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Editorial on the Research Topic
Ecology of marine zooplankton and micronekton in polar and sub-polar areas

Introduction

As reported by Azam et al. (2017) the polar and subpolar regions are characterized by
ecosystems with high biodiversity and species richness. Hunt et al. (2016) highlighted that
the variability among polar ecosystems, such as sea ice cover and thickness, population
structure, abundance, diversity and food web, from phytoplankton to marine mammals, is
due to the different circulation patterns of water masses between north and south. Huge
environmental changes have been induced in those areas by a high climate dynamic, which
has generated loss of biodiversity and consequent reduction of ecosystem services provided
to the entire planet (Laffoley and Baxter, 2016). In this context, much attention was paid to
the effects of these environmental changes on zooplankton structure and dynamics, and
consequently on the matter and energy cycling in polar ecosystems, as also demonstrated
by the results of La et al. (2019) on how climate changes can alter the zooplankton vertical
migration (DVM) in the Southern Ocean. The high vulnerability of these ecosystems, in the
presence of pressures such as climate change and overfishing, jeopardizes the essential
ecosystem services they provide, e.g. in terms of carbon storage and suitable habitats for
nursing and feeding (Azam et al., 2017; Johnston et al., 2022). The polar ecosystem presents
high spatial variability in terms of the rate and direction of change in temperature and sea
ice, but little is known about the mechanisms through which the spatial distribution of
planktonic species is influenced (Yang et al, 2021). These changes appear to impact
circumpolar food webs involving krill and other zooplankton. It follows that knowledge of
the density and distribution of zooplankton is crucial to correctly estimate the energy
transfer within the food web of the continental shelf and its response to climate change
(Minutoli et al., 2024). In turn, ocean warming can have a significant impact on the
structure and functioning of zooplankton (Fraser et al., 2023; Swadling et al., 2023).
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Summary of the topic papers

With this Research Topic, many researchers involved in the
study of zooplankton and micronekton ecology have had the
opportunity to provide updated data on their latest research in
polar and subpolar environments. Therefore, their results will
certainly contribute to improving the state of knowledge on polar
ecology in these still poorly understood areas, which require urgent
and significant operations to prevent and to mitigate, as soon as
possible, the effects of climate change on ecosystems.

In this Research Topic, 11 papers by 74 authors collaboratively
address issues related to the zooplankton and micronekton spatial
distribution, biomass, production, diel vertical migration, trophic
relationships, and effects of climate change both in Antarctica (5
papers) and in the Arctic (6 papers). Two papers carried out by
echosurvey in the Ross Sea concerned the spatial distribution of the
biomass both in the crystal (E. crystallorophias) and Antarctic krill (E.
superba). In particular, the authors focused their study on the possible
impact of water masses on the vertical krill structure in different
sectors of the Ross Sea, from Terra Nova Bay to Cape Adare. Barra
et al. also emphasized the need to carry out multidisciplinary
research campaigns for a better and more complete interpretation
of the results, while De Felice et al. gave significant importance to
salinity and the predator-prey relationship. Attention to the water
mass structure and to biotic and abiotic variables in determining the
composition of zooplankton communities characterized the study
by Liu et al. The authors compared the abundance and biodiversity
data from the surface down to 1500 m among samples collected in
the East Pacific and the Indian sectors of the Southern Ocean. The
study on phytoplankton carried out by Liu et al. on a grid of stations
located around the South Shetland Islands, along the Antarctic
Peninsula, highlighted the importance of some environmental
factors such as temperature and ice concentration, in determining
the structure of phytoplankton communities. A direct relationship
between pennate diatoms and krill was highlighted by multivariate
analysis. The study by Chen et al. on the composition and diversity
of heterotrophic flagellates in the western Cosmonaut Sea
highlighted the remarkable abundance of this community in the
euphotic zone and a strong correlation between environmental
factors and taxonomic distribution. Most studies carried out in
different areas of the Arctic have highlighted the effects of climate
change on zooplankton, and in particular on copepods. Espinel-
Velasco et al. focused on the potential implications that ocean
acidification and warming may have on Arctic populations of
calanoid copepods, with possible consequences on the entire
food-web. The results of Gawinski et al. added among the climate
variables also the reduction of Arctic sea ice as an effect on small-
sized copepods, with cascading consequences on secondary
production. Hop et al. studied the abundance of zooplankton
communities at four glacier fronts in Kongsfjorden, Svalbard and
concluded that under current conditions of global warming these
glaciers could act as an “elevator effect” of prey (zooplankton) thus
facilitating the feeding of predators, and particularly seabirds. The
results of Ishihara et al. on the ecology, trophodynamics, and fatty
acid composition of the copepod C. glacialis/marshallae in the
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Eastern and Northeastern Chukchi and Canadian basins,
highlighted the adaptation of this species to climate changes in
the Pacific Arctic Ocean. Kumagai et al., examining the zooplankton
size spectra demonstrate that in the northern Bering Sea an optimal
and efficient predator-prey relationship is established between
zooplankton and fish larvae/juveniles. Kim et al. note the
uncommon presence of ichthyoplankton species into the Chukchi
Sea, attributing this “anomaly” to several climatic factors including
freshwater inflow from the East Siberian Sea and the intrusion of
warm Atlantic and Pacific waters.

Gaps and perspectives

The global importance of the rich, unique and valuable
biodiversity in the polar and subpolar ecosystems on which it
depends has been recognized internationally. Unfortunately, it has
been established that these ecosystems have already been affected by
the physical and chemical impacts due to global change. For this
reason, the international scientific community has recently
recognized that an integrated multidisciplinary approach is
needed to better understand the functioning of these vulnerable
ecosystems, with particular interest in the carbon cycle to clarify the
response of zooplankton to climate change (e.g. Everett et al.,, 2017;
Hill et al., 2024; Ratnarajah et al., 2023).The importance of
considering biological interactions in planktonic studies has been
highlighted, employing open access and machine learning for
measurable and repeatable distribution modeling and providing
crucial ecological insights for informed conservation strategies in
the face of environmental change (Grillo et al., 2022, 2024).
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With climate warming, many tidewater glaciers are retreating. Fresh, sediment-
rich sub-glacial meltwater is discharged at the glacier grounding line, where it
mixes with deep marine water resulting in an upwelling of a plume visible in front
of the glacial wall. Zooplankton may suffer increased mortality within the plume
due to osmotic shock when brought in contact with the rising meltwater. The
constant replenishment of zooplankton and juvenile fish to the surface areas
attracts surface-foraging seabirds. Because access to other feeding areas, such
as the marginal ice zone, has become energetically costly due to reduced sea-
ice extent, glacial plumes may become increasingly important as “climate
refugia” providing enhanced prey availability. Here, we investigated
zooplankton concentrations within the plume and adjacent waters of four
tidewater glaciers in Kongsfjorden, Svalbard, in early August 2016 and late July
2017. Our aim was to compare the zooplankton composition, abundance, and
isotopic signatures within the plumes to those in adjacent fjord and shelf waters.
Our hypothesis was that the plumes resulted in increased zooplankton mortality
through osmotic shock and increased prey availability to predators. The mortality
due to osmotic shock in the glacial plume was low (<5% dead organisms in
samples), although slightly higher than in surrounding waters. This indicates that
plumes are inefficient “death traps” for zooplankton. However, the high
abundance and biomass of zooplankton within plume areas suggest that the
“elevator effect” of rising glacial water supplies zooplankton to the sea surface,
thereby enhancing prey availability for surface-feeding seabirds. Thus, our study
provides evidence that glacial plumes are important as “climate refugia” for
foraging seabirds. Stable isotope signatures showed that the glacial bay
zooplankton and fish community represent a distinct isotopic niche.
Additionally, zooplankton mortality associated with the plume estimated over
100-days of melt season supports a flux of 12.8 tonnes of organic carbon to
benthic communities in the glacial bays. Benthic scavengers, such as Onisimus
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caricus and Anonyx nugax, were abundant in the glacial bay, where they feed on
sinking organic matter.
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Introduction

Glacial plumes in front of tidewater glaciers may play an
increasingly important role as “climate refugia” and foraging
areas for seabirds in a warmer climate. Knowledge of tidewater
glaciers has increased in recent years, showing their importance for
fjord biological production and nutrient dynamics (Meire et al,
2016; Calleja et al., 2017; Meire et al., 2017; Hopwood et al., 2018;
Szeligowska et al., 2021). With climate warming, glaciers in
Svalbard have been retreating and thinning since the beginning of
the 20" century (e.g., Hagen et al., 2005; Kohler et al., 2007;
Geyman et al, 2022), and some glaciers have already retreated
onto land (@stby et al., 2017; Halbach et al., 2019). Glacial retreat
and diminishing impact of meltwater discharge will result in less
upwelling of nutrient-rich water and less productivity in glacial
fjords (Meire et al., 2017). This could also affect the foraging areas
for seabirds and marine mammals in the glacial bays (Urbanski
et al.,, 2017; Everett et al., 2018).

The turbid plumes in front of the tidewater glaciers and in the
glacial bays are recognised as foraging “hotspots” for seabirds such
as black-legged Kkittiwake (Rissa tridactyla), northern fulmar
(Fulmarus glacialis), black guillemot (Cepphus grylle), and Arctic
tern (Sterna paradisaea) (Stempniewicz et al., 2017; Urbanski
et al.,, 2017; Nishizawa et al., 2020; Stempniewicz et al., 2021).
Because the marginal ice zone is retreating northwards (Barber
et al,, 2015), flying longer distances becomes energetically costly
and seabirds may use glacial bays and fronts in Svalbard to a
greater extent (Lydersen et al., 2014; Varpe and Gabrielsen, 2022).
However, a recent study found a complex relationship, rather than
an apparent pattern, between annual use of the glacial fronts by
black-legged kittiwakes in Kongsfjorden and glacial discharge
volume or zooplankton prey abundance in the fjord (Bertrand
et al, 2021a). The subglacial discharge in front of glaciers
fluctuates in time and space, which implies that the feeding
“hotspots” for seabirds vary in time (Urbanski et al., 2017).
Kittiwakes from different colonies around the inner fjord basin
feed in the glacial bays including the glacier fronts, but also
elsewhere in the fjord system (Bertrand et al., 2021b). Thus, the
best foraging areas will change in time and space depending on
prey availability as well as the distance to the colony.

Some marine mammals, particularly ringed seals (Pusa hispida)
and white whales (Delphinapterus leucas) also forage close to glacial
fronts (Lydersen et al,, 2001; Everett et al., 2018). In Kongsfjorden, they
are likely targeting the aggregations of fish feeding on zooplankton in
the glacial bays, such as polar cod (Boreogadus saida), Atlantic cod
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(Gadus morhua) and haddock (Melanogrammus aeglefinus), all of
which were caught in the glacial bay during our investigations.

Glacial plumes can act as a “death trap” for zooplankton if
caught in rising freshwater from a glacial outflow near the bottom of
a glacier (Weslawski and Legezynska, 1998; Lydersen et al., 2014).
Several studies have proposed or estimated increased mortality of
zooplankton in the vicinity of glacial outflow due to osmotic shock
(Weslawski and Legezynska, 1998; Zajaczkowski and Legezynska,
2001; Urbanski et al., 2017). Abrupt exposure of Calanus spp. in
simple bottle experiments to salinity <24 caused 100% mortality
within 1 h, whereas exposure to salinity <9 shortened this to 15 min
(Zajaczkowski and Legezynska, 2001). These authors estimated a
mortality rate in the inner fjord basin (20 km?) of 6 mg Cm™>d™’, or
85 tonnes wet weight over the melt season (100 days). Thus, 15% of
the estimated standing stock of zooplankton in the fjord would then
be removed because of mortality due to osmotic shocks. If not
preyed upon by seabirds and marine mammals, dead zooplankton
will sink to the bottom, where they are utilized by benthic
necrophagic amphipods and other soft-bottom fauna (Legezynska
et al., 2000; Legezynska, 2001).

Despite our increased knowledge of zooplankton within glacial
plumes, many questions remain. Our aim was to focus on three key
questions. 1) Is a glacial plume a “death trap” for zooplankton
resulting in enhanced prey availability? 2) Do the mixing and
circulation of the glacial meltwater and deep water result in an
“elevator” effect with enhanced surface or near-surface prey
availability? 3) How important are the inner, partially isolated
bays of a glacier fjord for zooplankton aggregation? To answer
these questions on the importance of glacial plumes as “climate
refugia” by maintaining prey availability to foraging seabirds, we
carried out two intensive glacial front sampling campaigns in
Kongsfjorden on Spitsbergen, Svalbard.

Materials and methods
Area description

Our study was conducted in a sub-Arctic fjord (Kongsfjorden),
located on the west coast of Spitsbergen in the Svalbard archipelago
(79°N, 11-12°E), which extends over a length of 20 km and a width
ranging from 4 to 10 km (Svendsen et al., 2002; Figures 1A, B). The
fjord is about 350 m deep at the mouth and becomes gradually
narrower and shallower towards the inner basin. The fjord has no
distinct sill at its mouth allowing exchange of intermediate and deep
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FIGURE 1

Kongsfjorden transect stations in (A) Shelf and shelf slope to Fram Strait (V6, V10, V12) with Atlantic and Arctic currents, (B) fjord stations with main
circulation patterns indicated outside and inside the fjord (Modified from Hop et al., 2019), (C) Sampling stations with RV Lance and a helicopter in
front of Kongsfjorden tidewater glaciers on 1-3 August 2016 and 25-28 July 2017. Red rings/triangles are Lance stations in 2016/2017 sampled with
MultiNet, whereas cyan equivalents indicate helicopter sampling stations with WP-2 and WP-3 in the respective years. The sampling was more
extensive in 2017 than in 2016, and the northern stations were only sampled in 2017. Glaciers are Conwaybreen (Conw.), Kongsbreen North and
South (KbrN, KbrS), Kronebreen (Krb.) and Kongsvegen (Kov.). The location of main sampling stations (Kb4-Kb7) is referred to as inner fjord basin,
whereas sampling near the glaciers are in the respective glacial bays (outer bay, mid bay and at the glacial front).

fjord waters with offshore water masses comprising warm, saline
Atlantic Water (AW) of the West Spitsbergen Current and cold, less
saline Arctic waters flowing northwards along the Spitsbergen shelf
(Cottier et al., 2005; Tverberg et al.,, 2019). These water masses mix
on the shelf and are advected into the fjord as AW (T>3.0 °C,
$>34.65) and Transformed Atlantic Water (TAW: T 1.0-3.0 °C, S
>34.65; Svendsen et al., 2002). During the summer, AW and TAW
typically dominate the hydrography of Kongsfjorden (Hop et al.,
2006; Assmy et al., 2023; Santos-Garcia et al., 2023), which is the
main reason for referring to it as sub-Arctic when compared to the
Arctic fjords in northern Svalbard (Hop et al., 2002; Santos-Garcia
et al., 2023).

In the inner part of the fjord, the islands of Lovéneyane and the
associated rising seabed, with a shallow sill (about 20 m deep) to the
south and a deeper sill (50 m) to the north, form the inner basin of
Kongsfjorden. There are four tidewater glaciers in the inner part of
Kongsfjorden: Kongsvegen, Kronebreen, Kongsbreen, and
Conwaybreen (Figure 1C). The inner fjord basin can be further
divided into a northern glacial bay (max depth 125 m) and southern
glacial bay (max depth 95 m), north and south of the Ossian Sars
Mountain (Figure 1C). In the southern glacial bay, Kronebreen and
Kongsvegen drain through a shared terminus which reaches around
50-60 m depth (Supplementary Figure S1). Kronebreen currently
occupies about 70% of the glacier width at the terminus (Sund et al.,
2011), and together these glaciers form the largest tidewater glacier
terminus in Kongsfjorden. The main outflow from the glaciers was
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situated in front of Kronebreen at the time of the study. The part of
Kongsbreen located south of the Ossian Sars Mountain
(Kongsbreen South) is more influenced by the runoff from the
Kronebreen-Kongsvegen system, which involves erosion of red
sandstone into the glacial bay named Raudvika (red bay).
Kongsbreen south and Raudvika were not included in our survey,
but have been previously studied (Urbanski et al, 2017). The
deepest parts of the bays surveyed in our study are located in the
northern glacial bay, in front of Kongsbreen North, which sits partly
on land. Conwaybreen rests largely (<70%) on bedrock above the
water line. The northern glacial bay receives less run-off with
sediments because Conwaybreen and Kongsbreen North erode
hard rocks of marble, gneiss and granite (Dallmann, 2015).

The water temperature in the inner fjord basin is typically
lower, or more Arctic, than further down fjord and offshore
(Santos-Garcia et al., 2023). It is suggested that such cold and
saline waters are remnants of winter-cooled waters resulting from
heat loss to the atmosphere and contact with glacial fronts (Torsvik
etal, 2019). However, in summer, the mixing of meltwater from the
glaciers with ambient seawater results in lower salinity (Torsvik
et al,, 2019). The water column in inner Kongsfjorden has warmed
by 0.13 °C y™" at 35 m and 0.06 °C y' at 85 m depth from 2010 to
2020, while salinity has increased by 0.3 (De Rovere et al., 2022).
Depth-averaged temperatures have increased by 0.21°C y! in the
warmest months of the year, whereas they appear relatively stable in
the coldest months (De Rovere et al., 2022).
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Sampling by vessels and helicopter

The along-fjord transect in Kongsfjorden was taken with RV
Lance both years, 25-28 July 2016 and 30 July-2 August 2017,
from the inner fjord basin out to station V6 in Fram Strait at
1000 m depth (Hop et al., 2019; Figures 1A, B). The inner fjord
with glacial bays was subject to more intensive sampling both
years, because of the focus of the study on investigating the small-
scale patterns and the potential effect of glacial run off on
zooplankton survival.

Samples in front of tidewater glaciers were collected by
helicopter and RV Lance in the glacial bays on 1-3 August 2016
and 26-31 July 2017 (Figure 1B). In 2016, four stations were
sampled from RV Lance and eight stations were sampled by a
helicopter in front of Kronebreen. The sampling was conducted
around the North plume of Kronebreen. In 2017, the sampling
campaign in the glacial bays was more extensive and included the
bays in front of several glaciers around the inner basin. Sampling
stations were clustered based on their similar hydrography and
distance to glacier fronts in the southern and northern part of the
glacial bays: Kronebreen-Kongsvegen (South) and Conwaybreen-
Kongsbreen (North). The inner part of Kongsfjorden was surveyed
with the research vessel for hydrography in 2017 from the inner
transect station Kb5, with one transect across the outer glacial bay
and one from Kb5 towards the glacial front of Kronebreen.
Sampling closest to the glacial fronts was performed by helicopter
also in 2017. In addition, a small surface net was pulled across the
brown glacial plume in front of Kronebreen with a small vessel
(AKVA Polarcirkel RBB) at a safe distance from a stable section of
the glacial front. The hydrography was also surveyed outside
Conwaybreen and Kronebreen North, as presented in Halbach
et al. (2019).

Biogeochemical environmental variables such as nutrients,
chlorophyll a (Chl a), phytoplankton and suspended matter were
sampled both from RV Lance and by helicopter in close
proximity to the glacier fronts. On board the ship, water
samples were collected with 8L Niskin bottles mounted on a
rosette sampler equipped with a CTD (conductivity-
temperature-depth, Sea-Bird Electronics SBE911, Bellevue,
WA, USA), photosynthetically active radiation (400-700 nm,
PAR: Spherical underwater Quantum Sensor Li-193, LI-COR
Biosciences) and fluorescence (WETStar, Sea-Bird
Electronics) sensors.

From helicopter, sampling was done by means of a CTD
rosette at 33-m distance to the Kronebreen front and 93-m
distance to the Conwaybreen front. The Hydro-Bios Multi
Water Sampler SlimLine 6 rosette equipped with an integrated
CTD and 6x3.5 L Niskin bottles was attached 5 m above a 500 kg
counterweight (cement drum), which was connected to a wire of
100 m length. Sampling was conducted by lowering the
counterweight to the bottom, causing notable slack on the wire,
and then pulling up slowly (1 m s™') with the ascending helicopter
which was hovering well above the glacier. Thus, water samples
were taken from the entire water column from 5 m above
the bottom.
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Zooplankton

Zooplankton sampling from RV Lance was done with a
Multiple Plankton Sampler (MultiNet type Midi, Hydro-Bios
Kiel), consisting of five nets with 0.25 m? opening and 200 um
mesh size, hauled at a speed of about 0.5 m s' and closed in
sequence. Depth strata sampled were bottom-200 m, 200-100 m,
100-50 m, 50-20 m, 20-0 m. For the shallow stations, the depth
intervals were reduced (bottom-50 m, 50-20 m, 20-0 m).
Zooplankton sampling from Polarcirkel was done in 2017 with a
surface net (0.4 x 0.7 m opening, with 200 um mesh) towed slowly
atabout 1 m s™ for estimated (GPS) distances of 244-1317 m (mean
617 m) in five tows.

For zooplankton sampling by helicopter, the CTD rosette was
replaced by plankton nets: WP-2 (0.25 m* opening, 200 um mesh)
or WP-3 (1 m? opening, 1000 wm mesh). These were operated
similarly, at same locations, sampling the entire water column from
5 m above the bottom (towing speed ca. 1 m s™"), and samples were
retrieved by a ground team.

The plankton nets used are known to sample mesozooplankton
representatively, but tend to undersample both microzooplankton
and macrozooplankton (Hop et al., 2019). The nets will collect some
macrozooplankton, such as Themisto spp. and Thysanoessa spp.,
but predominately the smaller size classes. Logistically, in the glacial
bays with icebergs and by sampling from helicopter, it was
impossible to use larger nets, such as MIK and Tucker trawl,
which would have sampled macrozooplankton and fish larvae-
juveniles more efficiently (Hop et al., 2019).

Samples for taxonomical analyses were preserved with a
hexamethylenetetramine-buffered formalin solution at a final
concentration of 4% immediately after collection. For determining
non-consumptive dead vs. live zooplankton in and around the
glacial plume, samples from 2016 were subjected to neutral red
staining. The stock solution was made according to Elliott and Tang
(2009) and applied to zooplankton samples immediately after
collections. After staining for 15 min, the sample was rinsed on
200 pm mesh and preserved with formalin at a final concentration
of 4%. Subsequent analyses involved counts of stained (live) vs. not-
stained (dead) organisms.

For taxonomic determination, organisms were identified and
counted under a stereomicroscope equipped with an ocular
micrometre, according to standard procedures, including
morphology and prosome length for Calanus spp. (Postel et al.,
2000; Kwasniewski et al., 2003). Other zooplankters were identified
to the lowest possible taxonomic level based on available literature
and web descriptions. The zooplankton were separated into groups
for presentation in figures: small copepods (< 2.5 mm total length as
adults), large copepods as Calanus species (C. finmarchicus, C.
glacialis, C. hyperboreus), other large copepods (e.g., Metridia longa
and Paraeuchaeta spp.), meroplankton (e.g., Bivalvia,
Echinodermata, and Polychaeta), other zooplankton (e.g.,
Fritillaria borealis, Limacina helicina, Parasagitta elegans). The
dry mass conversion factors from Hop et al. (2019) with
subsequent updates (Assmy et al., 2023) were applied for
calculating zooplankton biomass.
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The abundances (ind. m™) or biomasses (mg dry mass (DM) m>)
for each species or a group of species were summed up by stage, size
group and/or species and averaged over depth strata for each station
using the following equation:

where g; is the abundance or biomass of species a at depth
stratum i, d; is the sampled distance for depth stratum 7 in meters, D
is the total depth of net haul, and # is the number of depth strata at a
station. In order to compare all stations of the fjord and shelf
transect to V6, only data from the upper 200 m were included or
bottom if shallower (inner part). Abundances were expressed as ind.
m™ to be able to compare with earlier studies (e.g,, Kwasniewski
etal,, 2003; Walkusz et al., 2009; Kwasniewski et al., 2013; Hop et al.,
2019). Since samples from the inner part of the fjord were taken
shallower (40-50 m) than mid-fjord samples (upper 200 m), we also
presented the number of zooplankton as ind. m™, which expresses
the total number of organisms at a site (Circle plots in
Supplementary Figures S1-S3; Supplementary Tables S1, S2).

Benthic amphipods

Benthic amphipods were caught in baited traps, in strings of five
traps each deployed overnight from Polarcirkel at different locations
in the glacial bay outside Kronebreen in 2017. The baited traps
consisted of plastic pipe (20 cm long, 10 cm in diameter) with a
funnel attached to one end and a removable net (mesh size: 1 mm)
on the other. Bait was raw chicken meat packed in fine-mesh bags to
prevent the amphipods from getting access to it (Nygérd et al,
2009). The collected scavenging species were identified under
a stereomicroscope.

Stable isotope analysis

Samples for stable isotopes were obtained from MIK and WP-3
net hauls from the entire water column performed at the sampling
stations (Table S7). Some of the fish were caught in those nets,
whereas larger specimens of Atlantic cod (Gadus morhua) and
haddock (Melanogrammus aeglefinus) were caught by jigging from
the research vessel. Samples for stable isotopes 8'°N and 8"°C were
prepared according to the method described by Soreide et al.
(2006a) and Soreide et al. (2006b), with removal of lipids and
carbonates from samples in order to reduce variability. They were
analysed at the Institute for Energy Technology, Kjeller, after the
same procedure as described in Soreide et al. (2006b).

Stable isotope data provide quantitative information on the
resources that a community uses (bionomic) and its bioclimatic
habitat (scenopoetic). This information can be used to define the
community’s ecological niche (Newsome et al., 2007). A difference
in ecological niche would indicate a difference in primary carbon
sources and the background bioclimatic conditions (Jackson et al.,
2011). An ecological niche can be represented as an n-dimensional
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hyperspace that can be partitioned into scenopoetic axes,
representing environmental components of niche space, and
bionomic axes, which refer to the trophic components of niche
space (Hutchinson, 1978). Location on these axes can be quantified
using stable isotopic ratios (Jackson et al., 2011) and formalized in
the concept of the ‘isotopic niche’ (Newsome et al., 2007). It is
important to note that ‘isotopic niche” does not explicitly define an
‘ecological niche’ as it does not typically provide species or taxon
information on resource use. Instead, within the broad domain of
‘ecological niche’, it can provide a useful summary of ecological
characteristics such as primary carbon sources of each area (glacial
bay, inner and outer fjord).

Various metrics have been proposed to analyse the spread of
data points within the n-dimensional hyperspace defined by the
bionomic and scenopoetic axes to quantify the ‘isotopic niche’
(Jackson et al.,, 2011). To date, the most useful has been to
calculate the convex hull area (TA) encompassing the data points
(Supplementary Figure S5), providing an indication of the niche
width of each community in question (Layman et al., 2007; Jackson
etal, 2011). A significant shortcoming of this approach, relevant to
our study is high sensitivity to sample size and composition
(Jackson et al., 2011). Instead of convex hulls, we have used an
alternative approach based on standard ellipses (Batschelet, 1981),
reformulated in a Bayesian framework (Jackson et al., 2011). This
allows robust comparison between data sets (Supplementary Table
S9) comprising different sample sizes accounting for uncertainty.
The computational code to calculate the metrics is available in the
free-to-download package Stable Isotope Analysis for R (SIBER).

Data analysis

Positions of glacier fronts were estimated by vectorising the
fronts from a Sentinel-2 satellite photograph taken on 31 July 2017
(see Halbach et al., 2019). Euclidian distance of each station to the
closest front was then calculated using a UTM projection
(epsg:32633) and the st_distance function from the sf package
(Pebesma, 2018) for R (R Core Team, 2022).

The relation of total zooplankton biomass and abundance to the
distance from the closest glacier front was examined using log-
linear [Im(log(total) ~ log(dist)] and general additive [gam(log
(total) ~ s(log(dist))] models. We performed a principal
component analysis (PCA) on a square root transformed
proportion species composition matrix [i.e., “Hellinger
transformation” in Legendre and Gallagher (2001)]. The analysis
was performed using the rda function, and the transformation using
the decostand function from the vegan package (Oksanen et al,
2022) for R.

Results

Oceanographic conditions for Kongsfjorden and the shelf were
characteristic for the summer situation in late July, with rather
similar conditions in 2016 and 2017 (Figures 2A-D). Relatively
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warm (6-8°C) surface waters with reduced salinity (<30), increased
in vertical extent towards the inner fjord basin. Transformed
Atlantic Water constituted most of the water mass in the fjord. In
both years, TAW with temperatures 2.5-3.0°C extended to
the bottom.

The water column in the inner part of Kongsfjorden, based on
measurements from 2017, was stratified, even behind the inner sill
of 50 m depth (Figures 3A-D). The temperature varied from 5.5°C
in surface waters to 1.5°C near the bottom at 70 m depth. The glacial
effect, including both glacial river discharge and direct ice melting,
caused some freshening of the surface layers to <30, but no salinity
values below 26 (Figure 4). The glacial effect was not very strong
even at the innermost station sampled (KpN5), which was about
1 km from the main glacial water outlet at Kronebreen. The fresher
surface water only comprised the upper 5 m of the water column
and became further reduced outside the sill. Atlantic water and
TAW prevailed in the deeper parts (>50 m depth) in the fjord, and
extended to the inner fjord basin and glacial bays (Figure 4).

Zooplankton distribution (in terms of abundance and biomass)
at stations along the main fjord transect) is described below, and
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zooplankton distribution at stations in the inner fjord basin and
glacial bays then follows.

The three Calanus species showed variable abundance in the
upper 200 m along the transect, with generally higher abundance
and biomass in early August 2016 than in late July 2017 (Tables 1A,
1B; Supplementary Figure SIA. One exception was the high
abundance (1330 ind. m™) of Calanus finmarchicus in the inner
fjord station Kb5 in 2017. The biomass of C. finmarchicus was
generally high (> 150 ind. m™) in 2016 and 2017 both in the inner
fjord and at the outer shelf break (V6), where Atlantic water masses
prevailed. The Arctic C. glacialis showed variable lower abundance,
but higher contribution to biomass within Kongsfjorden, with
highest abundance values in the inner fjord basin (140 ind. m™)
in August 2016, and lower abundance (50-60 ind. m™) in the inner
fjord in 2017. Calanus hyperboreus was present but contributed
little to abundance (generally <10 ind. m™>) or biomass
(Tables 1A, 1B).

The distribution of zooplankton biomass in relation to the
distance from the glacier did not show any well-defined statistical
trend; it was relatively even (Im log(dist) p = 0.17, gam s(log(dist))
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Temperature (A, B) and salinity (C, D) in the glacial bay of Kongsfjorden in late July 2017 across the southern glacier bay (Kcl via Kb5 to Kc7) (A, C),
and from station Kb5 (Figure 1) to the glacial front of Kongsvegen/Kronebreen (station KpN5) (B, D).
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p = 0.33). Despite this, the community differed with the distance
showing spatial and annual variation (Figure 5). MultiNet covered a
wider range in the PCA space (i.e. contained more species) than
WP-2, mainly because there were more MultiNet casts in the
dataset (Figure 5B). The results show that in 2017 there were
more C. finmarchicus than in 2016, but this was mostly because
high biomass of C. finmarchicus was found in samples from
Conway- and Kronebreen stations (Table 2A; Supplementary
Table S4B), which were collected only in 2017 (Figures 5C, D).
As aresult, C. finmarchicus showed generally a negative correlation
with distance from closest glacier front (Figure 5E). Also C. glacialis
demonstrated negative correlation with distance from the closest
glacier front. The mean biomass of C. glacialis appeared uniform
within Kongsfjorden and decreased on the continental shelf.
Calanus hyperboreus showed to some degree negative biomass
trends with distance from the closest glacier front. On the
contrary, the chaetognath Eukrohnia hamata demonstrated the
opposite correlation being more abundant on the shelf than in
the fjord and glacial bays, although it also had a high biomass in
some Kronebreen front stations (Figures 5D, E).

Frontiers in Marine Science

Small zooplankton was dominated by Oithona similis at all
stations, with abundance values in the 400-1500 ind. m™ range in
2016 (Table 1A; Supplementary Figure S1B). The abundance of this
species was generally higher in 2017, increasing towards the inner
fjord basin (10,000 ind. m™ at station Kb5; Table 2A).
Pseudocalanus spp. were the second-most abundant small
copepods, both years, with highest density (400-550 ind. m™) at
the inner basin station Kb5, and <300 ind. m™ in the middle and
outer reaches of the fjord, with highest abundance in 2016.
Copepoda nauplii showed variable abundance, and could be high
both at the outer stations (200-400 ind. m™>) and in the middle to
inner part of the fjord (200-260 ind. m™). Microcalanus spp. were
less abundant (30-120 ind. m™) with no clear pattern. The biomass
contribution generally reflected the abundance pattern, although
with larger contributions of Pseudocalanus spp., particularly at Kb5
in the inner fjord basin in 2016.

Other large copepods were mainly represented by Metridia
longa and Paraeuchaeta spp., but also included less abundant
species of the genera Aetideopsis and Scaphocalanus present at
stations outside the main fjord basin. This group as a whole,
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Temperature-salinity plots showing water masses in the upper 200 m in the

Ten observations with salinity < 5 from Conway-front and Kronebreen-front have been removed to make the plots readable. Water mass
classifications follow those of Cottier et al. (2005): SW, surface water; IW, intermediate water; AW, Atlantic water; TAW, transformed Atlantic water.

however, was most abundant at Kb5 in the inner basin during both
years, with 16-25 ind. m™ for M. longa and <1 ind. m™ for
Paraeuchaeta spp. (Supplementary Figure S1C). Other large
copepods had considerable biomass in the outer shelf region out
to V6, but the highest was recorded for station Kbl and Kb0 in the
outer deep part of Kongsfjorden, and the main contributor to

26 28 30 32 34 36
Practical salinity

entire study area (A) and only the inner fjord and glacial bays (B) in 2017.

biomass was Metridia longa. Biomass of large copepods was
generally higher in 2016 than in 2017.

Meroplankton included mainly larvae of Bivalvia and
Echinodermata (Tables 1A, B; Supplementary Figure S1D).
Bivalvia veligers and juveniles reached high abundance values
(>1600 ind. m™) in the glacial bay in 2016 and occasionally also

TABLE 1A Zooplankton abundance (ind. m™) at stations in Kongsfjorden, from inner fjord basin to outer fjord in July 2016.

Station V6 V12 V10

Kb0 Kb1

Date (2016) 28 July 27 July 27 July 27 July 26 July

Depth (m) 200-0 200-0 200-0

(ind.m3) | (ind.m3)  (ind. m"

200-0 200-0

% (ind.m3) (ind. m3)

Copepoda

Calanoida Calanus finmarchicus 841.48 251.96 153.59 488.40 320.40 300.21 631.79 697.00
Calanus glacialis 1.38 53.09 17.22 86.03 64.49 106.53 133.88 143.16
Calanus hyperboreus 0.30 1.05 0.16 0.90 3.85 0.95 3.93 5.40
Metridia longa 9.35 10.20 5.65 5.42 5.42 6.63 8.69 25.05
Microcalanus spp. 30.95 91.16 53.51 141.56 91.50 53.92 79.62 121.05
Pseudocalanus spp. 54.94 55.14 45.81 230.18 210.11 174.63 286.45 559.39
Paraeuchaeta spp. 0.19 0.30 0.24 0.15 0.10 0.53 0.02 0.99
Other Calanoida 1.70 0.32 0.17 1.62 3.81 3.17 6.89 30.54

Cyclopoida Oithona similis 1110.03 409.10 612.86 1091.52 952.62 1053.23 1363.91 1441.26
Triconia borealis 61.71 37.31 21.96 40.19 21.26 17.10 15.30 43.72
Other Cyclopoida 24.41 21.88 25.68 19.96 11.76 27.81 15.44 6.30

Harpacticoida Harpacticoida 0.00 0.00 0.25 0.37 1.88 0.79 0.00 1.67

(Continued)
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TABLE 1A Continued

Station V10 KbO Kb1 Kb2 Kb3

Date (2016) 27 July 27 July 26 July 26 July 26 July

Depth (m) 200-0 200-0 200-0 200-0 200-0

(ind. m3)  (ind. m>)  (ind.m3)  (ind. m3) (ind. m3)

Copepoda nauplii 383.98 92.25 179.36 ‘ 121.46 ‘ 54.57 182.50 257.56 260.91
Malacostraca
Amphipoda Themisto abyssorum 6.11 0.28 0.10 0.35 0.76 2.04 1.42 6.44
Themisto libellula 0.31 0.25 0.02 0.05 0.06 0.14 0.91
Decapoda Hyas & Pagurus larvae 0.00 0.03 0.00 0.02 0.03 0.03 0.08 0.12
Euphausiacea Thysanoessa spp. 6.37 0.32 1.06 1.13 0.43 0.31 0.00 1.75
Isopoda Bopyridae 0.15 0.48 0.24 0.13 0.21 0.63 0.27 2.33
Other phyla/classes
Appendicularia  Fritillaria borealis 14.08 81.23 49.79 19.00 36.73 23.51 15.98 35.92
Oikopleura spp. 6.35 131.17 67.28 20.40 27.67 12.89 10.61 29.23
Bivalvia Bivalvia larvae 7.97 89.03 48.36 2733.07 593.47 438.38 373.61 1658.89
Bryozoa Bryozoa larvae 0.13 2.06
Chaetognatha Parasagitta elegans 0.19 2.11 2.14 10.82 11.69 9.90 12.02 42.87
Eukrohnia hamata 34.83 5.60 5.04 3.90 2.29 1.40 2.13 7.02
Cirripedia Cirripedia nauplii 0.55 0.08 2.77 0.85 0.82 3.37 1.67
Ctenophora Mertensia ovum 0.02 0.09 0.02 0.05 0.31
Echinodermata  Echinodermata larvae 1.51 16.88 2.57 225.20 71.25 74.97 89.03 128.77
Gastropoda Clione limacina 0.15 0.04 0.04
Limacina helicina 18.35 646.46 152.69 1401.06 897.79 319.75 927.03 2277.20
Limacina retroversa 0.63 0.38 0.32 3.75 0.70
Hydrozoa Hydrozoa larvae 0.98 0.02 0.66
Aglantha digitale 0.92 0.56 3.00 1.02 3.89 2.30 0.80 0.69
Ostracoda Ostracoda 13.04 0.46 0.86 0.08 2.96
Polychaeta Polychaeta larvae 0.24 1.09 1.10 472 3.17 1.05 2.00 5.35

Polychaeta larvae: Myrianida sp. (formerly Autolytus sp.), Pelagobia sp., Typhloscolecidae.
Decapoda zoea & megalopa: Pagurus (c.f. P. pubescens) zoea & megalopa, Hyas (c.f. H. araneus) megalopa, Pandalus borealis zoea.
Depth range has been limited to 200 m or the bottom of the fjord.

