of over 14.9 million individuals. Some individuals were as-
signed to the genus or higher taxonomic level due to difficulties with their species identification. The final
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list included 1058 taxa, of which 694 were identified to species onboard (Table 1). As the Campelen
trawl is designed to catch northern shrimp (Pandalidae family), this semipelagic shrimp could be over-
estimated in the data, and therefore it was excluded from the analysis and used only for megabenthic data
smoothing. Similarly, all pelagic species, such as jellies (Scyphozoa), were also excluded from the analysis.
Values are presented as mean * standard error (hereinafter SE) unless otherwise stated.
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Fig. 2. Location of 5016 trawl stations
covered during 2005-2017 by the joint
Norwegian-Russian Ecosystem Survey

2 Puc. 2. Tlonoxenune 5016 HOHHBIX Tpao-

®  BBIX CTAHLIUIA, BHITIOJHEHHBIX B X0[€ POBE/e-
HUSI HOPBEKCKO-POCCUICKUX IKOCHCTEMHBIX
cbeémok B 2005-2017 rr.
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Table 1.
(2005-2017)

Taoimna 1. OObEM MaTepuasa, MPOAHATU3UPOBAHHOTO B 9KOCHCTEMHBIX chéMKax 2005-2017 rr., u ero
OCHOBHBIE XapaKTEePUCTHKU

Summary of the analyzed megafauna from the joint Norwegian-Russian Ecosystem Survey

Numb Total Average Average Amount
Year um. °r Abundance Biomass abundance biomass .

of stations . . 1 1 species taxa

(ind.) (tons) (ind..-nm™") (kg:nm™)

2005 224 107,114.0 2.6 522.5 12.7 142 218
2006 637 964,569.0 25.9 1576.0 42.1 261 388
2007 551 633,761.5 22.9 1240.2 44.6 222 351
2008 431 901,885.1 14.8 2183.7 35.7 157 244
2009 378 769,129.3 15.9 2056.4 42.2 283 391
2010 319 285,322.8 8.6 900.0 27.3 273 360
2011 391 1,333,887.2 13.4 3411.4 34.3 282 442
2012 443 4,345,807 .4 55.6 0832.1 125.5 354 513
2013 487 1,888,138.0 34.8 3885.0 71.7 362 538
2014 165 463,108.6 6.0 2806.7 36.7 220 333
2015 334 606,272.4 6.6 1815.1 19.9 398 599
2016 317 1,340,958.8 11.5 4230.1 36.3 266 423
2017 339 1,277,828.3 19.8 3769.4 58.6 319 500
Total 5016 14,917,782.4 238.4 2040.7 452" 694 1058

Note: " indicates the mean value across all years.

Hpnmeqalme: p— CpeaHee 3HaUCHHUE 3a BCE TO/bI.
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To determine whether there were any temporal differences in abundance and smoothed mean biomass
among megabenthic fauna across the Barents Sea, the mean values per grid cell (N0.5°, E2°) were calculated
both for early (2005-2011) and late (2012-2017) time periods of the study (see Figs 8 and 9).

Data smoothing. An examination of megabenthic biomass values in the Barents Sea indicated exten-
sive inter-annual variations (Table 1). Therefore, the following steps were taken to minimize the chances
of a possible sampling error and a distortion of results: 1) data collection was restricted to the area be-
tween N68-80°, E15-62° in order to exclude sectors covered only occasionally; 2) catches of > 1 ton were
excluded; 3) shrimps of the Pandalidae family were excluded from the overall calculations and analyzed
separately because all species of this family are benthopelagic, and the Campelen trawl possesses high
catchability for such shrimps [51].

A smoothing function was constructed using a second-degree polynomial equation that was considered
to minimize fluctuations in megafauna data. This was done for both Russian and Norwegian data samples,
followed by a merge into a consolidated database. The smoothing procedure was conducted in three steps:
1) smoothing Pandalid data; 2) smoothing sessile epifauna data; 3) smoothing data of two other ecological
groups (mobile epifauna and infauna).

