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ARTICLE INFO ABSTRACT

Keywords: Due to ongoing climate change, a new Arctic Ocean ecosystem is emerging. Within the framework of the Nansen
Arctic Legacy project, we investigated the community composition of the large zooplankton and its seasonal devel-

Northern Barents Sea opment along a latitudinal gradient in the northern Barents Sea. Total biomass was maximal in summer and early

ZOOp,lankton . winter, and minimal in spring, with copepods contributing considerably in all seasons. Euphausiids represented a
Species composition . . . - . .
Seasonality minor fraction of the biomass, whereas chaetognaths and other gelatinous zooplankton contributed substantially

to the sampled zooplankton at all stations, particularly in winter. Amphipod biomass was high in early winter,
but otherwise low. Temperature in the water column interior and bottom-depth had the highest explanatory
power for the community composition of the large zooplankton, both revealing the same distinct Atlantic and
Arctic domains along the studied section. The continental shelf of the northern Barents Sea had an Arctic
signature and was in terms of biomass characterized by a dominance of cold-water species, such as Themisto
libellula, and Calanus glacialis. The copepod Calanus hyperboreus was the dominant over the continental slope.
Locations at the southern and northern end of the studied section were influenced by Atlantic Water (at inter-
mediate depth at the northern stations), and contained a mixture of temperate species, deep-water species, and
sympagic amphipods in northern ice-covered waters. In the northern Barents Sea, a seasonal change was
observed in the biomass fractions of different zooplankton feeding guilds, with dominance of herbivores in
summer and carnivores in winter. This suggests switching between bottom-up and top-down control through the
year. On the continental slope, species that are typically considered omnivores seemed to increase in importance.
The role of seasonally changing food preferences to bridge periods outside of the main primary production season
is discussed in light of ecosystem resilience to the expected changes in the Arctic Ocean.

Environmental factors

1. Introduction

Profound changes occur in the emerging new Arctic (Landrum and
Holland, 2020), both in the biotic and abiotic environment. Diminishing
of the sea ice due to warming and changes in the timing of the pro-
ductive season is already happening in the Arctic Ocean (Dalpadado
et al., 2020; Lewis et al., 2020). These changes may alter marine eco-
systems, from phytoplankton to zooplankton to higher trophic levels
(Arrigo and van Dijken, 2015). The northern Barents Sea is a focal point
for some of these changes (Lind et al., 2018; Stroeve and Notz, 2018;

* Corresponding authors.

Brandt et al., 2023).

The internationally coordinated Nansen Legacy project was initiated
in 2018 to investigate, among other goals, climate change impacts on
high north marine ecosystems, and their biodiversity. The high Arctic
waters are understudied, particularly with respect to large zooplankton
due to challenges associated with sampling in ice covered waters.
Studies from this region, covering a full seasonal cycle, are rare (but see
for instance Basedow et al. (2018) for a seasonal study in the Fram
Strait). The unprecedented warming, diminishing sea-ice, associated
with Atlantification (Ingvaldsen et al., 2021) have made these high
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Arctic waters more accessible in recent years. Our study provides
baseline information on the community composition and seasonal
development of large zooplankton from this rapidly changing area. The
large zooplankton (copepods Calanus glacialis and C. hyperboreus,
euphausiid Thysanoessa inermis, and amphipod Themisto libellula) are key
prey of commercially and ecologically important fish species such as
young North Atlantic cod, capelin, and polar cod in the region (Dolgov
et al. 2011; Dalpadado and Mowbray 2013; Orlova et al. 2013; ICES,
2021).

The Barents Sea and the neighboring Eastern Fram Strait are inflow
systems, where Atlantic Water is transported into the Arctic Ocean
(Nansen, 1901). This Atlantic Water inflow is considered an important
factor influencing the ecosystem dynamics of the region (Wassmann
et al., 2020). Transport of warm Atlantic Water into the Barents Sea and
the Arctic Ocean brings along Atlantic species which alter the local
zooplankton community composition directly (Dalpadado et al., 2012;
Basedow et al., 2018). Hence, species composition may correlate with
water mass characteristics. Gluchowska et al. (2017) observed
increasing contributions of Atlantic copepod species to the Fram Strait
zooplankton communities, linked to positive temperature anomalies
caused by the Atlantic Water (AW) transport. Similarly, Manko et al.
(2020) found distinct water mass signatures in the diversity of gelati-
nous zooplankton in early summer in the Fram Strait. Water mass
characteristics and water depth were also found to be associated with
the mesozooplankton community composition north of Svalbard during

A
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the first part of the productive season (Hop et al., 2021). These studies
indicate the importance of boreal organisms carried into the Arctic by
Atlantic water inflows, impacting local Arctic species diversity.

Besides the direct transport of zooplankton, heat transport changes
the environmental conditions, making them less or more permissive for
species at the edge of their tolerance window. Northern euphausiid
species are mostly restricted to the boreal/Atlantic Water of the Barents
Sea (Dalpadado et al., 2008a). But as a consequence of the Atlantifica-
tion of the Arctic, the euphausiid distribution has expanded northwards
in recent decades (ICES, 2020). Sympagic fauna and organisms associ-
ated with the ice edge, on the other hand, are lost from the local surface
community as a result of sea ice retreat under increased heat input
(Sgreide et al., 2010; David et al., 2015; Ehrlich et al., 2020; Ershova
et al., 2021). Flores et al. (2019) found that the taxonomic composition
of the under-ice fauna in the Eurasian sector of the Arctic was mainly
driven by water mass characteristics and sea ice properties, whereas the
trophic community structure was more associated with variation in
nutrients. These examples show that the abiotic environment to a
considerable extent shapes zooplankton diversity and distribution in the
Arctic.

Besides these bottom-up effects, temperature, light, and a shift from
perennial to seasonal ice or open water will enable visual predators to
extend their feeding range (Langbehn and Varpe, 2017), thus increasing
top-down effects on the zooplankton community (Orlova et al., 2013;
Kaartvedt and Titelman, 2018).
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Fig. 1. Position of the sampling stations (red dots) and mooring stations (black triangles) in the northern Barents Sea (A). The current systems NAC (Norwegian
Atlantic Current), NoCC (Norwegian Coastal Current), and WSC (West-Spitsbergen Current) are indicated in the colors of their respective water masses. Sea ice
concentration (%) along the south-to-north section (B) during the seasonal surveys in 2019 and 2021. The sea ice concentration values are also given in Table 1.
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In the context of the Nansen Legacy project, four surveys were con-
ducted, spanning the entire gradient of the Marginal Ice Zone, from the
central Barents Sea into the Arctic Ocean. These surveys covered a full
seasonal cycle (Fig. 1), including the Arctic winter for which data is
sparse. On each of these surveys the community of the large zooplankton
was systematically sampled at seven locations, allowing for a seasonal
study of the diversity and spatio-temporal distribution of the key spe-
cies. The objective of this paper is to investigate the role of physical (sea
ice cover, temperature, and bottom depth) and biological (chlorophyll a
concentration) factors in shaping the overall community composition of
the large zooplankton in this region of the Arctic. Our hypothesis is that
the spatial variability of the community composition of the large
zooplankton is governed by the water mass characteristics along the
investigated latitudinal gradient. In addition, we report on the regional
composition of the large zooplankton in winter, a season that is under-
represented in Arctic research.

2. Materials & methods
2.1. Site description

The transport of Atlantic Water into the Barents Sea can be roughly
subdivided into: 1) a relatively narrow and fast northward flowing
branch through the Fram Strait, the West-Spitsbergen Current (WSC),
that turns eastward in the vicinity of the Yermak Plateau (Crews et al.,
2019), and 2) a wider and slower eastward flowing branch, that flows
over the continental shelf of the Barents Sea and enters the Arctic Ocean
east of Franz Josef Land (Rudels et al., 2015). Part of the Atlantic Water
flow crossing the Yermak plateau also enters the northern Barents Sea
from the north (Lind and Ingvaldsen, 2012).

The Polar Front separates the warm Atlantic Water in the southern
Barents Sea from colder and more Arctic conditions in the north (Fig. 1).
Thus, the Barents Sea has two climatic domains where the southern one
is strongly influenced by the inflow of warm Atlantic Water (Loeng,
1991), while the northern (Arctic) one is dominated by sea ice and polar
waters maintaining a strong ocean stratification (Lind et al., 2018).