TABLE 1B Zooplankton abundance (ind. m™) at stations in Kongsfjorden, from inner fjord basin to outer fjord in July-August 2017.

Station V6 V12 V10 KbO Kb1 Kb2 Kb3 Kb4 Kb5
Date (2017) 1 Aug. 1 Aug. 1Aug. 31July 31TJuly 30July 30July 29July 27 July
Depth (m) 200-0 200-0 200-0 200-0 200-0 200-0 200-0 100-0 50-0

(ind.m?3) (ind.m>) (ind.m3) (ind.m3) (ind.m3) (ind.m3) (ind.m>) (ind.m3) (ind. m3)

Copepoda
Calanoida Calanus finmarchicus 136.90 195.73 54.16 240.90 201.11 217.48 109.10 115.75 1331.60
Calanus glacialis 3.64 32.78 5.79 92.45 37.06 49.51 51.79 47.90 61.38
(Continued)

Frontiers in Marine Science 16 frontiersin.org


https://doi.org/10.3389/fmars.2023.1161912
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hop et al.

TABLE 1B Continued
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Station V6 V12 V10 Kb0 Kb1 Kb2 Kb3 Kb4 Kb5
Date (2017) 1 Aug. 1 Aug. 1Aug. 31July 31July 30July 30July 29July 27 July
Depth (m) 200-0 200-0 200-0 200-0 200-0 200-0 200-0 100-0 50-0
(ind.m?>) (ind.m>) (ind.m3) (ind.m3) (ind.m3) (ind.m3) (ind.m>) (ind.m3) (ind. m3)
Calanus hyperboreus 0.55 1.58 0.80 0.69 0.31 0.67 2.44 10.57
Metridia longa 5.89 12.69 2.94 1591 7.31 5.61 10.20 1.17 15.99
Microcalanus spp. 61.12 98.54 85.52 53.57 50.05 121.67 72.88 54.62 27.31
Pseudocalanus spp. 9.06 37.70 8.51 166.37 63.94 106.15 93.01 93.71 406.26
Paraeuchaeta spp. 1.67 0.08 0.31 0.03
Other Calanoida 122 1.88 0.50 0.92 0.56 1.39 1.76 1.06 14.59
Cyclopoida Oithona similis 960.07 1629.92 1307.27 1107.80 901.36 1185.04 1882.79 4293.71 10189.52
Triconia borealis 23.13 13.63 27.71 9.35 9.08 3.27 5.65 8.22 81.97
Other Cyclopoida 33.57 24.11 48.53 5.24 6.94 10.82 11.45 12.17 30.12
Harpacticoida Harpacticoida 1.22 0.92 0.68 0.29 0.22 0.65 1.06 2.35 2.98
Copepoda nauplii 368.19 188.93 186.37 37.86 66.14 11.57 7.76 0.94 53.91
Malacostraca
Amphipoda Themisto abyssorum 0.61 14.21 0.36 0.60 0.78 249 1.37 227 3.15
Themisto libellula 0.02 0.24 0.02 0.02 0.19 0.02 0.08 0.68
Hyperoche
medusarum 0.02
Hyas & Pagurus
Decapoda larvae 0.00 0.02 0.02 0.00 0.02 0.05 0.03 0.25 0.92
Pandalus borealis 0.02 0.02
Euphausiacea Thysanoessa spp. 1.70 1.03 0.93 0.24 0.05 0.12 0.03 0.37 3.96
Isopoda Bopyridae 0.96 0.77 0.43 0.44 0.30 0.28 0.14 0.29 2.98
Isopoda 0.12 0.11
Other phyla/classes
Appendicularia | Fritillaria borealis 205.33 218.76 57.35 12.19 16.77 11.26 5.07 0.19 5.96
Oikopleura spp. 129.67 441.77 93.50 41.30 21.66 14.84 14.57 3.60 47.66
Bivalvia Bivalvia larvae 3.73 57.67 1.94 137.39 69.99 64.71 40.72 7.75 57.43
Bryozoa Bryozoa larvae 0.98 0.26 0.08 0.13 0.13 0.20
Chaetognatha Parasagitta elegans 0.52 4.46 1.12 10.25 6.97 5.78 10.05 7.60 17.26
Eukrohnia hamata 29.65 4,51 4.37 1.66 1.47 0.45 0.20 1.96
Cirripedia Cirripedia nauplii 1.35 0.07 0.88 0.64 0.94 0.84 1.06
Ctenophora Mertensia ovum 0.26
Echinodermata | Echinodermata larvae 9.05 259.04 17.38 119.58 42.99 10.65 15.73 223 402.63
Gastropoda Clione limacina 2.06 0.54 1.35 0.20 42,57 1.91
Limacina helicina 45.54 87.93 19.22 191.76 104.36 32.82 31.71 26.29 203.95
Limacina retroversa 0.88 0.26 0.55
Bougainvillia
Hydrozoa superciliaris 0.02
Aglantha digitale 0.27 0.30 0.07 0.61 0.58 0.20 0.02
(Continued)
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TABLE 1B Continued

Station V6 V12 V10

Date (2017) 1 Aug. 1 Aug.

Depth (m) 200-0 200-0 200-0

Ostracoda Ostracoda ‘ 2.92 0.41

Polychaeta Polychaeta larvae 0.76 0.90

1 Aug.

0.87 ‘

10.3389/fmars.2023.1161912

Kb0 Kb1 Kb2 Kb3 Kb4 Kb5

31 July

31 July  30July 30July 29 July 27 July

200-0 200-0 200-0 200-0 100-0 50-0

(ind.m3) (ind.m3) (ind.m3) (ind.m>) (ind.m3) (@ind.m3) (ind.m3) (ind.m3) (ind.m>)

1.22 0.62 ‘ 0.69

0.26 ‘ 0.09 191

Hydrozoa medusae: Botrynema ellinorae, Bougainvillia superciliaris, Siphonophora: Dimophyes arctica.

Polychaeta larvae: Myrianida sp. (formerly Autolytus sp.), Pelagobia sp., Typhloscolecidae.

Decapoda zoea & megalopa: Pagurus (c.f. P. pubescens) zoea & megalopa, Hyas (c.f. H. araneus) megalopa, Pandalus borealis zoea.

Depth range has been limited to 200 m or the bottom of the fjord.

further out in the fjord (2700 ind. m™ at station Kb0). A similar
pattern can be seen for 2017, although the abundance was much
lower (Supplementary Figure S1D). Echinodermata larvae were less
abundant with high values in the glacial bay (130-400 ind. m) both
years, and also highest abundance (260 ind. m™) outside
Kongsfjorden on the shelf (station. V12) in 2017.

Other zooplankton were mainly represented by the pteropod
Limacina helicina, the appendicularian Oikopleura spp. and the
chaetognath Parasagitta elegans (Tables 1A, B; Supplementary
Figure S1E). Particularly L. helicina was abundant as veligers in
the inner fjord basin (2300 ind. m™ at Kb5) and also in the outer
reaches of Kongsfjorden and Kongsfjordrenna (1400 ind. m™) in
2016. In 2017, the abundance of L. helicina was generally low (<90
ind. m™), except for at the inner fjord basin and outer fjord, also for
veligers (200 ind. m™). Oikopleura spp. were only occasionally
abundant at single stations (e.g., 440 ind. m™ at V12 in 2017;
Table 2A). Parasagitta elegans was generally not abundant, but with
some elevated abundance (17-43 ind. m™) at the inner station in
both years, and lower abundance (10 ind. m™) in the outer part of
the fjord in 2017. Because of its size, however, its contribution to
biomass at the inner basin (Kb5) was relatively large. Less abundant
species included Clione limacina, Themisto spp., Thysanoessa spp.,
and Meganyctiphanes norvegica, but because of their large size, their
contribution to biomass could be considerable (Supplementary
Figure S1E).

The inner fjord basin and glacial bays near the tidewater glaciers
were subject to the most intensive sampling both years. The
abundance of both Calanus finmarchicus and C. glacialis was high
both near the glacial front and further out into the inner fjord basin
(Table 2B; Supplementary Figure S2A). However, C. hyperboreus
was mainly present at low abundance away from the glacial front.
Of other large copepods, the abundance of small copepods in 2016
was generally high, particularly of Oithona similis and
Pseudocalanus spp. (Table 2B; Supplementary Figure S2B). The
abundance and biomass were variable, but with similarly high
values close to the glacial front and further out into the inner
basin. Copepoda nauplii also showed variable abundance, with
highest densities in the outer part of the glacial bays. Metridia
longa was abundant at the glacial front as well as further out in the
glacial bay, but lower in the central part of the inner fjord basin
(Supplementary Figure S2C). Meroplankton, represented by
Bivalvia and Echinodermata, was abundant in the glacial bay and
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further out in the fjord basin, but nearly absent at the glacial front
(Supplementary Figure S2D). Bivalvia constituted most of the
biomass. Limacina helicina showed a similar distribution pattern,
with highest abundance away from the glaciers (Supplementary
Figure S2E). Other taxa, such as amphipods (e.g., Themisto spp.),
were more abundant close to the glacial front.

In 2017, the three Calanus species. were homogenously
distributed within the glacial bays, with C. finmarchicus and C.
glacialis as the most abundant species. Calanus glacialis was more
abundant in the glacial front areas than in the outer and central
locations, although this was less apparent for biomass (Table 2A;
Supplementary Figure S3A). As in 2016, small copepods were
omnipresent in 2017, but with no clear pattern regarding the
location in glacial bays or distances from the glacial front
(Table 2A; Supplementary Figure S3B). As before, the biomass
followed the abundance values of these small copepods, with larger
contribution of Pseudocalanus spp. Other large copepods, such as
Metridia longa, were also more abundant and with higher biomass
in the glacial front areas of Kronebreen than further out in the
glacial bays and the central part of the inner fjord basin
(Supplementary Figure S3C). However, Paraeuchaeta spp. were
only found in the middle glacial bay and were not present at the
fronts. The meroplankton was variable, with high abundance of
Bivalvia at the Conwaybreen front and high abundance of
Echinodermata at the Kronebreen front (Supplementary
Figure S3D). The biomasses showed the same split for Bivalvia
and Echinodermata, but within each location the taxa were more
evenly distributed from bay to the glacial front. Other
meroplankton, such as polychaetes and gastropod veligers, were
occasionally abundant in the glacial bays, with polychaetes
contributing with the largest biomass (Supplementary
Figure S3D). Limacina helicina and Parasagitta elegans were
rather evenly distributed within the glacial bays, with L. helicina
as the most abundant species contributing largely to the biomass at
the glacial front of Kronebreen (Supplementary Figure S3E).
Because of their larger sizes, Parasagitta elegans and other taxa
contributed most to the biomasses at the glacial fronts
(Supplementary Figure S3E).

In the close vicinity of the glacial front, zooplankton abundance
was variable between years (Tables 2A, B). In 2016, the abundance of
zooplankton was generally lower close to the glacial front than further
out in the glacial bay and in the central basin. The opposite was true
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Principal component analysis of Hellinger transformed zooplankton biomass in Kongsfjorden. (A) Main species contributing to variation in biomass.
Grey crosses indicate stations and green contour lines distance from the closest glacier front. Envelopes for (B) gear, (C) year and (D) zone in the
fjord. Colours refer to the variable. (E) LOESS averages of biomass of most contributing species in (A) related to distance from the closest glacier
front. Grey lines give approximate locations in Kongsfjorden. Both axes are logarithmic.

for 2017, when there were higher abundances inside the plume close
to the glacial front, particularly for Calanus finmarchicus, C. glacialis,
Metridia longa and Pseudocalanus spp. The abundance was higher
outside of Kronebreen/Kongsvegen and lower outside Conwaybreen/
Kongsbreen in 2017. Close to the surface, based on the surface net
tow performed close to the glacial front of Kongsbreen, the
zooplankton abundance was, nonetheless, not higher than the
average for the water column within the plume (Table 2A). It also
needs to be remembered that the mean abundance values (ind. m™)
for the glacial bay stations are based on sampling within shallower
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depths (40-60 m) than for the mid-fjord stations (upper 200 m).
Abundances expressed as ind. m™ (Circle plots in Supplementary
Figures S1-83; Supplementary Tables S1, S2) show that some dilution
effects are apparent for the deeper samples. Biomass values (mg m™)
tend upgrade large organisms such as Calanus spp., chaetognaths and
other large zooplankton, and downplay smaller forms, such as
cyclopoid and harpacticoid copepods, and meroplankton
(Supplementary Tables S3, S4).

Neutral Red staining, applied to samples in 2016, showed that
most zooplankton were alive both inside and outside the plume
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TABLE 2A Zooplankton abundance (ind. m™) in the inner central basin and glacial bay near Kronebreen, early August 2016.

Area (2016) Central Kronebreen-outer Kronebreen-front

Replicates n=2 n=1 n=38

Depth

Copepoda
Calanoida Calanus finmarchicus 465.75 + 21.50 697.00 257.50 + 151.52
Calanus glacialis 159.68 + 101.99 143.16 148.22 + 117.59
Calanus hyperboreus 2.45 + 0.75 5.40
Metridia longa 3.63 + 3.01 25.05 132.56 + 119.81
Microcalanus spp. 44.97 + 5.54 116.09 44.02 + 48.33
Pseudocalanus spp. 315.04 + 23.70 564.35 185.41 + 92.35
Paraeuchaeta spp. 0.99
Other Calanoida 8.27 * 0.67 30.54 0.89 + 1.34
Cyclopoida Oithona similis 652.51 + 115.73 1441.26 400.78 + 407.44
Triconia borealis 10.83 + 2.93 43.72 7.59 + 16.27
Other Cyclopoida 2.25 + 0.22 6.30
Harpacticoida Harpacticoida 1.96 + 0.27 1.67
Copepoda nauplii 63.45 + 8.14 260.91
Malacostraca
Amphipoda Themisto abyssorum 4.10 + 4.60 6.44 5.77 + 5.86
Themisto libellula 0.26 + 0.37 0.91 0.22 + 0.53
Decapoda Pandalus borealis 0.03 + 0.04 0.00 + 0.01
Euphausiacea Thysanoessa spp. 0.75 + 0.20 1.75 0.69 + 0.56
Isopoda Bopyridae 1.52 + 0.56 2.33
Isopoda 0.59 + 0.83
Other phyla/classes
Appendicularia Fritillaria borealis 1.52 + 1.70 35.92
Oikopleura spp. 1.55 + 2.19 29.23
Bivalvia Bivalvia larvae 563.41 + 228.47 1658.89 3.20 + 6.80
Bryozoa Bryozoa larvae 2.06
Chaetognatha Parasagitta elegans 4.56 + 0.32 10.72
Eukrohnia hamata 0.69 + 0.08 5.53 18.93 + 18.49
Ctenophora Mertensia ovum 0.04 + 0.06 0.31
Beroe cucumis
Cirripedia Cirripedia nauplii 2.15 + 0.80 1.67
Echinodermata Echinodermata larvae 21.15 * 6.59 128.77
Gastropoda Limacina helicina 430.61 + 175.72 2277.20
Hydrozoa Hydrozoa larvae 0.66
(Continued)

Frontiers in Marine Science 20 frontiersin.org


https://doi.org/10.3389/fmars.2023.1161912
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hop et al.

TABLE 2A Continued

Area (2016) Central

Replicates n=2

Depth (m)

10.3389/fmars.2023.1161912

Kronebreen-outer Kronebreen-front

n=1 n=8

Aglantha digitale 0.69
Ostracoda Ostracoda indet. ‘ 0.51 * 0.19 ‘ 0.99 3.13 + 8.84
Polychaeta Polychaeta larvae ‘ 0.53 * 0.31 ‘ 5.35

Lacking data of Copepoda nauplii from Kronebreen front in 2016 are due to taxonomic reporting.

(Figure 6). Only a small percentage (< 5%) of dead zooplankton was
recorded inside the plume, and none outside. WP-2 catches
consisted mainly of Calanus copepods. Calanus glacialis
comprised the bulk of biomass both in WP-2 and WP-3 nets,
seconded by C. finmarchicus and M. longa. Of other zooplankton,
chaetognaths and Themisto spp. contributed with largest biomasses
in both nets.

The composition of dead zooplankton was dominated by
Calanus copepods and chaetognaths, whereas amphipods
Themisto spp. and Onisimus litoralis, krill Thysanoessa spp., and
shrimp Pandalus borealis were less aftected (Figure 7). Of copepods,
Calanus finmarchicus was more abundant than C. glacialis in the
dead zooplankton fraction. Dead zooplankton concentrations were
up to 6 mg DM m™ in front of Kronebreen, but typically outside the
centre of the plume, which had the lowest salinity (Figures 8A, B).
The salinity in the upper meter was brackish, but never<30 in the
upper meter (Figure 8B). In surface samples taken with a bucket in
2017, the salinity varied between 22.0 and 30.3.

Three probable distinct isotopic niches were identified using
our Bayesian inference approach. We classified these as the glacial
bay, mid-fjord and shelf isotopic niche communities (Figure 9). The
glacial bay community showed the widest isotopic niche suggesting
a wider source of primary carbon sources to zooplankton compared
to the other niches and a different scenopoetic environment. The
composition of zooplankton and fish in our samples were also
different (Supplementary Table S5).

Benthic scavengers, Onisimus caricus and Anonyx nugax,
caught in baited traps were present and relatively abundant at
and near the brown plume with daily catches of 10 animals per trap
(Figure 10). However, the highest abundance was further out in the
glacial bay, with up to 50 animals per trap per day, with 75% share
of Anonyx spp. and 25% or less O. caricus.

Discussion

We found that zooplankton mortality in the “death trap”,
indicated by Weslawski and Legezynska (1998), was not high as
measured by neutral red staining of dead zooplankton. Thus, the
studied glacial run offs did not appear to induce high zooplankton
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mortality, at least based on our snapshot-observations.
Zooplankton is supposedly killed or stunned by osmotic shock,
but our transect towards the glacier did not indicate very low
salinity levels at the surface, certainly not at the brackish levels
(salinity 9) used in experiments by Zajaczkowski and Legezynska
(2001). The surface water salinity we observed in the glacial bay in
front of Kronebreen was 30-33 in the upper 5 m, which is similar to
seal-collected CTD data from the terminus of Kronebreen (Everett
et al,, 2018). Thus, the salinity near the surface in the inner glacial
bay was not close to that causing zooplankton mortality in low-
salinity experiments (Zajaczkowski and Legezynska, 2001), and the
duration of exposure to fresher water deeper in the plume was likely
short. The study by Everett et al. (2018) suggests continued mixing
of glacial discharge water with ocean water between 40 and 0 m,
which brings the water at the surface back to near-marine salinity
conditions. The mixing during summer with dispersion of salinity is
further elaborated by Torsvik et al. (2019). The prevailing down-
fjord katabatic winds enhance this vertical mixing of the glacier
discharge and fjord waters near the glacier front and contribute to
the outflow of fresher surface water along the northern shore.

Seasonally, the mortality of zooplankton is much greater during
the winter than in summer, when our study was conducted. Even if
non-consumptive mortality in zooplankton is rarely reported, a few
studies have detected high percentages of dead zooplankton in
samples from the winter season. Daase et al. (2014) caught
zooplankton in the southern Nansen Basin north of Svalbard in
January 2012, of which 94% were dead. A wider study with
seasonal sampling at several locations in Svalbard, found 11-35%
dead copepods during winter, and 2-12% during spring and
summer (Daase and Sereide, 2021). The spring/summer
estimates are comparable to the 0-6% found in this study.
Calanus spp. contributed most to this mortality, particularly
during winter. Mortality was also observed in smaller
copepods, such as Pseudocalanus spp., Microcalanus spp. and
Oithona similis, whereas other zooplankton contributed little.
Daase and Sereide (2021) did not sample close to glacier fronts
and could not link mortality to osmotic shock. They
rather suggested that insufficient energy stores to sustain
activities throughout winter contributed mostly to the non-
consumptive mortality.
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TABLE 2B Zooplankton abundance (ind. m™) in the inner central basin and glacial bays, late July 2017.

Area (2017)
Central Kronebreen-mid Kronebreen-front Kongsbreen North Conway-middle Kronebreen (surface)

Replicates n=14 n=4 n=5 n=4

Depth 57-0 52-0 34-0 1-0

(ind. m™) (ind. m?)

Copepoda
Calanoida Calanus finmarchicus 247.72 + 63.13 952.81 + 361.75 935.94 + 284.68 1211.78 + 403.22 351.13 + 206.11 590.89 + 120.35 988.72 + 477.68 166.3 + 120.8
Calanus glacialis 25.95 + 4.01 67.66 + 38.32 61.13 + 34.46 112.07 + 43.41 39.58 + 21.56 27.47 + 24.68 93.58 + 66.43 59 + 6.9
Calanus hyperboreus 2.30 + 0.24 6.70 + 3.50 8.78 + 8.58 5.55 + 327 2.56 + 1.66 4.70 + 527 2.03 + 1.49 1.0 + 12
Metridia longa 1.26 + 131 4.42 + 534 4.69 + 279 6.56 + 2.85 1.09 + 0.85 1.32 + 0.70 221 + 1.46 1.1 + 12
Microcalanus spp. 18.29 + 131 19.57 + 9.79 23.26 + 19.17 42.94 + 13.79 29.45 + 26.68 17.70 + 13.60 17.38 + 11.46 0.8 + 14
Pseudocalanus acuspes 11.28 + 0.29 25.25 + 14.83 35.44 + 14.69 71.15 + 57.41 12.15 + 6.24 13.42 + 8.01 15.77 + 4.97
Pseudocalanus minutus 13.39 + 2.70 6.41 + 3.57 11.62 + 21.75 74.24 + 59.51 14.47 + 7.27 15.22 + 6.14 18.30 + 6.22
Pseudocalanus spp. 141.20 + 59.51 404.27 + 144.53 476.91 + 190.37 805.24 + 511.99 145.00 + 155.70 178.45 + 81.86 210.14 + 117.00 717 + 534
Other Calanoida 0.00 + 0.00 5.43 + 0.93 6.63 + 1.04 4.48 + 0.57 8.06 + 0.79 20.85 + 3.72 11.28 + 127 0.5 + 0.4
Cyclopoida Oithona similis 3159.45 + 1037.60 5937.70 + 2110.46 4218.03 + 1928.65 4489.79 + 2039.91 312248 + 3666.88 2830.42 + 900.27 1465.92 + 906.51 110.4 + 1159
Triconia borealis 15.50 + 3.87 64.24 + 21.68 76.82 + 50.66 98.37 + 31.29 20.68 + 11.75 21.83 + 11.22 8.54 + 10.06 13 + 15
Other Cyclopoida 8.05 + 1.07 27.86 + 4.73 353.29 + 427.20 8.74 + 2.39 11.62 + 5.23 7.88 + 2.26 7.59 + 1.81 2.7 + 24
Harpacticoida Harpacticoida 1.01 + 0.57 2.50 + 118 4.55 + 4.17 4.55 + 2.33 4.26 + 4.16 712 + 2.68 791 + 3.02
Copepoda nauplii 11.35 + 12.16 59.47 + 41.86 73.47 + 47.90 64.95 + 17.68 16.99 + 19.52 52.46 + 43.31 18.67 + 14.62 0.3 + 0.5
Malacostraca
Amphipoda Themisto abyssorum 3.86 + 4.93 1.20 + 0.98 111 + 0.46 2.19 + 0.48 0.43 + 0.25 0.64 + 0.41 0.06 + 0.05 0.4 + 0.4
Themisto libellula 0.85 + 1.20 0.70 + 0.42 0.61 + 0.33 1.46 + 0.98 0.05 + 0.10 0.28 + 0.00 0.09 + 0.09 0.01 + 0.0
Amphipoda indet. 0.13 + | 041 0.02 + 0.04
Decapoda Hyas & Pagurus larvae 0.32 + 0.17 0.35 + 0.17 0.28 + 0.12 0.86 + 0.11 0.21 + 0.06 0.27 + 0.06 0.09 + 0.08 0.05 + 0.1
Pandalus borealis 0.01 + 0.02 0.09 + 0.11 0.16 + 0.25 0.04 + 0.03 0.02 + 0.03 0.01 + 0.01
Euphausiacea Thysanoessa spp. 1.25 + 0.32 3.04 + 0.74 1.09 + | 015 3.56 + 1.15 0.32 + 0.10 0.94 + 0.13 231 + 0.76 0.02 + 0.0
Isopoda Bopyridae indet. 0.53 + 0.05 1.44 + 1.03 1.35 + 122 1.00 + 0.53 0.92 + 0.74 0.90 + 0.84 0.63 + 0.54 0.3 + 0.5
Isopoda indet. 0.42 + 0.60 0.29 + 0.45 0.00 + 0.00 0.34 + 0.37 0.15 + 0.21
(Continued)
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TABLE 2B Continued

Area (2017)

Replicates

Depth (m)

Other phyla/classes

Central

Kronebreen- Kronebreen-mid Kronebreen-front

n=14

57-0

(ind. m?3)

Kongsbreen North

Conway-middle

Kronebreen (surface)

Appendicularia Fritillaria borealis 0.92 + 0.37 9.29 + 9.75 7.10 + 6.72 113 + 2.26 5.06 + 10.84 3.12 + 2.37 0.63 + 0.55
Oikopleura spp. 0.66 + 0.93 19.58 + 17.35 5.40 + 5.38 2.05 + 242 5.12 + 3.97 717 + 5.80 1.90 + 3.29 0.1 + 0.2
Bivalvia Bivalvia larvae 41.52 + 37.75 79.69 + 70.70 54.43 + 33.96 37.18 + 35.34 252.99 + 437.62 555.56 + 413.47 536.73 + 388.44 0.7 + 0.9
Bryozoa Bryozoa larvae 0.09 + 0.24 0.87 + 1.74 0.68 + 1.21 1.36 + 2.35
Chaetognatha Parasagitta elegans 11.66 + 10.39 7.42 + 2.81 9.62 + 4.18 6.46 + 4.14 117 + 1.02 1.30 + 113 4.54 + 2.93 12 + 0.7
Eukrohnia hamata 0.09 + 0.13 1.53 + 2.68 0.16 + 0.33 0.005 + 0.01
Ctenophora Mertensia ovum 0.05 + 0.07 0.10 + 0.11 0.23 + 0.18 0.39 + 0.22 0.01 + 0.02 0.02 + 0.02
Beroe cucumis 0.05 + 0.11 0.21 + 0.50 0.03 + 0.06 0.06 + 0.07 0.03 + 0.05
Cirripedia Cirripedia nauplii 0.28 + 0.40 0.29 + 0.78 119 + 1.63 1.37 + 2.75 1.07 + 0.79 0.48 + 0.68 0.1 + 0.2
Echinodermata Echinodermata larvae 4252 | £ 33.96 24524 |+ 107.64 615.21 + | 675.56 967.45 + 156.90 1180 = | 7.28 736 @+ 5.59 0.32 + | 055 218+ | 280
Gastropoda Clione limacina 12.13 + 29.42 0.61 + | 090 1.82 + 2.75 0.67 + 0.36 1.76 + 2.01 0.95 + 1.65 0.1 + 0.1
Gastropoda indet. 0.08 + 0.12 0.66 + 1.15 6.55 + 16.02
Limacina helicina 24.62 + 13.98 148.99 + 61.39 259.23 + 429.72 103.24 + 105.42 21.56 + 12.14 50.08 + 31.82 31.27 + 14.95 4.8 + 6.7
Hydrozoa Hydrozoa indet. 0.00 + 0.00 0.32 + | 073
Aglantha digitale 0.04 + 0.05 0.13 + 0.34 0.04 + 0.15 0.02 + 0.03 0.62 + 0.52 0.03 + 0.05 0.01 + 0.01
Ostracoda Ostracoda indet. 0.07 + 0.19 0.11 + 0.28 0.13 + 0.25 0.40 + 0.86 0.1 + 0.1
Polychaeta Polychaeta larvae 0.91 + 1.29 1.50 + 2.06 48.62 + 170.71 2.50 + 4.62 0.95 + 0.64 10.67 + 15.49 0.63 + 0.55 0.1 + 0.2

Zooplankton abundance (ind. m™) by taxa taken at the central part of the inner fjord basin (stations Kb6, Kb7), outer parts of the glacial bays at the transects across the bays (4 km from the glacial front of Kronebreen, 2 km from the glacial front of Conwaybreen), middle
glacial bays (i.e. areas between outer transects and glacial fronts), and glacial fronts at the immediate vicinity (< 100 m) of the glacial front. Sampling was done with Multi Plankton Sampler (MPS), WP-2 net, and Surface net. Glaciers are Kronebreen, Kongsbreen North, and

Conwaybreen.
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FIGURE 6

Biomass of alive and dead zooplankton sampled inside and outside the glacial plume from helicopter in July 2016 with WP-2 and WP-3 net.

Abundance and biomass of zooplankton generally increased in the
inner fjord basin compared to most transect stations in middle and
outer fjord. This particularly applied to Arctic species, such as
Calanus glacialis and Limacina helicina, but also older life stages of
Atlantic species, which showed high biomass in the basin and
glacial bay. This is in line with previous work by Kwasniewski
et al. (2003), who related the abundance and biomass to stage
development of Calanus spp. and fjord circulation patterns. Some of
the zooplankton species, such as C. finmarchicus and Limacina
helicina, showed large variations between years, which may be
reflected in their 2-year life cycles (Kwasniewski et al., 2003;
Gannefors et al., 2005) or related to annual differences in water-
mass advection to Kongsfjorden (Tverberg et al., 2019).
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FIGURE 7

Composition of dead zooplankton as mean percentage (+SE).
Numbers above bars are frequency of occurrence of a given group
in all helicopter samples from early August 2016.
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We suggest that advection is the dominant process for the
observed pattern in zooplankton distribution. The sampling in 2016
and 2017 indicates similar spatial variations in zooplankton
distribution, within the circulation pattern and upwelling of
“deep” waters with high zooplankton abundance of older stages
between the 20 m deep sill before the inner fjord basin and the 50 m
deep sill before the glacial front. The largest zooplankton
concentrations of C. finmarchicus in 2016 were recorded 1-3 km
away from the glacial front, in the inner fjord basin (at Kb5),
whereas in 2017 this species was more evenly distributed in the
glacial bay. Calanus glacialis showed the opposite pattern in 2017
and was most concentrated close to the glacial front and in the bay
near the glacier, but with lower concentrations in the inner fjord
basin. The annual hydrographic conditions in Kongsfjorden seemed
rather similar for 2016 and 2017, both on an increasing trend of
temperature (0.13°C y'l; Feldner et al,, 2022). Thus, the years of
sampling were not extremely warm or cold with resulting influence
on the composition of Atlantic vs. Arctic zooplankton.

The younger zooplankton stages are mostly associated with
surface waters and may have originated on the shelf outside the
fjord. They are advected in surface and subsurface waters into the
fjord and subsequently into the inner fjord basin as they develop
(Basedow et al., 2004; Willis et al., 2006). Thus, a combination of
ontogenetic growth and advection result in increased abundances of
older stages (CIV-CV) and adult females in the inner basin. The
oldest copepodid stages (CV) of C. glacialis were mostly deep in the
inner basin whereas C. finmarchicus stages were more evenly
distributed in the water column (Basedow et al., 2004). The
advection of C. finmarchicus is higher than C. glacialis, which
may be more locally produced (Basedow et al, 2004). By
descending the zooplankton prevent being transported out of the
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FIGURE 8

Interpolated distribution of (A) dead zooplankton (dry mass, mg m~3), (B) salinity in the upper meter of the water column in front of Kronebreen, 1-3

August, 2016. The easternmost point marks the centre of the plume.

inner basin by the outgoing surface currents. Also, descending,
especially in late summer by older, wintering life stages, may be a
way to avoid increasing water temperature (Kosobokova, 1999;
Kwasniewski et al., 2003). The entrance to the inner basin is mainly
along the southern shore, whereas the exit is along the northern side
of the glacial bay where subglacial discharges release freshwater and
sediments in front of the tidewater glaciers (Halbach et al., 2019)
and this flow continues further out into the fjord basin and the
transitional zone of the main fjord (Hop et al., 2002).

The abundance and biomass of the zooplankton in the glacial
bays may also be a consequence of the glacial run-off, which
contributes nutrients to the inner glacial bays (Halbach et al,
2019). The seasonal run-off from glaciers, with associated
nutrients, are expected to fuel the summer blooms of mixed
communities, involving diatoms, the prymnesiophyte Phaeocystis
pouchetii and particularly smaller flagellates (Piwosz et al., 2009;
Calleja et al.,, 2017; Halbach et al,, 2019; Assmy et al., 2023). Some
studies have documented massive blooms near the glacier front, in
the inner basin, prior to the main run-off season in spring (Calleja
et al., 2017), whereas others have documented later blooms in the
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middle or outer fjord (Hegseth and Tverberg, 2013). Where and
when blooms are occurring are important for feeding and
development of zooplankton populations (Daase et al., 2013).

Our stable isotope analysis revealed that the glacial bay houses a
separate and wider isotopic niche than communities outside the sill
to the inner fjord basin. As the isotopic niche is defined by 8'°N and
8'3C, this does imply different primary carbon and nitrogen sources
for this zooplankton community (Santos-Garcia et al., 2023). It is
unknown to us at present if the community of zooplankton and fish
represents a different trophic niche as isotopic niche is not
necessarily correlated to the trophic niche (Jackson et al.,, 2011).
More extensive sampling for stable isotopes than what was possible
within the time frame of our study could help better interpreting
such results. Thus, further work on the trophic structure of the
glacial bays vs. the main parts of the fjord is required.

The physics of subglacial plumes with impact on fjord
circulation is well established (e.g. Everett et al, 2018), and the
entrainment of ambient water with subsequent transport of
zooplankton to the surface is likely a direct consequence of these
plumes. The glacial plumes in front of tidal glaciers are highly

frontiersin.org


https://doi.org/10.3389/fmars.2023.1161912
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hop et al.

Standard Ellipse Area (%%)
w
|

4
ooq

. O

Glacial inner bay Mid-fjord Shelf

FIGURE 9

Isotopic niche width based on analyses with Bayesian inference.
Shaded boxes represent the 25%, 75% and 95% confidence intervals
(from dark to light grey) and black dots represent centre of mass of
each community centroid. Isotope scatter plot of the raw data
overlaid with ellipses the Bayesian Standard Eclipse Area for each
community group (glacial bay, mid-fjord and shelf) is in
Supplementary Figure S2.

buoyant, raising to the surface while entraining ambient water and
its organisms (Cowton et al., 2015). This “elevator effect”, combined
with advection of later-stage zooplankton to the inner fjord basin,
supports the potential increasing importance of the glacial plume
and glacial bay as “climate refugia” for foraging seabirds. Some
marine mammals, particularly ringed seals and white whales that
forage close to glacial fronts, may also benefit from this effect
(Lydersen et al., 2001; Everett et al, 2018). The direct evidence
for this in our study was the higher biomass of zooplankton,
particularly of Calanus spp. and Themisto spp., inside the plume
near Kronebreen glacier in 2017.

With the “elevator effect” even a low mortality of zooplankton
can become substantial when multiplied by daily entrainment rates
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during 100 days of melt season. The mortality rate can be estimated
as follows:

M =W * E * 0.05, where M is the mortality rate in mg DM d'/,
W is the total zooplankton biomass concentration at the
Kronebreen front in mg DM m™, E is the entrainment rate in m’
d* and 0.05 the measured fraction of dead zooplankton. We used a
plume entrainment rate from late July 2017 of 33x10° m® day ™’
reported in Halbach et al. (2019).

Extrapolated over the 100-day melt season, this amounts to 21.3
tonnes of dead zooplankton DM or 12.8 tonnes of carbon based on
conversion factors in Postel et al. (2000). Our estimate is similar to
the 85 tonnes of dead zooplankton wet weight, equivalent to 10.2
tonnes carbon, estimated by Zajaczkowski and Legezynska (2001).
Thus, the carbon input to the glacial bay in Kongsfjorden because of
the seasonal “elevator effect” is likely substantial.

In addition, the glacial “elevator effect” brings the zooplankton
to the surface in turbid waters, where they can be easily picked up by
surface-feeding predators. Pelagic fishes are also present in the
glacial plumes, since polar cod were caught in the plankton nets
during helicopter sampling (Appendix Table S5). Predation of
zooplankton by seabirds, particularly black-legged kittiwakes,
northern fulmars and Arctic terns, can be substantial, and
sometimes large aggregations of these seabirds are observed
foraging in front of tidewater glaciers (Lydersen et al., 2014;
Bertrand et al., 2021a). However, the availability of food in glacial
bays is variable and dependent on the glacial outflow (Everett et al.,
2018). There is not necessarily more food in the entire water body
for the birds in the glacial bays, but it is periodically brought to the
surface and thus readily available to large aggregations of surface-
feeding birds foraging at the same time.

The surface-feeding seabirds prey on a variety of zooplankton as
well as fish. In glacial bays with turbid water, they can only see prey
that are brought to the surface and movements of live prey in murky
water would presumably enhance foraging activity. Indeed, turbid
waters can have a detrimental effect on surface feeding seabirds. An
unusual bloom of the coccolithophore Emiliania huxleyi that turned
waters into milky colour caused mass mortality in short-tailed
shearwaters in Bering Strait in 1997 (Baduini et al., 2001). Black-
legged kittiwakes often feed in flocks on organisms close to the
water surface, where they feed on both invertebrates and fish
(Vihtakari et al., 2018). Stomach samples may contain
amphipods, euphausiids, polychaetes and polar cod or other
pelagic fishes (Mehlum and Gabrielsen, 1993; Vihtakari et al,
2018). Northern fulmars also aggregate to feed on a variety of
zooplankton, including amphipods, krill, copepods and pteropods,
and also fish, squid and jellyfish (Hartley and Fisher, 1936;
Camphuysen, 1993). They generally feed close to the surface, but
can dive to a few metres to obtain fish they see from the surface
(Hobson and Welch, 1992). Arctic terns are also surface feeders and
often seen picking prey near glacial fronts. In Svalbard they feed on
both crustaceans and fish, generally in shallow waters along the
shore (Anker-Nilssen et al., 2000). Large aggregations of the black
guillemot, which is a diving seabird, have also been observed in the
inner glacial area of Kongsfjorden (Varpe and Gabrielsen, 2022).
They mostly feed on fish, but amphipods and euphausiids can be an
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Amphipods caught in baited traps in the glacial bay in front of Kronebreen,

2017. Pie size indicates catch per unit of effort (CPUE as ind. per trap

day), and the colours in pies indicate shares of different scavengers in the unit catch, their relative abundance.

important part of the diet in coastal areas (Mehlum and
Gabrielsen, 1993).