The smoothing of Pandalid shrimp annual biomass data showed that the majority of shrimp biomass
values had insignificant variations when compared to the smoothing curve. From the adjusted Pandalid
values, correction coefficients were used to adjust the sampled biomass data of other taxa.

After this process, the megabenthic biomass was divided into three categories: “sessile epifauna”,
“mobile epifauna”, and “infauna”. Because epifauna biomass fluctuated more than biomass of Pandalid
shrimps, a second correction coefficient derived from the second-degree polynomial equation was calculated
in the same way as for Pandalid shrimp biomass.

For mobile epifauna and infauna, the real values were divided by the second correction coefficient.
Thereafter, modified biomass values of the mobile epifauna and infauna were smoothed in the same way.
Smoothed data were used for further analysis in special cases, which are discussed below.

Production was calculated by multiplying taxon biomass by production to biomass (P/B) ratio.
Two types of P/B ratio were used. The first was calculated for the major taxonomic groups from Degen
etal. [11], and the second was calculated from the Manushin formula [37] (Table 2), except for taxa Porifera,
Cnidaria, and Bryozoa, that were taken from Degen et al. [11]. Community production was calculated
from the summarized production value of each taxon/species per station.

Table 2. Equations describing the dependence of the P/B ratio on mean body weight (T, g of wet weight)
for different taxa

Tadauna 2. YpaBHeHNs, ONKMCHIBAIIME 3aBUCUMOCT Ko3duimenta P/B ot cpeaueit maccel tena (W, r
CBIPOIA MAcChl) IS Pa3HBIX TAKCOHOB

Taxon Equation
Annelida P/B=0.365 x W37
Arthropoda P/B=2.190 x W0276
Chordata P/B=0.073 x W57
Echinodermata P/B=0.730 x W03%
Total P /B =0.694 x W03

Biogeographical analysis. The biogeographical status of the Barents Sea can be assessed by determin-
ing the boundary lines between the Arctic and boreal communities at different points in time. The fluctuation
of these boundary lines over time reflects the effects that water temperature changes have on benthic fauna.
Here the Biogeographical Indices (hereinafter BGI) [38] are used to show the ratio between the boreal
and Arctic components of the fauna:
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pgr = Bb—Ba. 1
Bb + Ba
where Bb and Ba are biomasses of the boreal and Arctic species, respectively.

Each species from the stations was placed into one of three biogeographical categories: “boreal”, “Arc-
tic”, or “boreal-Arctic” [50]. Afterwards, all species classified as “boreal-Arctic” were excluded from further
analyses, leaving only pure “boreal” and “Arctic” species to be used in the calculation of the boreal-Arctic
ratio per station [46]. The station value of the BGI varied from —1 (only Arctic species) to +1 (only boreal
species). In the case of absence or equal amounts of boreal and Arctic species, the BGI for a station is zero.
The stations with such BGI values represent the hypothetical boundary line between the Atlantic boreal
and Arctic biogeographical regions.

To illustrate the BGI distribution, the Barents Sea and adjacent waters were divided into grid cells
(10° long., 1° lat.), and the mean values of all stations per grid cell over a 3-year period were calculated
and used as input for the map.

To show the distributional dynamics of borderlines between areas dominated by either boreal or Arctic
species (i. e., BGI = 0) 2005 to 2017, the centroid of each grid cell was used to plot the BGI in Map Viewer
(Golden Software) [20]. The inverse distance to a power method was performed for gridding, and the moving
average method was used for calculating the time series. Henceforth, the name “boreal-Arctic boundary”
is used for the hypothetical boundary lines (BGI = 0) between the Atlantic boreal and Arctic biogeographical
regions.

Dynamics of boundary shifts in the region of N69-76°, E20-55° 2005 to 2017 was described using
the BGI per cell over a 3-year period and calculated using the moving average method. The area delimited
by N69-76°, E20-55° was chosen for the analysis because it provided the most informative annual station
coverage during the research period, with the exceptions being 2005 and 2014 due to the lack of data
from the Norwegian participants of the study.

