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The Barents Sea is undergoing rapid ocean warming with less sea ice and increased Atlantic inflow, shifting the
pelagic ecosystem towards a more boreal one, a process referred to as Atlantification. While such changes have
already been documented in the southern and central Barents Sea, less is known about the degree of Atlantifi-
cation in the northern Barents Sea and Arctic Ocean. In this seasonal study, we identified the mesozooplankton
biodiversity, abundance and biomass in the Northern Barents Sea along a transect with seven stations stretching
from the central Barents Sea (76°N) across the shelf break and into the Arctic Ocean (82°N) in August and
December 2019, and March, May and July 2021. The broad range of mesozooplankton taxa and sizes were
collected by conducting duplicate depth-stratified tows using alternate nets of mesh-sizes 64 um and 180 pm. The
majority of zooplankton taxa were ubiquitous in the study area, but the abundances and life stages varied
depending on the season, region and the dominant water mass. We identified three distinct biogeographical
regions with different zooplankton diversity and seasonal dynamics; (i) south of the Polar Front, (ii) northern
Barents Sea shelf, and (iii) shelf slope and Arctic Ocean. During summer, high abundances of Atlantic/boreal and
cosmopolitan zooplankton, mainly Calanus finmarchicus, Metridia longa, Oithona similis and Microsetella norvegica
were found just south of the Polar Front in the central Barents Sea. On the shelf, Arctic species, such as Calanus
glacialis, Pseudocalanus spp., and Limacina helicina dominated year-round with relatively high and stable biomass.
At the northernmost stations, peaks of C. finmarchicus and Oncaeidae (Triconia borealis and Oncaea spp.) occurred
in winter, combined with bathypelagic species such as Paraeuchaeta spp., Scaphocalanus brevicornis, Spinocalanus
spp., Gaetanus brevispinus and Heterorhabdus norvegicus. Hence, when comparing the mesozooplankton commu-
nities at the different locations and seasons, four distinct communities were identified: shelf winter, shelf spring,
shelf summer, and Arctic Ocean. Stronger advection and increased northward expansion of Atlantic zooplankton
species are anticipated in the future, which could impact the diversity of the more endemic and energy-richer
Arctic zooplankton communities.

1. Introduction

The Arctic experiences distinct climate-change effects including the
reduction of the extent and thinning of existing summer sea ice due to
warming (Stroeve and Notz, 2018) and changes in timing and duration
of the productive season (Dalpadado et al., 2014; Renaut et al., 2018;
Rantanen et al., 2022). These changes may alter marine ecosystems by
inducing structural and functional changes from phytoplankton to
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zooplankton to higher trophic levels (Arrigo and van Dijken, 2015;
Pedersen, 2022). The northern Barents Sea is an area where the impact
on the ecosystem may be particularly severe, as the total sea-ice cover
area has decreased compared to the 1981-2020 mean extent (Lind et al.,
2018; Stroeve and Notz, 2018). Also, the northern Barents Sea shelf and
the Eastern Fram Strait are the two main inflow systems through which
warm and nutrient-rich Atlantic Water (AW) is transported into the
Arctic Ocean (Beszczynska-Moller et al., 2012; Ingvaldsen et al., 2021;
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Fig. 1. (A) Sampling stations (red circles) visited during the seasonal surveys in 2019 and 2021 in the northern Barents Sea. The current system including NAC
(Norwegian Atlantic Current), NoCC (North Cape Current), and WSC (West Spitsbergen Current) is depicted by arrows in colours of their respective water masses. (B)
The total mesozooplankton biomass (mg DM m~2) in March, May, July, August and December (* = 2019, all other months in 2021) was grouped into representing
Arctic, Atlantic, Cosmopolitan and not defined (due to the impossibility of determining biogeographical affiliation because of low taxonomical resolution or
identification) taxa. The figure is modified from Fig. 1 in Van Engeland et al. (2023).

Polyakov et al., 2023). The arrival of this relatively warm water impacts
the regional ecosystem (Wassmann et al., 2019), especially the pelagic
realm, as the presence of Atlantic species alters the plankton community
composition (Wassmann et al., 2006, 2015), including zooplankton,
with consequences for other biotas (Falk-Petersen et al., 2007; MacK-
enzie et al., 2022). This process is referred to as Atlantification, with
underlying mechanisms being ocean advection and air-sea heat fluxes
acting in concert to drive the periodical warming in the upper ocean
(Asbjgrnsen et al., 2020; Polyakov et al., 2023).

In the European Arctic, the increased contributions of Atlantic
zooplankton are linked to positive temperature anomalies caused by an
increase in transport and temperature of the Atlantic Water (Dalpadado
etal., 2012; Gluchowska et al., 2017; Marko et al., 2020; Polyakov et al.,
2023). The inflowing Atlantic Water carries biota and particles, but also
heat as a driver of environmental change, which tends to favour
advected Atlantic species (Ingvaldsen et al., 2021). Sympagic organisms
are also being eliminated from their habitats in surface waters because
of the melting and shrinking of sea ice, which results in the impover-
ishment of the surface zooplankton communities (Kunisch et al., 2020;
Ershova et al., 2021; Hop et al., 2021a).

At high latitudes, the seasonality of zooplankton communities is
mainly driven by the pulsed primary production that takes place when
light and nutrients become available in stratified surface layers in the
wake of sea-ice melt (Leu et al., 2015). Seasonal changes in sea ice
conditions will impact the underwater light and nutrient regimes due to
altered exposure of the water column to atmospheric forcing (Ingvaldsen
etal., 2021). These altered light and nutrient regimes may cause changes
in the onset, length and intensity of the ice algae and phytoplankton

blooms, which again impact the grazers (Sgreide et al., 2010; Leu et al.,
2011; Dalpadado et al., 2020; Duarte et al., 2021). The altered light and
nutrient conditions may also affect the community composition of pri-
mary producers (Leu et al., 2010; Ji et al., 2012; Ardyna and Arrigo,
2020), with implications for the nutritional quality of the phyto-
plankton, and ultimately the first-order consumers.

Copepods comprise the majority of the mesozooplankton in the
Arctic. On a global scale, copepod spatial diversity peaks in sub-tropical
regions and declines towards the poles (Rombouts et al., 2009). Further,
Rombouts et al. (2009) showed that local species diversity appears to be
dependent on temperature and chlorophyll a concentration (i.e.,
phytoplankton biomass) which are both sensitive to climate change.
Since temperature and phytoplankton biomass are important drivers in
the Arctic, zooplankton abundance and biomass increase during the
primary production period, particularly for the lipid-rich copepods
Calanus spp., which reach critical size and enter diapause at the end of
summer. Their descent may shift the zooplankton communities’ di-
versity and create a niche for smaller and less lipid-rich organisms with
different overwintering strategies (Lischka and Hagen, 2005, 2007;
Balazy et al. 2021). This change in zooplankton biodiversity from early
spring to late summer has been observed (Walkusz et al., 2009; Weyd-
mann et al., 2013), but few studies have investigated seasonal patterns
of zooplankton diversity during all seasons, with a focus on all copepod
size groups from tiny nauplii to large adult of Calanus hyperboreus.