2.2. Surveys and sampling design

As part of the Nansen Legacy project, four surveys with the ice
breaker R/V Kronprins Haakon were organized covering four seasons
(quarters; Q1-Q4). Due to the Coronavirus pandemic, the summer and
early winter surveys (Q3 and Q4) were performed in August and
December 2019, whereas those from late winter and spring (Q1 and Q2)
had to be postponed until March and May 2021, respectively. A south-
to-north section with 7 stations (P1-P7) was sampled on each of these
surveys, covering latitudes from the central Barents Sea (P1) to just
north of the continental slope (P7), with the typical topography of banks
and troughs (Fig. 1, Table 1).

Samples of the macrozooplankton and large copepods (hereafter
collectively called large zooplankton) were collected by hauls with a
Midwater Ring Net (commonly referred to as MIK net) with 3.14 m?

Table 1
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aperture, ~13 m length, with a ~ 1600 pm mesh size except for the last
1 m having 500 um (ICES, 2017). The MIK was fitted with a 10-liter cod-
end and a flow meter mounted at the entrance of the net.

One sample was collected at each of the seven aforementioned sta-
tions along the section in four different seasons Q1 (March), Q2 (May),
Q3 (August) and Q4 (December; Fig. 1, Table 1), resulting in a total of 28
samples. On all surveys, vertical hauls were made, except in the very
first survey (Q3), where oblique hauls were taken at the open water
stations P1, P2, and P3, aiming for a net speed of ca. 1.75 m s~1. Asitwas
not possible to make oblique hauls in the ice-covered waters, it was
decided to operate with vertical hauls as the standard routine at the
remaining stations and on the subsequent surveys. Samples were
collected from ~ 20 m above the bottom to the surface, except at the
deeper station P7 (Table 1). A hauling speed of ca. 1.5 m s~! was used.
Due to the open-net-to-inlet-area ratio, potential bucket effects (water
pushed away in front of the opening at high hauling speeds) are
considered negligible at the operating speed used in this study (ICES,
2017).

2.3. Sample processing and storage

The gelatinous zooplankton species captured in the MIK net were
sorted out immediately after collection, as they are subject to quick
degradation. They were gently removed using filtering spoons or wide-
mouthed pipettes and kept in seawater in the refrigerator until identified
to the highest taxonomic level possible. In addition, the total number of
individuals was recorded. Some individuals of each taxon (up to 12 in-
dividuals) were length measured and photographed using a lightboard
including millimeter reference. Subsequently, they were weighed and
stored individually with > 96% non-denatured EtOH and kept at —20 °C
for later genetic confirmation. Biomasses of Aglantha digitale and Beroe
sp. at station P1, Beroe sp. at P3, Mertensia ovum at P4, and Aglantha
digitale at P5 in the May survey (Q2) should be regarded as minimum
estimates due to uncertainties in handling onboard. The gelatinous
zooplankton sample from station P7 during the Q4 survey was lost.

After the removal of the gelatinous zooplankton, other zooplankton
taxa that were only found in low numbers were isolated, weighed and
stored in zip-lock bags in the freezer at —20 °C. Finally, a quantitative
weighed portion of the remainder of the MIK catch was stored in
hexamine-buffered 4% formalin for detailed taxonomic analyses at the
IMR laboratory. Smaller samples were processed in total, while sub-
samples were taken in larger ones using a Motoda splitter. In the labo-
ratory, the zooplankton from the formalin and frozen samples was sor-
ted, identified to group/species level, counted, weighed, and length-
measured individually. The length measurements were conducted only
on randomly selected samples of euphausiids and amphipods.

Note that the preservation of biological material in formalin implies
that the wet weight may change slightly relative to the initial wet weight
after sampling. Only the larger-sized copepods (mostly copepodite stage
V and adults) were included in our analyses as the smaller individuals
(younger copepodite stages and smaller species) were not quantitatively
sampled by the MIK net. Furthermore, the possible net avoidance

Overview of stations with the sampling depth and ice concentration in the four sampled seasons, with an indication of the month of sampling.

Station Latitude Longitude Water depth Sampling Sea ice concentration (%)

©N) (°E) (m) ?;l;th 01 02 Q3 Q4

(Mar 2021) (May 2021) (Aug 2019) (Dec 2019)

P1 76.00 31.22 322 312 0 0 0 1
P2 77.50 34.00 190 180 86 32 0 28
P3 78.75 34.00 301 291 94 71 0 77
P4 79.75 34.00 332 322 91 77 19 92
P5 80.50 34.00 167 157 84 90 67 92
P6 81.55 30.85 865 855 67 87 75 92
P7 82.00 30.00 3000 1000 * 63 92 73 94

* Note that for station P7 the lower sampling-depth was 2000 m on cruise Q3 (Aug 2019) while 1000 m on all other cruises.
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behavior of larger organisms such as krill and amphipods that might
swim away from the path of the approaching net implies that the MIK
catches represent relative rather than absolute in situ abundance and
biomass (Dalpadado et al., 2016). The zooplankton data is accessible
here: https://doi.org/10.21335/NMDC-1549427017.

2.4. CTD and additional data collection

A shipboard conductivity, temperature, and depth profiler (Seabird
911plus CTD), attached to a 24-bottle rosette system was deployed on 24
locations along the section, including our 7 sampling stations during
each season. From the sampled water, chlorophyll a (Chl a) concentra-
tions (mg m™>) were spectrophotometrically determined at various
depths. These data are published at the Norwegian Marine Data Centre
(Vader, 2022). The values of the upper 50 m of the water column were
averaged per station.

Sea ice concentration (SIC) during the surveys was calculated based
on daily sea ice concentrations from Nimbus-7 SMMR and DMSP SSM/1-
SSMIS Passive Microwave Data received from NSIDC (Cavalieri et al.,
1996).

To assess the timing of the surveys regarding the seasonal cycle, we
needed continuous sea surface temperature (SST) measurements at
stations P1-P7, covering the entire study period. These were extracted
from the OSTIA global foundation Sea Surface Temperature product
(Good et al., 2020, obtained from the E.U. Copernicus Marine Service
Information website; https://doi.org/10.48670/moi-00165). SST in ice-
covered waters was set to the freezing temperature (approximately
-1.8°C).

To assess the impact of non-consecutive sampling seasons, we
explored seasonal and annual variability in SIC, SST, and temperature
time series from three Nansen Legacy moorings over the period
2019-2021 (Fig. 1). Mooring M5-Bio was located near P2 (at 77.1°N,
35.1°E) and had a Nortek Signature 100 Acoustic Doppler Current
Profiler (ADCP) located at 136 m depth (during 11.08.2019
-28.09.2020) and 140 m depth (during 13.10.2020-07.11.2021).
Mooring M2 was deployed near P4 (79.7°N, 32.3°E). For this study we
used data from a RBR Concerto deployed at 210 m depth (before
17.11.2019), at 220 m depth (during 18.11.2019-23.09.2020) and at
185 m depth for the remainder of the time series (Lundesgaard et al.,
2022). Mooring ATWAIN-BioAC was located near P6 (at 81.5°N, 30.8°E)
and had a Nortek Signature 100 ADCP located at 400 m depth (during
23.11.2019-04.09.2020) and 453 m depth (during 30.09.2020
-14.09.2021).

Feeding guilds were assigned at the species or genus level based on
the literature (Table S1). A distinction was made between 1) carnivores,
2) omnivores, and 3) herbivores and detritivores combined. When
different papers mentioned a carnivorous and omnivorous feeding
strategy for a particular species, for instance as part of their seasonality,
it was assigned to the omnivore feeding guild.

2.5. Data processing and statistical analyses

2.5.1. Biotic data

The total masses were divided by the filtration volumes per sampling
event, to obtain biomass concentrations in terms of wet weight (g wet
wt. m’3). Filtration volumes (V) were calculated as:

V=Axd,

where A is the MIK’s mouth opening area (3.14 mz), and d is the distance
traveled by the MIK during the haul. This distance was for oblique hauls
calculated as:

d = flow meter revolution counts x 0.3,

where 0.3 is the HYDRO-BIOS multiplication factor (i.e. propeller pitch;
cf. equipment manual, Hydro-BIOS Gmbh). For vertical hauls, the
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maximal wire length was assumed as the traveled distance (d = wire
length), because flow meter readings were not available for all vertical
hauls. The biomass integrated over the water column (g wet wt. m 2
was calculated as the biomass concentrations multiplied by the sampling
depth (Table. 1).