RESULTS

Biomass dynamics. The mean biomass 2006 to 2017 was estimated to be 31 kg-nm™. The mean
biomass varied year to year, with the highest mean observed in 2012 (54 kg:nm™) and the lowest one regis-
tered in 2010 (22 kg:nm™) (Fig. 3A). The smoothed annual biomass reduced the maximum values of 2012
and 2017 considerably, resulting in a relatively stable curve, although variability increased after 2013, with
the lowest biomass means observed in 2016 and 2017 (Fig. 3B). The average smoothed biomass 2006
to 2017 was estimated at 27 kg-nm™", with annual means varying —6 kg-nm™ in 2016 to +7 kg-nm™ in 2014.
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Fig. 3. Inter-annual variations in mean (+ SE) biomass (kg-nm") in the Barents Sea for observed (A)
and smoothed (B) data (2006-2017)
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Biomass of different taxa. The surveys in the Barents Sea have revealed patterns in the distribution
of the megabenthic fauna. For the region as a whole, Porifera biomass dominated the fauna, followed by that
of Arthropoda and Echinodermata (Fig. 4).

Sipuncula Bryozoa
>0%

% Annelida
1%

Fig. 4. Biomass distribution of the main
megabenthic groups from 2005-2017 trawl sur-

i Brac:i;;:aoda veys in the Barents Sea
Puc. 4. CooTHomieHHe OHOMAcCHl OCHOBHBIX
Chordata rpynn Merabentoca B BapennieBom Mope 1o pe-
1% 3yJbTaTaM TpaloBbIX chEMOK 2005-2017 rr.
Cnidaria
3%

Mollusd e
2%

Patterns were also noted in the spatial distribution in phyla biomass within the survey area (Fig. 5).
Porifera was predominant in the western and northern peripheral areas; Arthropoda was predominant
in the central and northwestern areas, while Echinodermata dominated mostly at the northern stations
of the Barents Sea. Cnidaria dominated in the deep stations in the northern periphery but also had a notice-
able presence in several locations in the central Barents Sea. Chordata (mainly Ascidiacea) biomass was
dominant sporadically but with no apparent pattern. Areas with even phyla distribution were particularly
prevalent in the shallow areas of the Novaya Zemlya Bank (eastern Barents Sea), Spitsbergen (northwestern
Barents Sea) and other bank areas, due to the diversity of biotopes and environmental conditions there.
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Fig. 5. Biomass distribution of the main phyla (Arthropoda, Echinodermata, Mollusca, and Porifera) and other
groups (Annelida, Bryozoa, Sipuncula, Cnidaria, Chordata, and Brachiopoda) shown as mean values per grid
cell (N1°, E5°) in 2005-2011 and 2012-2017

Puc. 5. CoortHoiieHue Ouomacchl OCHOBHBIX THUMOB (Arthropoda, Echinodermata, Mollusca u Porifera)
u apyrux rpynn (Annelida, Bryozoa, Sipuncula, Cnidaria, Chordata u Brachiopoda) B renepannzoBaHHOM
kBajpate (N1°, ES®), nanHoe B Bujie cpeiHux 3HaueHuit B 2005-2011 u 2012-2017 rr.
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Several changes were observed in phyla dominance from the early period (2005-2011) to the late one
(2012-2017). The northernmost stations, adjacent to the Arctic Ocean, shifted from being dominated by ei-
ther Arthropoda or Echinodermata to becoming almost entirely dominated by Porifera. Along the west coast
of Novaya Zemlya, the previously high diversity of phyla changed to domination by Arthropoda. Mean-
while, the central-eastern Barents Sea (N72-77°, E40-50°) has shifted from mostly Arthropoda to being
dominated by Echinodermata.

Inter-annual variation in biomass (smoothed values) of five most dominant taxa revealed that Porifera
remained relatively stable, except in 2017 when the biomass increased. The biomass of Cnidaria and Echin-
odermata experienced rapid decreases from 2015, while Arthropoda and Mollusca were more variable,
ending with low values in 2017 (Fig. 6). Arthropoda and Echinodermata biomass were inversely related
(linear regression is as follows: Echinoderm biomass = —1.4 x Arthropod biomass + 19.1; R? = 0.64).
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The number of species. Species of the Barents Sea, presented as the mean number of species recorded
during 2005-2017 (Fig. 7), had the highest values around Spitsbergen, while the lowest value was found
in the northeastern region, which had the poorest coverage during the research period. However, low species
diversity was also recorded in the southern areas of the Barents Sea that had experienced regular coverage
as in the western and central areas of the sea.