In this study, we investigate the mesozooplankton communities in
the northern Barents Sea, from south of the Polar Front in the Central
Barents Sea, across the northern Barents Sea shelf into the deep Arctic
Ocean (76-82 N), during summer, autumn, winter and spring. We aim to
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identify the seasonality of Arctic and Atlantic zooplankton communities
to evaluate the impact of Atlantification. The description of meso-
zooplankton community was obtained by combining 64 um and 180 pm
mesh depth-stratified net samples to capture a broad range of size groups
from small copepod nauplii and meroplanktonic larvae to large copepod
species and pelagic amphipods and chaetognaths. We hypothesise that
the diversity, abundance and biomass of zooplankton 1) change with
seasons and 2) is higher in areas impacted by Atlantic Water than in
areas dominated by more local Arctic water masses.

2. Material and method
2.1. Study area

Material for this study was collected during five surveys with R/V
Kronprins Haakon covering all four seasons. The summer and late
autumn surveys (Q3 and Q4) were performed on 5-27 August and 28
November - 17 December 2019, whereas those from late winter, spring
and summer (Q1,Q2 and JC2-1) were postponed until 2-25 March, 27
April - 20 May 2021 and 12 July — 29 July 2021, respectively. However,
postponing cruises one year also introduced interannual difference as a
factor for the difference observed between seasons. Sampling and
measurements were carried out along the transect from the central
Barents Sea (76° N) to the Arctic Ocean (82° N), at seven stations (P1 to
P7; Fig. 1). The Barents Sea is strongly influenced by warm Atlantic
Water (AW), which splits into two distinct branches at the southwestern
boundary of the Barents Sea (Fig. 1 A). A wide inflow enters the southern
Barents Sea through Bear Island Trough and dominates water mass
characteristics on the Barents Sea south of the Polar Front. In the
western Barents Sea, our region of interest, the position of the Polar
Front is largely constrained by bathymetry (Vége et al., 2014; Oziel
et al., 2016) and it was crossed by our section at the Hopen Saddle be-
tween stations P1 and P2. A narrow core of AW follows the shelf break
northwards as part of the West Spitsbergen Current. Part of this core
enters the Arctic Basin through Fram Strait and across the Yermak
Plateau to continue along the shelf break north of Svalbard as the
Atlantic Water Boundary Current (Crews et al., 2019). AW from this
current enters the Barents Sea shelf from the north through the Kvitgya
and Franz Victoria Troughs (Lind and Ingvaldsen, 2012; Lundesgaard
et al., 2022).

Therefore, the meridional section presented in this study included
stations with varying degrees of Atlantic influence. The southernmost
station (P1) was permanently located south of the Polar Front and
therefore experienced strong AW influence during all cruises. Stations
P2 to P5 were located north of the Polar Front on the continental shelf in
an area with a pronounced presence of polar water masses while the
station at the shelf break (P6) was in the Atlantic Water Boundary
Current (Renner et al., 2018). The northernmost station (P7) was situ-
ated in the deep Nansen Basin with Polar Water in the surface layer,
modified AW at intermediate depth and cold and salty Atlantic Inter-
mediate Water below 600 m.

2.2. Zooplankton sampling

Zooplankton were sampled with stratified vertical net hauls using
two separate MultiNet Midi (HydroBios, opening: 0.25 m?, net length:
2.50 m), one with 64 pm and one with 180 pm mesh nets to cover all size
groups of mesozooplankton, at five standard depth intervals. The depth
intervals at the shallow shelf stations (P1-P5) were from close to the
bottom-200 m, 200-100 m, 100-50 m, 50-20 m, and 20-0 m. At the
shelf break (P6) and deep station (P7), the sampling depths were from
1000 to 600, 600-200, 200-50, 50-20, and 20-0 m. All samples were
processed immediately upon retrieval of the nets. The zooplankton were
concentrated on sieves (64 pm and 180 um respectively), gently flushed
with filtered seawater before being transferred into 125 mL plastic
bottles and preserved in 4 % formaldehyde free from acid.
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2.3. Zooplankton analysis

The zooplankton organisms were identified and counted under a
stereomicroscope equipped with an ocular micrometre according to
standard procedures (Postel, 2000). Small-sized zooplankters (total size
< 5 mm, including most of Copepoda, and juvenile stages of Pteropoda,
Euphausiacea, Ostracoda, Amphipoda, and Chaetognatha) were identi-
fied and counted in sub-samples taken from a fixed sample volume using
automatic macro pipette, and in this procedure, not less than 500 in-
dividuals from not less than five sub-samples were always identified and
counted. Large zooplankters (total size > 5 mm, including big Copepoda,
Pteropoda, Euphausiacea, Ostracoda, Amphipoda, Decapoda, Appendi-
cularia, Chaetognatha, and Pisces larvae) were sorted and identified
from the whole sample. Representatives of Calanus spp. were identified
at the species level based on morphology and prosome lengths of indi-
vidual copepodid stages (Kwasniewski et al., 2003). The samples from
the 64 uym and 180 um gauze nets were analysed separately, and the
analytical results were then combined, taking occurrence and abun-
dance data for small taxa and stages from the 64 pm net and data on
larger taxa and stages from the 180 um net samples. A list of species and
stages with information from which net data were used for analyses is
provided in Supplementary Table 1.

2.4. CTD and other environmental variables

A shipboard conductivity, temperature, and depth profiler (Seabird
911plus CTD), attached to a 24-bottle rosette system was deployed at all
sampling stations. For inclusion in the multivariate analyses, average
values of potential temperature (T), practical salinity (S) and potential
density anomaly (o) were calculated for each of the layers of the
zooplankton samplings. We used the definitions by Sundfjord et al.
(2020) for water mass classification. Sea-water samples for chlorophyll a
concentration were taken from water bottles mounted on the rosette
system, collecting water during the CTD deployments. Samples of
100-500 mL were filtered through 25 mm GF/F filters (Whatman),
extracted in 100 % methanol for 12 h at 4 °C and measured with a
Trilogy Laboratory Fluorometer (Turner Design, San Jose, CA, USA)
according to the method of Holm-Hansen and Riemann (1978).

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).

2.5. Zooplankton community structure

Original zooplankton data present the abundance of zooplankters
(ind. m™3) in each sampled depth layer. Abundance values were con-
verted to biomass estimates (mg dry mass m >, mg DM m™>) using
species-specific dry mass values gathered from published sources or
measured by the authors (Supplementary Table 1). The abundance and
biomass of each organism at a station, ind. m~2, mg DM m~2, respec-
tively, were calculated by summing the abundance or biomass in each
layer for the whole water column (Figs. 5-12).

The zooplankton community structure and diversity were explored
by examining zooplankton similarity using hierarchical cluster analysis
on 4™ root transformed abundance data including life stages and size
groups (ind. m~2), which dampens the effects of dominant taxa in the
Bray-Curtis similarity, using PRIMER (version 7.021). ANOSIM analysis
was used to test for differences in zooplankton community composition
between distinct clusters (PRIMER, version 7.021; Clarke and Gorley,
2015).