2.5.2. CTD data

CTD signals from above 15 m depth were discarded to avoid
contamination of the signals by ship movement and the proximity of the
ship’s moon pool from which the CTD was lowered. For inclusion in the
multivariate analyses (see next section), average values of temperature
(T), salinity (S) and potential density (c¢) were calculated for two layers
in the water column (Table S2). For the upper water column, mean
values were calculated over the depth range of 15-25 m (indicated by a
subscript 20 m, e.g. Toom). This depth was chosen because it was above
the summer pycnocline. For the water column interior, average values
were calculated for the depth range 145—155 m (indicated by a
subscript 150 m, e.g. Ti50m), because this was always below the pyc-
nocline when it was present.

CTD data were categorized into water masses using a minor adjust-
ment of the water mass definitions outlined for the Nansen Legacy
project (Sundfjord et al., 2020). This includes the relatively warm and
saline Atlantic Water (AW) and the slightly colder modified Atlantic
Water (mAW). Using the characteristics T > 0.0 °C, S > 34.89 include
both (AW/mAW). Polar Water (PW) is cold and fresh and identified by T
<0.0°C,09<27.97 kg m’3, and this water mass is common in the Arctic
domain north of the Polar Front (Fig. 1). PW that has been heated
through solar radiation or mixing with AW/mAW is called Warm Polar
Water (wPW), and is characterized by T > 0.0 °C, S < 34.89 psu
(Sundfjord et al., 2020). PW includes waters that historically were
defined as Arctic Water in the Barents Sea (Loeng, 1991), but the PW
definition includes slightly more saline waters than usually included in
the Arctic Water definition. The reason for using PW and wPW instead of
Arctic Water is to bridge water mass definitions in the northern Barents
Sea with those commonly used in the Nansen Basin (Sundfjord et al.,
2020). Cold water masses found deeper in the water column include
Intermediate Water (IW characterized with —1.1 °C < T < 0.0 °C, 69 >
27.97 kg m~>) and the coldest and densest water mass called Cold
Barents Sea Deep Water (CBSDW, characterized by T < -1.1 °C, o9 >
27.97 kg m~3). These water masses were used as environmental vari-
ables in statistical analyses of diversity indices (cf. Section 3.5).

2.5.3. Statistical analyses

All statistical analyses and data processing were performed in the R
Statistical Software (R Core Team, 2020). Statistical testing of seasonal
and spatial effects on biomass of large zooplankton, as well as re-
lationships between biomass and environmental variables, was per-
formed by generalized linear modeling (linear regression, analysis of
variance = ANOVA, and analysis of covariance = ANCOVA) using the
‘nlme’ R-package (Pinheiro et al.,, 2020). When required, log-
transformations of the independent and/or dependent variables were
performed to obtain symmetric distributions. The sea ice concentration
(SIC) in these analyses was transformed to the percentage of open water
(%OW; Table S2) as:

%OW = 100 — SIC.

To characterize the diversity of the large zooplankton along the
section and over the seasons, Shannon-Weaver diversity (H), taxon
richness (S), and Pielou’s evenness (J) were calculated using the R-
package ‘vegan’ (Oksanen et al., 2019). These indices are defined as
follows (Legendre and Legendre, 2012):

S = number of taxa in the sample,

N
H= =Y _ pilogpi


https://doi.org/10.21335/NMDC-1549427017
https://doi.org/10.48670/moi-00165)
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H

1= log.(S)

where p; is the proportion of species i in the sample (on a biomass basis,
not abundance). These indices were calculated at the highest available
taxonomic level. Effects of environmental variables on these indices
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were tested using simple linear models.

Canonical Correspondence Analysis (CCA) was used to investigate
relationships between the taxonomic composition of large zooplankton
(including Calanus hyperboreus and C. glacialis, but excluding other
copepod species) and environmental variables (Greenacre, 1983, 2017;
Legendre and Legendre, 2012; Greenacre and Primicerio, 2013). CCA is
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Fig. 2. Water column temperature (color) and salinity (contour) during the 4 seasonal surveys (A-D) and the associated water mass distributions (E-H; AW = Atlantic
Water, mAW = modified Atlantic Water, PW = Polar Water, wPW = warm Polar Water, IW = Intermediate Water, CBSDW = Cold Barents Sea Deep Water). Water
masses with a temperature above 0 °C are shown in dark red while water masses with sub-zero temperatures are shown in blue. Sampling stations for the large

zooplankton are indicated as red dashed lines.
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a constrained multivariate gradient analysis, where the response data (in
our case biomass concentrations of various large zooplankton taxa) are
related to the predictor variables (environmental data; cf. Table S2 in
the Electronic supplement). CCA was performed using the R-package
‘vegan’ (Oksanen et al., 2019). The biomass concentrations were double
square-root transformed. The highest available taxonomic resolution
was consistently used throughout all stations and seasons (species level
for the most common taxa, genus level for less common taxa). Taxa with
only one observation (7 taxa) were excluded from the analysis to avoid a
disproportionate influence on the final result. A forward stepping pro-
cedure was used to select informative combinations of significant
environmental variables. This selection was done by first including the
variable with the highest explanatory power, thereafter, adding other
variables with significant marginal effect one at the time, while taking
care not to introduce excessive collinearity (Pearson’s ? < 0.25 between
included environmental variables; cf. Fig. S4 in the Electronic Supple-
ment; ter Braak and Verdonschot, 1995). The testing of significance was
performed using 20,000 permutations. In the CCA analysis, all taxa for
station P7 at cruise Q4 (Dec 2019) were excluded due to missing data for
gelatinous plankton. To check the robustness of our results, we repeated

Progress in Oceanography 216 (2023) 103065

the CCA including P7 at cruise Q4 but excluding gelatinous plankton
from all stations. Grouping of stations in the CCA plots was based on
visual inspection of the plot, and ellipses were drawn with the ‘ordiel-
lipse’-function from the ‘vegan’ R-package.

3. Results
3.1. Spatio-temporal variability in hydrography

Strong differences in temperature and salinity were found among the
stations (Fig. 2). The southernmost (P1) and northernmost (P6 and P7)
stations were characterized by relatively warm (T > 0 °C) and saline
AW/mAW or wPW. The continental slope stations, P6 and P7, resembled
station P1 with respect to the water below the pycnocline, and the warm
core of AW was year-round detectable on the continental slope below
100 m depth. The stations at the northern Barents Sea shelf (P2-P5) on
the other hand, were generally dominated by colder (T < 0 °C) and
fresher water masses and stronger vertical stratification (mostly due to
salinity). The temporal variation was largest near the surface, revealing
substantially warmer and fresher (and more stratified) conditions during
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Q3 (summer) than in the other seasons (Fig. 2).

There was also substantial temporal variation in the deeper water
column, in particular at stations P2-P4 (Fig. 2). As opposed to the surface
layers, these three stations were warmer in Q1 (winter) and Q2 (spring)
than in Q3 (summer) and Q4 (early winter) (Fig. 2A-D), due to a clear
shift of water masses at depth (Fig. 2, E-F and G-H).

3.2. Seasonal and interannual variability in ice and temperature

The seasonal surveys were conducted in 2019 (2 surveys) and 2021
(2 surveys), with a gap in 2020. This sampling gap may obscure seasonal
dynamics by introducing year-to-year variability. To assess the impact of
these temporal aspects, we combined data from multi-decadal time se-
ries of SIC (Fig. S6) with data on SST, SIC, and water temperature at
depth from three moorings that were deployed in the vicinity of stations
P6, P4 and P2 during the years 2019, 2020, and 2021 (Fig. 1, Fig. 3).

At P6, only a modest decrease in sea ice concentration took place
before the Q3 sampling (August; Fig. 3A). Sea ice was present at P6
throughout the entire year of 2019, with a minimum in October, be-
tween the Q3 and Q4 samplings. The seasonal development in 2020 and
2021 was different from 2019. The sea ice vanished completely in
August, causing the sea surface temperatures to rise to about 2 °C, and
allowing for more light penetration into the water column. Conse-
quently, at P6 the spring and summer bloom conditions of 2019 (as
observed during the Q3 sampling) likely differed from the bloom situ-
ation in 2020 and 2021 (as observed during the Q2 sampling). The
seasonal temperature development at depth at P6 did not mirror the
surface conditions. Maximum temperature occurred in winter and
minimum in spring or early summer (Fig. 3B), consistent with earlier
studies (Ivanov et al., 2009, Renner et al. 2018). In contrast to the
shallower station P4 (M2), the year-to-year variability in the tempera-
ture at depth was much less, and a regular seasonal pattern dominated
overall variability in this signal (Fig. 3). Therefore, the sampling gap in
2020 will probably not be important in terms of temperature conditions
at depth, for instance for seasonality of deep-water species. However,
interannual temperature variation could exert a strong influence on the
community in the surface layer.