7 "]
o "y B ! -
78°
Fig. 7. Mean number of megabenthic
o species in the Barents Sea per grid cell
- (NO.5°, E2°) across the research period
. (2005-2017)
- Puc. 7. CpenHee KOJIMYECTBO BHUJIOB
MeradeHToca B BapeH1ieBoM Mope B reHe-
72 pamu3oBaHHoM kBagpate (NO0.5°, E2°)
3a nepuoj uccnegoBanus (2005-2017)
70°
68’

Abundance and biomass distribution during two time periods (2005-2011 and 2012-2017).
The mean abundance was generally similar for both periods (the early one — (5489 £ 226) ind.-nm™"; the late
one — (5023 + 363) ind..nm™"). However, the maximum catch nearly doubled between the early and late
periods: 388,000 to 793,000 ind.-nm™". F-test shows that the differences between periods are statistically
significant (Fy,, (0.38) < F,,; (0.93); p-value = 0.0).

For both the early and late periods (Fig. 8), high mean abundances (up to 50,000 ind..nm™)
were recorded in the central region of the Barents Sea. However, in the late period, high abundances were
also frequently noted in the northeastern region. The lowest abundances were observed in the southern area,
particularly around Cape Kanin Nos that had regular coverage, but also in the northwest in the early period
with poor coverage.
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Fig. 8. Mean abundance (ind..-nm™") per grid cell (N0.5°, E2°) for the early (2005-2011) and late (2012-2017)
research periods
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The smoothed mean biomass decreased both in the early and late periods: (70.6 + 6.6) kg-nm™ in the ear-
lier period to (63.0 £ 6.2) kg-nm™ in the later one (Fig 9). F-test showed that these differences were statis-
tically significant (F,, (1.12) > F,;, (0.07); p-value = 0.0025). Meanwhile, the maximum catch increased
8.5 tnm™ in the early period to 9.8 t-nm™ in the late one.

In the early period, the largest catches (> 1 ton) were obtained in the southwestern part of the Barents
Sea (Fig. 9) due to the abundant sponge fields in this area; these were intentionally avoided in the late period
due to the risk of damage to the bottom fauna and the gear. While relatively large catches have been made
within a large area of the central Barents Sea in the early period, similar catches were mostly observed
in the northeastern part of the Barents Sea during the late period. Late period data showed that large areas
of the southeastern Barents Sea had the lowest biomass amounts (< 1 kg-nm™).
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Fig. 9. Mean biomass (kg-nm~', smoothed values) per grid cell (N0.5°, E2°) across 2005-2011
and 2012-2017

Puc. 9. Cpesnss Guomacca (Kr Ha MOPCKYI0O MUJIIO, CI7IaKCHHBIE 3HAUCHHUS) B TEHEPAIM30BAHHOM KBajipaTe
(NO.5°, E2°) B 2005-2011 1 2012-2017 rT.

The depth-related species richness, abundance, and biomass are shown in Fig. 10A, and a sampling
frequency — in Fig. 10E. The highest sampling frequency and, therefore, more robust results were observed
at 100-400-m depth. Stations shallower than 50 m or deeper than 600 m were less frequently sampled.
In terms of species richness, the greatest diversity was seen at depths of 100—400 m (642 species), with
lower richness on stations at < 50 m (179 species) and a steady decline in richness at 500 m and deeper
(< 347 species). The largest biomasses (average catch > 100 kg:-nm™) were caught at 700-m depth, while
the lowest biomasses (< 20 kg:nm™") —at > 900 m. The highest abundances were noted at 200-300-m depth
(more than 5000 ind.-nm™"), while the lowest (less than 500 ind.-nm™) took place at < 50 m and > 700 m.