If not preyed upon by seabirds and marine mammals,
zooplankton and organic matter from seabird feeding activities,
including prey damage, regurgitates, and faecal matter, will sink to
the bottom, where they are utilized by benthic necrophagic amphipods
and other soft-bottom fauna (Legezynska et al., 2000; Legezynska,
2001). This is supported by the relatively high abundances of the
benthic scavenging amphipods Onisimus caricus and Anonyx nugax in
the glacial bay. These amphipods likely represent a food source for
diving seals, e.g. ringed seals (Labansen et al., 2007).

With “climate warming”, we suggest that while the front of
tidewater glaciers may not be a “biological hotspot”, its importance
lies in advection and “elevator effect” of prey to foraging seabirds,
which sometimes may be very efficient. In that context, they do
represent potentially important “climate refugia” for zooplankton-
dependant food webs, especially with regard to surface feeders.

Conclusions and outlook

In conclusion our study provided evidence that glacial plumes
may be important as “climate refugia” for prey availability due to
the continuous “elevator effect” of supplying near-surface
zooplankton to foraging seabirds during the glacial meltwater
season. Even though the zooplankton “death trap” by osmotic
shock was rather inefficient, causing <5% direct mortality, the
“elevator effect” during 100 days was substantial with 12.8 tonnes
of zooplankton carbon, which was similar to the estimate by
Zajaczkowski and Legezynska (2001). The zooplankton mortality
associated with the rising plume, glacially-released stored carbon
and seabird feeding activities also support a continuous flux of
organic matter into the glacial bays, supporting benthic scavengers.
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The contradictory results between 2016 and 2017 with higher/lower
values outside/inside the plume near the glacial front and lower
abundances in surface tow net samples suggest that the “elevator” in
the plume is highly variable in space and time. Our data did not
have the spatial and temporal resolution to properly detect the
highly stochastic bursts of subglacial discharges arising at the
surface, even though we observed the surface expressions of these
in plumes from the helicopter. Thus, future studies should aim for
longer sampling campaigns to address the temporal variability in
the glacial discharge and its associated zooplankton concentrations.
Seabirds feed when there is food to eat, otherwise they fly to other
“hotspots” for feeding in the fjord system or on the shelf. A key
question that remains is whether the carbon flux in glacial plumes
with the associated supply of zooplankton would be sufficient to
maintain a “climate refugium” for foraging seabirds in the future.
Tidewater glaciers are currently retreating because of climate
warming and their enhanced mixing effect on the marine system
becomes reduced once they become land-terminated with
freshwater discharge only at the surface. This climate-related
transition will potentially cause negative eftects on the production
and energy transfer within the marine food web of glacial fjords.
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SUPPLEMENTARY FIGURE 1

Abundance and biomass (mean, + SD) of zooplankton in the upper 200 m
along transect from the shelf break (V6) to inner basin (Kb5) in 2016 (upper
panel) and 2017 (lower panel). (A) Calanus spp., (B) Small copepods, (C) Other
large copepods, (D) Meroplankton, (E) Other zooplankton taxa. Note different
scales on y-axes for abundance (ind. m™) and biomass (mg m™®). Circle plots
show locations of samples with abundance as ind. m™. Values of abundance
and biomass are in Tables 1A, B and Supplementary Tables.

SUPPLEMENTARY FIGURE 2

Abundance and biomass (mean, +SD) of zooplankton at stations sampled in
the inner basin and glacial bay of Kongsfjorden, early August 2016. (A) Calanus
spp., (B) Small copepods, (C) Other large copepods, (D) Meroplankton, (E)
Other zooplankton. Note different scales on y-axes for abundance (ind. m™)
and biomass (mg m™). Circle plots show locations of samples with
abundance as ind. m™. Values of abundance and biomass are in Tables 2A,
B and Supplementary Tables.
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Abundance and biomass (mean, +SD) of zooplankton at stations sampled in
the inner basin and glacial bays of Kongsfjorden, late July 2017. (A) Calanus
spp., (B) Small copepods, (C) Other large copepods, (D) Meroplankton, (E)
Other zooplankton. Note different scales on y-axes for abundance (ind. m)
and biomass (mg m™). Circle plots show locations of samples with
abundances as ind. m™. Values of abundance and biomass are in Table 2
and Supplementary Tables.
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SUPPLEMENTARY FIGURE 5

Isotope scatter plot of the raw data overlaid with ellipses the Bayesian
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Calanus glacialis/marshallae is a dominant zooplankton species in the Pacific Arctic
Ocean that is widely distributed in shelf areas, and it plays a vital role in connecting
primary production to higher trophic levels. Its phenology is well adapted to
hydrography, but there is little available information about regional and diel
changes in population structure and grazing features. In this study, we
investigated C. glacialis/marshallae during autumn 2019 in the Eastern and
Northeastern Chukchi and Canadian basins to reveal geographic and diel
variations in population structure, body size, grazing activity, and fatty acid
composition. The abundance of C. glacialis/marshallae was found to be high on
the slopes and low on the shelves. Body size (prosome length) was well described by
the Bélehradek equation combined with in-situ temperature throughout the
sampling region. Cluster analyses based on hydrographic parameters were divided
into four regions: southern shelf, northern shelf, slope, and basin. The southern shelf
was dominated by copepodite stage five (C5) transported from the Bering Sea by
Pacific waters. C4 and C5 were dominant on the northern shelf, suggesting that they
grew slower than those on the southern shelf, and the populations also exhibited
higher concentrations of fatty acids originating from dinoflagellates than those
originating from the pan-Arctic Ocean, indicating low productivity in the region.
The population on the slope had the highest abundance, C4 was dominant, and
large amounts of diatom-derived eicosapentaenoic acid (EPA). These features are
attributed to the upwelling of populations and nutrients that support diatom growth.
In the basin, the early copepodite stages of composition were distinctly higher than
those recorded in previous studies, because larger amounts of organisms flow into
the region, resulting in more extended reproduction periods. In the basin, small and
large forms of C5 were simultaneously found, and the small form exhibited a diel
grazing activity pattern, but the large forms did not. These findings suggest their well
adaptation in changing of the Pacific Arctic Ocean.

KEYWORDS

Calanus glacialis/marshallae, Pacific Arctic Ocean, population structure, body size, fatty
acid, gut pigment
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1 Introduction

Calanus Leach, 1816 is the dominant copepod genus in the
zooplankton biomass within the Pacific Arctic Ocean (Kosobokova
and Hirche, 2009). Three Calanus species have been identified in
different areas of the Pacific Arctic Ocean: Calanus hyperboreus in
the basin (Conover, 1988), Calanus glacialis on the shelf
(Kosobokova and Hirche, 2009; Kosobokova and Hopcroft, 2010),
and Calanus marshallae in the southeastern Bering Sea (Frost, 1974;
Vidal and Smith, 1986). Of these, C. hyperboreus has the largest
body size and can be easily distinguished from the other two species.
Calanus glacialis and C. marshallae are morphologically similar and
difficult to distinguish (Frost, 1974), although they have been
distinguished by genetic analysis (haplotype-based on 18S rRNA),
and results have indicated that C. marshallae is transported to the
shelf by the Pacific waters (Nelson et al., 2009; Ashjian et al., 2021).
However, a genetic analysis was not conducted in the current study,
and the C. glacialis/marshallae species complex is therefore referred
to as C. glacialis in this work. Calanus glacialis has two populations
(the Bering Sea and Arctic Basin populations that can also be
distinguished using haplotype analyses (Nelson et al., 2009; Ashjian
et al., 2017; Pinchuk and Eisner, 2017; Ashjian et al., 2021).
Although these populations are believed to be morphologically
indistinguishable, haplotype analysis indicates that the Bering Sea
population is distributed on the Chukchi Sea shelf, and the Arctic
Basin population is distributed north of the Beaufort Sea slope/
Basin (Nelson et al., 2009). In addition, these populations appear to
differ in their copepodid stage composition during the same season
(Ershova et al., 2015; Pinchuk and Eisner, 2017), suggesting that the
life cycles differ between populations.

Calanus glacialis is the dominant biomass species on the shelf of
the Pacific Arctic Ocean (Kosobokova and Hirche, 2009;
Kosobokova and Hopcroft, 2010), and it plays an essential role in
connecting primary production to higher trophic levels in fish,
birds, and mammals (Dickson and Gilchrist, 2002; Bengtson et al.,
2005; Falk-Petersen et al., 2009; Crawford et al., 2012; Choquet
et al., 2018). The population peaks near the shelf border (the shelf
break) and declines sharply in the basin (Kosobokova and Hirche,
2009; Wassmann et al., 2015; Ershova et al., 2021). Calanus glacialis
has a generation length of 1-3 years (Kosobokova, 1999; Ashjian
et al.,, 2003; Falk-Petersen et al., 2009), and it grows from an egg to
C3 and C4 within one year (Scott et al., 2000). The species has
mixed reproductive strategies depending on food conditions
(Plourde et al.,, 2005; Daase et al., 2013): capital breeding (based
on internal energy storage before the onset of the spring bloom) and
income breeding (utilizing ice algal or pelagic blooms) (Varpe et al.,
2009). Due to this flexibility, their reproduction is initiated under
sea ice and continues for one to two months using ice algae and
pelagic phytoplankton blooms (Tourangeau and Runge, 1991;
Campbell et al., 2009; Daase et al., 2013). However, if individuals
reproduce in the late season, they cannot grow to the diapause stage
in a short period (Falk-Petersen et al., 2009; Daase et al., 2013). As
the developmental time between the stages is negatively related to
temperature under sufficient food conditions (Corkett et al., 19865
McLaren et al., 1988), it is acknowledged that the life cycle of this
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species exhibits plasticity in response to environmental conditions
that are reflected in the biological features of the species, such as
body size, grazing activity, and the accumulation of fatty acids.

The body size of copepods varies depending on the temperature
and prey conditions (Digby, 1954; Viitasalo et al., 1995; Kobari
et al., 2003). Low temperatures and high food availability stabilize
the growth of copepods (Vidal, 1980), which increases the body size
(Viitasalo et al., 1995). Geographic variations in the body size of this
species have been reported in the Atlantic sector of the Arctic Ocean
when conducting interspecific comparisons with Calanus
finmarchicus (Kosobokova, 1999; Choquet et al., 2018), but little
information is available for the Pacific Arctic Ocean (Ashjian
et al., 2003).

Calanus glacialis is omnivorous, feeds mainly on diatoms and
dinoflagellates (Soreide et al., 2008; Yeh et al., 2020), and adapts
flexibly to changes in its prey composition (Stevens et al., 2004a;
Banas et al., 2016; Freese et al.,, 2016). With respect to feeding, the
fatty acid composition has been well analyzed, mainly in the
Atlantic sector of the Arctic Ocean (Stevens et al., 2004a; El-
Sabaawi et al., 2009; Falk-Petersen et al., 2009; Trudnowska et al.,
2020). The fatty acid composition of zooplankton varies with diet
(Stevens et al., 2004b). Zooplankton contains unique fatty acids that
are taken up and preserved without chemical changes in the body;
fatty acids can be analyzed to obtain an index of their feeding
records (El-Sabaawi et al., 2009). For example, diatoms are rich in
eicosapentaenoic acid (EPA), and dinoflagellates are rich in
docosahexaenoic acid (DHA; Budge and Parrish, 1998). The gut
pigment is another index of the feeding activity of copepods, and it
is useful for evaluating diel changes in grazing activity (Conover and
Huntley, 1991); however, it has also not been well studied in the
Pacific Arctic Ocean (Matsuno et al., 2015). Therefore, the regional
differences in body size, feeding activity (fatty acid composition),
and diel grazing patterns during autumn remain unknown. In this
study, therefore, we investigated the population structure and
ecological features (body size, feeding activity, and fatty acid
composition) of C. glacialis to assess its current state in the
changing Arctic Ocean.

2 Materials and methods
2.1 Field survey and onboard analysis

Zooplankton sampling was conducted via the R/V Mirai in the
Pacific Arctic Ocean (66.50-78.04°N, 145.00-168.75°W) from
October 8 to 27, 2019. Zooplankton samples were collected using
vertical tows and a ring net (mouth diameter: 80 cm, mesh size: 335
pum) and a quad-NORPAC (North Pacific) net (mouth diameter: 45
cm, mesh sizes: 150 pm and 63 pm; Hama et al., 2019) at 10 m above
the bottom or 150 m to the surface at 40 stations (Figure 1;
Supplementary Table 1). The volume of the water filtered through
the NORPAC net with the 150-um mesh was estimated using a one-
way flow meter (Rigosha CO., Ltd., Bunkyo-ku, Tokyo, Japan)
mounted in the mouth of the net for quantitative collection of all
copepodite stages in C. glacialis. Temperature, salinity, dissolved
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Location of sampling stations in the Pacific sector of the Arctic Ocean. Solid circles indicate where NORPAC net (150-pum mesh) sampling of
Calanus glacialis/marshallae occurred in October 2019. The currents were adapted from Grebmeier et al. (2006).

oxygen, and turbidity were simultaneously measured using vertical
casts from a conductivity temperature depth (CTD) sensor (Sea-
Bird Electronics Inc., SBE 911plus).

NORPAC net samples (mesh size: 150 pm) were immediately
preserved in 5% v/v borax-buffered formalin to analyze the
abundance and population structure of C. glacialis. The
remaining samples collected by the ring net and the NORPAC
net (mesh size: 63 um) were used to conduct gut pigment and fatty
acid composition analyses. Gut pigment analyses were conducted in
samples from 11 stations on the Chukchi Plateau (77°N) obtained
during October 21-24, and fatty acid analyses were conducted in
samples from throughout the study area.

With respect to the gut pigment analysis, 10% v/v soda
(saturated with CO, in water) was immediately added to the fresh
samples after sample collection to avoid copepod grazing, gut
evacuation, and the decomposition of gut pigments (cf. Matsuno
et al,, 2015). Fresh specimens of C. glacialis copepodite stage five
(C5) were sorted using a stereomicroscope (M165C-Ergo/MCI-
HH/1; Leica Inc., Wetzlar, Germany). All specimens were sorted
under low-temperature and dim-light conditions within 1 h, and
the prosome length (PL) was measured using an eyepiece
micrometer attached to a stereomicroscope with an accuracy of
0.001 mm. The sorted specimens (two to five specimens, average:
three) were margined in small (2.5-3.3 mm) or large (3.4-3.8 mm)
categories and transferred into cuvette tubes filled with 6 mL of N,
N-dimethylformamide. One to four duplicates were obtained at
each station, resulting in a total of 31 and 28 gut piments samples
for the small and large categories, respectively. All samples were
kept under cool and dark conditions for at least 24 h to extract
chlorophyll and phaeopigments. After extraction, chlorophyll and
phaeopigments were analyzed using a fluorometer (10-AU-005;
Turner Designs Inc., California, United States), and the results were
combined and expressed as the digestive tract pigment content (ug
pigment ind.™'; cf. Mackas and Bohrer, 1976).
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The remaining sorted fresh samples were desalted using Milli-Q
(Millipore Inc.), stored in 3-mL ointment bottles, and frozen at -80°
C until the fatty acid composition was analyzed.

2.2 Sample analysis

In the laboratory, 19 zooplankton samples (Supplementary
Table 1) collected by the NORPAC net with a 150-um mesh size
were split using a Motoda box splitter (Motoda, 1959). Calanus
glacialis was identified at the copepodid stage level based on
Brodsky (1967) in the aliquots and counted under a dissecting
microscope (SMZ1000, C-BD115, Nikon Corporation, Japan). To
calculate the total species abundance (ind. m™), the count at each
stage was summarized and divided by the filtered volume (m®) of
the net. Calanus marshallae is potentially distributed in the
northern Bering Sea and Chukchi Sea (Frost, 1974), but many
zooplankton studies have treated this species as C. glacialis/
marshallae owing to difficulties in their identification. Therefore,
as mentioned in the Introduction, we refer to specimens from the C.
glacialis/marshallae species complex as C. glacialis hereafter.

To determine geographical differences in the body size of C.
glacialis, the PL of at least 10 C. glacialis C5 individuals at each
station was measured using an eyepiece micrometer attached to a
stereomicroscope with an accuracy of 0.001 mm. This measurement
was performed for all zooplankton samples (Figure 1).

The length of lipid accumulation relative to the PL (lipid
accumulation level) was measured at three levels: low, 0-4% of
PL; medium, 4-40% of PL; and high, >40% of PL (Matsuno et al.,
2016). To compare C. glacialis data, the abundance (ind. m™) was
calculated by multiplying the population density (ind. m™) with the
sampling depth to eliminate the influence of sampling depth
differences at each station. The mean C. glacialis copepodid stage
(MCS) was calculated using Eq (1).
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300 x Ai
SiAl

where i (1-6 indicates C1-C6) indicates the copepodid stage for

MCS = (1)

C. glacialis, and Ai (ind. m™) is the abundance of a copepodid stage
(cf. Marin, 1987). Similarly, the mean lipid stage (MLS) of C.
glacialis C5 was calculated using Eq (2).

MLS =37 j x Bj )

where j (1, 2, and 3 indicates low, medium, and high,
respectively) indicates the lipid accumulation level, and Bj (ind.
m™) is the ratio of the lipid accumulation level to the abundance.

Gonad maturation in adult females of the dominant copepod
species was classified as stage I (immature), stage II (small oocytes
in the ovary or oviduct), or stage III (large eggs or distended opacity
in the oviduct) (cf. Miller et al., 1984; Niehoff, 1998).

2.3 Fatty acid analysis

Fatty acid analyses were performed using a simplified direct
saponification/methylation method (Matsumoto et al., 2018) after
necessary modifications were made for wax ester-containing
samples. Each C. glacialis sample was transferred to a pre-
weighed screw-capped glass vial and dried in vacuo until a
constant weight was achieved. Methyl tricosanoate and 1-
tricosanol in toluene (2 mg mL?! and 1 mg mL7, respectively; 1
pL) and 1 M KOH in 95% ethanol (50 uL) were added to the vial,
and after being crushed with a stainless-steel rod, the sample was
directly saponified overnight in the dark at 23°C. The reaction was
stopped by adding 3 M HCI in methanol (33 uL; Sigma-Aldrich),
and the solvents and excess HCI were evaporated under a stream of
nitrogen and then in vacuo. The fatty acids released into the vial
were methylated in 3 M HCI in methanol (100 pL) at 80°C for 10
min, and the reagent was evaporated under a stream of nitrogen.
The fatty acid methyl esters were purified via column
chromatography using silica gel 60 (Merck) and hexane/diethyl
ether (95:5, v/v), and fatty alcohols were recovered from the same
column by elution with hexane/diethyl ether (50:50, v/v) and stored.

The purified fatty acid methyl esters were analyzed via gas
chromatography using a GC-4000 gas chromatograph (GL
Sciences, Tokyo, Japan) and an InertCap Pure-WAX column (30
m x 0.32 mm id., 0.25 pm film thickness; GL Sciences, Tokyo,
Japan). The column temperature was programmed to increase from
90°C to 170°C at 20°C min', then to 240°C at 4°C min’!, and to be
finally maintained at 240°C for 25 min. The injector and detector
temperatures were set at 240°C. The carrier gas was helium at a
linear velocity of 29.3 cm s at 170°C. Methyl esters dissolved in
hexane were injected into the column in the splitless injection
mode, which was held for 1 min. A flame ionization detector
(Shimadzu Corporation, Japan) and Shimadzu C-R3A integrator
(Shimadzu Corporation, Japan) were used for detection and
conducting peak area measurements. Peaks were identified by
comparing their retention times with those of sardine oil fatty
acids. The fatty acid content was calculated from the peak area
ratios of methyl tricosanoate added to the initial C. glacialis samples.
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2.4 Data analysis

To compare the biological parameters of C. glacialis C5 within
the Pacific sector of the Arctic Ocean in 2019, a cluster analysis of
environmental data was conducted. In this respect, water column
(from the surface to 10 m above the bottom or 150 m above the
bottom) averages of hydrographic data (temperature, salinity,
dissolved oxygen, and turbidity) were calculated at each station.
The water column data were then standardized, and similarities
between stations were examined using the Euclidean distance. To
group stations, similarity indices were coupled with hierarchical
agglomerative clustering and the complete linkage method
(unweighted pair group method with arithmetic mean, UPGMA)
using the SIMPROF test. Based on the dendrogram, stations were
separated to define regions with similar hydrographic conditions. A
principal component analysis (PCA) was performed using
standardized hydrographic data to evaluate hydrographic
condition trends in each group. These analyses were conducted
using Primer 7 software (PRIMER-E Ltd.).

Non-metric multi-dimensional scaling (NMDS) ordination was
conducted using Primer 7 based on population structure, and
Pearson’s regressions of standardized hydrographic data were
then conducted to delineate the relationship between population
structure and hydrography. The abundance of each copepodid stage
(ind. m™) was transformed into that of the 4™ root stage (X').
Similarities between samples were examined using the Bray-Curtis
index according to differences in the stage composition.

To obtain the fatty acid composition, we calculated seven
indices (docosahexaenoic acid (DHA)/eicosapentaenoic acid
(EPA), 16 polyunsaturated fatty acids (PUFA)/18PUFA, 18:2n-6,
15:0 + 17:0, PUFA/saturated fatty acid [SFA], 18:1n-9/18:1n-7, and
diatoms [D]/flagellates [F]) for the prey record of C. glacialis
(Kaneda, 1991; Budge and Parrish, 1998; Dalsgaard et al., 2003;
Stevens et al., 2004b; Alfaro et al., 2006).

Differences in biological parameters (abundance, MCS,PL,
MLS, and fatty acid composition) of C. glacialis C5 among
regions (identified by the cluster analysis based on hydrography)
were tested using the max-t method with a heteroscedastic
consistent covariance estimation (HC3) (Herberich et al., 2010).
The tests were conducted using R software with the packages
“multcomp” and “sandwich” (version 4.1.2, R Core Development
Team, 2021). The relationship between the PL of C5 and
temperature was regressed using the Bélehradek equation. A PCA
based on normalized seven-index data was performed for fatty acids
using Primer 7.

3 Results
3.1 Regions and water masses

The cluster analysis of biological parameters using hydrological
data identified four regions in the Pacific sector of the Arctic Ocean
(Figure 2A). As these regions were clearly divided geographically,
they were named (from south to north) the southern shelf, northern
shelf, slope, and basin (Figures 2A, C). The PCA results showed that
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(A) Results of Q-mode clustering based on hydrographic variables by Euclidean distance connected with group average mode in the Pacific sector
of the Arctic Ocean in October 2019. Red lines indicate non-significant station groupings, as tested by SIMPROF. Labels show sampling stations.
(B) Principal component analysis with base variables showing four groups based on the cluster analysis. (C) Geographical distribution of the groups
identified by the cluster analysis in the Pacific sector of the Arctic Ocean during October 2019.

temperature, salinity, and turbidity were higher on the southern
shelf and lower in the basin (Figure 2B). Salinity was exceptionally
high on the slope, and the dissolved oxygen level was high on the
northern shelf and basin (Figure 2B).

Danielson et al. (2020) defined water masses based on
temperature and salinity as follows: warm Coastal Water (WCW),
warm Shelf Water (WSW), Ice Melt Water, cool Coastal Water
(IMW cCW), cool Shelf Water (cSW), Anadyr Water (AnW),
Modified Winter Water (MWW), Winter Water (WW), and
Atlantic water and bearing basin water (AtlIW and BBW)
(Figure 3A). Within the 20 m depth on the southern shelf, wSW
was dominant on October 8 but cSW occupied this depth range on
October 27 (Figure 3B; Supplementary Table 1). A comparison of
the temperature and salinity on these two dates showed that salinity
was similar (32-32.49 vs. 31.99-32.36) but temperature was lower
on October 27 (decreased from 3.77-5.85°C to 2.36-2.84°C). In the
northern shelf region, the water masses differed because the stations
and currents were widely distributed. AnW was observed below a
depth of 25 m at St. 54, and AtIW and BBW were found below
depths of 100 m and 125 m, respectively, on the slope. In the basin, a
similar vertical distribution was observed among the stations; the
surface layer (0-40 m or 0-60 m) comprised IMW cCW, while
cSW, MWW, or WW existed at depths below these water masses.
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3.2 Geographical abundance and body size
of C. glacialis

The abundance of C. glacialis ranged from 126 to 2,968 ind. m?,
with higher and lower abundances on the slope and shelf, respectively
(Supplementary Figure 1). A comparison of the abundance and stage
composition between the regions showed that the southern and
northern shelves exhibited low abundance but had a high
composition of C4 and C5 (Figure 4A). On the southern shelf, C5
was predominant in early October (St. 13 and 18), whereas adult
females and males were predominant in late October (Sts. 61 and 70).
The highest abundance of C3-C5 was observed on the slope. In the
basin, the early stages (C1 or C2) occurred at 80% of stations (8/10),
and the highest proportion of early stages was 44% (St. FP3; Figure 4).
A few adult females were observed in each region, and almost all
specimens showed stage I gonadal maturation (data not shown).
NMDS based on the population structure showed relatively good
separation with clustering by hydrography (Figure 4B). Among the
hydrographic variables, temperature and turbidity had significant
relationships with population structure. Of the basin group, Sts. 30,
34, and 35 were located slightly further from the main distribution of
the basin community owing to the inflow of ¢cSW at these stations
(cf. Figure 3).
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Water; AnW, Anadyr Water; MWW, Modified Winter Water; WW, Winter Water; AttW&BBW, Atlantic Water & Bering Basin Water (cf. Danielson et al.,
2020). (B) Vertical distribution of water masses at each station in the Pacific sector of the Arctic Ocean in October 2019. The x-axis labels indicate
groups identified by cluster analysis (cf. Figure 2A).

The body size (PL) of C. glacialis C5 ranged from 2.4-3.8 mm
throughout the sampling region (Figure 5). The median PL value of
each region showed an increasing trend from the Chukchi Sea

toward the Arctic basin, in the order of the southern shelf, northern

shelf, slope, and basin (Figure 5). Body size was well described by

the Bélehradek equation (PL=23594 (T+76.17)>; Figure 6).
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3.3 Relationship between abundance, fatty
acid index, gut pigment and
geographical distribution

A comparison of the biological parameters of C. glacialis among

regions showed significant differences in the abundance of C5, PL of C5,
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(A) Abundance and stage composition of Calanus glacialis/marshallae in the Pacific sector of the Arctic Ocean in October 2019. The x-axis labels
indicate groups identified via cluster analysis (cf. Figure 2). (B) Non-metric multi-dimensional scaling (NMDS) ordination based on population
structure with Pearson's regressions of hydrography. Symbols indicate clustering groups (cf. Figure 2A), and numbers with symbols are station IDs.
Red lines indicate correlations between each copepodite stage. T, temperature; S, salinity; Tur, turbidity; Oxy, dissolved oxygen. *: p< 0.05.

total fatty acid content per individual, and fatty acid index (16PUFA/
18PUFA, PUFA/SFA, and D/F; Table 1). The abundance of C5 was
significantly higher on the slope than on the other regions. (Figure 4;
Table 1). Significant differences in the MCS were detected, and it
decreased from south to north (Figure 4; Table 1). There was no
significant difference in MLS among regions; however, a minimum
value was observed on the southern shelf (Table 1; Supplementary
Figure 2). The total fatty acid content per individual in the basin was
significantly higher than that on the southern shelf (Table 1). With
respect to the fatty acid index, Il6PUFA/18PUFA, PUFA/SFA, and D/F
were significantly lower on the northern shelf, but DHA/EPA, 18:2n-6,
and 15:0 + 17:0 were higher, although not significantly (Figure 7;
Table 1). The results of the PCA based on the fatty acid indices showed
that the northern shelf was distant from the distribution of the other
groups (Figure 8). As shown in the regional comparison using the max-
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t test, the northern shelf had high 15:0 + 17:0, DHA/EPA, and 18:2n-6
values (Figure 8), and the other groups had relatively high 16PUFA/
18PUFA, D/F, and PUFA/SFA ratios. There was no significant
difference between the three groups (excluding the northern shelf),
and the variabilities within the southern shelf and slope were within the
basin variability.

In the basin, small (2.5-3.3 mm in PL) and large (3.4-3.8 mm in
PL) forms occurred simultaneously (Figure 9). The cut off criteria
between the forms is a length of 3.3 mm. Both small and large
specimens were found in all 11 samples during October 21-24. The
gut pigment showed a distinct diel pattern in the small forms, with
high values during the night but low values during the daytime.
However, the large forms did not exhibit a diel grazing activity
pattern. The fatty acid indices were not significantly different
between the small and large forms (data not shown).
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Size distribution of C5 Calanus. glacialis/marshallae in each clustering group (cf. Figure 2A) within the Pacific sector of the Arctic Ocean. Dashed
lines indicate the median of the prosome length of the species in each region.

4 Discussion

4.1 Geographical variation in body size

The body size of copepods varies with the environment
(temperature and food concentration; Deevey, 1960; Viitasalo
et al, 1995; Kobari et al,, 2003). In the Chukchi Sea in 2004,
2009, and 2012, the body size of C. glacialis C5 was found to be
negatively correlated with temperature (Ershova et al, 2015).

Frontiers in Marine Science

Similar results were detected in our study for the Chukchi Sea
and Arctic Basin.

In the pan-Arctic Ocean, the size range of the PL of species from
each region has been well reported: 2.9-3.8 mm in Kandalaksha Bay
and the White Sea (Kosobokova, 1999), 2.55-3.55 mm near the
Svalbard Islands (Choquet et al., 2018), 2.8-4.0 mm in Disko Bay
(Nielsen et al., 2014), 2.4-3.6 mm in Kongsfjorden (Gabrielsen
et al., 2012), and 2.4-3.7 mm in the Canadian Arctic and on the
Atlantic coasts (Parent et al., 2011). Compared to those reports
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FIGURE 6

Relationship between prosome length of C5 Calanus glacialis/marshallae and integrated mean temperature in the Pacific sector of the Arctic Ocean.
The symbols and error bars indicate the mean and standard deviation, respectively. The relationship was expressed using Bélehradek equations. The
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groups were identified via cluster analysis (cf. Figure 2A).

TABLE 1 Regional comparison of biological parameters of Calanus glacialis/marshallae in different areas of the Pacific sector of the Arctic Ocean
during October 2019.

Groups
Parameters Max-t test + HC3
South_shelf North_shelf
Al f whole st: ind. 2412 £ 19 +
l:undance of whole stages (in 38 + 128 266 + 100 619 NS
m?) 556 302
590 + 200 +
Abundance of C5 (ind. m™) 294 + 135 187 £ 99.0 6.38 127 North_shelf? Basin® South_shelf? Slope1
4.06 + 3.67 =
MCS (Mean copepodid stage) 5.05 + 0.05 4.68 +0.13 0.04 0.83 Basin® Slope® North_shel®  South_shelf'
24 + 34 £
Prosome length of C5 (mm) 291 +0.21 3.11 +0.15 302;16 30323 South_shelf® North_shelf® Slope' Basin'
242 + 248 +
MLS (M Lipid St: 2.07 £ 0.53 2.54 £ 0.03 N
S (Mean Lipid Stage) 0.08 027 S
233 + 305 +
Fatty acid (ug ind.™) 138 + 30.7 230 £ 97.3 778 149 South_shelf®  North_shelf'? Slope™? Basin'
0.30 = 033 +
DHA/EPA* 047 +0.12 0.92 +0.24 NS
0.02 0.10
+ +
16PUFA/18PUFA® 0.65 + 0.27 0.28 + 0.02 0;)8?2‘ 064;3‘ North_shelf* Basin'? South_shelf'? Slope'
.89 + .92 +
18:2n-6° 0.89 + 0.14 2.30 £ 1.02 089 09 NS
0.20 0.20
B 1.66 + 123 +
15:0 + 17:0° 1.50 £ 0.16 231+035 NS
0.37 0.20
211 192 +
PUFA/SFA® 2.02 +0.29 0.92 +0.18 053 0.34 North_shelf® Basin' South_shelf' Slope'
4.77 6.02 +
18:1n-9/18:1n-7" 6.90 + 1.82 6.66 + 0.25 NS
1.63 1.57
.06 + 26 +
D/F® 1.98 + 047 1.62 £0.23 30057 30 :5 North_shel®  South_shelf* Slope™? Basin'

Different superscript numbers in the Max-t test + HC3 column indicate significant differences between regions. NS, not significant.
“ Dinoflagellates/diatoms, carnivory (Budge and Parrish, 1998); b Diatoms/flagellates (Budge and Parrish, 1998; Alfaro et al., 2006); © Terrestrial detritus or green algae (Dalsgaard et al., 2003); &
Bacteria (Kaneda, 1991); ¢ Carnivory (Stevens et al., 2004a); £ Carnivory or omnivory (Stevens et al., 2004b); & Diatoms (16 polyunsaturated fatty acids (PUFA), 16:1n-7 + 16:1n-9, 20:5n-3)/

flagellates (22:6n-3, 18PUFA, 18:2n-6; Dalsgaard et al., 2003).
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FIGURE 7

Regional comparison of biomarker indices in fatty acids of C5 Calanus. glacialis/marshallae in the Pacific sector of the Arctic Ocean in October
2019. The x-axis labels indicate groups identified via cluster analysis (cf. Figure 2A).

from other regions, the PL size range in our study (2.4-3.8 mm) was
one of the largest, and this was because the border of the sampling
region was situated in the Pacific sector of the Arctic Ocean. The
body size of C5 in the Canada Basin in October 1997 was reported
as 3.38 £ 0.03 mm (Ashjian et al., 2003), which is similar to our
results (basin: 3.34 + 0.23 mm; slope: 3.24 + 0.26 mm; Beaufort Sea:
3.46 + 0.20 mm). However, smaller body sizes were observed on the
southern and northern shelves in our study (2.91 + 0.21 mm, and
3.11 = 0.15 mm, respectively). It is considered that the co-
occurrence of Calanus marshallae, which is slightly smaller than

Frontiers in Marine Science

C. glacialis is (Frost, 1974), may decrease the mean body size in both
these regions.

Two C. glacialis haplotypes exist in the study area: Bering Sea and
Arctic Basin populations (Nelson et al., 2009). The Bering Sea
population extends from the Bering Strait to the northern Chukchi
Sea owing to the inflow of Pacific Ocean water (Nelson et al., 2009;
Ashjian et al,, 2021). The inflow of Pacific water usually peaks from
August to October (Woodgate, 2018) and is mainly composed of
wSW  (Danielson et al., 2020). As individuals in the Bering Sea
population experience warmer conditions than do those in the
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PCA based on biomarker indices in fatty acids of C5 Calanus glacialis/marshallae in the Pacific sector of the Arctic Ocean in October 2019. The size

of the circle indicates the fatty acid content per individual.

Arctic Basin population, it is considered that the Bering Sea
population would be smaller than would the Arctic Basin
population be. However, a haplotype analysis could not be
conducted in this study because ethanol samples were consumed
for another scientific work, and the difference in the PL between the
Bering Sea and Arctic Basin populations, therefore, remains unclear.

4.2 Reproduction and growth

Calanus glacialis is believed to undergo capital and income
breeding depending on the food conditions (Plourde et al., 2005;
Daase et al, 2013). Although our sampling was conducted in
autumn, and our results do not, therefore, contain evidence of
reproduction, the timing of reproduction in spring was back-
calculated using the developmental time and embryonic duration
(Corkett et al., 1986) (see Supplementary Figure 3, Supplementary
Table 3). This type of back-calculation helps to remove the
sampling time gap among regions (Kimura et al., 2022). The
estimation showed that almost all individuals had been spawned
in July and August.

In the Pacific sector of the Arctic Ocean, peaks in
phytoplankton blooms have been observed during May in the
Chukchi Sea, and in June and July in the Siberian and Beaufort
Seas (Arrigo and van Dijken, 2011). In relation to this seasonality,
early stages (C1 and C2) dominate within the southern Chukchi Sea
(Ashjian et al., 2021). However, there was a timing gap between the
phytoplankton blooms (May-July) and our estimated reproduction
period (July-August), which could have been caused by the shorter
development time for the back-calculation of reproduction timing
(Supplementary Table 3). The developmental time was assessed
using the temperature from our sampling period (October);
however, they survived in colder conditions (Spring and
Summer). Since warmer temperature induce shorter development
time (Corkett et al., 1986), therefore, the estimated development
time was shorter than the in-situ value. Another hypothesis is that
northward currents flushed out individuals during May-July, and
individuals transported from the Bering Sea could not be
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established in the Chukchi Sea because of their short flushing
time (Ashjian et al,, 2021).

Timing of phytoplankton blooms shifts from south to north in
the Pacific Arctic Ocean (Arrigo and van Dijken, 2011), subsequent
reproduction of C. glacialis is expected to be associated with that.
However, interestingly, it was suggested that the earliest
reproduction period occurred in June in the basin region. This
was potentially caused by the longer residence time of C5 than that
of the other stages: the developmental time from nauplius three to
copepodite five is almost similar for each molting, but the period
from C5 to molt adults is longer (Peterson, 1986). Alternatively, it is
possible that another previous generation survived because of the
low metabolic rate at cold temperatures and the low grazing
pressure by fish (Mundy et al., 2017; Skjoldal, 2022).