At P4, the seasonal development of SIC and SST through 2019 and
2021 were relatively similar (Fig. 3C). This location was mostly ice
covered from November-December to July (with short exceptions). The
SST reached a maximum in August-September likely causing fairly
similar light conditions in 2019 and 2021. However, the ocean tem-
perature at depth near P4 varied considerably over the period
2019-2020 (Fig. 3D). The aforementioned shift between cold (IW and
BSCDW) and relatively warm (wPW) water masses during Q1-Q4
(Fig. 2E-H) is visible and reveals stronger interannual than seasonal
variability at this location.

At P2, the seasonal variability of SST was consistent through the
2019-2021 period, despite less sea ice in 2021 than in the two former
years (Fig. 3E). At depth, temperatures were highest in winter (January-
February) and reached a minimum in late winter or early spring
(Fig. 3F). All in all, the seasonal cycle at P2 was fairly consistent through
2019-2021. However, considering the generally low SIC values at this
station, it is questionable whether sea ice posed a limiting factor in terms
of light availability to initiate and/or sustain average seasonal phyto-
plankton blooms, particularly in 2021.

3.3. Community composition of the large zooplankton in space and time

The taxonomic composition of the samples varied considerably with
latitude and among surveys (Fig. 4). Biomass was dominated by only a
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few taxa, such as Calanus glacialis, C. hyperboreus, Themisto libellula,
Beroe spp., Mertensia spp. (see Fig. S1 for images), and several species of
chaetognaths (including Pseudosagitta maxima, Parasagitta elegans, and
Eukrohnia hamata), which are considered common to the Barents Sea
(Fig. 4; Fig. S2).

In the northern Barents Sea (P2-P5), copepods contributed substan-
tially to the total biomass in all seasons (Fig. 4). The Arctic copepods
Calanus glacialis and C. hyperboreus dominated the overall copepod
biomass along the section, particularly at the P3-P5 stations (Fig. 5A).
The copepod biomass concentration was generally low at stations P6 and
P7. The spatial patterns for C. finmarchicus are less clear, most likely
owing to an under-sampling by the MIK net, in addition to the uncer-
tainty in morphological identifying characteristics of C. finmarchicus and
C. glacialis (Choquet et al., 2018). In addition, typically cold water
associated species such as the three species in the genus Paraeuchaeta
(P. glacialis, P. barbata, and P. norvegica) were also present though in
lower quantities compared to the Calanus species. Other smaller
copepod species, such as two species in the genus Gaetanus
(G. brevispinus and G. tenuispinus) and Metridia longa were also found in
very low quantities but are likely underrepresented in our samples due
to the MIK’s mesh size.

Euphausiids generally represented a minor portion of the total
biomass for large zooplankton (0.003 + 0.003 g m’3) in the Arctic
waters of the Barents Sea (Fig. 4). The dominant euphausiid species were
Thysanoessa inermis followed by T. longicaudata and Meganyctiphanes
norvegica (Fig. 5B). The largest of the species, M. norvegica which is a
typical Atlantic species, was present at most stations including the
northernmost stations P6 and P7. The highest biomass concentrations of
euphausiids were found in December 2019 and March 2021 (Q4 and
Q1), while this group was almost absent in May 2021 (Q2). The sub-
tropical and Atlantic/boreal euphausiid Nematoscelis megalops was
observed occasionally in the region (Fig. 5B).

Amphipods were most dominant in terms of biomass (0.022 + 0.066
g m~>) during early winter (Q4; Fig. 4). The Arctic pelagic amphipod
Themisto libellula was by far the most abundant amphipod in the
northern Barents Sea (Fig. 5C). Their biomass peaked sharply in early
winter, and declined towards the end of winter, to very low biomass
concentrations in spring. The more sub-Artic species T. abyssorum (Kraft
et al., 2013) was also present but in much lower concentrations. Higher
biomasses for this species were associated with stations under Atlantic
influence (P1, P6 and P7; Fig. 5C). Other amphipods such as Apherusa
glacialis and Eusirus holmii (ice-associated) were encountered, but in
comparatively lower concentrations.

Chaetognaths were present at all stations in all seasons. The highest
biomass of chaetognaths was recorded in summer (Q3; 0.032 + 0.025 g
m~3) and early winter (Q4; 0.021 + 0.006 g m3) compared to winter
(Q1; 0.008 + 0.007 g m~>) and spring (Q2; 0.007 =+ 0.005 g m™; Fig. 4;
Fig. 5D).

Gelatinous zooplankton generally contributed most to the biomass
during late winter and spring (Fig. 4 and S2). Nevertheless, the highest
average biomass concentrations were recorded in August (0.053 +
0.050 g m’3). In December, the biomass varied between 0.014 g m—3
and 0.065 g m~3 at stations P1 to P6 (Fig. 5E). Individuals from the
genera Beroe and Mertensia (both ctenophores) were the main contrib-
utors to the gelatinous plankton biomass at most stations and during all
seasons. Other gelatinous zooplankton, Aglantha digitale and Sarsia spp.
(both hydrozoans), also represented a considerable part of the biomass
at some stations (Fig. 5E).

Larval fish were caught occasionally (Fig. S1). These were pooled
into the “rest group” in Fig. 4. Note that larval fish are likely not
representatively caught by vertical MIK net deployments.
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Copepods

Calanus glacialis
Calanus hyperboreus
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Pleuromamma spp.
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Other copepods
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Meganyctiphanes norvegica
Thysanoessa inermis
Thysanoessa longicaudata
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Nematoscelis sp.
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Fig. 5. Biomass concentrations (g m™ wet. wt.) of individual species/genera (A-E) per station (P1-P7) for the different seasons (left to right). Note that the y-axes
have different scales. Chaetognaths (D) constituted by among others Eukrohnia hamata, Parasagitta elegans, and Pseudosagitta maxima were not quantified at the
species level in our study. A similar figure based on area-normalized biomass is available in the Electronic Supplement (Fig. S3). Note that data on gelatinous
plankton for P7 in cruise Q4 is missing.
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3.4. Temporal variability in length distribution for selected species

The largest individuals of the dominant T. inermis were found in
August (Q3, mean TL = 18.4 mm) followed by December (Q4, mean TL
= 17.2 mm). The smallest size classes were recorded in March (Q1) and
May (Q2), respectively 16.5 and 14.5 mm in the spring blooming period
(Q2; Fig. 6A). The length distributions of the largest euphausiid Mega-
nyctiphanes norvegica, spanned from 15 to 41 mm (N = 33, mean TL =
25.8 mm, std = 6.6) for all seasons combined. The smallest size classes
were dominant in Q1 and Q2 seasons, with the largest ones in Q3
(Fig. 6D). The length-span of the more neritic species, T. raschii, ranged
from 8 to 23 mm (N = 76, mean Tl = 15.9, std = 3.3) and displayed no
clear seasonal patterns (Fig. 6C). The smallest of the euphausiid species,
T. longicaudata showed a similar length distribution (N = 379, mean TL
= 11.85 mm, std = 1.3) for all four seasons (Fig. 6B).

In general, the amphipods showed several cohorts throughout the
year, particularly Themisto abyssorum (N = 279, mean TL = 9.4, std =
2.9). The seasonal distribution in the length of T. abyssorum showed a
similar pattern for Q1 and Q2 with somewhat larger individuals (ca. 10
mm) while Q3 and Q4 were skewed towards smaller sizes (mean TL ca.
8.8 mm; Fig. 6E). The number of T. libellula lengths measured was rather
low in Q1 and Q2 (reflecting their abundances; Fig. 5C), hence, we only
compared results between the Q3 and Q4 seasons (Fig. 6F). The length
distributions in Q3 were skewed towards smaller values (mean TL 12.8
mm), and Q4 towards larger individuals (mean TL of 20.5 mm). In
contrast to krill, the smaller individuals of T. libellula (3—-6 mm) and
adults with “marsupium” most likely indicate that spawning occurs in
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this region. Note that both the smallest and largest individuals of eu-
phausiids and amphipods are underrepresented in MIK catches.