Production. When comparing the results for calculating production (see Fig. 11), the inter-annual vari-
ation showed similar trends between two methods, but at different scales, with the Manushin values being
almost twice as large as those obtained with using the Degen et al. method (Fig. 11). Inter-annual vari-
ations of average megabenthic production in the Barents Sea in 2006-2017 reached the highest in 2008
and 2014 and the lowest in 2017. Most years showed a range 3—4 kg-nm™'.year™ (Fig. 11A) with a mean
of (3.6 £0.6) kg-nm™"-year™ or 7-10 kg-nm™"-year™ with a mean of (8.1 +0.1) kg-nm™-year™" (Fig. 11B).

The distribution of the Arctic versus boreal taxa of the Barents Sea. The distribution of the BGI val-
ues (see “Material and Methods”) in the Barents Sea during 2005-2017 showed Arctic species dominating
in the northern and eastern sectors of the Barents Sea, while the southern and western areas were dominated
by the boreal species. These two regions are separated by a boreal-Arctic boundary line that has varied over
time (Fig. 12).
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Fig. 11. Inter-annual variation of mean megabenthic production (+ SE) in the Barents Sea in 20062017
calculated with two different P/B ratios: A) Degen et al. [11] and B) Manushin [37]

Puc. 11. BappupoBanue mnpoaykuum Merabentoca (+ SE) B bBapenneBom mope B 2006-2017 rr.,
PAcCUMTAHHOW C MCIOJIB30BAHMEM JIBYX pasHbIX Ko3ddduumentoB P/B: A) mo Degen c¢ coaBropamu [11];

B) no Manyumny [37]
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The location of the boreal-Arctic boundary line closely follows three main currents of Atlantic wa-
ter in the Barents Sea: along the western slope of the Barents Sea shelf, to the Central Bank, and along
the western shelf of the Novaya Zemlya archipelago (see also Fig. 1A).
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Fig. 12. Temporal distribution of the Arctic (blue) and boreal (red) areas of the Barents Sea (2005-2017).
The black line shows the position of the boreal-Arctic boundary

Puc. 12. Bpemennoe pacrnipejie/ieHie apKkTHUeCKUX (CHHIE) U GopeabHbIX (KpacHbie) o0macteil B BapeHiesom
mope B 2005-2017. YEpHast TMHUS MOKA3BIBAET MOJOKEHHE OOpeaTbHO-apKTHUECKON IPAHHIbI

The position of the boreal-Arctic boundary (BGI = 0) varied between years and locations (Fig. 13).
In the southeastern part of the sea, the positions of the boundary have changed spatially by approximately
150-200 nm during 2005-2017, around 150 nm on the Spitsbergen Bank, and less than 50 nm in the central
part of the sea.

The inter-annual fluctuation in the boreal-Arctic boundary position is most distinctive in the southeastern
part of the Barents Sea. The results show that the boundary moved towards the southwest (upper five pictures
in Fig. 12) during 2006-2010, indicating a prevalent distribution of Arctic species over boreal, while over
the course of the next six years (2011-2016) it moved back in a northwards direction.

An area-based mean BGI for the central-southern part of the Barents Sea (Fig. 14) demonstrated a preva-
lence of Arctic species during 2007-2014, with a minimum value in 2010, followed by a prevalence of bo-
real species during 2014-2017. The years 2005 and 2014 are excluded from the calculation due to the lack
of Norwegian data. The lowest and highest presence for boreal species in the constrained area is observed
in 2010 and 2015-2016, respectively. Values below zero indicate the dominance of Arctic biomass, while
values above zero indicate boreal dominance in the defined area (see embedded map in Fig. 14).
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DISCUSSION

Throughout 13 years (2005-2017) of annual monitoring of the benthic megafauna, 21 % of 3245 species
previously known [36] from Barents Sea, have been recorded. More than 5000 stations, 200 tons, and 14 mil-
lion individuals of megafauna have been sampled. This achievement has become possible with using exist-
ing annual stock surveys, already being conducted by national governmental institutions, with the addition
of benthic expertise, thereby making it possible to identify and evaluate the benthic by-catch from the com-
mercial fish/shrimp trawl. It has proven to be a time- and cost-efficient approach for conducting long-term
monitoring of the benthic habitats without additional seabed impact.