The relation between the overall zooplankton composition at sta-
tions and different environmental variables was explored using a Ca-
nonical Correspondence Analysis (CCA, CANOCO version 5) of 4™ root
transformed abundance data including life stages and size groups (ind.
m~2). This is a constrained ordination, which maximises the
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Fig. 2. Hydrographic sections for all seasonal cruises. (A) Potential temperature (colour-coded) and practical salinity (contours). (B) Water mass classifications
according to Sundfjord et al. (2020). AW = Atlantic Water, mAW = modified Atlantic Water, PW = Polar Water, wPW = warm Polar Water, AIW = Arctic Inter-
mediate Water, CBSDW = Central Barents Sea Dense Water. Red diamonds mark stations P1 to P7, smaller black diamonds intermediate hydrographic stations

without zooplankton sampling. Note that the vertical depth axis is compressed below 500 m.

relationships between taxa and environmental variables. In total 192
taxa and size groups were included in the analysis, but only the 50 best-
fitted taxa are shown in the figure in order to maintain the readability of
the results. The following environmental variables were included;

latitude, bottom depth (m), mean chlorophyll a standing stock in the
upper 50 m (log transformed), the mean temperature in the upper 50 m
(log transformed), mean salinity in the upper 50 m, relative sea-ice
coverage and day of the year. The environmental variables were
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Table 1
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Overview of stations and physical parameters. The predominant water masses, indicated for each station, are Atlantic Water (AW), modified Atlantic Water (mAW; T >
0°C, S > 34.9), Polar Water (PW; T < 0 °C, 6y < 27.97 kg m~3), and Warm Polar Water (WPW; T > 0 °C, S < 34.9).

Station  Date Time Time Predominant Bottom Longitude Latitude Temperature Salinity Chl a 0-50 Ice cover (%
(64 (180 water mass depth (m) °N) (°E) “Q) (psu) m (mg mfz) coverage)
pm) pm)

Seasonal cruise Q3 - August 2019

P1 08/08 12:17 12:55 mAW/wPW 323 31.2201 76.0000 2.482 34.818 25.263 0

P2 12/08 03:53 03:19 wPW 186 33.9864 77.5006 0.099 34.417 38.807 0

P3 13/08 06:58 06:20 PwW 306 34.0000 78.7500 —0.642 34.417 18.157 0

P4 14/08 10:10 08:33 wPW 343 34.2245 79.7073 —0.991 34.327 28.822 19

P5 16/08 04:49 04:12 PW 160 34.0835 80.4884 —1.451 34.234 73.040 67

P6 18/08 20:26 18:33 wPW/mAW 849 31.4993 81.5604 0.322 34.367 330.260 75

P7 20/08 16:05 14:58 WPW/mAW 3300 29.7287 81.9811 0.013 34.470 43.645 73

Seasonal cruise Q4 - December 2019

P1 12/12 21:18 20:22 AW 326 31.2190 75.9996 2.452 34.950 1.760 94

P2 10/12 20:14 19:25 PW 192 33.9974 77.5003 —1.569 34.529 0.766 92

P3 09/12  22:39  23:25 PW 306 33.9934 78.7502 —-1.643 34.593 0.517 92

P4 08/12 17:53 09:51 PW 346 33.9890 79.7220 —1.495 34.354 0.722 92

P5 07/ 01:30 01:03 PW 147 34.2602 80.5149 —0.894 34.317 0.710 77

12/
2019

P6 05/12 04:45 16:05 wWPW/mAW 907 30.8118 81.5495 0.682 34.485 1.859 28

P7 02/12 21:21 17:49 wPW 3150 28.5876 82.0486 —0.189 34.192 2.075 1

Seasonal cruise Q1 - March 2021

P1 05/03 14:25 14:18 WPW/mAW 325 31.2197 76.0000 1.426 34.898 0.455 0

P2 07/03 06:34 07:17 PW 188 33.9705 77.5042 —1.502 34.555 0.422 86

P3 08/03 17:57  18:40 WPW/mAW 303 34.0051 78.7569 —~1.020 34.508 0.427 94

P4 10/03 16:27  17:07 PW/WPW 339 33.6231 79.7602 —0.354 34.544 0.433 91

P5 12/03 14:12 14:29 PW 154 34.1277 80.4894 —1.231 34.423 0.441 84

P6 15/03 18:38 15:24 wPW/AW 802 32.0251 81.5620 0.946 34.786 0.652 67

P7 16/03  00:59  21:22  wPW/mAW 3298 29.9964 82.0020 —0.142 34.702 0.756 63

Seasonal cruise Q2 - May 2021

P1 30/04 13:54 13:18 mAW 326 31.2198 76.0000 1.635 34.914 75.768 0

P2 02/05  09:58  10:31 PW 186 33.9660 77.4992 -1.583 34.581 56.527 32

P3 03/05 22:44 23:27 PW 314 33.9460 78.7343 —-1.110 34.556 20.664 71

P4 05/05 00:53 00:21 wPW 339 33.9546 79.7420 —0.492 34.521 88.292 77

P5 07/05 23:32 23:09 PW 173 34.0162 80.5269 —-1.278 34.419 24.893 90

P6 10/05 03:41 02:19 WPW/mAW 1611 30.6076 81.5686 0.109 34.734 99.758 87

P7 14/05 11:41 07:39 wPW/mAW 3316 29.7511 82.0253 —0.347 34.645 12.839 92

Joint Cruise 2-1 - July 2021

P1 14/07 13:03 20:16 WPW/mAW 323 31.2195 76.0000 2.698 34.906 68.856 0

P2 15/07 13:32 19:13 PW 188 34.0005 77.5001 —-0.759 34.340 8.534 0

P3 17/07 07:48 08:58 PW 303 34.0008 78.7501 —0.520 34.261 28.709 0

P4 18/07 12:04 13:50 PW 332 34.0000 79.7500 —0.356 34.345 112.226 0

P5 19/07 08:14 08:35 PW 161 33.9606 80.5020 —1.480 34.196 119.145 98

P6 22/07 19:13 20:44 WwPW/mAW 986 30.7683 81.5487 0.297 34.499 72.331 93

pP7 24/07 13:00 11:20 wPW/mAW 3296 30.0666 81.9861 —0.234 34.438 12.317 100

tested using a forward selection with 499 runs, and the relative contri-
bution (% value) and significance (p-value) were used to select the most Zs = 2
relevant explanatory variables (Table 3). The results of the CCA is dis-
played in a biplot showing samples and environmental variables where _ 4

s T Wi = n 3
the distance between the symbols (samples of individual zooplankton > idif;

communities from a station) approximates the dissimilarity of their taxa
composition as measured by the chi-square distance. The environmental
variables are shown as arrows pointing in the direction of the steepest
increase of environmental variables. The taxa are displayed in a separate
scatter plot where the distance between the symbols (taxa) approxi-
mates the dissimilarity of distributions of relative abundance of those
taxa across the samples as measured by the chi-square distance. Taxa
placed in proximity on the plot are taxa that often occur together in the
natural space (Smilauer and Leps 2014).

2.6. Vertical zooplankton distribution

We calculated the weighted mean depth (WMD) for selected taxa to
determine seasonal changes in taxa vertical distribution. The mean
depth (Zm) and the standard deviation of the frequency distribution
with depth (Zs) were calculated following Daase et al. (2016):

Zm = Z;ilezj 1)

where n is the number of depth intervals; wj is the relative abundance
within depth interval j; z; is the mid depth (m) of sample interval j; d; =
lower depth — upper depth (m) of sample interval j; f; is the density of
individuals (ind. m3) in depth interval j. The WMD (Zm) indicates the
mean depth at which the majority of the population of a given taxa is
located, while its standard deviation (Zs) is a proxy for the extent of the
vertical distribution. Small Zs indicate that organisms were concen-
trated at a certain depth and large Zs that they were distributed over a
larger depth range. Due to cruise logistics, sampling was done at
different times of day and potential DVM effects were not included here,
but a comparison of the WMD vs. time of day did not yield a correlation.