3.5. Taxonomic and functional diversity

The Shannon-Weaver diversity index, which takes into account the
taxon richness as well as their relative abundance, increased signifi-
cantly with latitude (Linear regression model, tog = 3.4, p < 0.01;
Fig. 7A), and this effect did not vary significantly with season (ANCOVA:
F320 = 1.4, p > 0.05). The number of water masses at each sample
station had a significant positive effect on the Shannon-Weaver diversity
(ANOVA, F3 95 = 8.9, p < 0.01). Pielou’s evenness index did not vary
significantly with latitude or season (ANCOVA: p > 0.05 for all effects),
nor with the number of water masses present at the station during
sampling (ANOVA, F3 5 = 1.0, p > 0.05). Taxon richness exhibited a
significant relationship with latitude (ANCOVA: covariate effect, Fy 20 =
10.2, p < 0.01), but its sign differed per season (ANCOVA: interaction
effect, F3 90 = 3.8, p < 0.05; Fig. 7B). The number of water masses from
which the samples were taken had a significant effect on their taxon
richness (ANOVA, F3 55 = 16.3, p < 0.001).

Diversity related variables were difficult to relate to other environ-
mental variables. A positive relationship between the Shannon-Weaver
diversity and bottom depth was only significant at the slope stations
(P6 and P7; data not shown). Similar regression results were found for
the taxon richness (data not shown). No relationship existed between
Pielou’s evenness and bottom depth (data not shown). In addition, only
a very weak negative relationship existed between the Shannon-Weaver
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Fig. 6. Length (=total length, TL) distributions for the most abundant euphausiid (A-D) and amphipod species (E-F) per season (Q1-Q4). The blue areas are density
estimates obtained using kernel smoothing (fixed bandwidth of 0.7 mm) of length counts from a randomized subsample of the MIK samples. The number of ob-

servations (n) are indicated above each graph.
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diversity and the percentage of open water, independent of the season
(Linear regression model, tog = -2.1, p < 0.05; data not shown). No
significant relationships existed between Pielou’s evenness or the taxon
richness and the percentage of open water (data not shown).

When the large zooplankton taxa were grouped according to their
feeding guild, herbivores were dominant over most of the section in
summer (Q3; Fig. 8). This group also includes detritivores because many
species change their preference during certain parts of the seasonal
cycle. Carnivorous zooplankton biomass (e.g. Themisto libellula and
gelatinous plankton) was dominant in winter and spring in the southern
part of the section (P2-P4 in Q1, P2-P5 in Q2, and P1-P3 in Q4). On the
continental shelf (P1-P5) omnivorous zooplankton (e.g. Meganyctiphanes
norvegica) contributions to the overall biomass were typically lower in
most seasons. On the continental slope (P6 and P7), the proportion of
omnivores seemed to be higher than on the shelf (Fig. 8). Also south of
the Polar Front, omnivore biomass fractions tended to be slightly higher
than in the northern Barents Sea, except in Q3 (Fig. 8). However, these
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Fig. 8. Fractions of different feeding guilds in the total biomass per station and

season. Note that the carnivores are underestimated at P7 in Q4 due to lacking
gelatinous zooplankton data. See Table S1 for more details on the classification.

patterns are weak, most likely owing to the low sample sizes and sam-
pling frequency.

3.6. Community structuring by environmental variables

Canonical Correspondence Analysis (CCA) of biomass concentrations
for large zooplankton was performed using a forward selection pro-
cedure with different sets of environmental variables (Table S2), adding
one environmental variable at a time, based on their explanatory power
(Table 2), and low correlation to other included variables (Fig. S4). The
final CCA model, representing 30% of the total inertia by its first three
axes, included three significant environmental variables (shown as
vectors in Fig. 9). As indicated by the angles between the environmental

Table 2

Results of the Canonical Correspondence Analysis (CCA) with one environ-
mental variable at the time (Depth: bottom depth in m; Tooy, and Tysom: depth-
averaged temperature at 20 and 150 m depth [°C], Spom and S;som: depth-
averaged salinity at 20 and 150 m depth []; Gpoom and 6g1s50m: depth-
averaged potential density at 20 and 150 m depth [kg m™]; %OW: percentage
of open water area [%]; Chla: chlorophyll a concentration in the upper 50 m [ug
1711; Latitude in °N). The p-values are based on 20,000 permutations.

Model p Explained variation
(%)
Species ~ log(Depth) < 0.001 13.5
Species ~ 10g(T150m) < 0.001 13.8
Species ~ S150m < 0.001 10.8
Species ~ 6¢,20m < 0.001 9.3
Species ~ Saom < 0.01 9.2
Species ~ log(Chla) < 0.01 7.9
Species ~ Latitude 0.11 5.4
Species ~ 10g(T20m) 0.28 4.4
Species ~ Gg 150m 0.62 3.3
Species ~ 1log(%OW) 0.97 1.9
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Fig. 9. Canonical Correspondence Analysis (CCA) using species or genera for most zooplankton. Included environmental variables are the temperature at 150 m
depth (log-transformed; average temperature over the depth range of 145 to 155 m), Chl a (log-transformed) and salinity in the upper layer (average over a depth
range from 15 to 25 m). Observations are presented as colored dots where the color indicates the season (cf. legend). Ellipses indicate a separation between stations/
observations with Atlantic Water (red) and the true northern Barents Sea stations (blue). The first three axes were significant. The first two axes represented 23% of
the variability in the data set. Results of a similar analysis with bottom depth instead of T;soy, are available in the Electronic Supplement (Fig. S5). Note that station
P7 for cruise Q4 was excluded from the CCA analysis due to missing data on gelatinous plankton.

vectors and the CCA-axes, the temperature of the water column interior
(T150m) was strongly associated with the primary axis (CCAl). This
variable could be replaced by bottom depth in the analysis, with virtu-
ally the same resulting structure (Fig. S5). Salinity in the surface layer
(S20m) exhibited an association with CCA1, CCA2, as well as CCA3 (data
not shown for CCA3). The chlorophyll a concentration (Chl a) was
mainly associated with CCA2. Despite the significance of Chl a in this
analysis, no clear relationships with biomass concentrations of any in-
dividual species were found (data not shown).

The observations (dots in Fig. 9) fell into (1) a group with Atlantic
influence (red ellipse), and (2) a northern Barents Sea group (blue el-
lipse). The Atlantic group contained observations from stations P1, P6,
and P7. Station P1 is the only station in the section that resides south of
the Polar Front in (modified) Atlantic Water (Fig. 1). The northernmost
stations P6 and P7 are generally ice-covered (see Fig. 1B) but have
Atlantic Water in deeper waters (below 100-200 m depth, Fig. 2). These
stations contained, in addition to Atlantic taxa (Meganyctiphanes nor-
vegica, Thysanoessa longicaudata, and Nematoscelis spp.), the sub-Arctic
amphipod, Themisto abyssorum, deep water taxa (Hymenodora spp.),
and ice-associated taxa (Onisimus spp., Eusirus spp.). This Atlantic/deep-
water/ice-associated group (hereafter referred to as Atlantic group) was
associated with higher temperatures at 150 m depth (positive direction
of the Ti5om vector in Fig. 9).

The northern Barents Sea group (stations P2-P5; blue ellipse) was
associated with colder water at depth (negative direction of the Ty50my
vector in Fig. 9), typical cold-water taxa such as Themisto libellula, Cal-
anus hyperboreus, and the deep-water species Eurythenes sp. Black and
blue dots (Q4 and Q1) tended to be located towards higher surface
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salinities and lower Chl a values, whereas green and orange dots (Q2 and
Q3) grouped at higher Chl a values and lower surface salinity. This may
be largely a seasonal factor considering the seasonality in these two
variables. It suggests that seasonality plays an important - though
secondary-role (Fig. 9). Note, however, that we cannot fully distinguish
seasonality from year-to-year variation with our sampling scheme.

Repeating the CCA with all stations on all surveys, while excluding
all gelatinous taxa, provided the same overall results (data not shown).
Generally, a much higher sample size would be needed for robust sta-
tistical analyses of the community of large zooplankton than we applied
in this study. Hence, these results should be interpreted carefully.