As the surveys were carried out using a trawl, animals in the catch were characterized by size
as megabenthos [1]. Previous studies of zoobenthos mainly used material collected by grabs [15], but trawls
and dredges of various design are better suited for sampling large invertebrates [17]. This was confirmed
when studying the echinoderm fauna in the Kara Sea [2]. Taking into account the fact that the distribution,
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contribution to production, and gross biomass of 694 species (1058 taxa) studied here have been previ-
ously undervalued, it is therefore assumed that zoobenthos in previous studies had not been fully taken
into account.

In 2005-2014 (the first nine years of investigation), the mean biomass and production values
of the benthic megafauna were mostly stable, but they tended to decline after 2014.

The spatial distribution of the biomass showed that the highest values of megabenthos were recorded
on the continental slope in the areas of hydrological fronts where water masses meet [39 ; 40 ; 42]. Similar
results have previously been obtained for macrobenthos in the Barents Sea [2;9 ;14 ; 15 ;34 ;41], indicating
that the same environmental factors are structuring these two faunal components. Prior to the ecosystem sur-
vey of the Barents Sea, however, there was no data on the distribution of megabenthic organisms in the Bar-
ents Sea, thus making it difficult to compare megabenthic and macrobenthic parts of the communities.

The depth range of 100-300 m accounted for 65 % of sea area [34] and included 79.5 % of the total
number of stations used in the ecosystem survey, meaning that the investigated area was approximately
evenly covered by bottom trawling. The highest species variety was observed in the 100-400-m depth
layer, and a reduction in the number of species coincided with an increase in depth. This is also in accor-
dance with prior investigations of macrobenthos [24], and has previously been explained by the depletion
of food resources [34]. However, the mean numbers of species per trawling (Fig. 10B) show that species
diversity in general is remarkably high in both shallow coastal areas and deep sea of the investigated parts
of the Barents Sea.

The largest average catches of megabenthic fauna were taken at a depth range of 600-800 m, along
the continental slope of the western and northern parts of the Barents Sea. Communities of high benthic
biomass (predominantly sponges) have previously been reported [9 ; 34] in the area of the warm Atlantic
Current of the West-Spitsbergen branch [39 ;40 ; 42] and in Saint Anna Trough near Franz Josef Land [22]
where they filtrate water current for food particles.

The average biomass of Arthropoda was at its highest in 20062007, coinciding with the introduction
of red king crab (Paralithodes camtschaticus) to the southern part of the Barents Sea, and in 2013-2016,
when the population of snow crab (Chionoecetes opilio) rose dramatically in the eastern part of the Bar-
ents Sea. The decrease in crustacean catches in recent years is most likely related to the spreading of snow
crab over a larger area and the beginning of fishing in the areas of its maximum concentrations in the eastern
part of the Barents sea in 2016 [48], where up to 8,000 tons of crab are caught annually.

It can be suggested that the decline observed in the biomass of Cnidaria and Echinodermata after
2014, was caused by predation and competition from the snow crab. Echinoderms and cnidarians are fre-
quently found in crab stomachs [54], which may indicate feeding on these animals by large populations
of snow crab.

Apart from a few exceptions, the Mollusca biomass tended to increase until 2016. Taking into account
only the area populated by snow crab, the average biomass of Mollusca has increased, while across the Bar-
ents Sea as a whole, biomass was stable, which suggests that snow crabs may have only a small influence
on the Mollusca biomass.

Molluscs are one of the main macrobenthic groups in snow crab diet [54]. However, large molluscs with
strong shells, that could be caught by trawls, were not present in its diet, which suggests that the biomass
of large molluscs is driven by other factors.