4.3 Southern shelf

In early October, the entire water column was occupied by
wSW, but the surface layer (0-20 m) changed to ¢SW in late
October, possibly due to cooling by low air temperature, as other
shelf water masses (e.g., AnW and wCW) were not observed.
Regarding the population structure, C5 was predominant in early
October, whereas adults were predominant in late October. Based
on these results, the population of C. glacialis appeared to grow,
with some adults developing in late October. Incubation
experiments revealed that 50% of C. glacialis individuals develop
from C5 to adulthood in 20 days at 10°C (Peterson, 1986). In our
development time estimation based on Corkett et al. (1986), it
would take 10 days to undergo this process at 10°C and 20 days at 3°
C (Supplementary Figure 3); therefore, it was not surprising that
some adults were observed in October. A high abundance of adult
females was observed in the Arctic Basin in February, but only a few
such individuals were found throughout the year (Ashjian et al.,
2003). During its life cycle, C. glacialis is capable of diapause from
C4 and C5 when it descends into the deep sea, and rich lipids are
stored in its body during autumn and winter (Lane et al., 2008;
Ershova et al., 2015; Pinchuk and Eisner, 2017). Because a sufficient
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depth (> 200 m) is required for the diapause of this species (Hirche,
1991; Ashjian et al., 2003), the shallow bottom depth
(approximately 50 m; Nelson et al, 2009; Ershova et al., 2015)
and short residence time within the Chukchi Sea (Ashjian et al,
2021) imply that the population cannot be sustained/established.
The northward transportation of Pacific zooplankton has been
reported in the Pacific Arctic Ocean during warm years (Matsuno
et al.,, 2011; Ershova et al., 2015). Calanus marshallae, which was
originally distributed in the Northern California Current system to
the coastal Gulf of Alaska and the Bering Sea (Frost, 1974), should be
included within the Pacific species; however, many studies have not
distinguished it from C. glacialis owing to the morphological
similarities between the species. Genetic approaches have shown
that C. marshallae is present in the Chukchi Sea during the summer
(Nelson et al,, 2009 and Ashjian et al., 2021). In addition, the
northward flow at the Bering Strait is increasing (0.01 Sv per year),
and residence time in the Chukchi Sea has decreased by ~1.5 months
(from 7.5 months to ~ 5 months) based on mooring results from 1990
to 2019 (Woodgate and Peralta-Ferriz, 2021), which subsequentially
extend C. marshallae distribution. Therefore, the inflow of C.
marshallae potentially distorts any changes identified in the C.
glacialis population, especially in the shelf region during warm
years. Genetic analyses are therefore required to avoid this distortion.

4.4 Northern shelf

The population structure of this area mainly comprises C4 and
C5 C. glacialis. Assuming that this population on the shelf originates
from water masses similar to those on the southern shelf (wSW and
cSW) that occupy more than half of the water column, the
population on the northern shelf (ie., C4 and C5) is younger
than that on the southern shelf (C5). This may be attributed to
the shorter intermolt period at warmer temperatures (Corkett and
McLaren, 1978; Supplementary Table 3). The effect of temperature
on copepod growth has also been observed during warm and cold
years in the Chukchi Sea (Matsuno et al., 2011).

High variability in hydrography and water masses was observed in
this study, and the fatty acid composition of the specimens collected on
the northern shelf was lower in terms of 16 PUFA/18PUFA, PUFA/
SFA, D, and F than that of specimens from other areas. The fatty acid
composition is a valuable index for prey records because the
composition of predators reflects that of their prey (El-Sabaawi et al.,
2009). This result implies that individuals on the northern shelf do not
actively utilize diatoms or protozoans (Stevens et al., 2004a; Stevens
et al., 2004b). In contrast, higher values of DHA/EPA, 18:2n-6, and
15:0 + 17:0 were observed in specimens on the northern shelf than in
those from other areas. Docosahexaenoic acid is abundant in
dinoflagellates, and EPA is abundant in diatoms (Budge and Parrish,
1998), and the high DHA/EPA ratio, therefore, suggests that this
species grazes mostly on dinoflagellates within this area. However, this
feature is considered to be rare in the Arctic Ocean compared with that
in the well-studied Atlantic Arctic Ocean. A survey in the southern
shelf area west of Spitsbergen in July 2018 showed a DHA/EPA of 0.67
(Trudnowska et al., 2020), which is lower than that observed in our
study (0.92). In addition, a DHA/EPA value of 0.21 was observed in
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Kongsfjord in the Atlantic Arctic Ocean during autumn in 1997 (Falk-
Petersen et al., 2009), 0.15 in the Fram Strait during autumn in 2003
(Soreide et al., 2008), and 0.22 in Northwater during the autumn of
1999 (Stevens et al., 2004a). It is evident that this species can change its
diet depending on the time and location (Banas et al., 2016), and the
results here show that the species on the northern shelf in the study
area are highly dependent on dinoflagellates.

Considering the energy flow in lower ecosystems, eutrophic
conditions induce the dominance of diatoms because their growth
is rapid from ingesting rich nutrients; however, oligotrophic
conditions stimulate microbial loop production (Pomeroy, 1974).
In the oligotrophic state, bacteria act as primary producers using
dissolved organic carbon, and several predator-prey interactions
(bacteria vs. heterotrophic nanoflagellates, heterotrophic
nanoflagellates vs. small ciliates) occur, reaching their production
into heterotrophic dinoflagellates (Jakobsen and Hansen, 1997;
Levinsen and Nielsen, 2002). Therefore, the number of transfers
between trophic levels is much greater under oligotrophic conditions,
resulting in a low transfer efficiency. This suggests that the Calanus
glacialis can survive in a low-productivity ecosystem. In addition,
although a high 18:2n-6 value indicates that the species grazes on
green algae of a terrestrial origin (Dalsgaard et al., 2003), there have
been no reports on the feeding on green algae by this species in the
ocean; therefore, further research is required.

4.5 Slope

The highest abundance was observed on the slope, and these
results are consistent with those obtained during studies conducted
in August (Lane et al, 2008; Llinas et al., 2009) and September
(Ershova et al., 2021). In this area, easterly winds stimulate upwelling
along the shelf-break (Pickart et al., 2013), resulting in the occasional
transport of diapause individuals (mainly C4 and C5) from the deep
sea to the surface (Lane et al.,, 2008; Llinas et al., 2009). AtIW and
BBW were only observed in this region below depths of 100 m or 125
m, which suggests the presence of upwelling (Carmack and Kulikov,
1998). A higher abundance was therefore observed on the slope
because of the presence of individuals derived from the deep sea via
upwelling (Pickart et al., 2013; Rutzen and Hopcroft, 2018). Another
mechanism that increases abundance is anti-cyclonic, cold-core eddy
formation from the boundary current flowing along the Chukchi
Shelf (Pickart et al., 2005; Llinas et al., 2009). Although the
accumulation of zooplankton by eddies is not very strong (Llinas
etal., 2009), the formation rate of eddies is very high, with up to 1-2
eddies per day from early spring to early autumn (Pickart et al., 2005).
As previously mentioned, although shelf populations are flushed out
into the basin (Ashjian et al., 2021), a high abundance is frequently
observed in this region, and this could potentially be related to the
increased eddy formation rate.

The population structure derived in our study is considered to
reflect population growth, and this has also been determined in other
studies. In August, early stages (C1 and C2) are abundant (Lane et al.,
2008), C1-C4 are dominant in September (Ershova et al., 2021), and
C3-C5 are dominant in October (this study). The abundance alters
between months, and it decreases from August (mean 18,910 ind. m”
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(A) Lateral view of small and large specimens taken at St. MIZ-07 (cf. Supplementary Table 1). The three on the right-hand side were small with rich
gut pigments; the three specimens on the left-hand side were large with minimal gut pigment. (B) Comparison between grazing activity of small and
large specimens in the basin region (cf. Figures 1, 2A) during October 21-24, 2023 (Supplementary Table 1). The local time is Alaska Standard Time
(UTC: 9 h). The area of the circle represents the amount of gut pigment (ug pigments ind 1), The gray and white backgrounds represent nighttime
and daytime, respectively. The prosome length was determined from the mean value of two-five specimens used in the gut pigment analysis (cf.

Methods and Materials).

2 Llinas et al., 2009) and September (mean 8,000 ind. m™2, Ershova
et al, 2021) to October (1,855-2,968 ind. m™>). It is of note that all
the abundance data were based on the samples collected using the
150 pm mesh. Assuming the mortality rate for broadcast spawner
based on field measurements (Hirst and Kiorboe, 2002), a value
of 0.0335 d' was calculated at 0.27°C (Supplementary Table 3).
Using this rate, the abundance in October was expected to be 2,448
ind. m™ (=18,910 ind. m>x(1-0.035)A(60 days)) from August and
2,878 ind. m? (=8,000 ind. m?x(1-0.035)A(30 days)) from
September. Predation mortality is independent of ambient
temperature, and the ratio of predation mortality to total mortality
increases to 3:4 in colder situations (Hirst and Kiorboe, 2002). This
indicates that the decrease in abundance on the slope was mainly
caused by predator feeding. A large biomass of polar cod has been
observed in Atlantic Water along the slope (Crawford et al., 2012).
Therefore, the high biomass of C. glacialis is due to physical
processes, and the rich prey is grazed on by organisms in the
higher trophic levels, such as fish, birds, and marine mammals
(Dickson and Gilchrist, 2002; Bengtson et al., 2005; Crawford
et al., 2012).
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With respect to the fatty acid composition, this region had the
lowest DHA/EPA ratio and the highest 16PUFA/18PUFA ratio
among the four regions, which indicates that individuals in this area
consume more diatoms than do dinoflagellates and flagellates. This
area is prone to upwelling (Pickart et al., 2013), which supplies rich
nutrients from deeper layers to the euphotic layer (Pickart et al,
2013; Rutzen and Hopcroft, 2018). Consequently, silicate
concentrations in the northern Chukchi Sea increase, providing a
suitable environment for diatom growth (Hill and Cota, 2005;
Nishino et al., 2015). Therefore, geographical and physical
features (i.e., upwelling) affect the C. glacialis population, and
lipid accumulation relates to diatom grazing on the slope.

4.6 Basin

Based on the environmental data, Sts. 30, 34, and 35 were
located in the basin, and the population structures at these stations
differed considerably from those of the other stations on the
Chukchi Plateau. This may be due to the transportation of shelf
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individuals by cSW inflow to depths of 50-100 m (Lane et al., 2008;
Llinas et al., 2009). Previous studies found that the C5 stage
dominates the basin population in autumn (Ashjian et al., 2003;
Hopcroft et al,, 2005). However, in our study, C5 was not abundant.
The early copepodite stages (C1 or C2) occurred at 80% of the basin
stations, and the maximum population percentage composition was
44%. Similar results, such as the occurrence of early stages on the
surface of the basin, have been reported in late summer (Hopcroft
et al, 2005) and winter (Ashjian et al., 2003). However, the
composition of the early stage was lower than 10% because this
species is capable of diapause after C4 (Falk-Petersen et al., 2009;
Daase et al., 2013), and it is likely that C1 and C2 cannot overwinter
in the basin because of their short growth periods (Ji et al., 2012).

With respect to the population origin of the early stages, adult
females were observed at some stations in the basin, but all
specimens were immature. However, according to the
developmental time (Supplementary Table 3), the early stages
were spawned in August, and C5 was spawned in late June. This
shows that long-term reproduction is supported by mixed
reproductive strategies (Plourde et al., 2005; Daase et al., 2013).
Primary production on the Chukchi Plateau is very low (Codispoti
etal., 2013), but the region is greatly affected by the inflow of Pacific
Summer Water (PSW), which transports heat and organisms via
eddies (Watanabe et al., 2014; Muramatsu et al., 2021). The
composition of PSW in the basin has increased in recent years
compared to that during the 1990s and the 2000s (Bourgain and
Gascard, 2012; Muramatsu et al., 2021). Therefore, more organisms
are transported by PSW with eddies (Watanabe et al., 2014), and
this extends the reproduction period of the species. Potentially due
to the extended reproduction period, the early stages eventually
become more abundant than those in the results of Ashjian et al.
(2003) and Hopcroft et al. (2005). Field measurements of longevity
have shown that adults are quickly removed 16 days after
reproduction (Hirst and Kiorboe, 2002). These assumptions
suggest that adult females reproduce over the long term using
transported organisms (e.g., phytoplankton), then that are removed
after reproduction. Similarly, overwintering individuals reproduce
in the Chukchi Sea following sea ice retreat, and the early stages are
transported to the basin (Ashjian et al., 2021). However, no genetic
evidence is available to support this hypothesis, and a haplotype
analysis of the early stages is required to reveal the extended
distribution and establishment of the Bering Sea population in
the basin (Ershova et al., 2021; Skjoldal, 2022),

Small and large forms co-occur on the Chukchi Plateau. On the
Atlantic side of the Arctic Ocean, it is difficult to distinguish
between C. glacialis and the smaller Calanus finmarchicus
(Grainger, 1961). Choquet et al. (2018) investigated the possibility
of identifying species based on PL, morphological characteristics
(the 5™ pair of swimming legs and mandible), antennules, genital
somite pigmentation in live specimens, and genetic analyses. The
represented PL helps to approximate the species composition, but
no criteria for the species have been established; therefore, their size
ranges overlap (Choquet et al, 2018). In our case, the small
forms (2.5-3.3 mm) in C5 could be included as C. finmarchicus
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(Choquet et al., 2018), but this result was impossible to clarify
because of a lack of genetic analysis.

An inter-form difference in the diel patterns of grazing activity
was observed. Small forms show higher gut pigment levels at night
than during the day, which is associated with diel vertical migration
(DVM) (Conover and Huntley, 1991). The magnitude of DVM for
Calanus spp. varies with season and copepodid stage, and the DVM
intensity is greater during spring and autumn, when the diel
changes in light penetration are large (Falkenhaug et al.,, 1997).
During spring, C. glacialis responds sensibly to phytoplankton
dynamics via DVM, reaching sea ice and exhibiting diel patterns
in grazing activity (Runge and Ingram, 1991). In September, in the
northern Chukchi Sea, diel changes in gut pigments have been
reported during small autumn phytoplankton blooms (Matsuno
et al, 2015). In contrast, DVM and active grazing ceases during the
night for Calanus spp., as determined by the lipids accumulated in
C5 (Falk-Petersen et al., 2008; Matsuno et al., 2015). Based on this
knowledge, it is hypothesized that the small forms perform DVM
and graze at night, while the large forms cease DVM and active
grazing and stay in the deep layer. Although our sampling design
could not corroborate this hypothesis, both forms were distributed
within depths of 0-150 m due to their co-occurrence during the day
and night (Falk-Petersen et al., 2008).

5 Conclusions

This study describes geographic variations in the population
structure, body size, fatty acid composition, and diel changes in the
grazing activity of C. glacialis/marshallae in the Pacific region of the
Arctic Ocean during autumn. The body size of this species was
found to be negatively correlated with the water temperature from
the Chukchi Sea to the Arctic basin. The population developed from
C5 was dominant on the southern shelf, and it was mostly
transported from the Bering Sea. C4 and C5 were dominant on
the northern shelf, suggesting that their growth was slower than the
growth of those on the southern shelf. The fatty acid composition
revealed that the rate of prey dependence on dinoflagellates was
exceptionally high in the Arctic Ocean, indicating that the species
existed in a low-productivity ecosystem. The highest abundance and
composition of diatom-derived EPA among the fatty acids were
found on the slope. This could be explained by the upwelling
accompanying the inflow of this species from the deep sea, and
the nutrient supply for the growth of diatoms. In the basin, early-
stage individuals were more abundant than those reported in
previous studies because a larger number of organisms had
flowed into the region, resulting in extended reproduction. Small
and large C5 forms were found, showing the different diel patterns
of grazing activity. It appears that C. glacialis/marshallae have
adapted to the flexibility in their life cycle caused by changes in
the physical and chemical environments of the Pacific Arctic Ocean.
However, vertically stratified sampling and haplotype analyses are
required to monitor their biological features and reveal
population origins.
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The Arctic region is undergoing rapid and significant changes, characterized by
high rates of acidification and warming. These transformations prompt critical
questions about the resilience of marine communities in the face of
environmental change. In the Arctic, marine zooplankton and in particular
calanoid copepods play a vital role in the food web. Changes in environmental
conditions could disrupt zooplankton communities, posing detrimental
consequences for the entire ecosystem. Copepod early-life stages have been
shown to be particularly sensitive to environmental stressors since they represent
a bottleneck in the life cycle. Here, we investigated the responses of 4-day old
Calanus hyperboreus nauplii when exposed to acidification (pH 7.5 and 8.1) and
warming (0 and 3°C), both independently and in combination. Naupliar
respiration rates increased when exposed to a combination of acidification and
warming, but not when exposed to the stressors individually. Moreover, we
found no discernible differences in lipid content and fatty acid (FA) composition
of the nauplii across the different experimental treatments. Wax esters accounted
for approximately 75% of the lipid reserves, and high amounts of long chain fatty
acids 20:1 and 22:1, crucial for the reproduction cycle in copepods, were also
detected. Our results indicate a sensitivity of these nauplii to a combination of
acidification and warming, but not to the individual stressors, aligning with a
growing body of evidence from related studies. This study sheds light on the
potential implications of global change for Arctic copepod populations by
elucidating the responses of early-life stages to these environmental stressors.

KEYWORDS

Arctic copepods, early-life stages, metabolism, energy reserves, Barents Sea,
environmental drivers, climate change, The Nansen Legacy
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1 Introduction

The Arctic region is rapidly changing, experiencing the highest
rates of ocean acidification (OA) and warming on a global scale
(AMAP, 2018). The occurrence of these environmental stressors
frequently amplifies the impact of pre-existing pressures in the
region, such as fluctuations in salinity or the discharge of
environmental contaminants (Gunderson et al., 2016; AMAP,
2021). The physical changes resulting from acidification, solar
radiation and warming can trigger changes in natural marine
communities (e.g. changes in community composition, altered
recruitment processes), potentially leading to cascading effects at
the ecosystem level. In the Arctic region, many studies investigating
the impact of climate change on ecosystem structure and
functioning have focused on coastal ecosystems around Svalbard
(Hop et al., 2019a, Hop et al., 2019b), as these areas experience the
greatest variability in physical parameters. However, fewer studies
have examined the responses of open-ocean organisms in Arctic
waters to environmental changes (Ramondenc et al., 2022).

In the Arctic, marine zooplankton are a crucial element of the
food web, connecting primary producers and predators, and any
changes in their community composition and biology could have
far-reaching consequences for the energy flow towards higher
trophic levels (Falk-Petersen et al., 2007). Arctic copepods
represent a critical food source for carnivorous zooplankton and
fish, such as polar cod (Boreogadus saida), capelin (Mallotus
villosus) and Arctic char (Salvelinus alpinus), and seabirds such as
little auk (Alle alle)(Karnovsky et al., 2003; Falk-Petersen et al.,
2007; Hop and Gjeseter, 2013). The predominantly herbivorous
copepods of the genus Calanus dominate the zooplankton biomass
in the Arctic (Falk-Petersen et al., 2009; Daase et al., 2021). Calanus
hyperboreus is the most important zooplankton species in terms of
biomass in the Central Arctic Ocean (CAO, Ershova et al.,, 2021),
although it is also present in marginal seas, such as the northern
Barents Sea.

To endure the characteristic prolonged periods of food
limitation associated with the Polar Night, Arctic copepods can
undergo seasonal vertical migrations (diapause) and have multi-
year life cycles (Daase et al., 2021). Successful reproduction of C.
hyperboreus depends on energy reserves that the females pass onto
their offspring via egg development. This species is a capital breeder,
meaning that it relies entirely on its internal lipid reserves to fuel its
reproduction (Falk-Petersen et al., 2009; Varpe, 2012). Calanus
hyperboreus accumulates sufficient lipid stores to overwinter and
can reproduce during winter, independent of the ice-algae and
phytoplankton spring blooms (Hirche, 1997; Halvorsen, 2015;
Daase et al,, 2021). Egg production can occur from November to
May (Halvorsen, 2015). At hatching, nauplii rely on stored lipid
energy reserves to cover their metabolic costs during non-feeding
stages (nauplii I to IT) and will utilize the spring or summer blooms
for growth and further development once these become available
(Falk-Petersen et al., 2009; Jung-Madsen et al., 2013).

Early-life stages of marine invertebrates are known to be
particularly vulnerable to environmental changes, and any impacts
on these stages can have significant consequences for entire
populations (Byrne, 2011). To fully comprehend the fate of marine
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ecosystems under future scenarios of change, it is crucial to
understand how early-life stages respond to environmental
stressors (Byrne, 2012). In the Arctic, changes in environmental
parameters could alter the conditions that C. hyperboreus nauplii
encounter after hatching, with potentially negative consequences for
their survival. This could happen either directly, through changes in
larval physiology or metabolism, or indirectly, through alterations in
the timing and availability of their preferred food (Espinel-Velasco
et al,, 2018). This is especially important if changes in spring bloom
phenology are expected in future scenarios (Falk-Petersen et al.,
2007). Depletion of larval energy reserves prior to reaching feeding
stages or before the food becomes available could change recruitment
patterns, potentially leading to significant consequences for the
ecology of the species. For example, C. hyperboreus nauplii from
regions where the females overwinter at depths greater than 2000 m,
such as the Fram Strait or the CAO, will need to actively swim
upwards in order to reach the surface in time for the spring bloom
(Jung-Madsen et al.,, 2013). Changes in metabolism or lipid energy
reserves could compromise the timing of reaching the surface,
potentially leading to adverse impacts on survival.

Arctic Calanus species have been the focus of numerous studies
examining the effects of OA and warming on their physiology,
including works by Lewis et al. (2013); Hildebrandt et al. (2014);
Thor et al. (2016); Bailey et al. (2017a); Bailey et al. (2017b) and
Thor et al. (2018). Although most research on calanoid copepods in
the Arctic has focused on adult and late larval stages (CIV and CV),
a few studies have explored the impacts of environmental stressors
on naupliar stages and have indicated sensitivity to either
acidification (Lewis et al., 2013) or warming (Jung-Madsen et al.,
2013), individually, and only a handful of observations revealed
interactive effects (e.g. warming and pyrene; Jortveit, 2022).

In this study, we conducted an exploratory assay to investigate
the interactive effects of acidification, singularly and in combination
with warming on 4-day old C. hyperboreus nauplii from females
collected in the Barents Sea. We hypothesized that C. hyperboreus
nauplii would be sensitive to both acidification and warming, and
that this would be evident through altered respiration rates. To our
knowledge, this is the first study investigating the responses of C.
hyperboreus naupliar stages to multiple environmental stressors.

2 Materials and methods

2.1 Copepod collection and nauplii
hatching

Mesozooplankton, including C. hyperboreus, was collected
using a Bongo net (with opening 0.28 m* and mesh size 180 pm)
equipped with a non-filtering cod end. During The Nansen Legacy
seasonal cruise Q1 in March 2021, vertical net hauls were conducted
at station P4 (79.75°N, 34.00°E) on the shelf (Figure 1), at a depth of
~300 m (bottom depth 332 m), as reported by Gerland et al. (2022).
The collected samples were placed in a 60 L bucket filled with sea
water acclimatized to the in-situ temperature. Gravid females of C.
hyperboreus were carefully extracted from subsamples using
tweezers and transferred into separate petri dishes filled with 15
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FIGURE 1

Location of the P4 station in the Barents Sea sampled during The Nansen Legacy seasonal cruise in March 2021, where Calanus hyperboreus
females were collected for this study. The coloured lines indicate the type and direction of water masses (blue: Arctic; red: Atlantic), whereas the
grey shadowing indicates depth. The current data were plotted in R using GGOceanmaps package and shapefiles from Natural Earth Data (Vihtakari

et al, 2019; Vihtakari, 2022) and bathymetry data from NOAA (Amante and

Eakins, 2009; NOAA, 2009).

mL of filtered seawater. These females were incubated in the dark
for 10 days at 0°C. Every 48 h, half of the water in the petri dishes
was replaced with filtered seawater at the same temperature. Eggs
produced during the incubation period were counted every 24 h and
transferred to new petri dishes until hatching (The Nansen Legacy,
2022). The nauplii hatched over a 4-day period were collected and
pooled in a larger (2 L) glass jar with filtered seawater until the start
of the incubation experiments. By that time, the nauplii were most
likely N1 (with mean developmental time = 2.8 - 3.1 days, stage
duration 2.3 - 2.5 days at 5°C; Jung-Madsen et al.,, 2013). The first
two naupliar stages of C. hyperboreus do not feed, therefore no
feeding took place prior to the start of the incubations. No abnormal
nauplii were detected nor removed from the pool of larvae for the
subsequent experiments.

2.2 Measurements of metabolic rates and
closed-bottle incubations

Using the pool of hatched larvae, we conducted parallel
measurements of metabolic rates as well as short-term bottle
incubations to test the responses of the nauplii to acidification and
warming. The experimental treatments consisted of a full factorial
combination of pH and temperature as follows: i) low pH (7.5) + low/
ambient temperature (0°C), ii) high/ambient pH (8.1) + low/ambient
temperature (0°C), iii) low pH (7.5) + high temperature (3°C), iv) high/
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ambient pH (8.1) + high temperature (3°C). The pH treatments were
achieved by manually introducing gaseous CO, into filtered seawater
and corrected with filtered seawater at ambient pH until reaching the
desired pH for each of the target temperatures, previously to
introducing the larvae. Salinity, pH and temperature were manually
checked with a handheld probe (Hanna pH meter HI98191).

To measure metabolic rates, 240 randomly-selected individuals
were chosen from the pool of hatched nauplii. Respiration
measurements were conducted using the Loligo® Microplate
Respirometry System (MicroPlate " software version 1.0.4) with
24 % 500 uL multiwell plates (Loligo Systems, Denmark). The plates
were previously calibrated with filtered (0.2 um) seawater at the
target temperature and salinity 34. Calibration was carried out using
water supersaturated in oxygen (100% O, air-saturation content)
and water depleted of O, through the addition of sodium sulphite
(0% air saturation). For the measurements, three nauplii were
introduced into each well with water at the target treatment by
means of a small pipette. Four wells in each plate served as a control,
containing only filtered seawater, to calculate the background rate.
The metabolic rate measurements were performed in the dark in
incubators at a constant target temperature (0°C or 3°C) for 12 h.
After measuring the metabolic rates, we visually inspected nauplii
from each plate (treatment) for survival based on movement.

For the incubation assay we randomly selected 1440 nauplii from
the pool of hatched individuals. Short-term incubations were
conducted in triplicate using 200 mL brown glass bottles,
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representing one of the four experimental treatments. Nauplii were
added to each replicate at a density of ~0.6 ind. mL™. The bottles were
kept in the dark in incubators at the target temperature for 24 h. After
the incubation, all larvae from each treatment were extracted and
checked for survival, and the remaining individuals were stored in
Eppendorf tubes, freeze-dried, and kept at -80°C for lipid content
analysis. To assess their body condition (i.e., level of stored lipids), the
lipid content and fatty acid composition of the copepod nauplii were
analyzed at the Alfred Wegener Institute in Bremerhaven, Germany
(see Supplementary Material and supporting data: 10.21334/
npolar.2023.edc957ac; Espinel-Velasco et al., 2023a). The relative
proportions of wax esters (main storage lipids of Calanus spp.) were
estimated from the relation of fatty acids to fatty alcohols.

2.3 Statistical analyses

Data visualization and statistical analyses were performed with
R v. 4.0.3. and RStudio v.1.4.1103 (R Core Team, 2021). The
analysis and calculation of the metabolic rates were performed
using the RespR package (Harianto et al., 2019). The main effects
and interactions of pH and temperature on naupliar respiration
were tested with a two-way ANOV A followed by a post-hoc Tukey’s
test (p < 0.05 was considered significant). The Levene’s test was used
to test for homogeneity of variances (conditions met).

3 Results

Individual naupliar respiration rates ranged from 0.055 ngO,
ind." h™" (low pH and low temperature treatment) to 11.37 ngO,

10.3389/fmars.2023.1240673

ind." h™ (low pH and high temperature treatment; Figure 2 and
supporting data 10.21334/npolar.2023.ece3e9bb; Espinel-Velasco
et al., 2023b).

Individual naupliar respiration rates were not significantly
influenced by pH (F1 = 0.799, p = 0.374) or temperature alone
(F1 = 1.352, p = 0.248). The statistical analyses point towards a
significant effect of the interaction of both factors in the observed
respiration rates (F1 = 8.784, p = 0.004). Metabolic rates measured
in nauplii kept at pH 7.5 and 3°C were significantly higher
compared to their counterparts in 0°C (p = 0.023) and their
counterparts in pH 8.1 and 3°C (p = 0.038).

4 Discussion

The results of our investigation indicated increased respiration
rates of C. hyperboreus nauplii when exposed to a combination of
warming and acidification, but not when exposed to the stressors
individually. This suggests a sensitivity to the interactive effect while
being more resilient to each of the stressors alone. To our
knowledge, very few studies investigate the responses of early
naupliar stages of Arctic Calanus copepods to multiple stressors.
While there have been some investigations on the effects of
acidification (Lewis et al., 2013; Bailey et al.,, 2017b) or
temperature (Jung-Madsen et al, 2013) on nauplii, there is a
scarcity of studies that look at the effect of multiple stressors on
these nauplii.

The responses of calanoid copepods to ocean acidification
appear to be dependent on the taxa and life-stage (Wang et al,
2018). For example, hatching rates in Acartia steueri and Acartia
erythraea decrease following an exposure to OA (Kurihara et al.,

Oxygen uptake rate (ngO2 ind-1 h-1)

pH
Bl 75
B3 81

Temperature

FIGURE 2

Individual oxygen uptake rates of Calanus hyperboreus nauplii (in ngO, h™) relative to the pH (colors) and water temperature (°C). The box-and-
whisker plot displays the median (horizontal bar), interquartile range (box), and minimum/maximum values excluding outliers (whiskers). Outliers
were defined as values beyond 1.5 times the interquartile range. The sample size was n = 240. The individual data points have been added on top of

the boxplots and have been slightly offset for clarity.
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2004), while vertically migrating adult Calanus spp. seem to be only
marginally affected by high pCO, (Lewis et al., 2013). In Calanus
finmarchicus females, OA did not affect egg production or cause
biomass loss, but impacted naupliar hatching rate (Mayor et al,
2007). Studies focusing on Calanus glacialis have shown that ocean
acidification increases metabolic rates and decreases ingestion rates
in copepodite stage IV, but not in stage V (390 and 3000 patm
pCO,, Hildebrandt et al., 2014; ~ 800 patm pCO,, Thor et al., 2016).
In contrast, in C. glacialis females, no negative responses have been
shown on metabolic rates, gonad maturation rate, or mortality after
long term incubations (several months at 390 and 3000 patm pCO,;
Hildebrandt et al., 2014). However, OA can cause delayed hatching
and reduced overall hatching success, although egg production
remains unchanged (pH ~ 6.9, Weydmann et al., 2012).

Increased temperatures can also have various effects on calanoid
copepods, including altered fecundity (5 to 25°C; Hirst and Kiorboe,
2002; Bunker and Hirst, 2004), reduced grazing rates (10 and 14°C
in female C. finmarchicus; Van Dinh et al., 2019), and increased
oxygen consumption rates and sublethal stress (in diapausing C.
hyperboreus females at 0, 5 and 10°C; Hildebrandt et al., 2014).
These responses also seem to be taxa- and stage-specific. For
example, increased temperature (5, 10 and 15°C) upregulates heat
shock proteins in C. finmarchicus but not in C. glacialis (Smolina
et al., 2015).

In contrast to the straightforward reactions to individual
stressors, the way marine species respond to multiple stressors
can be intricate and dependent on the specific taxon, on life stage
and on the strength of the stressor itself (e.g. concentration level).
Numerous studies have suggested that acidification and warming
can produce synergistic effects, distinct from the additive responses
observed in single-stressor situations. Multiple studies have
explored the impacts of various stressors, such as warming,
acidification, and increased pollution, on copepod survival,
growth, development, fecundity, egg production rate, hatching
success, and feeding (e.g. Zervoudaki et al., 2014; Garzke et al,
2016; Horn et al,, 2016). Although a plethora of research has been
conducted in this field, Arctic species have received relatively little
attention. From the literature available, it is apparent that these
stressors can have synergistic effects on copepod populations,
resulting in negative impacts on reproduction and population
growth rates. For instance, long-term investigations on adult C.
glacialis and C. hyperboreus revealed a synergistic effect of ocean
acidification (390 and 3000 patm pCO,) with ocean warming (0, 5
and 10°C), but no effect of acidification alone (Hildebrandt et al.,
2014). Another study explored the combined effects of ocean
warming and exposure to the oil compound pyrene on C.
finmarchicus and found that the combined stressors negatively
impacted the copepod’s survival and growth (100 nM pyrene at 0
and 10°C, Grenvald et al., 2013).

Our observations showed no clear response to acidification,
concurrent with previous studies on Calanus nauplii: Bailey et al.
(2017b) studied naupliar development in wild populations of C.
glacialis and found unaffected respiration rates under ocean
acidification (pCO, 320 to 1700 patm), as well as development
and growth, although this was compensated by altered gene
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expression (Bailey et al., 2017a). However, Lewis et al. (2013)
found lower survival and seemingly greater sensitivity to
manipulated OA conditions (pCO, 1000 patm) predicted for the
year 2100 in Calanus spp. nauplii compared to the adults in a short-
term exposure experiment. Similarly, exposure to acidification (over
5000 ppm CO,) resulted in an increase in naupliar mortality in the
copepods Acartia steueri and A. erythraea (Kurihara et al., 2004).
Reasons behind these discrepancies include differences in
experimental design, geographical variations (European vs.
Canadian Arctic), and variations in the parameters used to
measure responses.

Conversely, our observations of unchanged respiration as a
response to warming contrast with a study on C. hyperboreus
nauplii respiration under warming conditions, where authors
found a clear sensitivity to warming alone in early-larval stages,
which might affect future recruitment (Jung-Madsen et al., 2013).
One explanation for these discrepancies could be differences in the
experimental design (we tested 0°C and 3°C, while they tested 0, 5
and 10°C; we tested short-term exposure [24h] while they tested
long-term exposure [40 days]), as well as geographical differences
(we used C. hyperboreus collected in the northern Barents Sea,
whereas they tested individuals collected in Eastern Greenland).
Different populations of copepods may have varying degrees of
tolerance to environmental stressors. For example, geographically-
distinct populations of C. glacialis showed physiological differences
in OA responses (Thor et al., 2018).

Our results indicated a sensitivity of the nauplii to the combined
exposure to acidification and warming through a significant impact
on the metabolic rate of the nauplii, as demonstrated by increased
oxygen uptake. This could be due to increased energy requirements
when exposed to warming, leading to less energy available to cope
with acidification. These observations support the notion that
responses to multiple stressors in marine invertebrates,
particularly during early-life stages are more complex than just
additive. For example, in a recent multiple-stressor study by Jortveit
(2022), it was observed that temperature (5°C) increased the lethal
sensitivity of C. glacialis nauplii to pyrene, while other exposure
combinations did not significantly affect naupliar survival.
However, since our study was focused on short-term exposure,
we did not measure survival as an endpoint, and it is therefore not
possible to compare both studies.

Negative impacts on physiological endpoints, such as changes
in metabolic rates from exposure to stressors such as acidification,
may be attributed to constraints in the energy budget (Pedersen
et al, 2014). As a result, potential scenarios of environmental
change may increase energy demands, which could affect the
natural communities of Calanus copepods with potential negative
effects on higher trophic levels.

As most of the copepod congeners, C. hyperboreus stores lipids
primarily in the form of wax esters (Falk-Petersen et al., 2009;
Supporting data 10.21334/npolar.2023.edc957ac; Espinel-Velasco
et al, 2023a). Nauplii have large oil droplets at hatching, which
sustain them during their non-feeding stages until the spring
bloom. In contrast to other studies (e.g. pteropods: Lischka et al.,
2022), our study found no differences in lipid content and fatty acid
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(FA) composition of the nauplii between the different experimental
treatments. This is expected since lipid-reserve mobilization in
Calanus nauplii is slow after a long period of starvation (Daase
et al, 2011), and our exposure duration was short. The FA
composition observed in our nauplii is consistent with previous
investigations on Arctic C. hyperboreus, with wax esters comprising
~75% of the lipid reserves. This observation concurs with analyses
of C. hyperboreus nauplii collected east of Greenland (85-90% WE;
Jung-Madsen et al., 2013). Moreover, we observed high relative
proportions of long chained fatty acids 20:1 and 22:1, which are key
elements for the reproduction cycle in copepods (see supporting
data: 10.21334/npolar.2023.edc957ac; Espinel-Velasco et al., 2023a).
Given that the decrease in lipid during the naupliar development is
most likely due to the nauplii metabolizing the lipid reserves to
cover their energy requirements, changes in the amount of lipids
passed on from the mothers, or changes in energy requirements of
the larvae, could have significant implications for the recruitment of
the species. A warmer Arctic ocean with smaller mothers
(Halvorsen, 2015) could lead to earlier spawning and smaller
nauplii. Moreover, warmer temperatures alter the larval
development and increase the metabolism (increasing carbon
requirements), as well as decrease the duration of starvation that
the nauplii can survive, potentially affecting the timing to reach the
spring bloom. Therefore, a synergistic effect of warming and
acidification could imply that nauplii may not survive a potential
mismatch with the ice break-up and resulting phytoplankton
bloom, which would have detrimental effects on the species
recruitment (Soreide et al., 2010; Daase et al., 2013).

In recent years, molecular techniques such as metabolomics
have emerged as a powerful tool to study the physiological
mechanisms that organisms use to cope with environmental
stressors. Combining these new techniques with traditional
measurements can provide a more comprehensive understanding
of the potential responses of Arctic zooplankton communities to
future changes. For instance, a recent study by Thor et al. (2022) has
demonstrated the usefulness of metabolomics in elucidating the
metabolic pathways and responses of copepods to environmental
stressors (through changes in cellular metabolism). Therefore,
incorporating these molecular techniques into future experimental
investigations could shed light on the underlying mechanisms that
govern the physiological responses of Arctic organisms to
multiple stressors.