2.7. Zooplankton diversity

The zooplankton diversity at different stations and in different sea-
sons was evaluated based on Shannon diversity index considering the
number of taxa (richness) and their relative abundance (evenness) in
respective communities.
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Fig. 3. Shannon diversity index for the mesozooplankton for the southern and northern Atlantic inflow areas (P1 and P6), the Atlantic shelf (P2), Arctic shelf (P3, P4

and P5) and the Arctic Ocean deep area (P7).

H= Z [(p:) ]*In(p:) Q)

pi = N (5)
Where p; is the proportion of individuals of the i taxa in a community, n
is the number of individuals of each taxa and N is the total number of
individuals of all taxa in a community, at a given station and season.

3. Results
3.1. Water mass distribution across seasons

The sampled transect stretched from south of the Polar Front (P1)
across the northern Barents Sea shelf (P2-P5), crossing the continental
slope (P6) into the deep Arctic Ocean (P7) (Fig. 1A). Station P1 was
dominated by warm (T > 0° C) and salty (S > 34.9) modified Atlantic
Water (MAW) that had entered the Barents Sea from the south (Fig. 2,
Table 1). During summer (July and August) there was a fresher and
warmer surface layer of warm Polar Water (WPW; T > 0 °C, S < 34.9) at
P1 that was also present at stations P2-P5 in December. The top 200 m of
the northern shelf stations P2-P5 were dominated by Polar Water (PW; T
< 0°C, 69 < 27.97 kg m~3) that was partly imported from the Nansen
Basin and partly a result of the local interaction with sea ice resulting in
cooling and the input of fresh meltwater. In July and August in 2019,
below 200 m at the stations P2 to P5, there were cold and salty Arctic
Intermediate Water (AIW) and Central Barents Sea Dense Water
(CBSDW; T < 0°C, 09 > 27.97 kg m3) present, which was a result of sea-
ice formation and deep mixing in winter, while in March, May and July
2021 wPW dominated below 200 m at P2-P5, which originated from
strongly modified AW that had entered the shelf from the north.
Mooring results indicate that the AW inflow from the north onto the
Barents Sea continental shelf strengthens in winter (Lundesgaard et al.,
2022), but also that the year 2019 was colder and had a larger sea-ice
cover than winter 2020/21 (van England et al., 2023). Water masses

at the continental shelf stations P2-P5 thus show signs of both seasonal
and interannual variability. At the shelf break and deep ocean stations
P6 and P7, the hydrography of the upper ocean and particularly the
position of the AW core above 600 m generally followed the seasonal
signal identified from mooring observation by Renner et al. (2018). Here
a warmer, saltier, and less modified AW core was found in August and
December 2019 compared to March and May 2021, whereas July 2021
was in the transition between the two states. The deep ocean below 600
m at P6 and P7 was filled with cold and salty AIW during all seasons.

3.2. Regional biodiversity

A closer look at zooplankton biomass classified by zoogeographical
preferences shows a summer-peak (July and August) in the south and a
late autumn-peak (December) in the north for advected Atlantic
zooplankton (Fig. 1B). On the shelf, Arctic species dominated year-
round with relatively high and stable biomass at the deepest shelf sta-
tion P4. The high biomass of Atlantic species in late autumn (December)
was mainly due to one copepod species, Calanus finmarchicus, which had
particularly high biomass in the upper 50 m.

In total 74 zooplankton taxa were identified of which the majority
were copepods (31 taxa), followed by Cnidaria (10 taxa). A clear sea-
sonal trend in the Shannon diversity index was apparent on the shelf,
with the highest diversity, especially at the deepest shelf station P4 in
April and May, followed by a distinct decrease in diversity from May to
December (Fig. 3). In contrast, the highest species diversity was in
summer (July) in the core Atlantic inflow regions (P1 and P6). Station
P2 separated from the other shelf stations with relatively low biodi-
versity throughout all seasons. The deep station P7 showed a similar
trend as the Arctic shelf station, with a decrease in diversity over the
season but with relatively high diversity in August 2019.
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Fig. 4. The CCA of the total mesozooplankton community and environmental
variables for all stations and all months. A) Biplot of samples and environmental
variables where the groups of samples are displayed in different colours. The
environmental variables, selected by a forward selection (see Table 3), are
shown as arrows. B) Scatterplot of species occurrence at all depths, stations and
seasons. Abbreviation following this pattern, e.g., Calanus glacialis CIII =
CGlacClIIl, see Supplementary table 1 for a full list of species names.
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Table 2
Summary of Canonical Correspondence Analysis (CCA, where the total variation
is 0.777).

Eigenvalues  Explained Pseudo- Explained fitted
variation canonical variation
(cumulative) correlation (cumulative)
Axis 0.1427 18.37 0.9579 37.49
1
Axis 0.1039 31.74 0.8964 64.79
2
Axis 0.0530 38.57 0.8870 78.72
3
Axis 0.0323 42.72 0.8728 87.20
4
Table 3

Result of forward selection of explanatory variables in the CCA. The selected
explanatory variables account for 49.2% of the variation in the zooplankton
abundance data.

Explanatory variable Explained %  Contributed % p

value
Bottom depth (m) 15.6 31.8 0.002
Chlorophyll a (mg m~2), upper 50m  10.2 20.7 0.002
Latitude 5.6 11.4 0.002
Ice coverage (%) 5.2 10.5 0.004
Temperature mean, upper 50 m 5.0 10.2 0.010
Day of the year 4.4 8.9 0.002
Salinity mean, upper 50 m 3.2 6.5 0.024

Total 49.2 100

3.3. Seasonal changes in zooplankton communities

The Canonical Correspondence Analysis (CCA) performed on the
species abundance, considering developmental stages and size groups in
total 192 unique taxa, revealed two clear gradients in zooplankton
community composition. The first gradient correlated with a depth
gradient from the shelf to the deep Arctic Ocean, which can also be
described as a geographic gradient from south to north (CCA1, 18.4%).
The second gradient reflected a seasonal change in environmental var-
iables throughout the yearly life cycle, from autumn to winter, spring
and summer (CCA 2, 13.3% (Fig. 4, Tables 2 and 3). The seasonal pattern
was best explained by variability in chlorophyll a biomass and tem-
perature in the upper 50 m as proxies (Table 3). Close to half (49.2%) of
the mesozooplankton variability could be explained by the following
seven environmental variables, which were (in order of their impor-
tance): bottom depth (15.6%), chlorophyll a in the upper 50 m (10.2%),
latitude (5.6%), ice coverage (5.2%), temperature in the upper 50 m
(5.0%), day of the year (4.4%), and salinity in the upper 50 m (3.2%)
(Table 3). Zooplankton on the slope of the deep Arctic Ocean at stations
P6 and P7 differed the most from that in the other study areas due to the
presence of bathypelagic copepods such as Paraeuchaeta spp., Scapho-
calanus brevicornis, Scaphocalanus magnus, Spinocalanus spp., Gaetanus
brevispinus and Heterorhabdus norvegicus. The separation of zooplankton
between seasons along CCA 2 was mainly due to the different ontoge-
netic developmental stages in copepods. In winter, the presence of males
of C. glacialis and C. hyperboreus, combined with high abundance of
Limacina helicina veligers, particularly at P4, was a distinct feature of the
shelf winter community. However, in May, Atlantic advection did not
reach the shelf further north than this southern P1 station. In May, the
zooplankton at station P1 resembled that present at other shelf-stations
in summer (July-August), with a significant proportion of younger life
stages that are brought to the shelf with Atlantic waters. In summer (July
and August), high abundances of copepod nauplii and younger devel-
opmental stages (CI and CII) of C. glacialis and Pseudocalanus spp. as well
as of meroplankton were characteristic at P1 and for all shelf stations.