4. Discussion
4.1. Spatio-temporal patterns and the role of key species

Two copepod species, Calanus glacialis and Calanus hyperboreus, were
major components of the large zooplankton community in the central
part of the transect. Both species occurred along the larger part of the
transect. A tendency seemed to exist toward the dominance of C. glacialis
at the shelf stations in the northern Barents Sea and C. hyperboreus on the
continental slope and in the Arctic Ocean (see Fig. 5 and S3 in the
Electronic Supplement). However, because of the small size of C. glacialis
relative to the mesh size of the MIK net, caution is needed in quantita-
tively interpreting our biomass values for this species. This contrast
between shelf and slope in our zooplankton samples was confirmed by
data from Multinet samples (0.25 m? opening, 180 um) taken during the
same cruises (presented in Wold et al., 2023), and agrees with the
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common perception of C. hyperboreus and C. glacialis as deep-water and
shelf-associated species, respectively. However, this contrast may be
more related to prevailing sea ice parameters than to bathymetric factors
(Ershova et al., 2021). The same reservation about size selectivity of the
MIK with regard to copepods applies to the even smaller C. finmarchicus,
for which no clear spatial pattern was observable in our samples.
However, from the aforementioned Multinet samples, we know that the
Atlantic C. finmarchicus was most abundant at P1, P6 and P7, with
Atlantic influence, whereas the Arctic C. glacialis generally dominated at
stations with polar influence, P2-P5 (data not shown). Assuming a water
content of 74% (Ikeda and Skjoldal, 1989), the area-normalized biomass
of the copepods in our samples was in spring (Q2) and summer (Q3) of
the same order of magnitude as those reported by Mumm et al. (1998;
reported as dry mass) for the Barents Sea in summer. Dalpadado et al.
(2014) reported mesozooplankton biomasses (dry mass) for the northern
Barents Sea based on several years of data that were similar to ours,
assuming the same value of 74% for water content. Our copepod bio-
masses from the shelf break (P6, P7) in summer (Q3) also fell within the
range reported by Kosobokova and Hirche (2009) for the same region.

Comparison of our MIK samples with euphausiid and amphipod
catches from a macroplankton trawl in waters around Svalbard (Knutsen
et al., 2017) showed that the catch biomass proportions of euphausiids
(60% Thysanoessa inermis vs. 40% Meganyctiphanes norvegica) and am-
phipods (88% Themisto libellula vs. 12% T. abyssorum) were strikingly
similar. As expected, our study extending into high Arctic waters con-
tained higher concentrations of cold-water amphipod species T. libellula
and lower euphausiid concentrations than reported by Knutsen et al.
(2017). Euphausiids represented a minor portion of the biomass in the
Arctic waters of the Barents Sea.

A recent study conducted very close to the stations reported in our
study (PS5, P6, and P7) found low euphausiid and larval fish abundances
in the high Arctic waters, even when using a larger modified (to be used
in ice covered waters) pelagic and specially designed macroplankton
trawls (Ingvaldsen et al., 2023). Previous studies in the Barents Sea have
also confirmed that, unlike the large pelagic amphipods, the Atlantic/
boreal euphausiids do not penetrate the Arctic waters and are rarely
found north of the Polar Front (Dalpadado and Skjoldal, 1996).
Furthermore, the distribution of Atlantic/boreal euphausiid species in
the Arctic waters seems to be mainly restricted to the deeper (>200 m)
Atlantic waters (Dalpadado et. al., 2008a). Even with the ongoing
“borealization” of the Barents Sea and euphausiids expanding their
distribution further north (see also below), results so far seem to indicate
that they do not enter much into the colder waters in the north (ICES,
2021). The above studies seem to corroborate our findings, that there
are fewer euphausiids and larval fish in the region compared to jellyfish,
chaetognaths, and Arctic amphipods.

The hyperiid amphipod Themisto libellula is an important component
of Arctic pelagic ecosystems (Auel et al., 2002), and a key prey of polar
cod Boreogadus saida (Dolgov et al., 2011; Dalpadado et al., 2016;
Kohlbach et al., 2017; ICES, 2021). In our study, T. libellula dominated
the amphipod catches in the northern Barents Sea, with a peak in early
winter (Q4). However, at the end of winter (Q1), their biomass was very
low, which was surprising considering their 2- to 3-year life expectancy
(Koszteyn et al., 1995; Dale et al., 2006). It is possible that this species
was under-sampled at certain stations or seasons due to their swarming
behavior near the bottom (Vinogradov, 1999). A more plausible expla-
nation may be found in the difference in ice conditions between 2019
and 2021. T. libellula is a true cold-water species, and a positive rela-
tionship between multi-year fluctuations in ice cover and T. libellula
abundance exists (Dalpadado, 2002; Stige et al., 2019a). The low ice
concentration in 2021 relative to 2019 may provide at least in part an
explanation for the sharp decrease from Q4 to Q1. Therefore, the strong
difference in T. libellula biomass between Q4 and Q1 may to a large
extent be a year-effect, rather than seasonal dynamics. T. libellula is
predominantly carnivorous, preying mostly on mesozooplankton
including copepods (Auel et al., 2002; Dalpadado et al., 2008b). The
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presence of adults with marsupium and young individuals (ca. 4-6 mm —
see Fig. 6 and Fig. S1 in the Electronic Supplement) in our study suggests
reproduction in this region. The abundance of T. libellula in the northern
Barents Sea has decreased over the years, with the suggested explana-
tion being a reduced coverage of Arctic water masses (Stige et al.,
2019a).

The ongoing “borealization” of the Barents Sea has large implications
for the key zooplankton species and their predators in the region. As a
result of warming, Atlantic/boreal zooplankton species have expanded
their distribution further north, which would benefit major planktivo-
rous fish species, such as capelin, in the Barents Sea. Many recent studies
have shown that euphausiids in the Barents Sea have extended their
distribution further north (ICES, 2021 and references therein) compared
to earlier periods (Dalpadado and Skjoldal, 1996; Zhukova et al., 2009,
Orlova et al., 2015). Two specimens of Nematoscelis megalops were
observed in station P6 in winter 2021 (810N), which until recently has
been almost absent in the Barents Sea (Zhukova et al., 2009). However,
the low abundance of euphausiids in our study indicates that they are
not yet established in the Arctic. At the same time, Arctic and sympagic
fauna are experiencing decreasing sea ice and a diminishing area of
Arctic waters (Dalpadado et al., 2020; Ingvaldsen et al., 2021). The
retreat of sea ice will have a negative impact on associated fauna due to
the loss of habitat and ice algae as food source. We consider it likely that
these conditions are reflected by the generally few ice-associated am-
phipods (sympagic and Arctic) observed in our study - except for the
winter survey in 2021.

Gelatinous zooplankton taxa were present at all stations and all
seasons. Beroe spp., Mertensia spp., and Sarsia spp. made up the bulk of
the gelatinous plankton biomass in our northern Barents Sea samples.
For many gelatinous zooplankton species in the area, the distribution
ranges are unknown due to a lack of studies. Some species showed clear
Arctic/Atlantic preference, however. For instance, Aglantha digitale and
Bougainvillia spp. were mainly found at stations with some Atlantic in-
fluence. This agrees with the findings from Manko et al. (2020), who
focused on the Fram Strait, and confirms the importance of water mass
characteristics in structuring this zooplankton community.

Chaetognaths also contributed notably to the biomass in the study
region and were present at most stations. We observed the highest
biomasses in summer and early winter. Hop et al. (2021) also reported
high contributions of chaetognaths and ctenophores to the zooplankton
community north of Svalbard. The species Eukrohnia hamata, Parasagitta
elegans, and Pseudosagitta maxima, were identified in our samples, but
chaetognath identification to species level was not systematically done
throughout the different surveys. Considering the differences in their
life-history characteristics and feeding ecology, and the expected dif-
ferences in sensitivity to a changing Arctic ecosystem (Grigor et al.,
2014, 2017, 2020), future surveys would benefit from a more in-depth
treatment of this group.