While there is a growing body of literature on the responses of
early life stages of Arctic zooplankton to combined stressors, many
questions remain unanswered. The limited research on the effects of
combined environmental stressors on Arctic copepods, including C.
hyperboreus, highlights the need for further experimental
investigations to fully comprehend their physiological responses in
potential future Arctic scenarios. Future work should include long-
term investigations that could help understand not only responses,
but also discern resilience of the Arctic ecosystems (Griffith et al,
2019). Early-life stages remain an important element to consider, as
they can act as a bottleneck for the development of the species. By
furthering our understanding of how these organisms respond to
environmental stressors, we may be better equipped to mitigate the
effects of climate change on these vital ecosystems.
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The waters near the Antarctic Peninsula are characterized with unique
oceanographic conditions and rich krill resources. Based on samples collected
around the South Shetland Islands (SSI) in austral summer of 2019/2020, the net-
phytoplankton community structure and relevant major biotic and abiotic
influencing factors were investigated. Eighty-one taxa were identified by light
microscope, and diatoms were the most abundant group. The most abundant
species were Chaetoceros atlanticus, C. criophilus, C. dichaeta, Fragilariopsis
kerguelensis and Pseudo-nitzschia lineola. The abundance and Shannon-
Weaver index of net-phytoplankton ranged from 100 to 2.64x10” cells/m® and
0.0747 to 4.0176 respectively, with significantly low values detected in the
Bransfield Strait (BS) and high values in the west of the SSI. The dissimilarity
was mainly caused by the differences in abundance of diatoms (including
Thalassiothrix antarctica and the species in genus Rhizosolenia, Chaetoceros,
Fragilariophsis). These diatoms and Dictyocha speculum were found in higher
abundance in the west of the SSI, while Corethron pennatum and cryptophytes
were found in higher abundance in the BS. Combined with acoustic density of
krill and environmental data (Sea Surface Temperature and Sea Ice
Concentration). The multivariate analysis suggested that phytoplankton
community was positively affected by the SST, and the acoustic- derived krill
density would be associated with the spatial distribution of pennate diatoms. This
study enhances the knowledge about the selective feeding for krill and provides
ecological implications for the Antarctic marine ecosystem.

KEYWORDS

phytoplankton, community structure, sea surface temperature, sea ice concentration,
Antarctic krill
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1 Introduction

The Southern Ocean is recognized as a key region in the
modulation and global marine carbon cycle (Gongalves-Araujo
et al, 2015). There are complex water masses around the South
Shetland Islands (SSI) especially in the waters of the Bransfield
Strait (BS) which connect the Bellingshausen Sea and the Weddell
Sea (Gongalves-Araujo et al., 2015). The complexity of water masses
and their diverse thermohaline structures makes the regions around
the SSI be a hotspot for phytoplankton assemblages and high
trophic predators.

Phytoplankton plays crucial roles in the marine ecosystem and
they could respond sensitively to changes in the environment
(Schloss and Estrada, 1994; Vernet et al., 2008; Liu et al., 2021).
High values of phytoplankton biomass have been observed in
particular regions, especially at oceanic fronts, marginal ice zones
and near shore straits, bays, and lees of islands (Prézelin et al., 2000;
Mendes et al., 2012). During the austral summer, the distribution of
phytoplankton is patchy. The blooms in the Antarctic waters were
dominated by nanoflagellates (Mascioni et al., 2019) or
microphytoplankton (mainly diatoms) which were both occurred
and recorded. The waters along the AP exhibits high value of
phytoplankton abundance (Hewes et al., 2009). In contrast, waters
in the BS have been dominated by nanoflagellates and characterized
by low primary production away from the melting of sea ice (Holm-
Hansen and Mitchell, 1991; Lancelot et al., 1993; Kang et al., 2001).
In the west of the SSI, microphytoplankton community
composition has been characterized by the genus of Rhizosolenia
and Chaetoceros (Luan et al., 2013).

In the context of global climate change, there was a shift from
micro-diatoms to nanoflagellates (Costa et al., 2020). When water
heats up, stratification of water column caused by the sea-ice
melting leads to the phytoplankton bloom (Rozema et al., 2017a).
As sea ice receded, diatoms bloom to higher abundance and then,
are replaced by cryptophytes (Ducklow et al., 2007). Besides abiotic
factors, the distribution of phytoplankton may also be affected by
the consumption of Antarctic krill (Euphausia superba, hereafter
krill). Krill is a key species in the Antarctic marine ecosystem
linking between phytoplankton and higher trophic predators. More
than 50% total krill biomass are presumed to be located in the
southwest Atlantic sector, in particularly in the waters around SSI
(Atkinson et al., 2004; Hewitt et al., 2004; Watters et al., 2020). Krill
is an important grazer on phytoplankton and a large krill
aggregation can exert great pressure on phytoplankton biomass
(Froneman et al., 2000; Bernard et al., 2012). Diatoms are the major
food resources for krill and krill is mainly effective at grazing
particles larger than 10 pm equivalent spherical diameter (ESD)
(McClatchie and Boyd, 1983; Ishii et al., 1985; Haberman
et al.,, 2003b).

As early as in the middle of the 20™ century, there were surveys
about microphytoplankton in Antarctic (Froneman et al., 1997).
Due to the application of molecular and pigment analysis,
composition of microphytoplankton by microscope is scarce. To
supplement the lack of up-to-date knowledge about the
microphytoplankton community, phytoplankton community
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around the SSI was investigated. In addition, regions near the SSI
have suffered great impacts of climate change, so phytoplankton
dynamics could reinforce the understanding about the response to
the regional environment change including the sea surface
temperature (SST), sea ice concentration (SIC) and krill density.
The objective of this study is to clarify the distribution pattern and
spatial difference of net- phytoplankton, identify the possible
influencing factors, and then provide some indicators for krill
selective grazing.

2 Materials and methods
2.1 Samples and data collection

The net-phytoplankton samples were collected during the
Antarctic krill survey conducted by the Chinese krill fishing vessel
Fu Rong Hai around the SSI from 8 to 12 in March 2020. Samples
were collected at 40 stations with 21 stations in the west of SSI and
19 stations in the BS (Figure 1). Net-phytoplankton samples were
collected with a standard net III (net area 0.1 m?, mesh size 76 m)
by vertical hauling from 200 m depth or from the bottom to the
surface when the depth was less than 200 m. The collected samples
were preserved in 1 L bottles with 5% formaldehyde solution.

The krill density was estimated using acoustic data collected
from a hull-mounted Simrad EK60 echosounder onboard F/V Fu
Rong Hai along the transects survey as shown in Figure 1. Krill
backscatters were identified using the swarm-based method (Kraftt
et al., 2021). The acoustic backscatter at 120 kHz attributed to krill
were then integrated as nautical area scattering coefficient (NASC,
m?/n. mile®) from the surface exclusion layer (15 m) to the lower
limit (250 m), and exported at an elementary distance sampling unit
(EDSU) of 1 n.mile. In the subsequent correlation analysis, the
NASC values of each station were averaged by 6 n. miles (3 n. miles
before and after of each station).

Environmental data, including the SST and SIC, were obtained
from the Copernicus Marine Data Store (https://resources.marine.
copernicus.eu/). The spatial resolution of the original data was 0.05°
x 0.05° and temporal resolution was daily mean.

2.2 Samples and data analysis

In the land-based laboratory, the phytoplankton samples were
settled for more than 48 h, and the supernatant was aspirated off.
The volume of the concentrated samples was about 100 ml, 0.5 mL
of which was analyzed and counted under the Nikon Eclipse Ti2-U
inverted microscope with 200x to 400x magnification. The taxa
identification was based on species morphology referred to the
books and literatures on phytoplankton classification and the
website of www.algaebase.org.

The taxa abundance (A) was calculated as:

_n V2
IR
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FIGURE 1

Map of sampling stations and transects (T1-T13) around the South Shetland Islands. BS- Bransfield Strait. The green dots were the stations in the
west of SSI which defined as cluster 1, and the blue dots were the stations in the BS which defined as cluster 2.

where #; is the number of cells in species 7, V1 is the analyzed
volume 0.5 mL and V2 is the concentrated volume. V'is the filtration
volume when hauling the net which was calculated as 200 m or the
depth of water minus two meters and then multiply by the net area.

Shannon-Weaver index (H’) was used to evaluate the species
diversity of phytoplankton community. H’ is calculated as
(Shannon and Weaver, 1949):

H, =2Pi10g2Pi

i=1

Dominance (Y) was calculated as:

Y=%ﬁ

where N is the total number of phytoplankton cells; S is the
number of species and P; is the ratio of the number of cells i to the
total numbers, n; is the number of cells in species i and f; is the
frequency of species i.

Phytoplankton community structure was examined by carrying
out a multivariate analysis on abundance. Clustering was performed
for each dataset based on the Bray- Curtis similarity matrix of log (x
+1) transformed phytoplankton abundance and the average linkage
group classification (Field et al., 1982; Shi et al., 2020) to distinguish
the phytoplankton communities. In the process of analysis, stations
in the west of SSI were defined as cluster 1, and the others were
defined as cluster 2. ANOSIM (analysis of similarities) procedure
was used to test the difference of phytoplankton community. To
understand the circumstances of the dissimilar species that caused
the difference between stratums, a similarity percentage analysis
(SIMPER) was conducted. The species causing the difference
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between clusters were listed. The BIO-ENV analysis with
Spearman rank correlation was carried out between the
taxonomic and environmental data, to evaluate the best sets of
environmental factors including SST, SIC and acoustic density of
krill on phytoplankton communities.

3 Results
3.1 Net-phytoplankton community

Eighty-one taxa were identified in this study and the
composition of phytoplankton was listed in Table 1. Diatoms
were the dominant group with 67 species. Others groups
including dinoflagellates, silicoflagellates and cryptophytes were
less abundant. The most abundant species were all diatoms in
chains including Chaetoceros atlanticus, C. criophilus, C. dichaeta,
Fragilariopsis kerguelensis, and Pseudo—nitzschia lineola.

The distributions of different phytoplankton groups abundance
were exhibited in Figure 2. Total phytoplankton abundance ranged
from a minimum of 100 cells/m> at T13-2 station to a maximum of
2.64x107 cells/m” at T5-1 station. Phytoplankton abundance in the
west of the SSI was apparently higher than that in the BS. The
distribution patterns of different groups (diatoms, dinoflagellates
and most abundant species) were similar to the total abundance.
Compared with pennate diatoms, centric diatoms were more
abundant in the BS.

The H’ ranged from 0.0747 to 4.0176 (Figure 3). In general,
diversity indices were clearly higher in transects T1-T6 than those
calculated in transects T7-T13. Interestingly, sampling stations with
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TABLE 1 Taxa composition of net-phytoplankton around the South Shetland Islands during 8 to 12 March 2020.

Bacillariophyta

Actinocyclus actinochilus (Ehrenberg) Simonsen 0.0000 0.0250 0.0000
Actinocyclus sp. 0.0002 0.1500 0.0000
Asteromphalus parvulus Karsten 0.0003 0.0250 0.0000
Asteromphalus hookeri Ehrenberg 0.0001 0.0500 0.0000
Asteromphalus hyalinus Karsten 0.0005 0.0500 0.0000
Asteromphalus spp. 0.0000 0.0750 0.0000
Biddulphia spp. 0.0000 0.0250 0.0000
Chaetoceros atlanticus Cleve* 0.4118 0.6000 0.2471
Chaetoceros bulbosus (Ehrenberg) Heiden 0.0032 0.1750 0.0006
Chaetoceros castracanei Karsten 0.0187 0.2500 0.0047
Chaetoceros criophilus Castracane* 0.0288 0.7000 0.0201
Chaetoceros debilis Cleve 0.0003 0.0250 0.0000
Chaetoceros dichaeta Ehrenberg* 0.0683 0.3000 0.0205
Chaetoceros flexuosus Mangin 0.0002 0.0250 0.0000
Chaetoceros neglectus Karsten 0.0141 0.0500 0.0007
Chaetoceros neogracilis VanLandingham 0.0002 0.0250 0.0000
Chaetoceros pendulus Karsten 0.0107 0.3750 0.0040
Chaetoceros peruvianus Brightwell 0.0031 0.2250 0.0007
Chaetoceros simplex Ostenfeld 0.0038 0.2000 0.0008
Chaetoceros spp.* 0.0479 0.4250 0.0203
Cocconeis sp. 0.0003 0.4000 0.0001
Corethron pennatum (Grunow) Ostenfeld 0.0106 0.9750 0.0103
Coscinodiscus curvatulus Grunow 0.0000 0.1250 0.0000
Coscinodiscus oculus-iridis (Ehrenberg) Ehrenberg 0.0000 0.0250 0.0000
Coscinodiscus subtilis Ehrenberg 0.0001 0.0500 0.0000
Coscinodiscus radiatus Ehrenberg 0.0000 0.0250 0.0000
Coscinodiscus spp. 0.0000 0.2500 0.0000
Cyclotella sp. 0.0009 0.5250 0.0005
Cylindrotheca closterium (Ehrenberg) Reimann & J.C. Lewin 0.0000 0.0750 0.0000
Dactyliosolen antarcticus Castracane 0.0081 0.3500 0.0028
Dactyliosolen tenuijunctus (Manguin) Hasle 0.0164 0.4000 0.0066
Dactyliosolen sp. 0.0000 0.0250 0.0000
Diploneis sp. 0.0000 0.0250 0.0000
Eucampia antarctica (Castracane) Mangin 0.0015 0.0250 0.0000
Fragilariopsis curta (Van Heurck) Hustedt 0.0046 0.5750 0.0026
Fragilariopsis cylindrus (Grunow ex Cleve) Helmcke & Krieger 0.0029 0.4250 0.0012
Fragilariopsis kerguelensis (O’ Meara) Hustedt* 0.0535 0.6000 0.0321
Fragilariopsis pseudonana (Hasle) Hasle 0.0073 0.3250 0.0017

(Continued)
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TABLE 1 Continued

10.3389/fmars.2023.1254043

Taxa niy/N f; Y

Fragilariopsis ritscheri Hustedt 0.0000 0.0250 0.0000
Fragilariopsis rhombica (O’ Meara) Hustedt 0.0009 0.3000 0.0003
Fragilariopsis spp. 0.0037 0.4000 0.0007
Leptocylindrus mediterraneus (H.Peragallo) Hasle 0.0001 0.0250 0.0000
Licmophora spp. 0.0000 0.2000 0.0000
Navicula spp. 0.0003 0.2250 0.0001
Nitzschia longissima (Brébisson ex Kiitzing) Grunow 0.0035 0.2250 0.0008
Nitzschia spp. 0.0000 0.0250 0.0000
Pleurosigma spp. 0.0000 0.0250 0.0000
Proboscia alata (Brightwell) Sundstrém 0.0121 0.5750 0.0070
Proboscia inermis (Castracane) R.W.Jordan & Ligowski 0.0042 0.4750 0.0020
Proboscia truncata (G.Karsten) Né6thing & Ligowski 0.0005 0.3000 0.0001
Pseudo-nitzschia heimii Manguin 0.0513 0.3500 0.0179
Pseudo-nitzschia lineola (Cleve) Hasle* 0.1277 0.7000 0.0894
Pseudo-nitzschia turgiduloides G. R. Hasle 0.0192 0.3500 0.0067
Pseudo-nitzschia spp. 0.0000 0.0500 0.0000
Rhizosolenia antennata f. semispina Sundstrom 0.0102 0.4750 0.0048
Rhizosolenia hebetata f. semispina (Hensen) Gran 0.0014 0.4250 0.0006
Rhizosolenia simplex G. Karsten 0.0000 0.0500 0.0000
Rhizosolenia styliformis T. Brightwell 0.0048 0.5000 0.0024
Rhizosolenia styliformis var. lattissima Brightwell 0.0000 0.0500 0.0000
Rhizosolenia styliformis var. longisipina Hustedt 0.0002 0.0250 0.0000
Rhizosolenia spp. 0.0130 0.6500 0.0085
Synedropsis spp. 0.0002 0.0500 0.0000
Thalassiosira spp. 0.0013 0.4750 0.0006
Thalassiothrix antarctica Schimper ex Karsten 0.0249 0.7000 0.0175
Trigonium antarcticun Gogorev & Pushina 0.0000 0.0500 0.0000
Centricae 0.0000 0.2000 0.0000
Dinophyceae

Alexandrium sp. 0.0000 0.0500 0.0000
Cochlodinium sp. 0.0000 0.0250 0.0000
Dinophysis dens Pavillard 0.0000 0.0250 0.0000
Dinophysis spp. 0.0000 0.0500 0.0000
Diplopsalopsis spp. 0.0001 0.0750 0.0000
Gymnodinium spp. 0.0000 0.1250 0.0000
Gyrodinium spp. 0.0010 0.2250 0.0002
Heterocapsa sp. 0.0002 0.0250 0.0000
Lepidodinium sp. 0.0001 0.0500 0.0000
Prorocentrum antarcticum (Hada) Balech 0.0002 0.1750 0.0000

(Continued)
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TABLE 1 Continued
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Taxa nj/N f; Y

Protoperidinium antarcticum (Schimper) Balech ‘ 0.0000 0.0750 0.0000
Protoperidinium spp. ‘ 0.0000 0.0250 0.0000
Tripos pentagonus (Gourret) F. Gomez ‘ 0.0000 0.0500 0.0000
dinoflagellates ‘ 0.0005 0.3250 0.0001
Ochrophyta

Dictyocha speculum Ehrenberg ‘ 0.0060 0.4000 0.0024
Cryptophyta

Cryptophytes sp. ‘ 0.0000 0.1750 0.0000
micro phytoplankton ‘ 0.0000 0.0500 0.0000
nano phytoplankton ‘ 0.0075 0.5750 0.0043

*- the most abundant species.

extremely low species diversity were almost dominated by one
species namely Corethron pennatum. For example, T11-3 was the
station with the lowest diversity index, where Corethron pennatum
accounted for 99.33% of the total abundance. And the second lowest
index was found at the station T13-1, where C. pennatum accounted
for 98.90% of the total abundance.

3.2 Spatial differences of
phytoplankton community

Two clusters were classified at 25% of the similarity level shown
in Figure 4, which were significant different between cluster 1 and 2
(ANOSIM: R=0.513, p=0.001). In summary, cluster 1 mainly
assembled the stations in the west of the SSI whereas cluster 2 in
the BS.

To understand the circumstances of the dissimilar species that
caused the difference between two clusters, we then conducted a
similarity percentage analysis (SIMPER). The average dissimilarity
was 76.65% between two clusters. In view of the significant difference,
the species that contribute more than 3% were listed in Table 2 and
their accumulated contribution added to 37.13%. Some diatom
species contributed more for the dissimilarity between the clusters
at sampling stations (Table 2), mainly referred to centric diatoms
(Rhizosolenia styliformis, Chaetoceros criophilus, C. atlanticus, R.
antennata f. semispina, Proboscia alata, and Corethron pennatums).

3.3 Influencing factors on the net-
phytoplankton community

The SST ranged from -0.35 to 3.88 °C. The SST in the BS was
apparently lower than that in the west of the SSI (Figure 5). The
distribution of SIC was totally different from the SST spatial
distribution. The SIC values in most stations were mostly 0,
namely there was no ice cover. Only several stations including
T4-3,T8-1, T9-1, T10-1 near the SSI still had a few bits of ice floes.

Frontiers in Marine Science

Acoustic density of krill, ranged from 0 to 1194.4 m?/n. mile?,
showed obvious spatial difference (Figure 6). In general, acoustic
density was higher in the BS than on the west side of SSI and varied
greatly between stations. More than half of stations had NASC
values less than 10 m*/n. mile’, even the values in 13 stations were 0.
And the high values occurred at transects T8, T9 and T10 in the BS
(see Figure 1).

SST was the best environmental variable to explain the variance
in the study area (P=0.01). Acoustic density was analyzed with the
abundance of phytoplankton communities and abundant species
respectively. It was found that the acoustic density was the best
factor to explain the pennate diatoms (P=0.03).

4 Discussion

4.1 Characteristics of net- phytoplankton
community and its dynamics around the
northern tip of the Antarctic Peninsula

The phytoplankton communities in the study area were mainly
composed of the micro-diatoms in chains like Chaetoceros spp.,
Fragilariopsis spp., Pseudo—nitzschia spp. and Rhizosolenia spp.
Diatom assemblages in Antarctic waters exist transitional
characteristics. Their ecological types included eurythermic
species, cold-water species and endemic species in Antarctic. The
abundant species were mainly endemic species in Antarctic and
cold-water species, which reflected the survival strategy of
phytoplankton in the Southern Ocean. Firstly, due to larger cells
are more resistant to sinking, they can stay in the euphotic layer
(Sun et al,, 2003). Secondly, large diatoms in chains with high ratio
of superficial and volume of cells are conductive to the absorption of
nutrients, especially to the absorption of limiting nutrients such as
iron (Sun et al, 2003; Luan et al,, 2012). Finally, some larger cells
would be less susceptible to ingestion, while some cells have thick
cell wall that make digestion difficult for zooplankton. In addition,
we missed the pico- and some nanophytoplankton cells to some
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extent as we analyzed net-phytoplankton by the net sampling.
These factors caused the net- phytoplankton communities to be
dominated by larger cells or diatoms in chains (Sun et al., 2003).
In 1986-1987, dominant microphytoplankton were diatoms and
the average cell density was 4.406x10° cells/m® in the BS and
adjacent waters of EI (Zhu, 1993). Cefarelli et al. (2011) found
diatoms were dominated in the mixed layer (1.06x10°-
2.09x10°cells/m?) and small centric diatoms were also highly
abundant in the northwestern Weddell Sea between 10 March
and 1 April 2009. Luan et al. (2012) used the same method we
used to collect and analyze the phytoplankton community during

Frontiers in Marine Science

austral summer 2010. Phytoplankton abundance varied from 387 to
1.04x107 cells/m’ which was similar to our results. Thalassiothrix
antarctica, Gymnodinium sp., Chaetoceros sp., Pseudo-nitzschia
lineola, Fragilariopsis kerguelensis, Chaetoceros criophilus,
Corethron inerme and Fragilariopsis curta were the most
abundant species. These species were also occurred in our results.
Compared with previous studies above, there was little difference in
composition of phytoplankton community. The dominant species
or genus were similar to our study. Due to the difference in survey
area, season and sampling methods, the phytoplankton abundance
are varied. Water samples were collected for HPLC/CHEMTAX
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FIGURE 3
Histogram of Shannon-Weaver index (H’) across all sampling stations.

pigment and microscopic analysis around the tip of the AP during
February/March 2008 and 2009. Phytoplankton assemblages were
generally dominated by diatoms especially at coastal stations, while
nanoflagellates replaced diatoms in open-ocean areas (Mendes
et al,, 2012). According to Mascioni et al. (2019), the highest
phytoplankton abundance and biomass values were mainly
represented by nanophytoflagellates, and the abundance of large
bloom-forming diatoms was low in the relatively unexplored
nearshore sites of the western AP during late summer of 2016
and during the spring-summer 2016-2017. As aforementioned,
there are discrepancies among different results which might
attribute to the conditions of sampling and methods of analyzing.
So it seems to be necessary to have a long-term observation by same
method at changeless location. Actually, rates of warming and sea
ice loss are fastest in the southwest Atlantic sector with the impact
of climate changes (Flores et al, 2012). Several studies have
described a shift from large phytoplankton (diatoms) to smaller
flagellated species (Moline et al., 2004; Monte-Hugo et al., 2009;
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station

Rozema et al, 2017b; Biggs et al, 2019). Therefore, long-term
observation of the abundance of microphytoplankton is
important to know more about size dynamics.

4.2 Relationships between
environment features and net-
phytoplankton community

As shown in the results, SST was the major environmental
variable to explain the variance. In both laboratory (Eppley, 1972;
Berges et al, 2002) and field investigations (Montagnes and
Franklin, 2001; Hernando et al., 2018), temperature has been
found to play an essential role in the growth of organisms, which
can promote enzyme activity and metabolic processes. Higher
temperature leads to accelerate phytoplankton growth and
increase the matter accumulation (Winder and Sommer, 2012).
With the increase of temperature, the biomass increased. In
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FIGURE 4
Cluster dendrogram of the phytoplankton community.
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TABLE 2 Dissimilarity percentages-species contributions of phytoplankton community.

Av.Abund
Species Av.Diss Contrib%
Cluster 1 Cluster 2

Rhizosolenia styliformis 5.94 0.31 2.87 3.75 3.75
Thalassiothrix antarctica 6.78 1.49 2.82 3.68 7.43
Chaetoceros criophilus 6.78 1.89 2.81 3.68 11.1
Fragilariopsis kerguelensis 6.49 0.92 2.73 3.56 14.67
Rhizosolenia spp. 6.39 1.15 2.72 3.55 18.22
Pseudo-nitzschia lineola 6.43 223 2.53 331 21.52
Chaetoceros atlanticus 6.33 1.28 2.48 3.24 24.76
Rhizosolenia antennata f.

semispina 5.61 0.44 2.4 3.14 27.9
Proboscia alata 5.69 0.78 2.37 3.09 30.99
Fragilariopsis curta 5.29 0.79 2.35 3.07 34.07
Corethron pennatum 6.11 7.42 2.34 3.06 37.13

addition, Lionard et al. (2012) also found that high temperature was
more favorable for the growth of large centric diatoms in
phytoplankton assemblages in temperate environments.
Therefore, SST might have promoted the growth of many net-
phytoplankton taxa, which was highlighted by great contribution
of microdiatoms.

The study area is hydrologically complex, with multiple water
masses flowing from the Weddell Sea and the Bellingshausen Sea
(Sangra et al.,, 2011; Mendes et al., 2012). Within the surface layer of
the BS, there are two major transitional waters being detected:
Transitional Weddell Water (TWW) dominated by relatively cold
and salty water mass flows north and west along the AP, and
Transitional Bellingshausen Water (TBW) dominated by a
relatively warm and fresh water mass, flows east (Gongalves-
Araujo et al., 2015). Thermohaline difference between TWW and

60°S

TBW could be reflected in the phytoplankton communities. There
is a well-mixed water column in the TWW where nanoplanktonic
flagellates was dominant and exhibited lower chl a. On the contrary,
microplanktonic diatoms were dominant and contributed higher
chl a in the TBW because of the strong pycnocline and shallow
upper mixed layers (Gongalves-Araujo et al., 2015) within. In the
west of the SSI, the high nutrients brought by Circumpolar Deep
Water (CDW) and the deep water of subtropical Pacific Ocean
accelerated the bloom of phytoplankton (Luan et al., 2012).

4.3 Grazing effect on phytoplankton by krill

Krill is a potential resource and their feeding behavior is
complex, not only filtering phytoplankton and protozoa but also
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Distribution of sea surface temperature (left) and sea ice concentration (right). Data were obtained from the Copernicus Marine Data Store. The
spatial resolution of the original data was 0.05° X 0.05°, and temporal resolution was daily mean.
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Krill acoustic density distribution around the South Shetland Islands during 8

to 12 March 2020. NASC- nautical area scattering coefficient.

preying on zooplankton (Cleary et al., 2018). In addition, krill feed
on algae and detritus from sea ice and seabed (Price et al., 1988;
Stretch et al., 1988; Clarke and Tyler, 2008; Schmidt et al., 2014).
During the period of phytoplankton bloom, krill mainly feed on
diatoms. While in the scarcity phase of phytoplankton, they also
choose flagellates, copepods and detritus to sustain life (Schmidt
and Atkinson, 2016). Analysis of stomach contents (Meyer and El-
Sayed, 1983) and studies of the comparison of krill and
phytoplankton distribution (Schmidt and Atkinson, 2016)
suggested that krill feeding selective.

Early studies about krill gut content established the suitable
phytoplankton species for feeding (Schmidt and Atkinson, 2016). In
the South Georgia, microphytoplankton was the predominant
component of gut contents. Solitary and colonial cells of Nitzschia
spp., Thalassiosira spp. and Fragilariopsis kerguelensis were the
most abundant (Pakhomov et al., 1997). It was also found that
Thalassiosira spp. are preferred by krill feeding and some small
pennate diatoms such as Navicula spp. and Nitzschia spp. are barely
fed (Opalinski et al., 1997). In the stomach contents study of Cleary
et al. (2018), krill have a diatom-based diet, while the occasional
presence of copepod suggests carnivorous supplemented diet.
Compared with cryptophytes or prymnesiophytes, diatoms are
recognized as high quality food for zooplankton (Ross et al,
2000). Indeed, diatom bloom and gonad development of krill
occurs simultaneously in spring (Cuzin-Roudy and Labat, 1992;
Schmidt et al., 2012) and the accumulation of polyunsaturated fatty
acids of krill by feeding on diatoms was more effective than that by
feeding on copepods (Schmidt et al., 2014). In addition, krill were
more likely to feed on chain-forming diatoms than solitary
phytoplankton species (Stuart, 1989; Haberman et al., 2003a).
This result should be mainly concerned with the cell size. For
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cells with large size greater than 70 pm, krill were incapable of
ingestion, while the size was favored by krill at 20-40 pm (Meyer
and El-Sayed, 1983; Drits and Pasternak, 1993; Maciewska and
Opalinski, 1993 and Opalinski et al., 1997).

Compared with phytoplankton distribution, there was a negative
correlation between krill abundance and primary production during
the survey in the South Georgia (Pakhomov et al,, 1997). And the
abundance of phytoplankton community dominated by diatoms
rapidly decreased due to the feeding of the krill swarm only in a
few hours according to the observation of the scientific cruise in the
Scotia-Weddell Sea (Smetacek and Veth, 1989). However, striking
differences were observed between the stomach contents of krill
collected in fjords and in adjacent open waters which could not be
explained by differences in the surface water phytoplankton (Cleary
et al,, 2018). These findings are inconclusive. The distribution of krill
is concentrated along the AP, and their spatial and temporal
distribution is highly variable due to the ability of krill swarms
migration (Ross et al,, 1996; Moline et al., 2004). Large krill swarms
may contain up to 10000-30000 individuals m™ (Hamner et al,
1983), and can rapidly clear phytoplankton up to a few litres per hour
(Quetin et al,, 1994). In fact, this phenomenon occurred mostly in
local area. Spreading over larger areas, krill are difficult in grazing
down phytoplankton (Atkinson et al, 2014). In the meanwhile,
copepods were consistently part of krill diet (Schmidt et al., 2014).
The distribution of zooplankton in waters also need to be considered,
which may influence krill diet and increase the pressure on
phytoplankton. In conclusion, it is hard to find the corresponding
relationship between phytoplankton and krill density in the voyage
survey even within the same region and season. This could explain
why there was no correlation between phytoplankton abundance and
krill density in our study.
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Our research further analyzed the correlation between the
distribution of pennate diatoms and the acoustic density of krill
by BIO-ENV analysis. In the BS, krill density was high while the
abundance of phytoplankton dominated by Corethron pennatum
was low. In contrast, phytoplankton including pennate diatoms
were abundant while the krill density was low in the west of SSIL
Aforementioned findings were speculated that the phytoplankton
assemblages were related to the krill grazing pressure. Biological
processes, such as zooplankton grazing, superimposed to physical
and chemical changes, can modify the abundance and dominance
of different taxonomic assemblages (Cefarelli et al., 2011). Diatoms
such as Thalassiosira spp., Fragilariopsis spp. and Chaetoceros spp.
are feeding targets of krill, the low abundance of them and the
dominance of Corethron pennatum in the BS may be the results of
krill selective grazing, which seems to be the signal after krill
grazing. Corethron pennatum may be the species krill refuses to
eat. The structure of phytoplankton community is the result of
consumption of higher trophic level including krill selective grazing.
These conjectures may provide a new research direction for krill
selective grazing and more evidence need to be explored.

5 Conclusion

In this study, we analyzed the structure and distribution of net-
phytoplankton community near the SSI in the late austral summer
2019/2020. A total of 83 taxa (mostly at the species level) were
recorded by light microscope, with diatoms being the most
abundant group. There was significant difference between the BS
and the west of the SSI. Combined with acoustic density of krill and
environmental data including sea surface temperature and sea ice
concentration, SST was the major environmental variable to explain
the variance. It was also found that the acoustic density was the best
factor to explain the pennate diatoms distribution. Our results
clarified the composition and distribution of net-phytoplankton
and provide some conjectures for selective feeding for krill. This
study enhances the lack of up-to-date knowledge about the
microphytoplankton community and give some conjectures about
the selective feeding for krill and ecological implications for the
Antarctic systems.
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and production just after drastic
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the northern Bering Sea
assessed via ZooScan
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Drastic environmental changes were noted in the northern Bering Sea in 2018. A
reduction in sea ice affected several trophic levels within the ecosystem; this
resulted in delayed phytoplankton blooms, the northward shifting of fish stocks,
and a decrease in the number of seabirds. Changes in the community
composition of zooplankton were reported in 2022, but changes in
zooplankton interactions and production have not been reported to date.
Therefore, this study examined predator-prey interaction, secondary
production, and prey availability for fish to understand the effect of early sea
ice melt. Zooplankton size data were estimated from the size spectra obtained
using ZooScan based on samples collected in 2017 and 2018. A cluster analysis
based on biovolume showed that the zooplankton community could be divided
into three groups (Y2017N, Y2017S, Y2018). Y2017N, characterized by low
abundance, biomass, and production, Y2017S, characterized by high
biovolume and production, which contributed with Calanus spp., and Y2018,
characterized by low biovolume but high production, contributed with small
copepods, and Bivalvia. In 2017, the highest biovolume group was observed
south of St. Lawrence Island, and it was dominated by Calanus spp. and
Chaetognatha. Normalized size spectra of this group showed the highest
secondary production with present predator-prey interactions, suggesting that
the area provides high prey availability for fish larvae and juveniles. In contrast,
small copepods and bivalve larvae were dominant in this area in 2018, which
contain less carbons and energy, suggesting the prevalence of low-nutrient
foods in this year in relation to early sea ice melt.

KEYWORDS

sea-ice reduction, zooplankton biomass, normalized biomass size spectra, predator-
prey interactions, secondary production
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1 Introduction

The northern Bering Sea lies on a shallow shelf and has a
maximum depth of 50 m. This region is influenced by the inflow of
three different water masses: warm Alaskan Coastal Water (ACW)
with low salinity and nutrient levels; cold Anadyr Water (AnW)
with high salinity and nutrient levels; and Bering Shelf Water
(BSW), the characteristics of which are between those of the
ACW and AnW (Coachman et al,, 1975). The continuous inflow
of AnW supports high primary productivity, resulting in high
biomass and trophic levels in this area (Springer et al., 1993).

Decreases in both the period and area of seasonal ice coverage in
northern Being Sea have been recently reported (Grebmaier et al.,
2015). In the winter of 2018, the area of sea ice coverage reached an
historical minimum based on satellite observations recorded over
40 years (Cornwall, 2019), and the reduced sea ice extent resulted in
early sea ice melting (Stabeno and Bell, 2019). The early sea-ice
retreat has been largely attributed to relatively warm winds from the
south accompanied by a westward shift of the Aleutian Low from its
typical position (Stabeno and Bell, 2019; Basyuk and Zuenko, 2020).
Irregular phenomena associated with early sea melt have been
observed at several trophic levels: phytoplankton bloom delay
(Kikuchi et al., 2020), the northward migration of subarctic fish
such as pollack and Pacific cod (Stevenson and Lauth, 2019), and a
decrease in the number of sea birds (Cornwall, 2019).

Zooplankton connect primary production and higher trophic
levels. The abundance of small copepods increased during the
summer of 2018 (Duffy-Anderson et al,, 2019) because the
delayed phytoplankton bloom resulted in delayed reproduction
and large copepods did not reach their late developmental stage
(Kimura et al., 2022). However, although the community structure
of zooplankton and the population structure of copepods have been
reported, changes in the size composition of zooplankton have not
been reported. As another problem, copepod production is only
estimated in the paper, but production of whole zooplankton taxa is
not assumed due to lack of size data.

The size of zooplankton is reflective of the trophic level, and
once the biomass of one size range is known, the abundance of other
size ranges can be estimated (Sheldon et al., 1977). Obtaining such
information is therefore important for understanding the ecosystem
structure. In addition, fish select prey based on zooplankton size,
and differences in prey species affect the growth rates of juveniles
and the overwintering rates (Sheldon et al., 1977; O’Brien, 1979;
Meeren and Neess, 1993). Therefore, determining the zooplankton
size composition is not only important for assessing the ecosystem
structure but also for determining its potential as a food resource for
higher trophic levels.

Normalized Biomass Size Spectra (NBSS) were developed to
analyze the size composition of marine organisms (Sheldon et al.,
1977). They have been used in various oceans to analyze marine
ecosystem structures and food chains (i.e. Garcia-Comas et al,
2011; Forest et al., 2012; Cornils et al., 2022). Characteristics of
NBSS analysis can be explained by its slope and intercepts. Slope
reflects abundance of zooplankton, and production and energy
transportation can be explained by the slopes (Zhou, 2006). This
is because NBSS slope explains ratio of large particles and small

Frontiers in Marine Science

10.3389/fmars.2023.1233492

particles. When NBSS slope is steep, is means small particles are lots
more than large particles. Therefore, NBSS slope can reflects energy
transfer from zooplankton to fish (Sprules et al., 1988). The optical
plankton counter (OPC) and laser optical plankton counter (LOPC)
are the most common instruments used in NBSS analysis (e.g.,
Herman and Harvey, 2006; Barid et al., 2008); however, these
instruments are only used to measure the size of zooplankton,
and conducting an analysis of size alone may not correlate with the
actual trophic level in the food web structure (e.g., large jellyfish
feeding on phytoplankton). In addition, if NBSS analysis based only
on size is used to interpret energy transfer within the food chain, the
function of the food chain may be misinterpreted due to the opacity
of the prey-predator relationship (Yurista et al., 2014). In contrast,
ZooScan can be used to acquire and classify digital images of
zooplankton (Gorsky et al, 2010), and the combination of size
data and taxon information obtained from image analysis makes it
suitable for use in conducting food chain analyses, such as those
described above (Grosjean et al., 2004; Gorsky et al., 2010; Garcia-
Comas et al., 2011).

Therefore, in this study, the zooplankton community structure
and size composition in 2017 (normal sea ice melt year) and 2018
(early sea ice melt year) were investigated using ZooScan, and the
results obtained from ZooScan for both years were compared to
assess the effect of sea ice reduction on zooplankton size
composition. Production of whole taxa was then estimated using
size, taxon information, and in situ temperature, with the aim of
clarifying whether production was passed on to higher
trophic levels.