A hierarchical cluster analysis (Supplementary Fig. 1 and
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Fig. 5. Abundance (ind. m~2) and biomass (mg DM m~2) of all mesozooplankton taxa collected with MultiNet 64 um and 180 um at all stations (P1-P7) during all

seasons (March, May, July, August and December).

Supplementary Table 2) showed similar community differences as the
CCA (Fig. 4) with a distinct division between shelf stations (P1-P5) and
slope/deep Arctic Ocean stations (P6 and P7). Further, it showed that
station P1 dominated by modified Atlantic water (mnAW) was somewhat
different from the other shelf stations dominated by Polar Water (PW),
except in March when station P1 comprised a mixture of PW and mAW.
Four distinct zooplankton communities were identified (SIMPER, p <
0.1, R = 0.719): 1) A winter-spring PW shelf community that repre-
sented zooplankton found at stations P2-P5 in December, March and
May, and that found at P1 in March (67.4% similarity, SIMPER); 2) A
summer-autumn PW shelf community including zooplankton from P2-
P5 in July and August (74.6% similarity, SIMPER), 3) A mAW commu-
nity which could be further divided into a Winter (P1; December and
May) and Summer mAW (P1; July and August) communities, but these
were not significantly different and thus pooled into one mAW shelf
community (59.3% similarity, SIMPER). The Arctic Ocean slope (P6)
and basin (P7) zooplankton did not show distinct seasonal pattern and
they were pooled into one (4) Arctic Ocean community (67.4% simi-
larity SIMPER). Cyclopoida nauplii, small cosmopolitan copepods such
as Oithona similis and Pseudocalanus spp. were present ubiquitously and
in high numbers (>100,000 ind. m~%; Supplementary Table 3) every-
where, year-round, and contributed significantly to the similarity across
all stations according to ANOSIM (Supplementary Table 2). In contrast,
Calanus glacialis and L. helicina contributed to the difference between the
Shelf and Arctic Ocean communities as both species were most abundant
on the shelf. The zooplankton at P1 differed from that at other stations
on the shelf in the high abundance of juvenile stages of O. similis CI-CIV,
Microcalanus spp. CI-CV and Pseudocalanus spp. CI-CII, combined with
higher abundances of Microsetella norvegica and Metridia longa. The
difference in these characteristics may have resulted, in part, from the
seasonal cycle of development which have different time course at the
southern stations than further north on the shelf and the Arctic Ocean.

The overall abundance and biomass of zooplankton varied with the
seasons (Fig. 4 and Supplementary Tables 3 and 4). At the southernmost
station P1, the number of zooplankton peaked in July and August with
more than 1 mill. ind. m™2, decreased at the beginning of winter and
reached a minimum in spring with less than 150,000 ind. m2 (Fig. 5).
High abundance in summer was associated with high biomass, with a
maximum of 14.3 g m~2 in July and with still high value of 11.3 gm™2in
August, which decreased to minimum ~ 1 g m~2 in spring (March and
May). Further north, at stations P2-P5, zooplankton abundance
increased over time and peaked in December, albeit at different levels.
The highest abundance at the end of the annual cycle was observed at P2
(1.8 mill. ind. m~2) and the smallest at P5 at the shallow centre of the
shelf (400,000 ind. m~2). The total zooplankton biomass varied
seasonally at shelf stations in different ways. While the biomass at P2
increased from May to December, less seasonal fluctuations were
recorded at P3, P4 and P5 (Fig. 5). Different seasonal patterns in
zooplankton abundance and biomass were apparent on the northern
shelf and slope of the Barents Sea, at the fringe of the Arctic Ocean where
the abundances were high in August at P6 (approx. 1 mill. ind. m~2) and
in December at P7 (1.6 mill. ind. m~2). The biomass, on the other hand,
peaked in July at P6 (21.9 g rn’z) and in December (23.6 g m’z) at P7.

The seasonal increases in abundance and biomass were the most
pronounced at P1, P6, and P7, the stations with the strongest influx of
Atlantic water. In contrast, the shelf stations north of the Polar Front, P3,
P4, and P5 showed less variations in abundance and biomass throughout
the seasons. The strong seasonal signal at P1 was due to an increase in
species such as Oithona similis (from 50,000 ind. m~2in May to 330,000
ind. m™2 in August), Metridia longa (from 170 ind. m~2 in March to
120,000 ind. m~2 in July), and Calanus finmarchicus (from 130 ind. m~2
in March to 79,000 ind. m~2in July). The increases in abundance and
biomass seen at P6 and P7 in August and December were also due to a
doubling in numbers of C. finmarchicus and Oithona similis as well as in
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Fig. 6. Abundance (ind. m~2) and biomass (mg DM m2) of small copepods at all stations (P1-P7) during all seasons (March, May, July, August and December).

oncaeids, represented in the majority by Triconia borealis. This last
species was not observed at P1. The increase in total mesozooplankton
abundance was due to increases in the abundance of many taxa, co-
pepods, both small and larger, as well as meroplankton while the in-
crease in biomass was mainly driven by the rise in numbers and
ontogenetic development (emergence of older copepodids) of
C. finmarchicus at P1, P6, and P7 and of Calanus glacialis at P3-P5.

Meroplankton biomass increased on average 30 times from March to
July, all stations included, with Echinodermata, Polychaeta and Bivalvia
larvae contributing the most to this. Other meroplankton taxa contrib-
uted little to the increase in total biomass. The high biomass contribu-
tion of other taxa (e.g. 13.1 g m~2 at P6 in July) was due to appearance
of amphipods such as Themisto libellula and T. abyssorum, chaetognaths
such as Parasagitta elegans and Eukrohnia hamata or euphausiids Thysa-
noessa spp. Juvenile Limacina helicina contributed to the overall abun-
dance (590,000 ind m~2) and biomass (2.6 g m~2) at P2 in December.

The small copepod species Oithona similis, Pseudocalanus spp., and
onceids (predominantly Triconia borealis) were numerically dominant at
all stations and in all seasons, but contributed less to the total biomass
(Figs. 5, 6, Supplementary Tables 5, 6). However, there was a build-up in
numbers and biomass of small copepods from summer to winter with the
earliest peak of 500,000 ind. m~2 (and 890 mg m~2) in August at P1, and
with the peak observed later further north with abundance and biomass
reaching 600,000 ind. m~2(>1.0 g m~2) in December at P2, P4 and P7
(Fig. 6). Interestingly, in the case of the small copepods, the seasonal
course of changes at station P6 was similar to that at station P1, with a
maximum of 0.6 g m~2 in August, although the extent of changes was
less pronounced at P6.

Calanus spp. were the main contributor to biomass at all stations
ranging from 0.02 g m~2 at P1 in March to 11.9 g m~2 at P4 in July.
Calanus finmarchicus dominated both in numbers and biomass at P1, P6,
and P7 and the species presence was strongly influenced by the inflow of
Atlantic water with a marked increase at P1 in July (8000 ind. m’z, 2.8

g m~2) and at P6 (20,000 ind. m~2, 3.0 g m~2) and P7 (56,000 ind. m 2,
9.6¢g m’2) in December (Fig. 7 and Supplementary Tables 7, 8).

Calanoid nauplii peaked at shelf stations in July and August (P3 and
P4) (Fig. 8), suggesting intense seasonal population development
following spring reproduction. Cyclopoid nauplii were present in high
numbers at all stations and during all months with a peak at P7 in
December.