4.2. Drivers of large zooplankton community composition

The Arctic ecosystem is generally perceived as having relatively low
diversity, compared to other marine ecosystems (Gradinger et al., 2010).
In our study taxonomic diversity varied only weakly with latitude along
the studied section. However, a strong effect existed from the number of
water masses present during sampling on the observed diversity and
taxon richness. This can be understood as an effect of habitat hetero-
geneity and/or as a direct transport effect, considering the different
origins of these water masses (Atlantic vs. Arctic). The weakness of the
observed latitudinal diversity gradient might be explained by the rela-
tively short latitudinal range of the sampled transect, and the presence
of Atlantic water at the southernmost station (P1), at the intermediate
station P4 (in Q2), and on the two northernmost stations (P6 and P7).
Atlantic species were present in the south and in the north, while the
community composition at the shelf stations in the middle of the transect
(P2-P5) had a stronger Arctic component.
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On the continental slope diversity was associated with bottom depth,
most likely owing to the inclusion of deep-water and ice-associated
species at these stations (see also below). Depth-dependence of di-
versity indices was also demonstrated for the deep Arctic Ocean by
Kosobokova et al. (2011). Their depth-resolved Multinet data showed
the highest diversity in layers with Atlantic Water. Although our data are
not vertically stratified, the observed weak and positive relationship
between diversity and bottom depth might reflect increased diversity in
Atlantic Water, which is transported eastward at intermediate depth
along the continental slope (i.e. at P6 and P7).

The biomass of the large zooplankton in the northern Barents Sea
was dominated by only a few species that establish food web links,
transferring energy from primary production to higher trophic levels,
such as capelin, cod, polar cod, whales, and seabirds (Orlova et al., 2013;
Michalsen et al., 2013; Ressler et al., 2015). In line with the water mass
effects on taxon diversity and richness, our Canonical Correspondence
Analysis also identified the water mass distribution as one of the most
important structuring factors of the sampled zooplankton community.
This confirms our hypothesis and agrees with the findings of Hop et al.
(2021), who also reported a dominant influence of water mass charac-
teristics and water depth in structuring the zooplankton community over
the Yermak Plateau, north of Svalbard. Flores et al. (2019) also reported
an important role of water mass in structuring the under-ice fauna at the
larger scale of the Eurasian Basin. In our study, Atlantic, deep-water, and
ice-associated zooplankton taxa grouped together, and fell into the
group of stations that consisted of the most southern station (P1) and the
two most northern stations over the continental slope and Arctic Ocean
(P6 and P7). These stations were hydrographically characterized by a
contribution of warm Polar Water (WPW), and (modified) Atlantic Water
(AW/mAW). However, the slope stations, P6 and P7, were also char-
acterized by deep water, which explains the similarity between our or-
dinations based on water mass characteristics and bottom depth.

The northern Barents Sea stations (P2-P5) were associated with a
colder water column and typical Arctic taxa. Of these northern Barents
Sea stations, P4 somewhat stood out by exhibiting (weak) Atlantic sig-
nals, both in hydrography (WPW) and the presence of Atlantic species,
such as Aglantha digitale and the sub-Arctic species T. abyssorum. This is
likely due to Atlantic water that is transported southward along the
channel west of Franz Josef Land (Lind and Ingvaldsen, 2012). Despite
the large overlap in geographic distribution between T. abyssorum and
T. libellula, T. libellula is largely confined to cold water masses (although
adaptation of local populations has been observed), whereas
T. abyssorum displays a wider temperature tolerance (Percy, 1993;
Havermans et al., 2019). A recent study by Kaiser et al. (2022), illus-
trated a stronger response in activity of T. abyssorum to higher temper-
atures, as compared to T. libellula, which was by these authors
interpreted as a potential competitive advantage of the former over the
latter under a scenario of continued Arctic warming.

Our study also suggests that surface salinity and the Chl a concen-
tration were significant structuring factors of the large zooplankton
community. However, in this study these represent mainly a temporal
component, consisting of a mixture of year-to-year and seasonal effects.

Sea ice is often implied as a structuring variable in Arctic faunal
communities (e.g. David et al., 2015; Flores et al., 2019; Ehrlich et al.,
2020). Though the sea ice concentration (SIC) or its complement, the
percentage of open water (%OW), did not emerge as a strong structuring
variable for the sampled zooplankton community in our study, these
variables play an important role for sympagic organisms. At the level of
individual species, sea ice (living habitat) can play an important role in
their life-history. For example, Eusirus holmii, Onisimus spp. and Apherusa
glacialis are associated with sea ice for at least part of their life cycle
(Macnaughton et al., 2007). In our CCA, Eusirus spp. and Onisimus spp.
grouped together with the Atlantic and deep-water species. These truly
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sympagic species were only found on the two most northern stations,
whereas A. glacialis, which is less associated with sea ice (Arndt et al.,
2005; Kunisch et al., 2020), was also found on the continental shelf of
the northern Barents Sea. It is possible that it is the dominance of sea-
sonal ice along the sampled transect and the proximity of perennial ice
north of the continental slope that largely restricts the distribution of
these truly sympagic species to P6 and P7, whereas A. glacialis may occur
more easily in seasonal ice further south along the transect. Note that
sympagic organisms are under-represented in our samples due to the
vertical deployment of our ring net, which is not adapted to sample close
to the ice-water interface. This likely caused an under-sampling of the
sympagic fauna.

4.3. Seasonal or interannual variability?

Sampling a full seasonal cycle within a period of one year was not
possible due to the COVID situation. Hence, it was necessary to assess
the potential impacts of year-to-year variability on our seasonal analysis.
We have attempted to assess this impact by investigating water column
temperature (at the surface and in the interior water column) and sea ice
conditions based on mooring time series and satellite-derived data.
Considering the documented long-term trends in these variables and
their impact on ecosystem functioning (e.g. Carmack and McLaughlin,
2011; Barber et al., 2015), they at least enable us to assess the similarity
of the years 2019 and 2021, and how typical these years are compared to
long-term trends (Fig. S6).

Substantial ice loss has occurred in the Barents Sea since the late
1970s (Onarheim et al., 2018), but a moderate recovery has been
observed since the warming peaked in 2016 (Ingvaldsen et al., 2021).
Consequently, the northwestern Barents Sea experienced a rather
extensive sea ice cover in 2019 (Fig. S6), particularly in late summer,
which even had substantially more ice than the 1979-2021 average.
Also, 2020 had extensive sea ice cover, mostly in winter. In 2021, the sea
ice area decreased to below the long-term average, although still higher
than most of the years during the 2012-2016 period (Fig. S6). Thus, our
surveys were conducted in relatively rich sea ice years, in a long-term
perspective.

The northern Barents Sea, as well as other regions at high latitudes,
has a highly seasonal primary production regime and organisms have
evolved in response to the short and intensive productive season and low
food supply the rest of the year (e.g. Falk-Petersen et al., 2009; Wass-
mann et al., 2011). In addition, there is strong interannual variability in
the timing and strength of the seasonal cycle (Dalpadado et al., 2014;
Stige et al., 2019b), reflecting that the northern Barents Sea is an outer
marginal ice zone already strongly influenced by warming and sea ice
loss (e.g. Wassmann et al., 2011). The pronounced interannual differ-
ences in water column temperature during 2019-2021 revealed that it is
not feasible to combine the four seasonal surveys Q1-Q4 into a full
annual cycle for the entire studied section (Fig. 3). Therefore, our
sampling does not permit us to distinguish seasonality from year-to-year
variability in organisms that are at the limits of their temperature
tolerance or substantially affected by temperature in their growth The
presence of a year-effect in our data is also supported by the resemblance
between Q1 and Q2, and between Q3 and Q4 in terms of overall biomass
concentrations and length distributions of key species, which suggest at
least to some extent a year effect rather than a seasonal effect. The data
are well suited for assessing seasonal development from late summer
(Q3) to early winter (Q4), and from late winter (Q1) to spring (Q2).
However, the transition/difference from early winter (Q4) to winter
(Q1) and from spring (Q2) to summer (Q3) cannot be considered sea-
sonal progression. Nevertheless, our dataset presents a winter situation
(Q4) with zooplankton biomass concentrations comparable to the
summer situation (Q3). Studies from the Atlantic Arctic inflow have
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revealed that the levels and biological interactions across most trophic
levels are higher in winter than previously known (Berge et al., 2015;
Hobbs et al., 2020), but data from the winter situation are rare.