2 Materials and methods

2.1 Satellite data

Sea ice concentration (10-km resolution) was downloaded from
the Advanced Microwave Scanning Radiometer 2 (ASMR2)
supplied by the Japan Aerospace Exploration Agency via the
Arctic Data Archive System (ADS), with the cooperation of the
National Institute of Polar Research and Japan Aerospace
Exploration Agency (JAXA). The data were then used to evaluate
the sea ice coverage extent. Based on these data, the melt day (MD)
was defined as the last date on which the sea ice concentration fell
below 20% prior to the observed annual sea-ice minimum across the
study region. Time since sea-ice melt (TSM) was also defined as the
number of open-water days from the MD to the sampling date at
each station.

2.2 Field samplings

Sampling was conducted by the 40™ and 56™ cruises of the T/S
Oshoro-maru in the northern Bering Sea (62°10°-66°44'N, 166°30’-
174°05'W) during July 11-22, 2017, and July 2-12, 2018 (Figure 1).
Zooplankton samples were collected by towing a NORPAC net
(0.45 m mouth diameter, 150 um mesh) vertically from 5 m (22-71 m)
just above the seafloor to the surface. The volume of water filtered
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FIGURE 1

Location of stations in the northern Bering Sea during 11-22 July 2017and 2-12 July 2018. The numbers indicate station ID. Color arrows indicate

main currents in this region.

through the net was estimated using a one-way flow meter (Rigosha
Co., Ltd., Bunkyo-ku, Tokyo, Japan) attached to the center of the
mouth. The collected zooplankton samples were immediately
filled with 5% buffered formalin and transported to the
laboratory. At the same station, the water temperature, salinity,
and chlorophyll-a fluorescence values were measured using CTD
(Conductivity Temperature Depth Profiler; Sea-Bird Electronics
Inc., SBE911 plus).

2.3 Sample analysis

A total of 34 zooplankton samples were divided into 1/16-64
sections using a Motoda splitter (Motoda, 1959) and image data
were obtained using ZooScan (Hydrooptic Inc.). First, the ZooScan
scanning cell was filled with deionized water to scan the background
image using VueScan (Version 9.5.24), and the divided zooplankton
samples were then poured into the cell and scanned using VueScan.
The scans of the samples were digitized using a minute function at
2400 dpi, where one pixel corresponded to 10.6 um. Image data
were semi-automatically separated per object using ZooProcess
(Version 7.23) in Image ] software (Version 1.410). All images
scanned through ZooScan were uploaded onto the website Ecotaxa,
where the gene level was semi-automatically identified based on
datasets made from five manually identified samples per sampling
year. All the images were manually checked to ensure that they had
been correctly identified. Copepods were identified up to the genus
level, and all other species were identified at the taxonomic level
(from Order to Phylum). Images that could not be identified were
classified as “unidentified organisms,” and those containing more
than one object were classified as “multiple.” Images identified as
“multiple” and “detritus” were excluded from further analysis.
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Copepods were divided into three groups: Calanus spp., Other
large copepods (Eucalanus spp., Metridia spp., and Neocalanus
spp.), and small copepods (Acartia spp., Centropages spp.,
Microcalanus spp., Microsetella spp., Oithona spp., Oncaea spp.,
Pseudocalanus spp., and Copepoda nauplii).

The size of each zooplankton was measured based on the study
of Vandromme et al. (2012), using the ellipse major axis (L major,
um) and minor axis length (L minor, pm), which best fit the
zooplankton image shape, and the volume of the ellipse (volume,
mm?) and an equivalent spherical diameter (ESD, um) with the
same volume as the ellipse were identified using the following

471: L major\ (L minor 2
3 2 2 ’

3/ Volume x 3
Ar '

respective equations,

Volume =

ESD =

The biovolume (B: mm® m™) was calculated using the filtered
water volume (F: m™) calculated by using data of flowmeter, the tow
distance (L), split ratio (s) and the elliptical volume (Volume, mm?>)
via the following equation.

Volume x L
F xs

B=

2.4 Data analysis
Based on vertical profiles in temperature and salinity, thickness

of water mass (according to Danielson et al., 2020) was calculated at
each station.
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Zooplankton biovolumes (mm® m™?) of 34 stations were used to
conduct a cluster analysis, and they were transformed into fourth
roots ({/ X) to reduce the bias of abundant species. The similarities
between the samples were examined using the Bray-Curtis
similarity index. Dendrograms were created using the mean
linkage method (unweighted pair group method using arithmetic
means) and were classified into multiple groups by separating them
at specific similarity levels (Field et al., 1982). Accompanying this
analysis, similarity profile analysis (SIMPROF) was added to
determine if groupings of the stations were statistically significant
(at 5% significance level).The relationship between each sample and
normalized hydrographic data (water temperature, salinity,
chlorophyll-a fluorescence, MD, TSM and thickness in water
masses) was evaluated using DistLM (distance based linear
modeling) and a redundancy analysis (RDA). The parameters
were selected by procedures consisting of Step-wise, r* and 999
permutations were used. The cluster analysis, DistLM, and RDA
were conducted using the Primer 7 software (PRIMER-E Ltd.,
Albany, Auckland, New Zealand).

Differences in hydrographic (water temperature, salinity,
chlorophyll-a fluorescence, and MD) and zooplankton size
spectra parameters among the groups (identified by the cluster
analysis based on zooplankton biovolume) were tested using the
max-t method with a heteroscedastic consistent covariance
estimation (HC3) (Herberich et al., 2010). The tests were
conducted using R software with the packages “multcomp” and
“sandwich” (version 4.1.2, R Core Team, 2021).

The NBSS analysis was conducted based on the size
composition data obtained from ZooScan. Size data were used
later analysis in the 300-3400 um ESD range. Zooplankton larger
than 3400 um ESD (i.e., Cnidaria) were excluded from the analysis
because they were not quantitatively sampled by net and were easily
underestimated in ZooScan (Naito et al., 2019). Three ranges were
set to categorize the sizes of zooplankton: small size (ESD 267-1024
pum), medium size (ESD 1024-2673 pwm), and large size (ESD 2673-
5759 um). The NBSS X-axis is a logl0 transformation of the
biovolume for every logl0 (0.25) ESD, (X: logl0 zooplankton
biovolume, [mm?® ind.”']) and the Y-axis is the log10
transformation of the integrated biovolume of the size classes
classified by 100 wum ESD divided by the biovolume difference
between adjacent size classes (Abiovolume [mm’]) (Y: log10
zooplankton biovolume [mm® m™]/Abiovolume [mm’]). From X
and Y, the linear equation of the NBSS is defined as Y = aX + b.
Comparing the NBSS between the clustered groups, ANCOVA was
performed using StatView, with the NBSS slope (a) applied as a
response variable and intercept and (b) cluster groups applied as
explanatory variables.

Zooplankton biomass and production were determined using
ZooScan image data. First, the individual dry weight (DWind: mg
DW ind ") was calculated from the biovolume per individual (mm®
ind.), assuming that the density was equivalent to water (mm’ =
mg), and the result was multiplied by the water content for each
taxon (cf. Omori, 1969; Kigrboe, 2013; Nakamura et al.,, 2017;
Matsuno unpublished data). The biomass per taxon was calculated
using the following equation,
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DWind
72 n x L
s X F

Biomass =

)

where s is the split ratio, F is the volume of filtered water (m),
and L is the towing distance (m). To estimate production (mg C m?
day'l), the respiration rate (R: UL O, ind. ' h™!) was calculated using
the following equation (cf. Tkeda, 1985),

Ln(R) = —0.399 + 0.801<Ln (DWind) + 0.069 x T,

where DWind is the dry weight per individual, and T is the
integrated mean water temperature at the sampling station. From
the respiration rate, the production per individual, Pind (ug C ind™
day %) was estimated using the following equation (cf. Tkeda and
Motoda, 1978),
x 12 24

X 0.75 X 0.97 X ——

R
Pind = .
1000

To calculate production (mg C m™ day™), Pind was summed
for each taxon, divided by the volume of filtered water (m?), and
then multiplied by the towing depth.

3 Results
3.1 Hydrography

In both years, there were similar variations in water temperature
and salinity from east to west and with cold saline waters distributed
on the western side (cf. Figure 2 and 3 in Kimura et al., 2022). On
the other hand, water mass distributions were slightly different
between the years (Figure 2). Warm Shelf Water (WSW) covered at
surface layer in both years, and cold Shelf Water (cSW) and Anadyr
Water (AnW) occupied below the water mass. However, Modified
Winter Water (MWW) and Winter Water (WW) were only
observed in the south of the St. Lawrence Island during 2017.
Chlorophyll a fluorescence was higher in the Bering Strait during
both years (cf. Figure 2 and 3 in Kimura et al,, 2022). The MD
occurred from March 23 to April 29 in 2018, which was earlier than
in 2017 (April 4 to May 11) (cf. Figure 2 and 3 in Kimura
et al., 2022).

3.2 Zooplankton community

Cluster analysis based on the biovolumes of all zooplankton
taxa revealed three groups (Y2017N, Y2017S, Y2018) with
similarities of 62% and 65% (Figure 3A). By plotting the groups
on a geological map, their spatial and interannual distributions were
separated (Figure 3B). Y2017N was found from the Bering Strait to
the Chirikov Basin in 2017 (Figure 3B); Y2017S was distributed
along the Alaskan coast and southwest of St. Lawrence Island
during both years; and Y2018 was spread widely from the Bering
Strait to the southwest of St. Lawrence Island in 2018. Y2017N was
dominated by Calanus spp. and other large copepods in similar
proportions (Figure 3C); Y2017S (with the highest observed
biovolume) was dominated by Calanus spp. and characterized by
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the contribution of Euphausiacea, small copepods, and
Chaetognatha; and Y2018 contained the lowest biovolume but
was dominated by small copepods and other large copepods.
Each group was separately distributed in the RDA (Figure 4).
Comparing hydrographic data among the groups, only salinity
exhibited significant difference; higher value was seen in the
Y2017N (32.3) than in the Y2018 (31.9) (Table 1).

An NBSS analysis based on size composition was performed for
the three groups classified by the cluster analysis. The results showed
that the slope of Y2018 was significantly steeper (-0.8241) than that of
Y2017N (-0.6843) (Figure 5, Table 1). Intercepts in NBSS were not
different among the group significantly (Table 1). Biovolumes were
summarized by 0.25 on the logl0 axis and compared to NBSS plots,
which clearly showed the contribution of each taxon to size classes
(Figure 6). For all taxa, ESD 311-771 pum (-1.75-0 in logl0 (mm?
ind.")) with small copepods dominated, but Calanus spp. showed a
high contribution at an ESD range of 1132-2439 um (0-1 in logl0
(mm? ind. ). In Y2018, with the significantly steeper NBSS slope),
Bivalvia highly contributed to the size class of ESD 300-311 pm (-2 to
-1.75, logl10 (mm® ind. ) (Figure 6). other large copepods were
dominant in the larger size classes of groups A and C, whereas
Chaetognatha was dominant in the same size class of Y2017S.
Euphausiacea was particularly abundant in the middle size class of
groups Y2017N and Y2018.

A comparison between the size range and the available prey for
fish (Pacific cod) (cf. Jacobsen et al., 2020) revealed no yolk-sac
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larvae specimens in the predator size classes (Figure 6). In Y2017N,
other large copepods and Euphausiacea dominated the late larval
and early juvenile stage predator size class; in Y2017S, large Calanus
spp. dominated the late larvae to early juveniles predator size class
but Chaetognatha was dominant in the late juvenile stage; and in
Y2018, small copepods were dominant in the late larval stage
predator size class.

Biomass ranged from 4.60-11.49 g DW m* and was the highest
and lowest in Y2017S and Y2017N, respectively (Figure 7A,
Supplementary Table 1). Y2017N was characterized by a high
proportion of Calanus spp., other large copepods, and
Euphausiacea (Figure 7A). Y2017S, which had the highest
biomass among the three groups, was dominated by Calanus spp.
In Y2018, small copepods dominated, followed by Calanus spp. and
other large copepods (Figure 7A), and the proportion of Bivalvia
was higher (9.14%) than that of the other groups (0.05-0.2%).
Production ranged from 52.6-119 mg C m™ day” in the three
groups, with the highest in Y2017S and the lowest in Y2017N
(Figure 7B; Supplementary Table 2). Y2017N, which showed the
lowest production rates, showed a high contribution from Calanus
spp., other large copepods, and Euphausiacea. Production was
dominated by copepods in Y2017S (66%), whereas small
copepods supported the production of Y2018, which was also
characterized by the production of Bivalvia. Euphausiacea showed
the second highest production following copepods in all three
groups, ranging from 6.68-13.93 mg C m™.
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FIGURE 3

(A) Results of cluster analysis based on mesozooplankton biovolume using Bray—Curtis similarity connected with UPGMA in the northern Bering Sea
during July 2017 and 2018. Three groups (Y2017N, Y2017S, Y2018) were identified with a similarity of 62% and 65% (dashed lines). The samples were
named using the year and station ID. (B) Horizontal distribution of the three groups in the northern Bering Sea during July 2017 and 2018 identified

by cluster analysis (cf. A). (C) Total biovolume and composition of each group.

4 Discussion
4.1 Limitation of ZooScan

It is not always possible to classify small objects (especially
below 200 pm ESD) via image analysis with ZooScan, as it has a
pixel resolution of 10.6 pm (Gorsky et al., 2010). Many studies using
ZooScan have focused on > 300 pm ESD zooplankton (i.e., Colas
etal., 2017), and we therefore also only analyzed this size range. The
parameters of abundance and biovolume accuracy obtained using
ZooScan are largely consistent with the microscopic counts and size
measurements of copepods (Gorsky et al, 2010; Garcia-Comas
et al, 2011; Cornils et al,, 2022), and significant regression is
present for ESD 1-6 mm-sized copepods, in particular (Forest
et al., 2012). However, abundance and biomass based on
ZooScans of Chaetognatha, Appendicularia, and Cnidaria are
likely to be underestimated because it is difficult to analyze
transparent objects using ZooScan and there is large variability in
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the organic matter content of gelatinous zooplankton (Lehette and
Hernandez-Leon, 2009; Naito et al., 2019; Cornils et al., 2022). Also,
they are not efficiently caught by nets. Therefore, a considerable
amount of attention to detail is required when analyzing such taxa
with ZooScan.

4.2 NBSS analysis

The slope and intercept of the NBSS explain the zooplankton
size composition characteristics: the NBSS intercept is reflected by
zooplankton standing stock and primary production, whereas the
slope is reflected by productivity and trophic levels (Zhou, 2006). In
a typical marine ecosystem, the NBSS slope approaches -1 (Platt
and Denman, 1977; Kerr and Dickie, 2001). In this study, all slopes
were less than -1: this indicated that larger objects were dominant,
which is commonly observed after phytoplankton blooms
(Vandromme et al, 2014). NBSS slopes can be easily altered by
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dbRDA plot of the three groups with environmental parameters. The direction of the lines indicate the relationship between environmental
parameters and groups identified by cluster analysis (cf. Figure 3A) in the northern Bering Sea during July in 2017 and in 2018. Tem, water-column
integrated mean temperature; Sal, water-column integrated mean salinity; Flu, water-column integrated fluorescence; MD, melt day; TSM, time
since melt day to field sampling; wCW, warm Coastal Water; wSW, warm Shelf Water; cSW, cool Shelf Water; AnW, Anadyr Water; MWW, Modified

Winter Water; WW, Winter Water.

top-down and bottom-up effects within an ecosystem (Suthers et al.,
2006). In the top-down case, the slope of the NBSS becomes steeper
as middle-to large-sized plankton decrease with predation by
mammals and fishes. Therefore, a negative relationship is
assumed between predator abundance and slope (Suthers et al.,
2006). In a bottom-up effect, the slope becomes steeper as primary
production increases, consequently increasing the size of small
zooplankton (Moore and Suthers, 2006). When discussing top-
down and bottom-up effects, it is important to clarify the actual
prey-predator relationship (Yurista et al, 2014). As a result, an
increasing number of reports have combined NBSS analysis with
ZooScan to reveal taxonomic information (i.e., Cornils et al., 2022).

4.3 Characteristics of clustering groups

A cluster analysis based on the biovolume was used to reveal
regional and interannual changes in zooplankton communities
(Matsuno et al,, 2012). The distribution and composition showed
similar tendencies to those of microscopic analyses (cf. Figure 4 and
5 in Kimura et al., 2022), which suggests that identification at the
taxon level (genus level for copepods) using the ZooScan approach
can be used to detect trends at a level similar to that detected via
microscopic analysis.

In northern Bering Sea, zooplankton community changes under
the influence of water masses (Kimura et al., 2020). The water

TABLE 1 Inter-group comparison of hydrographic and zooplankton size spectra parameters in the northern Bering Sea during July in 2017 and

in 2018.
Groups
Parameters Max-t test
Y2017N (10) Y2017S (9) Y2018 (14)
Temperature 3.92 +0.87 344 +1.17 4.50 + 1.52 Not detected
Salinity 32.3+0.30 319 +0.17 32.0 + 0.93 Y20178* Y2018"2 Y2017N*
Fluorescence 21.8 +13.2 152 + 7.57 19.9 +10.3 Not detected
Melt Day 108 +13.2 108 + 14.4 107 + 14.8 Not detected
TSM 88 + 16.4 88 + 13.7 81 +12.9 Not detected
Slope in NBSS -0.683 + 0.089 -0.705 + 0.215 -0.901 + 0.260 Y2018° Y20178"* Y2017N"
Intercept in NBSS 0.828 + 0.155 1.005 + 0.261 0.845 + 0.338 Not detected

Different superscript numbers in the Max-t test + HC3 column indicate significant differences between regions. NS, not significant.
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NBSS of three groups identified from cluster analysis of mesozooplankton biovolume (cf. Figure 3A) in the northern Bering Sea during July 2017 and
2018. Numbers in parenthesis indicate the number of stations belonging to each group.

masses changes seasonally (Danielson et al., 2020), so it is well
reported that zooplankton communities are different between
months. However, since there is no report about difference
between shorter time scale, such as week. Thus, in this study,
sampling time between two years differ only 11 days, which
potentially influences zooplankton community, but quantitative
evaluation (or back calculation) is not possible due to the lack

of information.

Frontiers in Marine Science

Y2017N was observed in 2017 from the Bering Strait to the
Chirikov Basin, and it corresponds to the Y2017N presented in our
previous study (Kimura et al., 2022). This group was characterized
by low abundance (Table 2 in Kimura et al., 2022) and biomass, and
small copepods dominated the small size classes. The group showed
higher salinity than the other group, which means AnW mainly
occupied with water column at the station observed Y2017N. The
middle class of this group was dominated by other large copepods
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the NBSS line of the three groups identified from conducting a cluster

analysis of mesozooplankton biovolume (cf. Figure 3C) in the northern Bering Sea during July 2017 and 2018. The species composition was
calculated by summarizing the biovolume for all specimens in each size class. Prey size range for each stage of fish are shown at the bottom

horizontal axis (cf. Jacobsen et al.,, 2020).

and Euphausiacea transported from Anadyr Bay (Springer et al.,
1989; Ashjian et al, 2010; Moore et al., 2010). Euphausiacea
dominated 60%-90% of the stomach contents of cetaceans in the
study area; they are considered to play an important role in the food
web but are not likely to establish expatriates in the present state
(Moore et al, 2010). In Euphausiacea, Thysanoessa inermis, T.
raschii, Meganyctiphanes norvegica are carnivorous, which can
limit the abundance of Calanus spp. (Bamstedt and Karlson,
1998). The occurrence of other large copepods (composed of
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Eucalanus spp., Metridia spp., and Neocalanus spp.) was
consistent with the characteristics of a community found during
the summer in a previous study (Eisner et al.,, 2013). In the Chirikov
Basin, the zooplankton community structure showed monthly
changes accompanying surface water mass changes from June to
September (Kimura et al., 2020). During June and July, other large
copepods and Euphausiacea were abundant due to the inflow of
AnW, Calanus spp., and Euphausiacea. In contrast, in August, the
number of Bivalvia larvae, barnacle larvae, and Appendicularia
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biovolume (cf. Figure 3A) in the northern Bering Sea during July 2017 and 2018.

increased significantly. The community was then dominated by
Calanus nauplii and other small copepods (Centropages spp. and
Cyclopoida) (Kimura et al., 2020). The NBSS slope of Y2017N is
gentle due to the dominance of Calanus spp., other large copepods,
and Euphausiacea in the middle- and large-size classes, and it has
been suggested that the slope of the NBSS will become steeper with
an increase in benthic larvae (Matsuno et al., 2012; Kimura
et al., 2020).

The NBSS slopes of Y2017N and Y2017S (seen south of St.
Lawrence Island) were similar, but their compositions differed:

Frontiers in Marine Science

Calanus spp. were dominant in the middle-sized class in Y2017S,
but not in Y2017N. South of St. Lawrence Island, winter water is
distributed in the lower layers where Calanus glacialis is abundant
(Pinchuk and Eisner, 2017). It is also known that in cold years (late
sea-ice retreat), the abundance of large copepods (C. glacialis)
increases while that of small copepods and Cnidaria decreases
(Ershova et al., 2015). In 2017, late sea ice melt (compared to
2018) induced ice-edge blooms in late April (Kikuchi et al., 2020);
therefore, large copepods had grown to the C5 stage by July when
our survey was conducted (Kimura et al., 2022). In other words,
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Y2017, as seen in this study, is the community generally found
south of St. Lawrence Island during the summer of cold years.
According to the results of the size analysis, the zooplankton
abundance in the middle-sized class was low, and the large-sized
class was dominated by Chaetognatha. Chaetognatha is a typical
copepod predator (Feigenbaum, 1982; Kimmel et al., 2006); it is
therefore likely that it fed on middle-sized copepods in Y2017S,
which resulted in their decreased abundance. This suggests that the
food chain was functional in Y20178S.

The small size glass of Y2018 (which produced the steepest
NBSS slope) was dominated by Bivalvia larvae, and this is consistent
with the large seasonal occurrence of Bivalvia larvae observed in the
study area (Moore et al., 2003; Moore et al., 2006). Changes in the
slope of the NBSS due to the dominance of small copepods have also
been reported in the Chukchi Sea (Matsuno et al., 2012) and
Atlantic sector of the Arctic Ocean (Basedow et al., 2010). As
Bivalvia larvae typically settle 2—-6 weeks after emergence (Steidinger
and Walker, 1984), the steep slope of the NBSS in Y2018 does not
indicate high productivity, but it rather indicates the seasonal

recruitment of meroplankton.

4.4 Impact of early sea-ice melt on higher
trophic levels

Sea ice melted from April to May in 2017, resulting in an ice-
edge bloom and early copepod reproduction that induced a high
abundance of large (late stage) copepods during summer (Kimura
et al., 2022). However, sea ice melted earlier (from March to April)
in 2018; therefore, an ice-edge bloom did not occur, and an open-
water bloom occurred instead (Kikuchi et al., 2020). The
reproduction of copepods was delayed in relation to the late
open-water bloom, which resulted in a decreased abundance of
large copepods during summer (Duffy-Anderson et al., 2019;
Kimura et al, 2022). In this study, the results of the ZooScan
analysis showed clear annual variations, with groups Y2017N and
Y2017S dominating in 2017 and Y2018 dominating in 2018.

Y2017S, observed in 2017, exhibited the highest biomass.
Calanus spp. largely contributed to this group, and this was
attributed to late sea ice melting in cold years, as mentioned
above (Ershova et al, 2015; Kimura et al., 2022). A high
abundance of benthic larvae (Grebmeier et al., 2006) and a high
biomass of copepods have been observed South of St. Lawrence
Island (Kimura et al., 2022). According to the NBSS results, Y2017S
was the most productive community with a functioning food chain
among the three groups. This result means that the south of St.
Lawrence Island is not only an important area for maintaining the
zooplankton population, but also for efficiently transferring
production to higher trophic levels.

Y2018 had the lowest biovolume, and this group corresponded
to group D reported by Kimura et al. (2022). The biomass of Y2018
in this study was similar to that of Y2017N. However, production
was higher than that of Y2017N because of the high production of
small copepods. Large copepods in the study area are efficient prey
for higher trophic levels, as they store rich lipids in their body (Lee,
1974), whereas small copepods rarely store lipids because of their
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low nutrient content (Norrbin et al., 1990). The small copepods in
this study contained minimal amounts of lipids (Kimura et al,
2022). This group was also characterized by the dominance of
Bivalvia larvae in the small class due to the seasonal reproduction of
meroplankton. The carbon content of Bivalvia larva was 1.4-1.5%,
which was much lower than that of copepods (Viverberg and Frank,
1976; Steidinger and Walker, 1984) and indicated that the food
quality was too low for higher trophic levels. Lowering the nutrients
and fats of prey decreases the winter survival rate of fish such as
salmon or Arctic cod (Heintz et al., 2013). Therefore, it is suggested
that in Y2018, the production of low fat meroplankton and small
zooplankton was not transferred sufficiently to higher trophic levels,
which might have affected their abundance (Springer et al., 1989;
Huntington et al., 2020).

Fish generally exhibit grazing selectivity (for example, O'Brien,
1979). It is difficult for fish to detect small prey (and they contain
low levels of nutrients); therefore, they tend to prey on larger foods
(O’Brien, 1979). Walleye pollack (Theragra chalcogramma) is an
abundant species in the study area and it preys on small copepods
when they dominate in warm years, whereas it prays on large
copepods and Euphausiacea when they dominate in cold years. This
is likely because they graze on larger species during summer to
efficiently store lipids for overwintering (Coyle et al., 2011; Heintz
et al., 2013). Therefore, the prey-size composition provides
important information about the survival rate of fish. To compare
the growth stage of the fish larvae with the prey size, we determined
the available prey size range for each growth stage. In this study, the
available prey size for yolk-sac larvae was not detected, possibly
because ZooScan could not analyze copepod eggs, which are the
main food source for yolk-sac larvae. From late larvae to early
juveniles, the most important period for survival (Jacobsen et al.,
2020), the available food differed across the groups. Fat-rich other
large copepods and Euphausiaceae with rich fats were relatively
abundant in Y2017N and Y2018; however, their biovolumes were
low. Therefore, because the rate at which fish encountered these
foods was low and they experienced low food availability. When fish
do not receive sufficient energy, their populations and survival rates
are affected (Springer et al., 1989; Heintz et al., 2013; Huntington
et al., 2020). In contrast, large and fat-rich Calanus spp. was found
to be abundant in Y2017S, which suggested that it was readily
available to fish. In addition, sufficient Chaetognatha populations
for fish were seen in Y2017S; therefore, production by small and
large copepods was efficiently transferred to fish in Y20178S.

In conclusion, the zooplankton community and size
compositions in the northern Bering Sea differed between 2018
(an early sea ice melt year) and 2017 (a normal sea ice melt year). In
2017, Y2017N (dominated by other large copepods and
Euphausiacea) was observed in the Chirikov Basin and was
influenced by ACW, whereas Y2017S (dominated by Calanus spp.
and Chaetognatha) was distributed to the south of St. Lawrence
Island. In 2018, however, Y2017S was observed in the same area as
that in 2017, and Y2018 (dominated by small copepods and
Bivalvia) was distributed widely in the northern Bering Sea. The
NBSS analysis showed that the slopes of groups Y2017N and
Y2017S were similar; however, the species composition differed
between the groups. Y2017N was dominated by medium- or large-
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sized plankton (other large copepods and Euphausiacea)
transported from Anadyr Bay. In contrast, the middle-sized class
of Y2017S was dominated by Calanus spp., which is consistent with
the community observed during summer in cold years. The
abundance of the middle-sized class in this group was low, and
this may have been due to Chaetognatha grazing on middle-sized
copepod classes. The NBSS slope of Y2018 was the steepest in
relation to the seasonal occurrence of Bivalvia larvae. In 2018,
secondary production in the study area increased due to the
increased abundance of small copepods, and production was
contributed to by small copepods and Bivalvia larvae. As these
small zooplankton are considered low-nutritional prey, the number
of higher trophic levels may have decreased.
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Acoustic data were collected by means of Simrad EK60 scientific
echosounder on board the research vessel “Italica” in the Ross Sea during
the 2016/2017 austral summer as part of the P-Rose and CELEBeR projects,
within the framework of the Italian National Research Program in Antarctica
(PNRA). Sampling activities also involved the collection of vertical
hydrological profiles using the SBE 9/11plus oceanographic probe. Acoustic
data were processed to extract three specific scattering structures linked to
Euphausia superba, Euphausia crystallorophias and the so called Sound-
Scattering Layers (SSLs; continuous and low-density acoustic structures
constituted by different taxa). Four different sectors of the study area were
considered: two southern coastal sectors (between the Drygalski Ice Tongue
and Coulman Island), a northern sector (~30 nmi East of Cape Hallett) and an
offshore one spanning about 2 degrees of latitude from Coulman Island
south to the Drygalski Ice Tongue. The vertical structure of each group in
each area was then analyzed in relation to the observed environmental
conditions. Obtained results highlighted the presence of different vertical
structures (both environmental and acoustic) among areas, except for the
two southern coastal sectors that were found similar. GAM modelling
permitted to evidence specific relationships between the environmental
factors and the vertical distribution of the considered acoustic groups,
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letting to hypothesize the presence of trophic relationships and differences in
SSL species composition among areas. The advantages of acoustic
techniques to implement opportunistic monitoring strategies in
endangered ecosystems are also discussed.

KEYWORDS

Euphausia superba, Euphausia crystallorophias, vertical distribution, Ross Sea,
sound scattering layers

1 Introduction

The use of active acoustic techniques to study life in the ocean
began about a century ago (Kimura, 1929; Sund, 1935). From the
earliest applications, the importance of such techniques and the
impact they would have on our ability to study marine species in
the water column became clear (Benoit-Bird and Lawson, 2016).
Over the years, there has been considerable progress in both
the development of increasingly reliable electroacoustic
instrumentation and the development of faster and more
sophisticated data analysis algorithms. Furthermore, for several
years now, acoustic instruments specifically designed to study
marine organisms in the water column have played a very
important role in the assessment of commercial fish stocks and
their management (Fernandes et al., 2002; Muradian et al,, 2017;
Bonanno et al,, 2021; Leonori et al,, 2021). The availability of acoustic
data, acquired for the assessment of commercially exploited species,
often with time series spanning decades, has made it possible to carry
out multiple studies on the habitat suitability, spatial distribution and
fluctuations in abundance of these species in relation to indices of
natural climate variability in various regions (Lluchbelda et al., 1992;
Gutierrez et al., 2007; Barange et al., 2009; Barra et al., 2015; Bonanno
et al, 2015; Schismenou et al, 2017; Ben Abdallah et al., 2018;
Bonanno et al,, 2018; Zgozi et al., 2018; De Felice et al., 2021). In
addition, acoustic techniques allow the acquisition of scattering
volume profiles of the water column with high vertical resolution
over large spatial scales in a quasi-synoptic way. Taking advantage of
such features, an important area of marine ecology, focusing on
spatial distribution of organisms in the water column in relation to
environmental forcings, has strongly developed over the years. In this
context, since many organisms aggregate in areas with particular
environmental characteristics, acoustic observations, together with
hydrographic and current measurements (often estimated from
satellite data or through ocean circulation models) are used to
understand the interaction of biological and physical processes
underlying animal aggregations (Murase et al., 2009; Davis et al.,
2017; Leonori et al., 2017).

Acoustics have also become an important part of plankton
research (Greenlaw and Johnson, 1982) allowing scientists to
monitor zooplankton movements in the water column in
response to physical and chemical characteristics of the ocean.

Frontiers in Marine Science

Just to give some examples, Cheriton et al. (2007) studied
zooplankton aggregations occupying vertical scales of the order of
1 m and horizontal scales of kilometers. The authors showed how
such layers are associated with the pycnocline in calm conditions
while being strongly modified by wind and the movement of water
masses with different characteristics from those in which these
layers were formed. Ianson et al. (2011), analyzing acoustic data
from multifrequency scientific echosounders, highlighted the
influence of turbulent flow in the aggregation of Euphausia
pacifica. The acquisition of acoustic data using an autonomous
underwater vehicle made it possible to sample previously
inaccessible areas under the ice in Antarctica, revealing the
importance of the ice edge for krill (Brierley et al, 2002).
Acoustics also allowed researchers to examine an important
strategy used by copepods to hide from predators: overwintering
at depth (Bagoien et al.,, 2001).

The ability of acoustics to examine multiple types of organisms
at once has played an important role in identifying how the
avoidance and foraging strategies of predators change depending
on the time of day. For example, in the waters of Oahu (Hawaii),
zooplankton, fish and dolphins all concentrate on one depth and are
very active at dusk, but each group uses very different tactics during
the rest of the night (Benoit-Bird & McManus, 2014).

The present study reports some of the results of an
oceanographic survey, carried out in the austral summer of 2016/
2017 in the waters of the Ross Sea as part of the P-ROSE project
(“Plankton biodiversity and functioning of the Ross Sea ecosystems
in a changing Southern Ocean” - PNRA16 00239), within the
framework of the Italian National Research Program in
Antarctica (PNRA). Part of the data analyzed were also collected
during the activities of the CELEBeR project (“CDW Effects on
glacial melting and on Bulk of Fe in the Western Ross sea” -
PNRA16 00207).

The Ross Sea is a highly productive ecosystem whose food web
is very complex and characterized by multiple trophic pathways
(Hopkins, 1987; Smith et al., 2007; Pinkerton and Bradford-Grieve,
2014; Smith et al., 2014). Regarding the application of acoustic
techniques for the study of marine organisms in this specific area of
Antarctica, over the past decades, most efforts focused on studying
the spatial distribution of a few key species such as Euphausia
superba, Euphausia crystallorophias and Pleuragramma antarctica,
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using both net sampling and acoustic techniques (Guglielmo et al.,
1997; Azzali and Kalinowski, 2000; Granata et al., 2002; Sala et al.,
2002; Azzali et al., 2006; Granata et al., 2009; Guglielmo et al., 2009;
La Mesa et al., 2010; Naganobu et al., 2010; Davis et al., 2017;
Leonori et al., 2017). In contrast, only little information is available
on the characteristics and extent of sound-scattering layers that are
ubiquitous acoustic structures commonly found in all oceans and
representing a large percentage of the pelagic biomass (Blanluet
et al,, 2019; Geoftroy et al., 2019).

In the present study, according to well-known procedures
available in literature (Fontana et al., 2022 and references
therein), three distinct acoustic groups were identified
(E. crystallorophias, E. superba and Sound-Scattering Layers)
aiming at characterizing their vertical structure in relation to the
environmental conditions (as inferred by CTD data) in four
different sectors of the Ross Sea during the 2016/2017 summer.

2 Materials and methods

In the framework of the Italian National Research Program in
Antarctica (PNRA), a multidisciplinary oceanographic survey is
routinely carried out in the Ross Sea during the austral summer,
partitioning the available vessel time among different research
projects. During the 2016/2017 Austral summer, the P-ROSE
project focused on the plankton biodiversity and functioning in
some sectors of the Ross Sea. The planned sampling activities
considered the collection of acoustic data and zooplankton
samples along specific transects. Additional acoustic data were
opportunistically collected in the sectors pertaining the CELEBeR
project study area. Due to bad weather conditions, that led to a
reduction in the time available for zooplankton and micronekton
samplings, few (and unrepresentative) samples were collected in the
area pertaining the P-ROSE project, while the zooplankton
sampling was not foreseen in the other sectors considered in this
study (CELEBeR project study area). Thus, for the purposes of this
work, biological samples were not considered.

2.1 Acoustic data collection and processing

Acoustic data were collected from 08 January to 04 February
2017, on the board research vessel “Italica”, in four sectors of the
Ross Sea: area Al located in the coastal waters between the
Drygalski tongue and Cape Washington; area A2 located in
coastal waters between Cape Washington and Coulman island;
area A3 corresponding to the oftf-shore sector between Coulman
island and the Drygalski tongue; area A4 is the one in front of Cape
Hallett (Figure 1). Acoustic data were collected with a Simrad EK60
scientific echo-sounder working at three different frequencies
(38 kHz, 120 kHz and 200 kHz) and calibrated following
standard techniques (Foote et al., 1987).

The echo-sounder was configured to ping simultaneously at
each frequency with a pulse duration of 1024 ms. Raw data were
processed using the Echoview@ software package (Higginbottom
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et al., 2000) in order to extract all echoes related to the three
considered groups, namely Euphausia superba (S), Euphausia
crystallorophias (C) and Sound-Scattering Layers (SSL).

In each echogram, the analysis area was defined between 15 m
and 200 m. The upper threshold (15 m) was chosen to avoid the
effects of air bubbles due to bad weather conditions. The lower
threshold (200 m) was chosen considering that most
mesozooplankton occurs in the upper 200 m layer (Kasyan, 2023)
and that the acoustic signal acquired by the transducer at 200 kHz
was strongly attenuated. In order to remove background noise from
the echograms collected at 38, 120 and 200 kHz, the method
proposed by De Robertis & Higginbottom (2007) was adopted. In
terms of krill species identification, E. superba and E. crystallorophias
could be identified based on the equation proposed by Brierley et al.
(1998) and La et al. (2015), respectively. Fontana et al. (2022), who
worked on energetic and geometric parameters extracted from each
aggregation and tested different clustering methods, highlighted that
k-means performed better than other clustering methods, allowing
the consistent classification of the two krill species. Consequently,
acoustic data associated with the krill species were identified using the
k-means method according to Fontana et al. (2022). All aggregations
not linked to E. superba and E. crystallorophias were classified as
“unknown” and removed from the analysis. SSLs were thus obtained
by removing the identified krill aggregations (as well as background
noise) from the acoustic data and ensuring the absence of other
aggregations (“unknown” based on k-means approach; Fontana et al.,
2022). NASC (Nautical Area Scattering Coefficient; MacLennan et al.,
2002) values for the three above mentioned groups were extracted
according to a grid characterized by a vertical resolution of 10 m and
an elementary distance sampling unit (EDSU) of 0.5 nmi. The
threshold level for the acoustic data analysis was set at -90 dB for
the three frequencies. In relation to the aim of this study, density
values (i.e. NASC) here analyzed were based on acoustic data
acquired at 120 kHz, the most suitable frequency for detecting
zooplankton aggregations (see Supplementary Figures S1-54).