Calanus glacialis dominated at the shelf stations north of the Polar
Front (P3, P4, and P5). The biomass of C. glacialis at these stations
ranged from 2.7 to 11.9 g m~2 (Fig. 7). The recruitment of young
C. glacialis copepodid stages, CI, and CII appeared in July (Fig. 9).
However, CI and CII were still relatively numerous at the shelf stations
P2 (17,000 ind. m~2), P3 (41,000 ind. m~2), P4 (10,000 ind. m~2) and
P5 (3600 ind. m~?) in August indicating that the reproduction at these
stations could have started in June and continued over the summer
while at P1 the reproduction occurred earlier as indicated by a peak in CI
and CII (13,000 ind. m~2) in July. Calanus glacialis was less abundant at
P6 and P7. C. glacialis overwintered primarily as stages CIII and CIV in
the entire study region. Adult females peaked at P4 in December (3800
ind. m~2) and March (6000 ind. m’z), while males peaked in at P2
December (4600 ind. m~2) and was more or less absent (0-78 ind m~2)
at all stations in March.

Calanus finmarchicus occurred in the largest numbers at sites P1, P6
and P7 (Fig. 10). The highest abundance at station P1 was recorded in
July, for young stages CI-CIIL. Some young stages (CI) were also present
at P6 while at P7 the increase in C. finmarchicus population occurred
later in the season (December) and was mainly comprised of older life
stages such as CIV and CV.

Metridia longa was the most abundant of the remaining larger non-
Calanus copepods at all stations (Fig. 11 and Supplementary Tables 7, 8).
The contribution of M. longa to zooplankton community at P1 in July
was substantial (50,000 ind. m~2), comprising primarily of young
stages. Paraeuchaeta spp., which are large copepod, were also present
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Fig. 7. Abundance (ind. m~2) and biomass (mg DM m2) of all copepodid stages of Calanus spp. at all stations (P1-P7) during all seasons (March, May, July, August

and December).

across all stations and increased in abundance northwards, with a peak
in July at P6 (720 ind. m~2). At the deep stations P6 and P7 large deep-
water copepods such as Scaphocalanus magnus, Heterorhabdus norvegicus,
and Gaetanus tenuispinus contributed to the biomass in the deeper layers.
With the exception of a large increase in the abundance of juvenile
Metridia longa at P1 in July, our data did not show a consistent pattern of
changes in the abundance of larger copepods across seasons.

Meroplankton was occasionally present in high abundance and the
huge increase in Bivalvia numbers at the shelf in December
(100,000-200,000 ind. m~2) masked any other trends (Fig. 12 and
Supplementary Tables 9 and 10). At much lower abundance levels,
however, Echinodermata larva increased at the shelf stations in July
(7300-51,000 ind. m~2), but only occurred in low numbers in winter (10
to 1100 ind. m™2).

The group of other taxa comprised a wide range of zooplankton or-
ganism including larger specimens that were not sampled representa-
tively with the MultiNet (Fig. 13 and Supplementary Tables 11 and 12).
Limacina helicina was present at all the shelf stations during all seasons
with numerous juveniles at station P2 in December (590,000 ind. m3).
Fritillaria borealis and Oikopleura spp. were important at several stations
in July and August, with record abundance of 52,000 ind. m~2 and 7500
ind. m™2, respectively.

3.4. Seasonal change in depth distribution

The weighted mean depth (WMD) calculated for copepod biomass
revealed that all species were relatively evenly distributed throughout
the water column during all seasons, but with slightly shallower distri-
bution in July except at stations P1 and P6 (Fig. 14). The most pro-
nounced shallowing of the bulk biomass was seen at the deep Arctic
Ocean station (P7). The two predominantly herbivore species Calanus
glacialis and Calanus finmarchicus, which constituted the bulk of the

10

biomass at, respectively, P2-P5 (C. glacialis) and P1 and P6, showed
similar seasonal WMD pattern at most stations. Both species had the
shallowest distribution in March followed by another relatively shallow
WMD in July, except at station P6. The relatively large variation in WMD
shows that a large fraction of the population was distributed throughout
the water column with no distinct optimum depth.

4. Discussion
4.1. Regional differences - inflow of Atlantic water

Zooplankton abundance, biomass and community structure are
strongly related to hydrography (Blachowiak-Samolyk et al., 2008b;
Daase and Eiane, 2007; Sgreide et al., 2003). In the Barents Sea and
Arctic Ocean, one of the main features affecting the zooplankton is the
inflow of Atlantic water (e.g. Edvardsen et al., 2003; Aarflot et al.,
2018). We found that the inflow of Atlantic water strongly impacted the
seasonality of the zooplankton communities south of the Polar Front
(P1) and along the slope north of Svalbard (P6 and P7). The stations
were positioned within the Atlantic current and had high abundances of
Atlantic and cosmopolitan affiliates such as C. finmarchicus and Metridia
longa, especially during summer and autumn following periods of
increased Atlantic water inflow. At the shelf stations (P2-P5), an Arctic
community dominated by C. glacialis, Pseudocalanus spp. and Limacina
helicina was found and it was the presence of young copepodid stages
and meroplankton larvae in summer that separated the zooplankton
communities in summer and winter communities at these stations. In the
course of annual seasonal changes, the pulse in the inflow of Atlantic
species occurred earlier in the season in the southern end of our study
section (P1) than along the northern slope (P6). In the south, Atlantic
water enters through the Barents Sea Opening in quantities that are
linked to the local atmospheric pressure fields (Ingvaldsen et al., 2002;
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Polyakov et al., 2023). Ingvaldsen et al. (2002) did not find a distinct
seasonal pattern in the inflow of Atlantic water through the Barents Sea
Opening but observed a widening of the inflow area in summer. In the
north, the Atlantic Water Boundary Current transports water along the
coast of Svalbard into the Nansen Basin (Renner et al., 2018). The
increased abundance of Atlantic zooplankton species found in the north
results from the same “pulse of inflow from the south” as observed south
of the Polar Front in summer, although delayed. Results from modelling
studies suggest that mesozooplankton on the shelf north of Svalbard may
derive from populations along the North Norwegian and western
Barents Sea shelf break regions (Wassmann et al., 2019). Assuming an
average advection speed of 0.2 m s, it would take two months for the
water mass to travel from the southern tip of Svalbard along the shelf
break to the area of station P6. The pulse of increased abundance and
biomass of Atlantic species will therefore occur later in the season at P6
and P7 than at P1, as observed in our study. The observed annual
temperature maximum north of Svalbard at 81° 30’N, 31° 00’E in mid-
November indicated that the strongest effect of the Atlantic inflow is
emerging in the northern reaches of the Atlantic water flow in late
autumn (Ivanov et al., 2009), which agrees with our observations.
Basedow et al. (2018) quantified the inflow of zooplankton biomass
through the Fram Strait in January, May, and August and found the
highest biomass in August and January, which also supports of our
finding of the highest biomass of Atlantic species during late autumn.
The highest zooplankton diversity was recorded at the deepest shelf
station P4, indicating that the zooplankton advected either from north
or south could be retained in this area since it is deeper than surrounding
areas. The Atlantic stations P1 and P6 had the highest diversity in the
summer as a result of the advection of Atlantic species. A similar but
weaker tendency was also seen at station P7 further north, with a rela-
tively high biodiversity in early August, slightly delayed compared to
that at station P6 in the core Atlantic inflow along the northern slope.
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Atlantic species were also present at shelf stations P2-P5, but less
copious and without the strong seasonal pulses of increased abundance
and biomass as in the inflow areas. The Polar Front, which to a large
extent is defined by topographic structures in this area, may serve as a
barrier for the northward transport of zooplankton (Blachowiak-Samo-
lyk et al., 2008a,b; Sgreide et al., 2003). The two possible northern
gateways of Atlantic water to the Barents Sea, the Kvitgya Trough and
Franz Victoria Trough (Lundesgaard et al., 2022) probably do not allow
the entry of large amounts of water and large numbers of Atlantic spe-
cies. Thus, the zooplankton community on the shelf north of the Polar
Front remains relatively consistent over time.