Both methods used to calculate the inter-annual variation of the megabenthic production in the Bar-
ents Sea showed similar trends; however, the use of Manushin formula doubled the resulting values of pro-
duction. Using the mean biomass (27 kg:nm™), the annual P/B ratio was calculated to be 0.14 [11]
and 0.3 [37]. There is a difference between the P/B ratio calculated by the Degen et al. method in this paper
(0.14) and the value in the original article (0.15) [11]. This difference is explained by the selection of area
of the Barents Sea (see “Material and Methods”), exclusion of catches > 1 ton, and the longer research
period. It is assumed that the values obtained from the calculation with using the Manushin method [37]
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are more realistic because his formula is based on taxonomic status and an individual average body weight
of ectothermic animals. It could be suggested that Degen er al. [11] calculations had not taken into ac-
count small-sized groups of animals, due to the low catchability of small animals by the Campelen trawl.
In Manushin formula [37], this underestimation is minimized because both available materials and author’s
own data are used to create production equation for a wide size range of animals. Similar results were
obtained in a study of scallop (Chlamys islandica) near the Kola Peninsula, being a similar megabenthos
size group, where P/B ratio was estimated to be 0.25 [13]. Comparing P/B ratio of macrobenthos (0.2-5.3;
mean (1.44 +0.06) [54]) and megabenthos (0.3), the level of megabenthic production seems to be realistic.

The boreal-Arctic boundary line in the Barents Sea (also called the biogeographical border between
the Arctic and boreal regions) has been known since the mid-XIX century, but without general consensus
of its position due to different criteria for setting the biogeographical boundaries [27].