2.2 Hydrographic data

Temperature (°C), salinity (PSU), fluorescence (mg/mS), depth
(m) and oxygen (mg/l) data were acquired along the water column
by means of the SBE 9/11plus multiparametric probe at the
maximum frequency (24 Hz) with a descent speed of 1 m/s. 13
CTD stations were acquired in the A1 area, 12 in the A2 area, 12 in
the A3 area and 13 in the A4 area (Figure 1). The data were
processed and quality checked according to international
procedures (SCOR Working Group, 1988), by using the CTD Sea
Bird Electronics data processing software. Finally, the profiles were
vertically averaged over 1-m-depth bins. The fluorescence sensor
was calibrated (Chl-a = 1.5764 * Fluorescence + 0.2533; R* ~ 0.8514)
with chlorophyll-a samples collected in situ and analyzed following
Holm-Hansen et al. (1965), using a spectrofluorometer (Shimadzu,
Mod. RF - 6000; Shimadzu Corporation-Japan) checked daily with a
Chl-a standard solution (Sigma-Aldrich).
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Study area and sampling stations

2.3 Matching hydrographic and
acoustic data

For each CTD station position, mean vertical NASC profiles at

120 kHz for the three considered groups (E. crystallorophias, E.
superba and SSL) were obtained by averaging the NASC profiles of
the EDSUs falling within 5 nmi from the CTD station. Furthermore,
CTD related environmental parameters were vertically averaged
each 10 m depth in order to obtain the same vertical resolution of

acoustic data. The obtained dataset was thus fully balanced as for

each station almost the same number of observations was available,
allowing for consistent comparisons among sub-areas.
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2.4 Statistical methods

In a first step, an exploratory data analysis on the environmental
dataset was carried out. Boxplots and Kruskal-Wallis ANOVA
(followed by Dunn’s post-hoc test) were used to graphically
evidence and evaluate the presence of significant differences in
temperature, salinity, chlorophyll-a, and oxygen values among the
four areas. The possible presence of structural patterns among
environmental variables was also assessed by means of Principal
Component Analysis (PCA). In particular, PCA was carried out on
log-transformed values as, working on raw values, the distribution
of PCA scores was highly skewed. E. crystallorophias, E. superba and

frontiersin.org


https://doi.org/10.3389/fmars.2023.1304493
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Barra et al.

SSL NASC values were considered in the PCA as quantitative
supplementary variables to evaluate possible relationships
between NASC values and Principal Components (PCs). In a
similar way, the area factor was included in the PCA as a
qualitative supplementary variable thus allowing to evaluate
possible significant effects in terms of area. In this context, the
supplementary variables (qualitative and quantitative) do not
influence the PCA that is thus based on environmental dataset only.

For each station, the average S, C and SSL NASC values were
computed along with the vertical mass center (i.e. the NASC-
weighted average depth, highlighting the depth where most of the
biomass was concentrated) for the three groups. Similarly to what was
done on the environmental dataset, boxplot and Kruskal-Wallis
ANOVA followed by Dunn’s post-hoc test were used to visualize
and to test the differences in terms of NASC and mass center among
areas for the three groups (SSL, C and S). The analysis of the
relationship between environmental variables and C, S and SSL was
carried out by means of Generalized Additive Models (GAM). The
variables selection was carried out according to Wood’s guidelines
(Wood, 2001) and evaluating at each step the presence of deviation
from the main assumptions (influential points, residuals distribution
and multicollinearity). In particular, SSL NASC values, due to the
highly right-skewed distribution, were modeled using Gamma error
distribution with a log-link function. In the case of C and S, due to the
large proportion of zero values and to the highly skewed strictly
positive values, a presence/absence approach was used; NASC values
for such groups were coded as binary variables and a binomial error
family with logit-link function was used for modelling. To test the
possible relationship between the vertical distribution of krill species
(i.e. C and S) and SSL, the effect of C and S NASC was tested in the
SSL model and the effect of SSL NASC was evaluated in the C and S
models. All statistical analyses were carried out by means of R
statistical software (R Core Team, 2023) by using “FactoMineR”
(Le et al.,, 2008) and “mgev” (Wood, 2011) packages.

3 Results
3.1 Environmental analysis

In a first step, CTD vertical profiles were inspected and averaged
to highlight differences between areas in terms of temperature,
salinity, Chl-a and oxygen (Supplementary Figure S5). Considering
the average profiles by area, the Al and A2 areas showed very
similar shapes in terms of temperature (Figure 2), characterized by
an almost linear decreasing trend from surface to 50 m depth,
followed by a smooth decrease in temperature up to 100 m depth
where temperature values almost stabilize. In such areas, and
particularly in the A2 area, a small inversion was observed at the
surface in terms of trends (i.e. the temperature increases with depth
in the first part of the vertical profile and then starts to decrease). In
addition, the two areas showed different temperature values at
surface (~0.75°C in Al and ~0°C in A2). The A3 area showed
almost the same temperature profile of A1 and A2 areas, but here a
step was observed around 30 m depth and temperature values were
more variable below 100 m depth. Finally, in the A4 area the average
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temperature profile was quite different from the other ones with
temperature almost stable from the surface till 40 m, while
increasing from 50 m depth up to about 160 m depth where it
stabilizes. In terms of salinity, average vertical profiles showed
pairwise similarity, with Al and A2 areas which showed an
increasing trend from the surface up to 100 m depth followed by
almost stable salinity values, while A3 and A4 areas were
characterized by a very low variability from the surface up to
50 m depth followed by an increasing trend up to 200 m depth.
Concerning the average Chl-a profiles, in the A1, A2 and A3 areas a
clear maximum was observed at different depths and with different
values depending on the area (Figure 2). On the contrary, in the A4
area, Chl-a values increased along the first few meters and then
remained almost constant up to 50 m depth, where they started to
decrease. Oxygen values showed an almost sigmoidal shape in all
areas, but with a different degree of variation depending on the area.
Non-parametric ANOVA (Kruskal-Wallis rank sum test) showed
significant differences between areas (Hs) = 36.902, p-value = 4.8x10°
% for temperature; Hsy = 38.484, p-value = 2.2x10™ for salinity; H,
=29.913, p-value = 1.4x10"% for Chl-a; H3) = 24.99, p-value = 1.6x10"
% for oxygen). Post-hoc tests showed: Al and A2 to be similar in terms
of temperature; pairwise similar in salinity (Al - A2 and A3 - A4);
pairwise similar in Chl-a (Al - A3 and A2 - A4); Al, A2 and A3
similar for oxygen but all different from the A4 area (Figure 3).
Principal component analysis was also carried out to highlight
structural patterns among variables, species density (i.e. species
NASC included in the analysis as quantitative supplementary
variables) and identified areas (included in the analysis as a
qualitative supplementary variable). Results from the PCA
showed that the first and second PCA axes explained a large
amount of variance (~82%), highlighting the presence of strong
variables patterns (Figure 4A). In particular, obtained results
(Figure 4A) evidenced a strong association on the first axis of
depth, salinity and Chl-a (correlation values -0.88, 0.86 and 0.81,
respectively) and relatively lower correlations with oxygen,
temperature and SSL NASC (0.6, 0.57 and 0.51, respectively). On
the second axis, the only significantly associated variables were
temperature and oxygen (0.76 and -0.73 respectively) that were
inversely related each other (Figure 4A). The area factor resulted

also significantly associated to both the 1™ and 2

axes (Figure 4B),
thus confirming the similarities between Al and A2 areas that were

in turn quite different from A3 and A4 areas.

3.2 SSL, krill aggregations and
distribution patterns

Some echograms of the three acoustically-detected zooplankton
groups at different frequencies in the four considered areas are
shown in Supplementary Figures S1-S4.

For each CTD station, the presence of the three groups was
assessed, evaluating also the co-occurrence of C and S (Figure 5).
The group showing the lower presence among stations was S (with
only 18 positive stations), followed by C (with 42 positive stations),
while SSL was ubiquitous. C and S were found co-occurring in 11
stations (Figure 5, bottom-right panel).
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No significant difference was found among the four considered
areas in terms of average NASC values for C and S, while significant
differences (Hs) = 27.644, p-value < 0.05) were evidenced for SSL
(Figure 6). In particular, according to the post-hoc test results, SSL
NASC values were similar among the A1, A2 and A3 areas which
resulted significantly different from the A4 one.

For each station, the vertical mass center (GC) of the three groups
showed significant differences for S (H) = 7.4967, df = 2, p-value <
0.05) with deeper GC in the A1 than in A3 and A4 areas (the A2 area
was excluded for this species as only one positive station was present).

In the C case, significant differences (Hs) = 11.819, df = 3, p-
value <0.05) were found with a pairwise similarity between A1-A2
and A3-A4 areas (Figure 6). Finally, SSL GCs were also found
significantly different among all areas (Hsy = 21.406, df = 3, p-value
< 0.05), except for the comparison Al-A4.

3.3 Modelling the vertical distribution of SSL,
E. crystallorophias (C) and E. superba (S)

The vertical distribution of SSL was found to be significantly
related to the area factor, to the logarithm of C NASC, to the
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interaction between area factor and depth as well as to the
interaction among area, Chl-a and temperature (Table 1). The
obtained model explained about 63% of the total deviance (Table 1)
and evidenced a different effect of depth among the considered areas
(Figure 7). In Al area, SSL NASC values decreased with depth from
the surface till 50 m where they started to increase again up to ~110 my
below such depth, SSL NASC decreased again till 200 m. In A2 area,
the SSL NASC values rapidly decreased to 0 from the surface till about
70 m, to increase again from about 120 m up to 200 m. In A3 area, the
depth effect was bell shaped and centered around 100 m while in A4
area the depth effect monotonically decreased from the surface up to
75 m. In addition, for all areas SSL NASC almost linearly increased
according to the (shifted) logarithm of C NASC values (Figure 7).
Finally, the temperature - Chl-g interaction showed different behavior
according to the area factor. In Al and A2 areas, higher SSL NASC
were linked mainly to higher temperature even if slightly lower values
were estimated for lower Chl-a values. In A3 and A4 areas, the
relationship among temperature, Chl-a and SSL NASC values was
much more complex, evidencing different effects in relation to specific
combination of Chl-a and temperature values (e.g. in A3 area higher
SSL values were found related to higher Chl-a but the effect direction
and magnitude was modulated by temperature values).
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In the case of C NASC, the binomial GAM approach explained
about 50% of the total deviance and showed that the probability of
C presence was significantly related to the area-depth interaction,
the oxygen-salinity interaction and the SSL NASC (Table 2). In
terms of depth, in A1 and A3 areas the effect was almost bell-shaped
but with peaks occurring at different depths (Figure 8). In A2 and
A4 areas the depth effect was characterized by a more complex
shape with 2 peaks occurring at different depth. Furthermore, for all
areas considered, the C probability of presence was positively
influenced by the square root of SSL NASC. Specifically, the C
probability of presence increased from 0 to 0.5 when transformed
SSL NASC values were between 0 and 0.8, decreased from 0.5 to 0.2
for transformed SSL NASC values between 1 and 1.8, and increased
again to 0.8 for transformed SSL NASC values greater than 1.8.
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Finally, the interaction between oxygen and salinity led to an
increase in C probability of presence for higher salinity and
increasing oxygen from low to mid-low values, followed by a
decrease for oxygen values from mid-low to medium levels. Then,
for medium to high oxygen levels, the C probability of presence
showed an increase with increasing oxygen for high salinity values.

The GAM model for S presence/absence explained ~44% of the
total deviance, highlighting again different depth patterns in
relation to the area factor (Table 3). In A3 and A4 areas, the
probability of S presence decreased almost similarly from the
surface to 200 m, with a change in slope at 120 m and a different
behavior between the two areas at the surface. On the contrary, the
depth effect in Al area was bell-shaped, with the peak occurring at
around 100 m depth (Figure 9). The interaction between Chl-a and
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TABLE 1 SSL (Sound Scattering Layer) NASC model summary.

Parametric coefficients

Estimate Std.Error Pr(>[t])

(Intercept) -0.8791 02032 4326 1.69E-05
p

groupA2 -0.8272 02385 3469 0.000547

groupA3 -0.1365 0.2461 -0.555 0.579171

groupAd 3.07 09583 3204 0.001404

Approximate significance of smooth terms

edf
s(depth):areaAl 4.74 5.834 13.045 < 2.00E-16
s(depth):areaA2 4.741 5.809 13.762 < 2.00E-16
s(depth):areaA3 3.362 4.209 9.38 < 2.00E-16
s(depth):areaA4 2.818 3.539 3.266 1.64E-02
s(Chl-a,temperature):areaAl 5.842 7.69 3.282 1.41E-03
s(Chl-a,temperature):areaA2 2.106 2.206 8.434 1.99E-04
s(Chl-a,temperature):areaA3 7.842 10.559 3.165 5.05E-04
s(Chl-a,temperature):areaA4 11.632 13.455 5.123 2.00E-16
s(NASC_C) 2.176 271 21.185 2.00E-16

R-sq.(adj) = 0.505 Deviance explained = 63.2%.
REML = -877.55 Scale est. = 1.0888 n = 969.
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Effects of the significant terms in the SSL (Sound Scattering Layer) NASC model. The interaction between Chl-a and temperature as well as depth
were evaluated by area factor.

oxygen was quite complex, showing a low probability of presence at

low oxygen and Chl-a levels and the highest probability at higher
Chl-a and lower oxygen levels.

4 Discussion

In the present study, active acoustic techniques were used to
characterize the vertical structure of E. crystallorophias, E. superba
and SSL in four different areas of the Ross Sea. SSLs were found
mostly ubiquitous while E. crystallorophias and E. superba showed a
patchy distribution with the latter patchier than the former. Some
differences and similarities among areas were also observed in terms
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of both environmental parameters and vertical distributions of the
three acoustic groups. The Al and A2 areas showed high degree of
similarity for temperature, salinity and oxygen but not for Chl-a
(Figure 2). For the two areas, the average vertical profiles of the
three acoustic groups were also found similar (Supplementary
Figures S6, S7), even if S was found in only one station in area
A2, thus making it difficult a direct comparison for this species. The
A3 and A4 areas were found different from each other and from the
Al and A2 areas both in terms of hydrological vertical profiles and
acoustic vertical profiles of S, C and SSL (Supplementary Figures S6,
S7). Such results, likely due to difference among areas in terms of
phytoplankton and zooplankton communities, confirm the

complexity of the marine ecosystem structure in the Ross Sea
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TABLE 2 Model summary for the probability of presence of C.

Parametric coefficients
Estimate Std. Error z value Pr(>|z])

(Intercept) -5.2719 0.7408 -7.117 1.11E-12

Approximate significance of smooth terms

edf Chi.sq p-value
s(depth):areaAl 3.368 4.206 42.26 < 2e-16
s(depth):areaA2 4.396 5.318 34.86 3.21E-06
s(depth):areaA3 4.132 4.997 21.85 0.00055
s(depth):areaA4 8.692 8.936 23.22 0.00556
s(oxygen,salinity) 24.632 26.816 56.15 0.00104
s(SSL NASC) 6.908 7.979 51.14 < 2e-16

R-sq.(adj) = 0.459 Deviance explained = 50.6%.
UBRE = -0.44594 Scale est. = 1 n = 969.

(Faranda et al., 2000). The western Ross Sea is known to representa  Furthermore, the west coast of the Ross Sea is characterized by
mosaic of functionally different marine subsystems, characterized  two blooms based on different spatial and temporal scales (Di Tullio
by different levels of primary production (Saggiomo et al, 2002;  and Smith, 1996; Arrigo et al., 1999; Innamorati et al., 2000; Smith
Ducklow et al., 20065 Arrigo et al., 2008; Mangoni et al., 2018), with  and Asper, 2001; Arrigo et al., 2008). In this area, the phytoplankton
the most productive area to the west of the 175" meridian. community shows a well-defined biogeographic distribution
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FIGURE 8
Effects of the significant terms in the Euphausia crystallorophias (C) presence/absence model. The depth was also evaluated by area factor.
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TABLE 3 Model summary for the probability of presence of S.

Parametric coefficients
Estimate

(Intercept)

Approximate significance of smooth terms

Std. Error

10.3389/fmars.2023.1304493

z value Pr(>|z|)

edf
s(depth):areaAl 3.026 3.821 11.638 0.01719
s(depth):areaA3 1.812 2239 2788 0.27668
s(depth):areaA4 1515 1.822 9328 0.00658
te(Chl-a,0xy) 12.998 14.194 35.035 0.00157

R-sq.(adj) = 0.352 Deviance explained = 44.8%.
UBRE = -0.6682 Scale est. = In = 741.

Note that area 2 was excluded from the analysis as in such area only one station was positive for S.

(Nuccio et al,, 2000; Saggiomo et al., 2000) with blooms of
haptophytes (Phaeocystis antarctica) dominating the larger Ross
Sea polynya during spring and early summer, and diatoms (most
frequently Fragirariopsis curta, F. cylindricus, Nitzschia and
Chaetoceros spp.) in the open waters and the marginal ice zones
of the western Ross Sea during summer (Di Tullio and Smith, 1996;
Arrigo et al., 1999; Sweeney et al., 2000; Mangoni et al., 2004;
Sedwick et al., 2011; Smith et al., 2014; Misic et al., 2017). Less rich
zones are mainly dominated by dinoflagellates and other flagellates
(Smith et al.,, 2014; Mangoni et al., 2017; Phan-Tan et al.,, 2018).
Bolinesi et al. (2020), working on data collected in the same
expedition of the P-Rose Project (austral summer 2016/2017),
reported higher phytoplankton biomass values (in terms of
chlorophyll-a concentrations) in Terra Nova Bay (Area Al),
compared to the values in A2 area. Moreover, in the south-
central Ross Sea (Area A3) the phytoplankton community
exhibited high variability both in terms of biomass and structure,
associated to a latitudinal effect. The A4 area sub-system was
different from the other areas showing a completely different
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FIGURE 9

Effects of the significant terms in the Euphausia Superba (S) presence/absence model. Note that, as in A2 area only one station was positive for S,

such area was excluded from the analysis.
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arrangement of chemicals and biological variables (Bolinesi
et al., 2020).

Zooplankton is the most important factor in regulating food
web dynamics and ecological interactions in the Ross Sea (Hopkins,
1987; Saino and Guglielmo, 2000; Ainley et al., 2010; Ainley et al.,
2015; Minutoli et al., 2017; Smith et al., 2017; Kiko et al., 2020) with
gelatinous zooplankton, comprising jellyfish, ctenophores and
chordate tunicates (Pages, 1997), showing a ubiquitous behavior
(Richardson et al., 2009; Schaub et al., 2018; Verhaegen et al., 2021).
Nonetheless, zooplankton abundance varies greatly over the
continental shelf and its assemblages, beyond copepods, are
mainly composed by fish larvae, euphausiids, hyperiid and
gammarid amphipods, pteropods, chaetognaths, and ostracods
(Guglielmo et al., 1990; Guglielmo et al., 1992; Hecq et al., 1992;
Hunt et al., 2008; Stevens et al., 2015; Smith et al., 2017; Granata
et al,, 2022; Kim et al., 2022). In the coastal area (corresponding to
Al and A2 areas) copepods are the dominant group (Carli et al.,
1990; Zunini Sertorio et al., 1990; Carli et al., 1992; Hecq et al., 1992;
Zunini Sertorio et al., 1992; Carli et al., 2000; Zunini Sertorio et al.,
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2000; Pane et al., 2004; Guglielmo et al., 2015; Smith et al., 2017;
Bonello et al., 2020; Grillo et al., 2022; Kim et al., 2022), representing
in austral summer more than 70% of the total community, while the
remaining species are pelagic amphipods (Minutoli et al., 2023),
Limacina helicina antarctica (Accornero et al., 2003; Manno et al.,
2010), postlarval and juvenile stages of Pleuragramma antarcticum
(Guglielmo et al., 1997; Granata et al., 2000; Granata et al., 2002;
Granata et al., 2009), and calyptopis and furcilia stages of Euphausia
crystallorophias (Guglielmo et al., 2009).

In the offshore waters between 170° and 175°E (corresponding
to A3 area) and in the southern part of Terra Nova Bay, juvenile
Pleuragramma antarcticum show higher abundance with respect to
postlarvae (Guglielmo et al., 1998; Granata et al., 2000; Granata
et al,, 2002; Granata et al,, 2009) which showed higher abundances
in Terra Nova Bay (Area Al).

In the norther part of the Ross Sea (area A4 in this study), high
abundance of copepods was found during the 1989-90 summer
season, particularly in the upper 100 m with dominant species
represented by adults of Calanoides acutus, Calanus propinquus,
Metridia gerlachei and Rhincalanus nasutus (Zunini Sertorio et al.,
2000). On the contrary, L. helicina antarctica and P. antarcticum
larvae showed relatively low abundance (Kim et al., 2022),
compared to coastal areas such as Terra Nova Bay (Area Al).

In all considered areas, SSLs showed similar average NASC
values except in A4 area characterized by lower values (Figure 6).
SSLs are commonly observed in all oceans, spanning different
spatial and temporal scales likely due to the species composition
that, although almost unknown, appears mainly composed of
mesozooplankton, macrozooplankton, micronekton organisms,
fish larvae and juveniles (Blanluet et al, 2019; Geoffroy et al,
2019). SSL backscatter values also show temporal and spatial
variation as well as seasonal changes in species composition. For
instance, in the Barents Sea, Geoffroy et al. (2019) observed a
latitudinal decrease (south to north) in SSL Sv (Volume
backscattering strength) that was consistent with previous studies
(Siegelman-Charbit and Planque, 2016; Knutsen et al., 2017).
However, the latitudinal trend found by the authors evidenced
changes with seasons (being present in January but not in August),
thus highlighting a complex interaction between spatial and
temporal variations. Also in our case, while the southern areas
were characterized by similar SSL NASC values, the northern one
showed lower NASC values, letting us to hypothesize that SSL
latitudinal gradients also exists in the Ross Sea. Despite the similar
densities among Al, A2 and A3 areas, the vertical SSL structure
showed different relationships with environmental conditions. In
Al and A2 areas, the vertical profiles of SSL were quite similar, but
in Al area a small increase in SSL NASC was observed between 75
and 100 m depth. The modelling approach highlighted the
importance of depth in both areas as well as the influence of the
interaction between temperature and Chl-a (Figure 7). As far as this
latter aspect is concerned, most of the SSL NASC variation is linked
to increasing temperature and modulated by Chl-a. Indeed, in Al
and A2 areas, even if the vertical SSL NASC profiles followed a
decreasing trend in the upper layer, in Al area SSL NASC values
below 50 m depth were higher than in the A2 area (Figure 2), likely
associated to higher Chl-a below such depth in A1 area. In A3 and
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A4 areas, the shape of interaction between Chl-a and temperature
was much more complex, highlighting a different response of SSL
assemblages to vertical environmental gradients and letting us to
hypothesize a different species composition in SSL.

The presence/absence average vertical profiles for C
(Supplementary Figure S7) also highlighted some similarities
between the Al and A2 areas, showing deeper maxima than in
the A3 and A4 areas. In this case, the binomial GAM approach
highlighted the importance of the interaction between salinity and
oxygen as well as the effect of SSL NASC, included in the model as
predictor (Figure 9). Overall, higher probability of presence of C
was found for higher oxygen values but modulated by salinity. Such
complex interaction, likely reflects the different oxygen and salinity
levels found in the four areas. In addition, higher SSL NASC values
were associated to higher probability of presence of C, likely
indicating a trophic relationship between the two acoustic groups.
In this context, gut content analyses of E. crystallorophias revealed
phytoplankton, protozoans and metazoans as food items (Kattnerll
and Hagen, 1998), even if more investigations indicate that such
species may switch from algae to other food sources (Pakhomov
et al., 1998; Ko et al, 2016). In addition, fatty acid and stable
isotopic analyses suggested that E. crystallorophias apparently
occupies a trophic niche different from E. superba (Ko et al,
2016; Yang et al.,, 2016; De Felice et al., 2022). This wide
diversification in food sources could support the hypothesized
trophic link between SSL and the presence of E. crystallorophias.

In the case of S, the modelling approach highlighted the
importance of depth (similarly to SSL and C) and the effect of the
interaction between Chl-a and oxygen; the latter evidencing highest
probability of presence for relatively lower oxygen and higher Chl-a
values. Also in this case the complex shape of the oxygen-Chl-a
interaction surface likely reflects trophic effects as well as the
different oxygen-Chl-a combination in the different areas.
Euphausia superba is a key species in the Southern Ocean that
serves as a link between primary production and higher trophic
levels. Here, E. superba is essentially herbivorous, with a great
contribution of nanoplankton (2-20 um) particles in its diet,
especially during the austral spring and autumn when
phytoplankton blooms occur (Mangoni et al., 2019; Saggiomo
et al,, 2021). Differently from the E. crystallorophias, the lack of
significant relationship between E. superba and SSL could be
justified by the prevalence of phytoplankton in E. superba diet.

Despite the unavailability of biological samples, it is important to
highlight the monitoring-related perspective of the methodology.
Acoustic methods are relatively non-invasive and allow to cover
large sectors in a quasi-synoptic way without impacting other
survey-related activities (except for the needs to sample specific
acoustic structure identified on ecograms along the route). Such
methods permit to optimize biological sampling by sampling only
specific acoustic targets (such features is particularly important for
endangered species or ecosystems). In this context, the wide-band
technology in conjunction with a multifrequency approach and
pattern recognition algorithms (e.g. Aronica et al, 2019; Fontana
etal., 2022; Giacalone et al., 2022) could also improve the reliability of
acoustic estimates and reduce the sampling effort. Finally, from an
operational point of view only 3 or 4 researchers/technicians are
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necessary to continuously acquire acoustic dataset during the survey,
thus permitting the development of “opportunistic” monitoring
programs with highly positive benefit-cost ratio. Considering the
importance of mid-trophic levels organisms from the ecological
point of view, as well as that the Southern Ocean plays an
important role in carbon sequestration (DeVries, 2014) through still
poorly understood mechanisms involving mid-tropic levels organisms
(Tournier et al., 2021), it is important to increase the monitoring effort
on yearly basis during multidisciplinary surveys, thus developing a
time series of detailed information about the vertical structure and the
daily vertical migration of the zooplankton community.
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SUPPLEMENTARY FIGURE 1
Example of echograms acquired at 38 kHz (upper panel) and at 120 kHz
(lower panel) in the Al area.

SUPPLEMENTARY FIGURE 2
Example of echograms acquired at 38 kHz (upper panel) and at 120 kHz
(lower panel) in the A2 area

SUPPLEMENTARY FIGURE 3
Example of echograms acquired at 38 kHz (upper panel) and at 120 kHz
(lower panel) in the A3 area

SUPPLEMENTARY FIGURE 4
Example of echograms acquired at 38 kHz (upper panel) and at 120 kHz
(lower panel) in the A4 area.

SUPPLEMENTARY FIGURE 5

Average vertical profiles by area and depth (thick red lines) and vertical profiles
by station and area (thin lines) of temperature (°C), salinity (PSU), chlorophyll-
a (mg/m?®) and oxygen (mg/m?®).

SUPPLEMENTARY FIGURE 6

Comparison between the vertical profiles of temperature (°C), salinity (PSU),
chlorophyll-a (mg/m?®) and oxygen (mg/m®) and NASC C, S and SSL ones. All
variables were scaled in order to allow a clear representation on a common
x scale.

SUPPLEMENTARY FIGURE 7

Model-predicted vs. observed average SSL NASC profiles and probability of
presence of C and S by area. Note that in the case of S, area A2 was excluded
from the analysis as only one station was found positive for such group.
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As predators of bacteria and viruses and as food sources for microzooplankton,
heterotrophic flagellates (HFs) play an important role in the marine micro-food
web. Based on the global climate change’'s impact on marine ecosystems,
particularly sea ice melting, we analyzed the community composition and
diversity of heterotrophic flagellates, focusing on the Antarctic Cosmonaut Sea.
During the 36th China Antarctic research expedition (2019-2020), we collected
seawater samples, subsequently analyzing HFs through IlluminaMiSeq2000
sequencing to assess community composition and diversity. Notable variations
in HFs abundance were observed between the western and eastern sectors of the
Cosmonaut Sea, with a distinct concentration at a 100-meter water depth.
Different zones exhibited diverse indicators and dominants taxa influenced by
local ocean currents. Both the northern Antarctic Peninsula and the western
Cosmonaut Sea, where the Weddell Eddy and Antarctic Land Slope Current
intersect, showcased marine stramenopiles as dominant HFs species. Our
findings offer insights into dominant taxa, spatial distribution patterns among
heterotrophic flagellates, correlations between taxa distribution and
environmental factors, and the exploration of potential indicator taxa.

KEYWORDS

heterotrophic flagellates, biodiversity, Cosmonaut Sea, Antarctic, climate change
community ecology

1 Introduction

Global warming and sea ice melt alter polar habitats and marine protozoan
communities. It is predicted that 79% of endemic species in Antarctic waters will face a
reduction in suitable temperature habitat in this century because of global climate change
(Griffiths et al., 2017), including Heterotrophic flagellates (HFs). HFs are widely distributed
in the global oceans, occurring in all the world’s major seas, including the Arctic Ocean and
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the Southern Ocean. They have different taxonomic compositions
and characteristics in different geographic regions (Sohrin et al.,
2010). They are central in marine food webs, controlling
phytoplankton biomass and consuming most bacterial biomass
(del Campo and Ruiz-Trillo, 2013). Moreover, their feeding rate
directly impacts the ecosystem’s material cycling and nutrient
regeneration, which can significantly affect the plankton
community structure (Seenivasan et al., 2013).

Although all levels of the marine microbial food web may be
affected by climate change (Fortier et al., 2006; Falk-Petersen et al.,
2007; Laidre et al., 2008), microphytoplankton are particularly
sensitive to environmental change (Li et al, 2009). The biomass
of HFs is concentrated in this particle size range (Rodriguez-
Martinez et al., 2013). Heterotrophic flagellates can control the
phytoplankton biomass (Verity et al., 2002) and target bacteria
(Christaki et al., 2021), viruses, and colloids for feeding (Arndt et al.,
20005 Sherr and Sherr, 2002). However, the complexity and
importance of HFs taxa have not received sufficient attention in
the literature (Monier et al., 2013; Lovejoy, 2014). Phytoplankton
are important food sources for some HF taxa. The miniaturization
of phytoplankton has, in some cases, been found to have a more
significant impact on microscopic unicellular predators (like
flagellates) than other large predators in the micro food web (Li
et al., 2009; Worden et al,, 2015). This implies that the
miniaturization shift of phytoplankton taxa could directly affect
the community structure and biodiversity of HFs in the context of
climate change. Numerous studies have reported that the global
distribution of HFs is environmentally driven and is not subject to
any dispersal constraints (neither distance nor isolation) (Azovsky
et al, 2020), with different community structures in different
geographic regions (Sohrin et al, 2010). Although there is high
regional diversity, the low global diversity and regional endemism
need further investigation.

There has been limited research on the spatial distribution and
diversity of HFs in polar seas and ice zones. Nevertheless, in recent
years, the Cosmonaut Sea has received much attention. It is in the
western part of the Antarctic Entebbe Land (Hunt et al., 2007), with
a longitude range of 30°E to 60°E. It represents an area of significant
variability in the annual sea ice extent (Comiso and Gordon, 1987).
There are relatively substantial regional differences in the Antarctic
Sea variability between sectors under the influence of climate
change (Convey and Peck, 2019), with regional ablation and sea
ice in the different seas. Large fluctuations in the sea ice distribution
in the Cosmonaut Sea are also present in winter and summer. As a
region in the Southern Ocean with less research information, the
current state and future ecosystem trends in the Cosmonaut Sea
also deserve further investigation. Previous studies have not focused
on HFs or microscopic protists that exist as predators in micro food
webs, so we attempted to explore this.

In this study, we surveyed the abundance and biodiversity of
HFs taxa in the Antarctic Cosmonaut Sea using samples from
China’s 36™ Antarctic Scientific Expedition. After sequencing the
community diversity of the microplankton using Illumina, ten taxa
were selected for analysis. This study will address the dominant taxa
and differences in the spatial distribution of heterotrophic flagellates
in the Antarctic Cosmonaut Sea seawater. In contrast, the
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correlation between taxa distribution and environmental factors
will be explored, and the possibility of some taxa as indicators will
be further explored. The differences in the distribution of the
dominant HFs taxa in the sea were also investigated to provide a
basis for further exploration of the possible trends in the
community structure of the HFs under the influence of
climate change.

2 Materials and methods
2.1 Sample collection

During China’s 36'™ Antarctic Scientific Expedition
(CHINARE), from December 6, 2019, to January 6, 2020, there
were a total of 56 stations in nine sections of the Cosmonaut Sea
(62-70°S, 35-78°E; Figure 1), and 24 Niskin bottles Sea-Bird
Electronics 911 plus CTD (Bellevue, USA) was used to collect the
seawater samples. Each station collected the samples at different
water depths, from the surface to the seabed, and simultaneously
observed various physical and chemical parameters, such as the
seawater temperature, salinity, and nutrient salts. Samples of the
biological community composition and biodiversity were
also obtained.

The biodiversity samples were taken back to the laboratory to
filter out the microbial film samples using 0.2 um polycarbonate
membranes (all membranes are from Whatman, UK, 47 mm in
diameter), stored at -80 °C, and transported to the laboratory to
determine the microbial diversity. For the property analysis, after
the second filtration, the water sample was retained for nutrient
analysis. During the sampling process, a total of 11 variables were
measured to explain the variation in the abundance of the HFs,
including the water depth, temperature, salinity, total Chlorophyll a
(Chl a), dissolved oxygen (DO), ammonium, phosphate, silicate,
nitrate, nitrite, and total nitrogen. The DO, ammonium, phosphate,
silicate, nitrate, nitrite, and total nitrogen were analyzed using a
four-channel continuous flow Technicon AA3 Auto-Analyzer
(Luebbe, 1997). The Chl a was measured with a 10AU field
fluorometer (Turner Designs, Sunnyvale, CA, USA) after filtering
part of the water samples with a GF/F glass fiber filter membrane.
The abundance of the bacteria and eukaryotic plankton was
determined by flow cytometry using a BD FACSCalibur " flow
cytometer for detection.

2.2 PCR and Illumina MiSeq sequencing

The seawater samples from the Cosmonaut Sea were sequenced
based on the eukaryotic plankton diversity lineage using the
Mlumina MiSeq ultra-high-throughput sequencing platform. The
total genomic DNA samples were extracted using the OMEGA Soil
DNA Kit (M5635-02; Omega Bio-Tek, Norcross, GA, USA). The
quantity and quality of the extracted DNA were measured using a
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis, respectively.
Then, polymerase chain reaction amplification of the eukaryotic 18S
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ribosomal RNA (rRNA) gene V3-V4 region was performed using
the forward primer 547F (5-CCAGCASCYGCGGTAATTCC-3')
and the reverse primer V4R (5-ACTTTCGTTCTTGATYRA-3").
After the quantification step, the amplicons were pooled in equal
amounts, and pair-end 2 x 250 bp sequencing was performed using
the Ilumina MiSeq platform with the MiSeq Reagent Kit v3 at
Shanghai Personal Biotechnology Co. Ltd (Shanghai, China). The
detailed conditions and laboratory analysis are specified in a
previous study (Chen et al., 2021). The classify-sklearn naive
Bayes taxonomy classification probe (Bokulich et al., 2018) was
used to classify and assign the non-single amplicon sequence
variants (ASVs) and label the original data according to the
UNITE Release 8.0 (fungal) database (Koljalg et al., 2013).
Specific taxonomic groups were screened out, with 10 main target
analysis taxa.

2.3 Diversity and community
structure analysis

The samples were subjected to ultra-high throughput
sequencing and database matching for classification and name
annotation, the HFs taxa were screened based on existing studies,
and the screened data were used for biodiversity calculations. The
samples from nine sections of the Cosmonaut Sea with a total of 56
stations were divided into zones according to the reported current
distribution. Sections C2 and C3 were divided into zone A, section
C4 into zone B, sections C5, C6, and C7 into zone C, section C8 into
zone D, and sections C9 and P1 and station C8-08 into zone E. The
analysis of the samples was conducted according to these five
zones (Figure 1).
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An alpha biodiversity analysis was performed using R (v4.1.3)
(http://www.R-project.org/), and alpha diversity indices based on
the ASV levels were calculated, including the Chaol richness
estimates, observed species, Shannon diversity index, Simpson
index, and goods coverage (Table 1). The results of a Principal
Coordinate Analysis (PCoA) of the HFs communities were
generated using the vegan package and ggplot2 package. Then,
ArcGIS pro 3.0 (Zheng et al, 2023) was used to generate the
sampling station maps and bubble sector maps of the HFs
community distribution at different water depths. The Ocean
Data View software (Schlitzer, 2021) was used to generate the
overall abundance and o-diversity index of the HFs for different
water depths, the difference maps of each environmental factor in
the different sections, and the bubble maps of the difference in
abundance for each clade of MASTSs at different water depths.

To explore the correlation between the environmental factors
and HFs taxa, a redundancy analysis (RDA) was performed using
CANOCO 5.2 software (Microcomputer Power, Ithaca, USA) to
investigate the relationship between the differences in the HFs
community structure and environmental variables across the
samples and assess community variation (based on the relative
abundance of all the operational taxonomic units/ASVs) and the
environmental variables (temperature, salinity, nutrients, Chl a,
eukaryotic plankton, and bacteria) at the sampling sites. A linear
regression analysis was used to determine the relationship between
the two variables. Pearson and Spearman correlations between the
HFs taxa and environmental factors were visualized using the psych
package in R (v4.1.3) and vegan. An indicator species analysis (Ind
Val) was performed using the indicspecies package in the R (v4.1.3)
software to identify indicator species in each study area (Dufrene
and Legendre, 1997).
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TABLE 1 Comparison of the main dominant and indicator taxa
differences in the heterotrophic flagellates in the Cosmonaut
Sea, Antarctic.

Zone Indicator taxa Dominant taxa
A Cryomonadida Cryomonadida
MAST-9 MAST-1C
MAST-9
B Cryomonadida Cryomonadida
MAST-1C
MAST-9
C Cryomonadida Cryomonadida
MASTSs MASTs
MAST-3 MAST-9
D MASTs MASTs
MAST-1C Opalozoa
MAST-9 MAST-1C
E MASTs MASTs
MAST-1C MAST-3
MAST-7 MAST-1C
3 Results

3.1 Geographical
distribution characteristics

Data on the temperature, salinity, Chl g, and various nutrients
were obtained during the sampling process for the samples at
different water depths. A total of 11 variables were examined to
explain the differences in the HFs community structure and
abundance. The longitudinal differences in the environmental
factors were plotted for each section (Supplementary Figure S1).