4.4. Trophic relationships in the zooplankton community

Our study found seasonally varying contributions of different feeding
guilds in the biomass of the large zooplankton in the northern Barents
Sea. The contribution of herbivores to the zooplankton biomass in the
northern Barents Sea stations (P2-P5) during summer (Q3) was higher
than that of carnivores or omnivores. Note that this evaluation was
based on the biomass composition of the large zooplankton, combined
with an assignment to feeding guild based on literature. It was not based
on analyses of gut contents. Hence whether the species that we consider
as omnivores in reality performed omnivorous, carnivorous, or herbiv-
orous feeding activity at the moment of sampling remains unresolved.
Outside the productive season carnivores dominated the sampled
zooplankton biomass on the continental shelf of the northern Barents
Sea. Kohlbach et al. (2021) observed an increase in carnivory fatty-acid
markers from summer (Q3) to winter (Q4) in T. abyssorum, T. libellula,
and even in C. finmarchicus. For the latter, they interpreted this as a sign
of continued feeding in winter. Also relevant in the food-web context,
Geoffroy et al. (2019) studied seasonal macroplankton/fish composition
and their trophic links north of Svalbard, and suggested a Calanus-based
food-web in summer and a krill-based food-web in winter. The seasonal
alteration between carnivores and herbivores, and between top-down
and bottom-up control is a common property of the Arctic and Antarc-
tic ecosystems (Hunt et al., 2011).

The Arctic food web exhibits weak trophic connectivity (de Santana
et al., 2013; Kortsch et al., 2019; Sivel et al., 2021; Wassmann et al.,
2020; Kortsch et al., 2015; Planque et al., 2014). Our study found some
indications for positive or negative correlations between biomass con-
centrations of some predator and prey species, but always with large
uncertainty. Such correlations are sometimes interpreted as indications
of top-down (negative correlations) or bottom-up (positive correlations)
control (e.g. Dalpadado et al., 2020). Ideally, this type of analysis is
based on long-term variation recorded in time series (e.g. Stige et al.,
2019a), but a spatial dimension has also been used (e.g. Kortsch et al.,
2019). During early winter the latitudinal distributions of Themisto
libellula and Calanus hyperboreus, seemed to suggest a spatial mismatch
between a predator and its main prey, with a maximal T. libellula
biomass concentration further south than the biomass concentration
maximum of the copepods (data not shown). However, this could not be
consolidated by statistical testing, most likely due to a combination of
low observation numbers, size selectivity of the MIK net, and limited
sampling volumes. A more in-depth study focusing on trophic in-
teractions is required to arrive at solid conclusions.

Weak trophic connectivity may result from the strategy to build up
energy reserves for bridging a food-deprivation period in winter. Her-
bivores such as Calanus glacialis and Calanus hyperboreus, and carnivores
such as T. libellula and Mertensia ovum store varying amounts of lipids
and wax-esters, enabling them to survive periods of food deprivation
and to (partially) fuel reproduction in winter or early spring (Percy and
Fife, 1981; Scott et al., 2000; Auel et al., 2003; Falk-Petersen et al., 2009;
Noyon et al., 2011). In addition, weak trophic links may emerge from
seasonal changes in diet. Our results seem to indicate that at some lo-
cations omnivorous species became more important in terms of biomass
at the expense of carnivorous species in line with results from a study by
Kortsch et al. (2019), which covered the entire Barents Sea. Omnivory
under the form of seasonal switching between herbivory and carnivory,
e.g. for euphausiids (Kaartvedt et al., 2002; Dalpadado et al., 2008b;
Cabrol et al., 2019) and chaetognath species (Grigor et al., 2017, 2020),
has been related to survival and/or reproductive success of these indi-
vidual species under uncertain environmental conditions. Mega-
nyctiphanes norvegica may be more sensitive to bottom-up control due to
copepod availability in winter than Thysanoessa spp., whereas the latter
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makes more extensive use of lipid reserves to bridge this period of food
deprivation (Cabrol et al., 2019). Grigor et al. (2017) suggested that the
growth of the chaetognath, Eukrohnia hamata, might be enhanced under
an extended bloom period relative to Parasagitta elegans due to its sea-
sonal switch to phytoplankton and detritus. Such flexibility in trophic
links and food demands may render the Barents Sea more resilient to-
wards expected climate change (Renaud et al., 2018).

4.5. Limitations of the study and future perspectives

This study of the community of large zooplankton was based on
vertical hauls with a MIK net. This net does not quantitatively capture
smaller species because of its mesh size, while large-bodied fast swim-
ming taxa will have a higher possibility of escaping the net due to the
relatively small mouth opening compared to that of a macroplankton
trawl. However, as discussed, the reported patterns in our data agree
well with previous studies, supporting the validity of our conclusions.
The statistical power of our analyses is limited by the relatively few
observations and might have been further restrained by the restricted
filtration volumes from the vertical hauls of the ring net. In addition, ice-
associated taxa may be under-represented in vertical hauls in open spots
where the ice was removed by the ship. Another aspect is that larger
sampling volumes obtained by larger trawls, i.e. greater sampling effort,
will increase the likelihood of encountering individuals of “rare” taxa
and taxa with patchy distributions. Future surveys should use dedicated
macrozooplankton trawls in the ice if the survey platform permits. An-
alyses of echosounder and ADCP data could provide useful additional
information on the zooplankton vertical distribution, relative abun-
dance, and seasonality.

Our results showed an Atlantic character at the southern station, and
a combination of Atlantic, Polar, deep-water, and sea ice-related char-
acteristics at the northernmost stations. Deep-water species from the
continental slope were caught together with the sympagic species and
fauna of Atlantic origin. A northward extension of the transect into
perennial ice, covering a larger part of the deep Polar Ocean, could
provide the resolving power needed to identify individual effects of
bottom depth, water mass, and seasonal vs. perennial ice. Such an
extension would cut across the Eurasian Basin and therefore allow for
the investigation of contrasts among several of the domains in the
conceptual model of the contiguous domains, put forward by Wassmann
et al. (2020). Linking survey design to such pan-arctic conceptual
models may enable us to address knowledge gaps more efficiently.
Water mass characteristics have been identified by several independent
statistical studies as the primary shaping factor in the taxonomic
structure of the zooplankton community (e.g. Flores et al. 2019; Hop
et al. 2021; this study). Although largely descriptive in nature, such
studies guide future research focus to illuminate the exact underlying
mechanisms that produce the observed patterns. For example, the study
by Kaiser et al. (2022) suggests that certain key zooplankton species in
the Arctic are tolerant enough to cope with higher temperatures as ex-
pected under a continued borealization process but may not be
competitive enough compared with their Atlantic congeners. The
observed patterns in our studies may therefore partly be the result of
competitive outcomes, rather than shifting environmental factors away
from the tolerance windows of these species. Studies that focus on the
underlying mechanisms may provide equations to test our pan-arctic
conceptual model (Wassmann et al., 2020).

5. Conclusions

This study initiated by the Nansen Legacy Project, provides a snap-
shot of the community composition in the northern Barents Sea and
neighboring continental slope for different seasons of 2019 and 2021. It
adds to a growing body of ecological data that is required to deepen our
understanding of this rapidly changing ecosystem.

We investigated the community structure of the larger zooplankton
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in the northern Barents Sea in relation to environmental variables. Our
data showed that the large zooplankton in the northern Barents Sea
exhibits a marked spatial structure and consists of a relatively small
number of typical cold-water species associated with Polar Water
masses. Atlantic Water transport adds allochthonous species, mainly at
the southern (Polar Front) and northern (continental slope) boundaries
of the studied region. As such, Atlantic Water transport increases the
overall diversity of this Arctic system. Considering the projected
warming and Atlantification of the Barents Sea and the Arctic, one could
hypothesize a shift from a dominance of cold-water species towards
more warm water-associated southerly taxa over time.

Our results showed that temperature and bottom depth were the
most important variables influencing community composition of the
large zooplankton, followed by upper layer salinity and Chl a. Chl a is
highly inversely correlated with nutrients in the Barents Sea (Dalpadado
et al.,, 2020), which makes our study consistent with earlier in-
vestigations showing nutrients and sea-ice properties to be the main
drivers of an Arctic epipelagic zooplankton community structure (Flores
et al., 2019).

The biomass of the large zooplankton in the northern Barents Sea
exhibits a seasonal cycle with strong relative contributions of typical
carnivores in winter and more herbivores in summer, suggesting
seasonally alternating top-down and bottom-up control. This agrees
with results from earlier studies and is considered an ecosystem property
that facilitates coping with the strong seasonality in primary production.
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