The results from this research show that, in the current warm period, the majority of the Barents Sea
is in an intermediate state between the Arctic and boreal regions due to the wide distribution of boreal
species toward the north. Dynamics of BGI mean value within the central-southern part of the Barents Sea
(see Fig. 14) suggests that since 2013, a larger part of the Barents Sea could be characterized as a predomi-
nantly boreal intermediate area. Moreover, it is suggested that the shift in the boundary line between the Arc-
tic and boreal areas toward its most southern position in 2009-2011 may have been caused by the coldest
year prior to the research period (2003, i. e., six to eight years beforehand), resulting in the largest negative
anomaly for the megabenthos biomass.
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MEI'ABEHTOC BAPEHIIEBA MOPA:
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N IIPOAYKIIMOHHAA XAPAKTEPUCTUKA
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[IpencTaBieHsl pe3y/IbTaThl IPOrpaMMbl MOHMTOpPUHTa MerabeHToca BapeHueBa MOpst U conpe/iesIbHbIX
akBaTopwmii, BhInosHAeMoii Poccueit n Hopeerueii ¢ 2005 r. MerabeHTtoc siBseTcs OJHUM M3 BaXHEH-
IIMX KOMIIOHEHTOB JOHHOI COCTaBJIAIOIIEN KocHcTeMbl BapeHieBa Mops, (opMUpPYsl 3HAUMTENbHYIO
JIOJII0 KMBOTO BEIIECTBA, BKIIOYEHHOTO B IHUIIEBHIE LEMU U CUCTEMY KOJIOTMUYECKHX B3aMMOOTHOLLIE-
HUii. B yacTHOCTH, OpraHU3MBI MeraGeHTOCca UTPAIOT CYIIECTBEHHYIO, 4 3aUacTyI0 M ONPEIeIAOIIYI0 POJlb
B ITMUTAaHUH JOHHBIX PBIO U pakooOpa3HbIX BapeHieBa Mops, B TOM YHC/Ie BaXHEHIINX TPOMBICIOBBIX
BUJIOB: TPECKH, NMUKIIH, KAMUYATCKOro Kpada, Kpada-cTpuryHa omunuo u ap. Hepenko npencraBurenn
JQHHO¥ TPyMIBI (POPMHUPYIOT crielupruecKue OUOTOIBI, ONPE/IEAIONINE YCIOBUS CYIIECTBOBAHUS MHO-
KECTBa JPyruX BUIOB KUBOTHBIX. [locTeneHHOe HaKOILUIEHHe 3HAHUIA O MErabeHTOCE MO3BOIUT OLIEHUTD
€ro poJib B 9KOCUCTEME M B KOHEUHOM UTOTe MOCMOCOOCTBYET PAllMOHAILHOMY YIIPABJICHHIO PECYpPCaMu
BapenueBa mops. OcHOBHas 1ie/Ib HAILIEr0 MCCIIEOBAaHUsl — OIKUCATh NPOCTPAHCTBEHHOE pacnpe/erie-
HUE U BBIABUTH JMHAMHKY OMOMAcChl U poyKImu Meradentoca B bapeniieom mope. C 2005 r. B pam-
KaxX OLIEHKHU 3allacoB TMPOMBICIOBBIX BUJIOB PhIO M GECIIO3BOHOYHBIX MPOBOAMTCA 00paboTKa MpPHUIOBa
MeradeHToca U3 JOHHBIX TpajieHuil. 3a 2005-2017 rr. BeimonHeHo 5016 TpajoBbIX CTaHIMA, 00paboTa-
HO 238.4 T BasoBOW OHOMacchl MerabeHToca, IIPOCMOTPEHO OKOoJIo 14,9 MIIH 3K3. KUBOTHBIX. Matepu-
a1 cobupaiu ¢ nomoipio JoHHoro tpasa Campelen 1800 — HU3KOCENEKTMBHOTO aKTUBHOTO CETHOTO
OpYy/Msl JIOBA, BHINOJIHEHHOTO U3 KAalIpOHOBOM JIE/IH C IIaroM sueu 125 MM, ¢ MEIKOAYEHCTON CETHOH KY-
TOBOM BCTaBKOM C pa3MEpOM fUeU 22 MM M PE3MHOBBIM IPYHTPOIIOM THIIAa «POKXOIIEP» C JUAMETPOM
katkoB 40 cM. [{ns1 y1o6cTBa CpaBHUTEIBHOTO aHAIN3a KOJIMUECTBEHHbBIE MTapaMETPBI, TPe/ICTaBICHHBIE
B CTaTh€, PACCUMTHIBAIN HA CTAHJAPTHYIO AMCTAHLMIO TpajleHus B | Mopckyio Muimo (nm). O6paboTky
MaTepHajia POBOJMIN Ha OOPTY Cy/[HA HEMOCPEACTBEHHO MEX/1y OCTAaHOBKaMHU TpajioB. B xozie uccie-
JIOBaHUS 3aperucTprupoBaHo 694 Buaa MerabGeHTOCa; BHICOKOE BUIOBOE pa3HOOOpasue 3ahMKCHPOBAHO
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Ha riyounax 100400 M, HanOosbIIMe CpeIHUE 3HAUeHHsT OGMOMACCHl M YMCIIEHHOCTH OTMEUEHBI Ha IITy-
ounax 600-800 M. Bromacca (B) u npoaykims (P) merabeHroca ObUTH CTAOMIBHBI HA TIPOTSIKEHHUH TEp-
BBIX JIEBATH JIET UccleloBaHuil, HO mocne 2014 r. moABmiach TEHACHLMA K MX CHIKEHUIO. 3HauUCHHUE
ko3¢ punmenta P/B pis meradentoca onenuBaetcs Ha yposHe 0,3. IIpeanonaraetcs, 4to npeapiayiime
ccneloBaHuA OeHToca B BapeH1ieBoM Mope He/IOOLIEHHBAJIM BKJIjl KAK MUHUMYM 094 BU/IOB U3 IPYIIIIBI
MerabeHToca B BUJ0BOE OOraTCTBO, BAJIOBYI0 OGMOMACCY, UMCICHHOCTD U MpoAyKImio. [lnHaMuKa Guoreo-
rpaMUYecKoro MHEKca (rpaHuLia Mexk 1y OOpeasbHOI U apKTHUECKOil 30HaMK) B 10)KHOW vacTu BapeH-
11eBa MOpsI TIO3BOJIAET MPENOJIOKUTh, uTo ¢ 2013 1. GOJIBIIYIO0 YaCTh MOPSI MOKHO OXapaKTephu30BaTh
Kak OopeasbHyI0 MPOMEKYTOUHYIO 001aCTb.

KioueBble cioBa: Apkruka, BapeHieBo Mope, MeraGeHTOC, KJIMMAT, ATJIQHTUUECKOE TeueHHUE,
HPOYKIIHs, BUIOBOE OOraTcTBO
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