The seasonal difference in the zooplankton community structure on
the shelf was mainly due to ontogenetic development of copepods with
the presence of copepod females and males in winter and young stages
such as CI and CII during summer. The emergence of meroplankton,
such as Echinodermata larvae, in summer, was an indication of sea-
sonality in the development of local benthic organisms and was, thus, an
expected feature of zooplankton dynamics for shelf areas (Descoteaux
et al., 2021).

4.2. Seasonal changes in total abundance and biomass

The large and predominantly herbivorous copepods such as Calanus
spp. were major contributors to the total mesozooplankton biomass
along the transect, with C. finmarchicus being most abundant in the
inflow areas (P1, P6 and P7) and C. glacialis most abundant in the shelf
area (P2-P5). At P1 and P2, the biomass of Calanus spp. increased by one
order of magnitude from March to July and the increase was even larger
at P7 but occurred first in December. On the shelf, the seasonal differ-
ences of Calanus spp. were less pronounced. Metridia longa also
contributed to the zooplankton biomass at all stations, especially in the
south during summer. Zooplankton biomass in the Barents Sea is



A. Wold et al.
120 000 1500
80 000 1000
40 000 500
0 I 0
120 000 1500
80 000 1000
40000 500
0 0
120 000 1500
80 000 1000
o 40 000 &‘ 500
‘s 0 = 0
E 120 000 = -
g 80 000 cE» 1000
g 40000 \w/ 500
° 0 | @ 0
é 120 000 .S —
80 000 m 1000
40 000 500
0 0
120 000 1500
80 000 1000
40000 500
0 0
120 000 1 500
80 000 1000
40 000 - 500
0 — 0
Mar May Jul Aug*® Dec*
Month

Progress in Oceanography 219 (2023) 103133

B Metridia longa
M Other large copepods
Paraeuchaeta spp.

—Hml
May Jul Aug* Dec*

Month

Mar

Fig. 11. Abundance (ind. m~2) and biomass (mg DM m 2) of other large copepods at all stations (P1-P7) during all seasons (March, May, July, August

and December).

controlled by both physical conditions such as advection, temperature,
and primary production (bottom-up, Dalpadado et al., 2014, 2020) and
predation of fish, especially capelin (Mallotus villosus) top-down; The
relative contribution of bottom-up versus top-down processes in con-
trolling the zooplankton biomass was not addressed in our study, but the
zooplankton biomass was largely affected by advection in the inflow
areas as well as the bottom typography defining the main current
pattern in the area. Hence, the seasonal variations in biomass were
greater in the inflow areas than on the shelf mainly due to variable influx
of C. finmarchicus. At the shelf stations, the seasonal variations were less
due to the stable presence of C. glacialis. In contrast to the distinct sea-
sonal increase in biomass that we observed from winter to summer, a
study from 1998 to 99 showed no considerable change in zooplankton
biomass between March, May, and July but with station-to-station
variation (Arashkevich et al. 2002). The difference between what was
observed in this area in 1998-1999 and what we observed in 2019-2021
indicates an increased seasonality in zooplankton biomass in the
southern Barents Seas during this period.

The estimated annual net primary production (NPP) for the Barents
Sea has more than doubled over the period 1998-2017 (Dalpadado
et al., 2020). Such an increase in primary production would likely
support larger zooplankton biomass. However, the increase in primary
production has been less in the western Barents Sea than in the area
further east in the Barents Sea (Castro de la Guardia et al., accepted).
Based on satellite-derived chlorophyll a, Dalpadado et al. (2014) showed
that phytoplankton bloom in the Barents Sea usually peaked in May,
constituted about half of the annual primary production and comprised
the basis for most of the zooplankton production. The total meso-
zooplankton biomass observed in our study in August (9.5-14.3 g DM
m~2) was slightly higher, but within the same range as that reported for
the period 1998-2011 (5.4-7.9 g DM m’z; Dalpadado et al., 2014) and
for that reported in 1998-1999 (1-14 g DM m’z, Arashkevich et al.
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2002). The biomass of Calanus spp. showed the same tendency (1.7-9.8
g DM m~2 in the present study vs. 2.6-3.8 g DM m ™2 in 1998-2010).
This suggests that the total biomass of zooplankton has increased during
the last decade (e.g. Aarflot et al., 2018; Gerland et al., 2023). However,
interannual variability in total zooplankton biomass may be substantial
(Dalpadado et al., 2020). Thus, obtaining reliable baselines and trends
for zooplankton biomass are needed for future observations and as-
sessments of climate change (Siwertsson et al., 2023).

The magnitude, timing, and duration of the spring bloom are
important for mesozooplankton reproduction and development (Daase
et al.,, 2013; Hop et al., 2021b). In 2021, the bloom started in May and
continued throughout July with the highest chlorophyll a biomass
standing stock at P1 and P6 in May and at P4 and P5 in August (P. Assmy
pers. comm.). At the shelf area, the reproduction of Calanus finmarchicus
and C. glacialis started in May, coinciding with the phytoplankton
bloom, and it continued there throughout the summer. Such prolonged
period of reproduction is also shown in models of C. glacialis population
in the area (Aarflot et al.,, 2023) as well as in earlier studies of
C. finmarchicus, C. glacialis and C. hyperboreus by Melle and Skjoldal
(1998). The propagation of the bloom from south to north between May
and July ensures a relatively long reproductive period for these key
zooplankton species. This concurs with our observations of Calanus
nauplii, which were abundant throughout the summer at the shelf area
north of the Polar Front. With less sea ice, the seasonal bloom extent may
expand northwards and also be manifested as autumn blooms in shelf
seas (Ardyna et al., 2014; Renaut et al., 2018).

Several studies have shown that the Atlantic C. finmarchicus is
moving northward into the Arctic Ocean (Aarflot et al., 2018; Wassmann
etal., 2019; Ershova et al., 2021), but it is still under discussion whether
this species will be able to reproduce and establish a stable population
there. However, C. finmarchicus is likely successfully reproducing in the
Fram Strait area (Tarling et al., 2022). In our study, we observed the
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Fig. 12. Abundance (ind. m~2) and biomass (mg DM m2) of meroplankton at all stations (P1-P7) during all seasons (March, May, July, August and December).

presence of C. finmarchicus all year round, in all seasons, both in the
inflow areas and on the shelf. North of the Polar Front, the copepodid
stages CIV and CV were the most numerous representatives of the spe-
cies. The younger stages were only apparent in summer in the southern
inflow area (P1). This is interpreted as evidence of successful repro-
duction and the emergence of the next generation in the Atlantic
domain. We observed a small presence of females and males in the
winter and spring also in the Arctic Ocean (P6 and P7), but the summer
population of this species in these northern regions was modest, and
high abundance and biomass were only recorded at the end of the
annual cycle (December). This indicates, so far, that most of the
C. finmarchicus found in inflow areas north of Svalbard do not reproduce
successfully in Arctic water masses and are primarily advected in the
Atlantic Water Boundary Current, which supports earlier findings by
Hop et al. (2019).

4.3. Regional biodiversity

We observed higher taxonomic diversity of zooplankton on the shelf
than in the inflow areas and the highest diversity was found at the shelf
stations in winter. The seasonally decreasing diversity at the shelf sta-
tions may be explained by high abundance of Calanus glacialis and low
diversity and abundance of meroplankton in winter. The diversity of
zooplankton at the Atlantic inflow stations was high in summer but did
not display a seasonal pattern. This could indicate that fewer
zooplankton were transported northwards with the Atlantic Water cur-
rent in winter or that our sampling potentially missed the main releases
of benthic larvae in the region south of the Polar Front, which tend to be
ephemeral.

At the northern slope and Arctic Ocean, the zooplankton community
differed from the shelf-communities by the presence of deep-water
Arctic copepod species, such as Paraeuchaeta spp., Scaphocalanus brevi-
cornis, Scaphocalanus magnus, Spinocalanus spp., Gaetanus brevispinus and
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Heterorhabdus norvegicus, which is in accordance with previous studies
(Kosobokova et al., 2011). These deep-sea species reproduce year-round
and, thus, are independent of the spring bloom. Therefore, their pres-
ence in the water column and diversity, especially at deep stations, are
less seasonally variable. The relatively high biodiversity at depth despite
the homogeneous pelagic environment can be interpreted as the result of
vertical partitioning of the habitat in order to reduce inter-specific
competition (Laakmann et al., 2009).

4.4. Calanus glacialis

Calanus glacialis dominated the zooplankton community on the shelf.
Both nauplii and young copepodids CI and CII of C. glacialis were
abundant in July indicating that the reproduction likely started in May
and continued during summer. A high proportion of females in winter
and spring indicates that this species is ready for reproduction already at
the beginning of the annual zooplankton development cycle. Therefore,
the species may begin reproduction in spring or early summer, taking
advantage of, depending on the circumstances, an ice algae bloom or a
water column phytoplankton bloom, and may then actively continue to
develop the new generation, exploiting phytoplankton in the water
column, and microbial loop and microzooplankton until late summer.
The presence of nauplii in July observed in our study is consistent with
model simulations (Aarflot et al., 2023). On the other hand, the presence
of CIII and CIV throughout the water column in winter and the lack of
clear signs of diapause were unexpected. In the case of copepods of the
genus Calanus, winter dormancy has been considered an essential part of
the life cycle, for which the copepods prepare by accumulating lipid
reserves in order to safely migrate to deep water for winter rest. Calanus
in the Barents Sea has been reported to diapause at depth (Melle and
Skjoldal, 1989), but recent studies (e.g. Kvile et al., 2019) have shown
that Arctic Calanus has a broad depth distribution in winter, similar to
our findings. Our failure to observe a diapausing population may be an
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artefact of not sampling as close to the bottom as possible due to con-
cerns about damaging the net (the layer between 10 and 15 m above the
bottom was typically not sampled) or it could have been the result of
mixing of water masses by winter storms, bringing wintering copepods
to the surface. The lack of ontogenetic migration could also be the result
of the continued presence in the water column of a new generation of
copepods, derived from females that bred later in the annual cycle and
therefore remained in surface waters to feed rather than migrate to
greater depths for diapause. DVM did not play a big role in your samples
and a more thorough investigation of multiple samplings throughout a
24 period would be needed to elaborate on the DVM in this area during
different seasons.

We found that the distribution of C. finmarchicus and C. glacialis
overlapped little. While C. finmarchicus dominated in inflow areas in the
south and along the slope north of Svalbard, C. glacialis was found
mainly on the shelf area north of the Polar Front in accordance with
model simulations (Aarflot et al., 2023). The peak in biomass for
C. glacialis was found in our study in July and August, which differed
from the result of model, in which the population peaked in May and
June (Aarflot et al., 2023). This discrepancy could be explained by
different rates of development in the model populations and the natural
populations. It should be noted that our results are drawn from obser-
vations from two different annual cycles and the peak in biomass would
likely differ from year to year due to the timing of the primary pro-
duction and copepod reproduction.

4.5. Seasonal differences in depth distribution

Some copepod species, especially those considered to be mainly
herbivorous, descend from the epipelagic zone in winter. However, we
observed little seasonal difference in the depth distribution of herbivore
copepods over the season, especially at the shelf stations. This might be

because the Barents Sea shelf is shallow (mean depth 250 m) and with
strong vertical mixing during winter due to storm events (Wassmann
et al., 2006). In December we observed high numbers of herbivorous
copepods, such as C. finmarchicus, in the surface water and also at the
deep station P7. An active zooplankton community during winter has
also been observed in previous studies (Barth-Jensen et al., 2022;
Basedow et al., 2018; Blachowiak-Samolyk et al., 2015; Daase et al.,
2014; Berge et al., 2015). However, the winter may cause large mor-
tality in zooplankton (Daase et al., 2014; Daase and Sgreide, 2021),
which could be seen in our results, particularly for C. finmarchicus from
December to May. We observed high numbers of C. finmarchicus CIV and
CV in December at the deep Arctic Ocean station P7, but the lack of
younger copepodid stages earlier in the season indicates that this species
most likely does not reproduce this far north. There were some
C. finmarchicus CI present at the shelf break station P6 in July which
could indicate that C. finmarchicus have reproduced further south, in the
Fram Strait (Tarling et al., 2022), and that offspring is carried with the
currents northwards. We see signs of reproduction along the shelf break
but not into the deep Arctic Ocean.

5. Summary

The Barents Sea is warming due to an increased inflow of Atlantic
Water (Beszczynska-Moller et al., 2012), and zooplankton in the inflow
areas south of the Polar Front and along the slope in the north were
dominated by North Atlantic species such as Calanus finmarchicus and
Metridia longa. The largest inflow seen as an expansion of the core
Atlantic Water occurred during summer in the south and during late
autumn-winter in the north. The mesozooplankton was seasonally
variable in the Atlantic inflow areas, with large pulses in abundance and
biomass during spring and autumn. On the shelf north of the polar front,
zooplankton biomass was more stable throughout the year. Seasonal
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variations in the Arctic mesozooplankton community composition at the
shelf north of the Polar Front mainly involved ontogenetic development
of the copepods and abundant occurrence of meroplankton during
summer. However, in the depressions of the shelf north of the polar
front, the zooplankton community was very diverse, which contradicts
our original hypothesis that the greatest diversity would be expected in
areas influenced by the advection of Atlantic waters. The inflow areas
only had high diversity during the summer months, but generally lower
diversity than the Arctic shelf area, particularly during the winter-early
spring.

Ecosystem change may occur in a non-linear fashion as seen in other
studies from ice-covered areas (Weydmann et al., 2013), and in the
future, we might expect an increased abundance of Atlantic and
cosmopolitan species as well as a spread in their distribution also to the
shelf area North of the Polar Front. The Atlantic copepod C. finmarchicus
was the most abundant calanoid on the shelf slope north of Svalbard
demonstrating the influential role of Atlantic fauna in the Arctic Ocean
ecosystem, but we have still not observed local reproduction of this
species in the Arctic Ocean.
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Mesozooplankton biodiversity Nansen Legacy Q2: https://data.
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21334/npolar.2022.33385ab0

Mesozooplankton biodiversity Nansen Legacy JC2-1: https://data.
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