The seawater temperature in the Cosmonaut Sea decreased and
then increased with depth in the range of 0 to 200 m. At the same
time, the water temperature below 200 m was relatively constant. The
seawater salinity appeared to rise significantly with increasing depth,
and the surface ocean salinity was lower when compared with the
deeper water layer. The horizontal distribution trends of the DO and
Chl a were similar, with relatively higher concentrations of DO and
Chl a at the stations with higher latitudes. The concentration of DO
was relatively high at the surface ocean, and at some stations, the DO
peaked at a water depth of 25 m and gradually decreased with
increasing water depth. However, there was a slight increase in DO
concentration in the deep seawater samples at more than 300 m
depth. The Chl a was basically concentrated within the upper 100 m,
and the peak was concentrated at a depth of 25 m to 75 m.
Comparatively, the Chl a concentration was higher in the mid-sea
of the Cosmonaut Sea than in the other regions.

Most of the stations showed a trend of an increasing phosphate
concentration with increasing water depth, and some of the stations
reached a peak at around 200 m in depth. The silicate and
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phosphate concentrations were similar, with a clear trend of
increasing concentration with increasing water depth, and the
peak occurred in the deep layer below 1500 m. Nitrate
concentrations were notably higher than those of nitrite and
ammonium salts. At the majority of stations, nitrate levels
exhibited a slight increase within the 100-200 m depth range,
followed by a decrease as water depth increased. The highest
concentrations of nitrite and ammonium were primarily found in
the 0-100 m range. Specifically, the nitrite peak occurred at depths
between 0-50 m, while the ammonium peak was more concentrated
in the 50-100 m range. Both nitrite and ammonium demonstrated a
gradual decline and eventually leveled off.

3.2 Alpha-biodiversity analysis of
heterotrophic flagellates

A total of 642 species were screened from all the samples, with
95.6% of the samples with a good coverage of above 90% and 87.7%
of the samples with a coverage above 97%. In terms of the overall
abundance at each station (Figure 2), the abundance in areas A and
B was significantly higher than that in the other seas, while the
abundance of the HFs showed a trend of increasing and then
decreasing from the surface ocean with the increase in the water
depth. The HFs were mainly distributed within the top 100 m, and
the peak abundance at most stations appeared at 25-75 m in depth.
With the increase in the water depth, the abundance of the HFs in
the near-bottom samples in zone E showed a significant increase.
The high values of Shannon’s index and Simpson’s diversity index
were concentrated in zone E. Most occurred in the water depth
range of 200-2000 m, and the number of species observed in this
area was also more than that in the other areas. Furthermore, the
biodiversity indices in zones A and B were relatively low. However,
the diversity of the HFs in the near-land stations in zone A was
similar to that in zone E. Meanwhile, most of the high values of the
ACE index and Chaol index were found at stations in the P1
section, which is relatively close to the Antarctic continental region.
This indicates that the HFs diversity and species distribution
uniformity were higher in the eastern Cosmonaut Sea than in the
western sea. The diversity of the HFs was higher in the near-land
waters than in the distant waters. Overall, the overall abundance of
the HFs was higher in the western Cosmonaut Sea, in the shallow
layer starting from the surface ocean to 100 m in depth, than in the
eastern sea, and they were rarer in the mid-sea.

The overall abundance, community structure composition, and
dominant taxa of the HFs differed with depth. A principal
coordinate analysis of all the samples (Figure 3) showed that the
HFs community confidence ellipses at water depths of 0 to 50 m
deviated significantly (p < 0.05) from the depths of 75 m and 100 m.
The community confidence ellipses of the samples at water depths
greater than 100 m had a large overlap. This indicates a significant
similarity between the HFs communities in the water column at
depths of 0-50 m, with depths of 75-100 m being the overlap
region, and a large difference in the samples at depths greater than
100 m. There was also a significant similarity between the HFs
communities at depths greater than 100 m.
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FIGURE 2

Comparison of the abundance and diversity indices of the ASVs based on the 18S ribosomal RNA (rRNA) gene library at different water depths:
(A) difference plots of the overall abundance at different water depths; (B) difference plots of the o diversity-Shannon index at the different

water depths.

3.3 Taxonomy composition of
heterotrophic flagellates

A total of 10 HFs taxa were screened in this study. The more
common taxa, such as Cryomonadida, MASTSs, and Picozoa, were
distributed in all the sections and depths (Figure 4). Cryomonadida,
Marine stramenopiles (MASTs), and Opalozoa were relatively more
abundant overall, and Cryomonadida was detected in all the
samples. The abundance of Cryonmonadida and the MASTs
tended to decrease with increasing depth, while a slight increase
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was observed in the near-shelf samples. However, the abundance of
Opalozoa was relatively low in the shallow layer (25-100 m). It was
not even detected at some of the stations. At the same time, it was
abundantly distributed in the deep layer and near the seafloor, with
an overall trend of increasing with depth.

The other relatively common HFs taxa were Picozoa,
choanoflagellates, Apusomonadidae, and Telonemia, which were
relatively less abundant. Except for Apusomonadidae, which was
detected only at some stations and depths, the other three HFs were
distributed in all the sections and depths. Picozoa was observed in
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Results of the Principal Coordinate Analysis (PCoA) analysis of the heterotrophic flagellate communities in the samples at different water depths.

78.5% of the samples, mainly in the east-west area, and
concentrated in the water layer between 75 m and 300 m. The
choanoflagellates were observed in 71.6% of the samples, mainly in
the east-west area of the Cosmonaut Sea, with peaks at 100 m and
150 m. Then, Telonemia was mainly found on the east side of the
Cosmonaut Sea, with a relatively high abundance in the shallow
layer. Telonemia was observed in 57.0% of the samples.

Apusomonadidae was concentrated in the western part of the
Cosmonaut Sea, mainly at 150 to 200 m in depth and near the
seafloor. The overall abundance was relatively low for
Palpitomonas, Ancryomonadida, and Jakobida. Additionally,
Palpitomonas was mainly distributed in the eastern Cosmonaut
Sea, mostly in the surface ocean samples. Ancryomonadida was
concentrated at the stations on the western side of the Cosmonaut
Sea near the Antarctic continental region. The occurrence in the
samples from 0 to 200 m in depth was rare, except for a small
number of detections in the individual seafloor samples, and they
were not found in all the samples over 300 m. Jakobida was found in
the samples at all water depths, mainly in the near Antarctic
continental waters.

The dominant taxon on the west and mid-sea was
Cryomonadida, with some stations being dominated by MASTSs.
On the east side, the dominant taxon was MASTs. At depths greater
than 100 m, Cryomonadida decreased substantially, and from
200 m in depth, the dominant position of Cryomonadida was
occupied by MASTs and Opalozoa. Beyond 200 m, deep-sea
samples were only collected in sections C8, C9, and P1 and
station C7-06 on the eastern side, and the results showed that
MASTSs still dominated in the deep-sea layer. While Opalozoa also
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occurred in a high proportion at several stations, and the proportion
of Picozoa and choanoflagellates also increased.

To compare the differences in the distribution of the HFs in the
study area and whether each taxon could serve as an indicator
species for the area, the indicator value (Ind Val) was used to
determine the indicator taxa for each sea area. Based on the
indicator value (Table 1), the indicator taxon/taxa in zone A were
Cryomonadida and MAST-9, in zone B was Cryomonadida, in zone
C were Cryomonadida, MASTs, and MAST-3, in zone D were
MASTs, MAST-1C, and MAST-9, and in zone E were MASTs,
MAST-1C, MAST-7, MAST-8, MAST-3, MAST-2, Palpitomonas,
Telonema, and Cryomonadida.

3.4 Taxonomy composition of
marine stramenopiles

Marine stramenopiles, as an important taxon of HFs, were
targeted using 13 clades in this study. MAST-1, a common clade of
MASTS, was detected in most samples and accounted for more than
50% of the total MASTs in nearly half of the samples. The
distribution of MAST-1 in the global waters also varied greatly,
with a significantly higher density in the Antarctic Peninsula than
that in the other global oceans (Massana et al., 2006; Massana,
2011). MAST-1C had a relatively high overall abundance,
accounting for more than 50% of that of MAST-1 in 72% of the
samples. The abundance of MAST-1C was higher in the east and
west areas of the Cosmonaut Sea than that in the mid-sea, and its
distribution directly affected the overall distribution of the MASTs
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(Figure 5). Moreover, the distribution of MAST-1A was
concentrated in the east side of the Cosmonaut Sea, and high
values were also observed at individual stations in the west side of
the near-continental sea, being concentrated in the samples from 0
to 100 m in depth. The abundance of MAST-1A decreased in the
samples at a water depth of over 100 m, but it was also distributed in
large numbers in the near-shelf samples. MAST-1B was
concentrated in the water layer from 100 m to 300 m, with only a
few or no detections in the samples from the other depths. Then,
MAST-1D was the least abundant clade of MAST-1 and was mainly
distributed in deeper waters below 1000 m.

MAST-3 and MAST-9 were the second most abundant clades
after MAST-1. MAST-3 was concentrated in the 50 m to 100 m
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deep water layer, with a high relative abundance in the near-shelf
samples. MAST-9 was concentrated in the 75 m to 200 m deep
water layer and near-shelf samples, with a relatively higher
abundance in the mid-sea. MAST-7 was more abundant in the
samples from 50 m to 150 m. Additionally, MAST-8 was more
evenly distributed, with high values occurring at the stations in both
the shallow and deep ocean layers. MAST-2 was relatively rare and
was mainly distributed in the surface and near-shelf samples. In
previous studies, MAST-4 was hardly found in the polar ocean,
most of which was distributed in tropical, subtropical, and
temperate waters (Massana et al., 2006; Massana, 2011; Massana
et al,, 2015). In this study, MAST-4 was detected in the deep-sea
samples from the eastern side of the Cosmonaut Sea at about
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2000 m and occurred sporadically in the surface ocean samples.
MAST-12 was mostly found in samples from 25 to 100 m in depth,
and MAST-11 and MAST-23 were only detected in a few samples.

3.5 Effects of environmental factors and
biological interactions on
community structure

A Spearman correlation matrix analysis (Figure 6) revealed
significant correlations between most HFs taxa in the Cosmonaut
Sea and 11 environmental factors at the p < 0.01 level. However,
some correlations were weak, indicating that environmental factors
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influenced different taxa to varying extents. Notably, salinity
exhibited a significant negative correlation with Cryomonadida
and a significant positive correlation with MAST-9. Conversely,
DO had a significant positive correlation with Cryomonadida and a
significant negative correlation with MAST-9. MAST-9 was the
taxon most responsive to temperature variations, displaying an
opposing trend to the generally negative correlation observed with
other HFs taxa. Water depth correlated significantly and negatively
with Cryomonadida, while Chl a and silicates across all grain sizes
were significantly and positively correlated with this taxon. Among
the 11 environmental factors, nitrite showed significant correlations
with several HFs taxa. It was negatively correlated with MAST-1A,
MAST-1B, MAST-2, MAST-7, and MAST-8, but positively
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correlated with Cryomonadida. Overall, Cryomonadida emerged as
a distinct taxon, exhibiting correlations with environmental factors
that were generally opposite to those of other taxa.

Six of the HFs taxa were moderately significantly correlated
with at least two of the other taxa. Cryomonadida was more specific
when compared to the other taxa, as it was negatively correlated
with the taxa with which it was correlated. Specifically, it was weakly
negatively correlated with nine taxa (including five clades of
MAST), with the strongest correlations with MAST-1A and
Telonema. Compared with the other taxa, stronger correlations
were observed between choanoflagellates, Picozoa, and Telonemia,
which were also moderately positively correlated with Palpitomonas
and MAST-1A and weakly negatively correlated
with Cryomonadida.

4 Discussion

4.1 Dominant group differences and
potential indications

Taxa with a higher relative abundance are not necessarily
indicative taxa, but rather indicator taxa that can show the
specificity of some of the HFs taxa in the region. In the study
area, the main dominant and indicator taxa overlapped well, but
there were some differences (Supplementary Table S1). For
example, in zones A and B of the Cosmonaut Sea, where MAST-
1C was the clade of MASTSs with the highest relative abundance, the
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distribution of the MASTs in the zone was more balanced when
compared with that of the other taxa. The dominant and indicator
taxa overlapped in most areas, and the east and west sides of the
Cosmonaut Sea had obvious differences in the dominant and
indicator taxa, with Cryomonadida as the dominant and indicator
taxa in Zones A and B, and MASTs and their clades in Zones D and
E. Zone C, which is in the middle of the sea, served as an
intermediate zone for the shift in dominance between
Cryomonadida and MASTs. Some taxa were present in most
regions as indicator taxa, such as Cryomonadida, Telonemia, and
some clades of the MASTSs.

In the tropical and subtropical oceans, most of the dominant
HFs taxa in the surface layer belonged to MASTSs, Picozoa, and
Opalozoa, and in the deep sea, Opalozoa and Diplonemea
comprised most of the HFs signal (Obiol et al., 2021). This agrees
with the results of this study on the differences in the distribution of
the HFs dominant taxa at the different water depths, except that
Diplonemea was detected in only a few samples from the
Cosmonaut Sea so that they may be more adapted to a higher
temperature environment. This is also similar to the global
distribution of the MAST subgroup MAST-4, which is rarely
found in polar oceans (Massana et al., 2006; Lovejoy and Potvin,
2011; Lovejoy, 2014; Thaler and Lovejoy, 2015). Comparatively,
MAST-1 has shown greater adaptability in polar oceans. Although
it is the main dominant subgroup of MASTs in temperate and
subtropical waters, it also co-occurs with other subgroups to a
certain extent (Massana et al, 2006). The choanoflagellates also
revealed a clear separation into warm and cold-water clusters,
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which was attributed to temperature and ocean currents
(Rodriguez-Martinez et al.,, 2013; Nitsche and Arndt, 2015;
Thomsen and Ostergaard, 2017). Large taxa with global
distributions may obscure most HFs-specific taxa with climatic
preferences due to their low numbers (Azovsky et al, 2020).
Subsequent studies on the regional specificity of HFs may
therefore need to focus more on the less abundant taxa.

4.2 Influence of ocean currents on
heterotrophic flagellates’
regional distribution

Geographically, the Antarctic Cosmonaut Sea is bordered by the
Weddell Sea Gyre Eastern Branch (WSG) to the west, it intersects
with the Weddell Sea Deep Water (Aoki et al., 2020), the Antarctic
Slope Current (ASC) is to the south, the Prydz Bay Gyre (PBG) is to
the east, and the southern boundary of the Antarctic Circumpolar
Current (ACC) is to the north (Orsi et al.,, 1995; Williams et al.,
2010; Anderson and Hansen, 2020; Yang et al., 2024). Among them,
sections C2 and C3 are in the inner rotation of WSG; C4 is on the
outer side of WSG; the C5, C6, and C7 northern stations are in the
ACC, and C9, P1, and C8-08 are in the inner rotation of the PBG
(Figure 1). Based on the differences in the abundance and
community structure of the HFs in each section, the areas that
were delineated with the currents were more consistent, and
sections C2, C3, and C4 are all distributed in the WSG. This may
be because the area is at the intersection between the ASC and the
PBG, and the direction of the ASC runs from east to west along the
Antarctic continental margin. This may bring microorganisms from
the eastern waters of the Cosmonaut Sea to the west. They may mix
with the shelf water near the shelf front (Bibik et al., 1988; Klyausov
and Lanin, 1988; Comiso et al., 2017; Li et al., 2022), which could be
why the distribution and abundance of the dominant species of the
HFs communities in this part of the region and at depth differed
significantly from other stations in the region.

By comparing the structure and dominant species of the HFs
communities in the northern Antarctic Peninsula (Chen et al,
2021) and the Cosmonaut Sea, it was found that the distribution
of the HFs in these two regions is likely closely related to ocean
currents, and both the northern Antarctic Peninsula and the
southwestern Cosmonaut Sea are areas where the WSG and the
ASC act together, and their dominant species was MASTs. Some
stations in sections C5, C6, and C7 are within the ACC, the most
extensive ocean current in the world, circumnavigating the
Southern Ocean and being composed of an eastward flowing
mean current and a small transient eddy. If the average position
of the ACC shifts southward, it will alter the habitat range of the
different species with profound effects on marine ecosystems
(Cristofari et al., 2018; Meijers et al., 2019).

There are some differences in the drivers of microbial distribution
in the surface and deep seas. In the surface ocean, spatial
environmental differences significantly influence microbial
distribution (Villarino et al., 2022). In the deep sea, the influence of
the ocean distance (the shortest path between two sites while avoiding
land) (Villarino et al., 2022), ocean circulation, and water mass
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interactions (Ghiglione et al., 2012; Wilkins et al., 2013) is more
significant. It has also been proposed that bacterioplankton are water-
mass specific, and interactive mixing of the water masses creates
either convergence or divergence in the regional distributions of the
marine microbial communities (Hernando-Morales et al., 2017). As
predators, HFs in the marine micro-food web are selective for
bacterial predation, potentially selectively targeting actively growing
bacteria (Anderson and Hansen, 2020). The differences in the
bacterial biomes may further affect the community structure of
the HFs. In addition, there was a certain gradient change in the
environmental factors at different ocean depths in the region [(Han
et al.,, 2022), Supplementary Figure S1]. Therefore, the existence of a
bathymetric gradient in the distribution of HFs communities
supports, to some extent, the differences in the microbial
community impact mechanisms between the surface ocean and
deep ocean.

4.3 Prospects with climate change

The eastern waters of the Cosmonaut Sea are influenced by the
PBG, which intersects the ASC and converges northward in a
clockwise direction northward toward the southern boundary of
the ACC. The shelf water along the Antarctic continent sinks to
form the low-temperature and high-density Antarctic bottom water
mass (AABW), which forms the Southern Ocean through
overturning circulation with the upper relatively warm water
mass (Armour et al, 2016; Stuecker et al., 2018). The bottom
water mass also flows into the deep ocean layers of most oceans
(Patara and Boning, 2014; Patara et al., 2016), and Weddell Sea- and
Prydz Bay-sourced AABW are blended and exported mainly to the
Atlantic and Indian oceans (Solodoch et al., 2022). The upwelling of
the Southern Ocean’s overturning circulation carries deep-sea
plankton and nutrients, to shallower depths (Thomson et al,
2010; Han et al, 2022), and the surface plankton communities
and nutrients can also be transported to the deep sea (Jiao et al.,
2018). Therefore, the community ecology of the HFs in the deeper
layers of the Cosmonaut Sea is also affected by overturning
circulation. Some of the pelagic HFs will be transported to the
bottom layer. There will be HFs carried with the Southern Ocean’s
bottom water mass to other Antarctic waters and even the deeper
layers of the Atlantic Ocean and Indian Ocean.

At the circumpolar scale, the overall variability in the plankton
biomass per unit area in the Southern Ocean waters is small
(Behrenfeld et al., 2017), with local factors, such as sea ice,
glaciers, and changes in the seawater stratification under the
influence of circulation affecting the plankton community in the
Southern Ocean waters to a greater extent (Schofield et al., 2018;
Kim et al.,, 2020). Freshwater fluxes in the circumpolar zone of the
ACC will gradually increase under the influence of sea ice melt,
increased net precipitation, and glacier breakup (Downes and Hogg,
2013). Moreover, Antarctic Circumpolar Deep-Water formation
and export will continue to decrease due to warming and the
renewal of the surface ocean waters near the Antarctic continent
(Azaneu et al,, 2013; Desbruyeres et al., 2017). The overall transport
of the Southern Ocean overturning currents will increase, with
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implications for the stability of the ice shelves, glaciers, and the
Antarctic ice cap. The effect on the nature and circulation of the
Southern Ocean water masses (Abernathey et al., 2016; Pellichero
et al., 2018; Swart et al., 2018) could directly affect pelagic plankton
in the middle and upper ocean (Doney et al.,, 2012).

Furthermore, it could directly affect the transportation of DO
and nutrients in the deep Antarctic seawater. It has been found that
the Surface waters that are south of the ACC have stronger
freshening rates than those of the intermediate or bottom waters
(Menezes et al., 2017; Morley et al., 2020). This means that impacts
on the micro-plankton in the surface ocean will occur more quickly
(Doney et al., 2012). Therefore, species that are more resilient to
disturbances, such as freshening due to climate warming in
Antarctica, will be more likely to be less affected (Alcaman-Arias
et al,, 2021). This implies that as the climate gradually warms, the
overall community structure and distribution of the HFs is likely to
shift from the original seawater habitat structure to a freshwater
habitat structure. The dominance of the taxa that are more adapted
to higher temperature and lower salinity water bodies may
gradually increase.

This study only discusses heterotrophic flagellate data from a
single summer year, with temporal and spatial limitations, which
require the subsequent establishment of a long-term dynamic
monitoring database to materialize the evaluation of the response
and feedback of marine ecosystems to global climate change.
Moreover, regionally representative and environmentally
indicative taxa could be selected. In addition to focusing on the
dominant taxa, further attention should be paid to some taxa (e.g.,
MAST-4) that are less abundant but have obvious regional
distribution characteristics.

5 Conclusion

Investigating the spatial distribution and diversity of
heterotrophic flagellates (HFs) in polar seas and ice zones is
essential. Our study revealed that the western Cosmonaut Sea had
a significantly higher HFs abundance than its eastern counterpart,
primarily within the top 100 m. Dominant HFs taxa, such as
Cryomonadida in the western and MASTs and Opalozoa in the
eastern regions, were influenced by local ocean currents.
Specifically, the western Cosmonaut Sea’s HFs diversity was
shaped by a combination of the Antarctic Circumpolar Current
(ACC) and the Weddell Eddy, similar to the northern Antarctic
Peninsula. Long-term monitoring of HF and the construction of an
ecological database are recommended for assessing climate change
impacts on HFs and the marine food web.
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Interactions between krill
and its predators in the
western Ross Sea

Andrea De Felice, llaria Biagiotti, llaria Costantini,
Giovanni Canduci and lole Leonori*

National Research Council — Institute for Marine Biological Resources and Biotechnology (CNR-
IRBIM), Largo Fiera della Pesca, Ancona, ltaly

Krill is a fundamental resource in the pelagic food web of the Ross Sea,
constituting an important link between primary production and top predators.
A series of ltalian research voyages to the Ross Sea from 1994 to 2016 have
contributed to our understanding of the dynamics of krill populations inhabiting
the Ross Sea. Only the surveys in 1994 and 2004 reported information on krill's
predators through visual census data, and 2004 data were not object of
publication until now. Analyzing Euphausia superba and Euphausia
crystallorophias abundance spatial distribution in the study area in relation to
the distribution of its key natural predators have shown a significant relationship
between the spatial distribution of minke whales’ abundance and the density of E.
superba biomass, indicating a classical predator-prey interaction. Moreover, krill
biomass density data in the water column were analyzed together with the main
environmental data from CTD samplings. The analysis of krill density data in
relation to environmental factors throughout the water column revealed a
significant relation between E. superba abundance and salinity, a result that
may be linked to the presence of ice melting effects improving environment
productivity conditions.

KEYWORDS

krill, pelagic ecosystem, krill predators, Ross Sea, environment

1 Introduction

The knowledge of krill role in the pelagic food webs in Antarctic and sub-Antarctic
waters has been greatly enhanced through extensive research efforts focused on these
crustaceans in such environments (Cavan et al., 2019; Testa et al., 2022). The dynamics of
these animals could be influenced by many biotic and abiotic factors. Among the main
biotic factors, we could mention prey availability, predators’ presence, and competitors for
food (Meyer et al., 2020), whereas, among the main abiotic factors, we could consider ice
cover, water temperature, salinity, dissolved oxygen and water circulation (Leonori et al.,
2017; Veytia et al., 2020; De Felice et al., 2022).
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Many species rely on krill as a main food source in Antarctic
waters. Focusing on the top predators of the pelagic food chain,
penguins (Watters et al., 2020), seals (Melbourne-Thomas, 2020)
and whales (Konishi et al., 2014; Smetacek, 2021), in particular,
show a huge percentage of their diet as consisting in these small
crustaceans (Trathan and Hill, 2016). One study, based on isotope
analysis, dealing with penguins’ diet in the Ross Sea (Jafari et al.,
2021) has shown that the relative krill and fish consumption by
Adélie penguins (Pygoscelis adeliae) and emperor penguins
(Aptenodites forsteri) changed in relation to the prey availability,
in function of seasonal sea ice dynamics and penguin life cycle
phases. Dietary variability of Adélie penguin was already known,
but not in emperor penguin. In contrast, other authors (Hong et al.,
2021), from isotope analysis, found that emperor penguins in the
Ross Sea maintain preference for the typology of prey (Antarctic
silverfish), while Adélie penguin chicks at Cape Hallett mostly fed
on Antarctic krill (Euphausia superba), since this krill species is
particularly abundant there, but Adélie penguin chicks at
Inexpressible Island, located near Terra Nova Bay, mainly fed on
both Antarctic silverfish and ice krill (Euphausia crystallorophias),
demonstrating a regional characterization of the diet and an
adaptation to prey availability. In any case krill reveals to be one
of the preferred preys, at least for Adélie penguin.

Seals are very important krill consumers. Crabeater seals prefer
to breed close to krill and are sensible to the conditions of seasonal
sea for breeding success. Weddell seals are less dependent on krill as
a food source and remain connected to the stable ice and to the
preys that can be found there (Wege et al,, 2021). Trathan et al.
(2022) found a positive response relationship between predator
offspring mass (Antarctic fur seals, gentoo penguins and macaroni
penguins) and the spatial distribution of krill, measuring the
patchiness in krill distribution, while they found little relation
between predator performance and krill density levels at South
Georgia. This result evidence the importance of the information
derived from krill spatial distribution when studying krill predators’
diet and breeding success.

Marine mammals often play a fundamental role concerning
krill predation. Miller et al. (2019) have shown that blue whales
prefer to concentrate where Antarctic krill swarms are bigger and
shallower in order to maximize the energy intake respect to the
predation effort. The spatial distribution of minke whales
(Balaenoptera bonaerensis) in the Ross Sea was studied together
with the distribution of Antarctic and ice krill using Generalized
Additive Models (GAMs); the results showed that the distribution
of these whales was influenced by many factors, such as longitude,
distance from shelf break, oceanographic conditions, and densities
of both krill species.

Following the examples given above, it could be expected that
the spatial distributions of these top predators would overlap, at
least partially, with those of the krill species, especially Euphausia
superba, in the Ross Sea.

For similar reasons, krill preys, mainly represented by
phytoplankton species and at a minor level by mesozooplankton
species (Hellessey et al., 2020; De Felice et al., 2023), could influence
abundance level and spatial distribution of Euphausiids in
Antarctica. Different krill species are competitors for food, a fact
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evidenced by their similar feeding appendages and their diet
(Haberman et al., 2003). It is also important to note, at least in
the Ross Sea, that the cores of the two most relevant krill
populations, E. superba and E. crystallorophias, tend to separate
spatially, passing from austral spring to austral summer (Azzali
et al.,, 2006; Leonori et al., 2017). The abovementioned behavior
represents a potential strategy for reducing the risk of starvation
resulting from competition for food resources.

The main aim of this work was to investigate potential
correlations between the spatial distribution of krill biomass
density and the distribution of krill predators in January 2004,
having the opportunity of available data on krill predators. The
prevalent localization of krill in the water column and the possible
influence on the krill density of environmental variables along the
water column were also studied, benefitting from in situ CTD data
acquired during the acoustic survey.

2 Materials and methods

2.1 Study area, target species and
sampling procedures

Acoustic and biological data concerning E. superba and E.
crystallorophias came from an acoustic survey conducted in the
western sector of the Ross Sea (Antarctica) and the adjacent
Southern Ocean in January 2004. The study was conducted
within the framework of the 19" Italian National Program for
Research in Antarctica (PNRA) Expedition aboard the research
vessel “Italica”. The area boundary coordinates were 69° and 76° S
latitude and 165° E and 175° W longitude. The acoustic survey
targeting krill was carried out from 28/12/2003 to 23/01/2004,
synoptically with the census on krill predators. Both the acoustic
and the visual surveys were taken 24 hours a day. The acoustic
monitoring followed CCAMLR guidelines and focused on the top
200 m of the water column, the stratum with the core of krill
abundance in the study area, as confirmed by the scarce krill
abundance level found in the stratum between 200 and 300
meters during the following 2014 survey (Leonori et al, 2017).
Krill swarms were monitored acoustically at three frequencies (38,
120, and 200 kHz), in order to separate krill echoes from non-target
signals and separate the two krill species between them. Krill
aggregations were identified in echograms on the base of the
experience from the previous surveys and relying on frequency
comparison methodology as described in Azzali et al. (2004a) to
discriminate in the categories “E. superba”, “E. crystallorophias” and
“other”. Periodical trawl hauls were carried out to obtain ground
truth information. Bottom depth ranged from about 300 to 3500 m;
the highest depths were in the northern area at the border between
the Ross Sea and the Southern Ocean. Specimens were collected by
means of the HPRI-1000 plankton net (mesh size 1 mm), which was
designed by CNR-IRBIM (Ancona, Italy); haul position was decided
on the basis of the observation of krill swarms during the acoustic
survey (Azzali et al., 2004b; De Felice et al., 2023). The sampling net
was equipped with SIMRAD ITI system that allowed, by acoustic
wireless connection, to know information about the catch stratum,
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such as temperature, net depth and vertical opening.
Oceanographic sampling was carried out by means of CTD probe
Sea Bird Electronics SBE 911 plus.

For what concerns biomass estimation procedure, the density
contrast (g) and sound speed contrast (h) coefficients applied for the
two species were derived from Foote et al. (1990); the average tilt
angle was hypothesized to be 15°. The fluid sphere model was
applied for biomass calculation (Simmonds and MacLennan, 2005)
in all the acoustic surveys carried out in the Ross Sea since 1989 by
the CNR Institute of Ancona. The fluid sphere model has been
improved in time (Anderson, 1950; Johnson, 1977; Stanton et al.,
1993; Macaulay, 1994) and represents a valid tool for krill biomass
evaluation. Hewitt et al. (2004) length-weight relationship was used
for conversion from numbers to biomass. Biomass estimates were
expressed as mean krill density per elementary statistical sampling
rectangle (Simmonds and MacLennan, 2005). The ESSR method
has been employed in all previous surveys, because it is suitable for
acoustic monitoring of large areas. Western Ross Sea was
subdivided into rectangular grid cells, spaced at intervals of 1° in
longitude, but variable in latitude, according to the Earth’s
curvature variation at the poles. All rectangles had an area of 600
nm?; the origin of the grid (rectangle A0) was set at coordinates 64°
25.1" S 164°30.0" E. Numbers and letters (in alphabetical order)
proceed from the coast to offshore and southwards. Species
abundance and biomass in each rectangle were estimated from
the average NASC value of the Elementary Sampling Distance Units
(ESDUgs) laying within the rectangle.

2.2 Study of the relationships between krill,
its predators and
environmental parameters

Up to now, several acoustic surveys were conducted in the
western Ross Sea during Italian expeditions to Antarctica (De Felice
et al,, 2022), but synoptic information on krill predators was often
lacking. Apart from the survey held in January 2004 (Azzali et al,
2004b), only the two surveys carried out in 1994 had this
information that was reported in Saino and Guglielmo (2000);
however, krill dataset was not studied in relation with its predator
dataset at that time, but data were analyzed and reported separately.

In the present paper krill distribution was studied both as spatial
distribution over the whole study area in relation with the main krill
predators and also along the water column at selected haul positions
in relation with environmental parameters.

Consequently, as a first approach, the spatial distribution of krill
biomass density within the study area was analyzed using multiple
regression analysis (DISTLM), together with estimates of
abundance of the main krill natural predators derived from visual
census (strip transect methodology) conducted during the survey.

Visual census on krill predators took place from a dedicated
platform located at 14 meters (level of the ship’s bridge) on the right
side of the ship. Individuals spotted on that side within a strip of
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varying width, dependent on visibility and weather conditions, were
considered. The census of krill predators was achieved with both
traditional and digital binoculars; the latter allowed to take photos
of the observed animals and store them, with relative time and
geographical position, in the acoustic database. This allowed a more
accurate recognition of the animals and facilitated the studying of
the interaction between krill and its predators. Density values were
calculated taking into account the number of individuals sighted for
each species within each statistical rectangle (as defined for the
estimation of krill biomass) and the total observed area (number of
miles with sighting activity multiplied by the strip’s width). Four
predator species were selected based on their dietary dependence on
krill and their average krill consumption (minke whale) or the high
density of these predators, as determined from visual census
(crabeater seal, emperor penguin and Adelie penguin). Marine
birds, as skuas and petrels, were not considered in this analysis,
even if petrel species in particular presented very high densities,
since they can predate krill only at surface and the relative data
collected by means of visual census could contain more bias, since
these animals usually follow the vessel, with the risk of multiple
counts for the same specimen. In general, krill predators’ species
identified in the study area were the same as reported in Saino and
Guglielmo (2000) and are comparable to what found by Double
et al. (2015) and Naganobu et al. (2006) for the portion of the area
that is common with the data presented in this work. Limiting to
penguins, seals and marine mammals, the species that were
observed in decent numbers were respectively: Adélie penguin,
emperor penguin, crabeater seal, Weddell seal, minke whale and
killer whale. No humpback whales were observed and there was
only one sighting of blue whale, but not during official visual census
monitoring. The aforementioned data was averaged within the
same statistical rectangles to prepare them for subsequent analysis
with DISTLM, using the best “AIC (Akaike Information Criterion)”
as selection criterion. Data were log (x+1) normalized and were
formatted for processing using GIS software.

In second instance, acoustic data was matched with CTD data
corresponding to the fishing stations in the core abundance areas
for the two krill populations, that corresponded respectively with
their highest catches with the trawl (Figure 1). Hauls nos. 1, 27, 28
and 30 were selected for E. superba, while hauls nos. 7, 8, 10, 13, 17
were selected for E. crystallorophias. The density of krill (Nautical
Area Scattering Coefficient in m*/nm?) measured at the frequency
of 120 kHz, which is the reference for biomass calculation, was
obtained by layers of 20 meters stretching from 15 up to 195 meters
(Azzali et al., 2004a; Leonori et al., 2017). The above data was then
analyzed by means of DISTLM, using the best “AIC” as selection
criterion. Temperature data were log (x+2) normalized, because
values could be below -1°C in some cases, while the other variables
were log (x+1) normalized.

Figure 2 shows vertical profiles of fluorescence (as proxy for
phytoplankton) and krill density, after normalizing the data for
hauls where the fluorescence parameter was available. This was
done to visually check any potential correspondence in abundance
peaks, which could indicate predator-prey interaction.
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FIGURE 1
Geographic positions of the pelagic hauls with the highest catch
levels of E. superba and E. crystallorophias.

3 Results

3.1 Spatial distribution of krill in relation to
the density of their main natural predators

Krill biomass density data from the two species was studied by
DISTLM analysis against abundance of the main natural predators.
Maps depicting the spatial distribution of E. superba, E.
crystallorophias and of natural krill predators are reported in
Figure 3. The results of this analysis are shown in Tables 1 and 2;
the only statistically significant relationship observed was between
the density of minke whales and the biomass density of E. superba
with a best estimate for AIC criterion being 235.49 for the model
considering only minke whale density as explanatory variable.

3.2 Krill density in relation to
environmental parameters

Table 3 shows the results of the multivariate multiple regression
applied to krill density data and CTD data recorded throughout the
water column. The main environmental parameters measured by
CTD probe were averaged within the corresponding depth ranges as
it was done for krill density. The analysis was carried out
considering one krill species at a time versus all the
environmental parameters (temperature, salinity and water
density) except for fluorescence, as the fluorimeter broke after the
first 10 stations.

Due to autocorrelation issues between water density and
salinity, water density was discarded from the analysis.

Salinity exhibited a highly significant correlation with E.
superba density, with AIC being -1.8898 in the best model
considering only this correlation.

Examining in detail Table 4, which provides insights into the
vertical distribution of krill in the water column in relation with
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fluorescence peaks, as proxy of phytoplankton, it becomes evident
that E. superba in proximity of the considered stations tended to be
located within the first 40 meters, apart from station 30 where it was
abundant up to about 60 meters. On the contrary, E.
crystallorophias was generally located in deeper strata, specifically
within depth intervals of 80-120 meters at station 7, 40-80 meters
and 140-200 meters at station 8, 60-120 meters at station 13, and
finally within 100 meters at station 17. The overall vertical
distribution bands for the two species were not significantly
different, as the trend showed that E. superba predominantly
occupied the upper meters of the water column while E.
crystallorophias presented peaks of abundance below 40-60
meters. This suggests circadian movements along the water
column, potentially associated with the time of day.

4 Discussion

Multiple regression analysis applied to krill biomass data and
krill predators’ abundance data showed a significant relationship for
Antarctic krill only in the case of Balaenoptera bonaerensis. This
result is in agreement with the literature that identifies in particular
Antarctic krill as preferred prey for the numerous specimens of B.
bonaerensis present in the Ross Sea and surrounding areas (Tamura
and Konishi, 2009; Murase et al., 2013; Ishikawa et al., 2022). It
suggests that minke whales tend to reside in areas with a high
abundance of E. superba for feeding purposes. Several other species
of marine mammals have krill as their main prey, for example
humpback whale (Pallin et al., 2023), blue whale (Miller et al., 2019)
and other baleen whales (Savoca et al., 2021) and in certain cases it
was demonstrated that their migration seems to be well coordinated
with environmental conditions and krill availability (Szesciorka
et al,, 2020). Our study area involves the western Ross Sea and
the portion of the Southern Ocean bordering with it, extending
from 69° to 76° S in latitude and from 165° E to 175° W in longitude.
Considering the results by Double et al. (2015), going from 65° to
70° S of latitude we have sightings of humpback whales, blue whales,
fin whales and minke whales, but south of 70° S the only marine
mammals that were identified were minke whales and killer whales.
These results are quite consistent with our study, confirming the
predominant presence of B. bonaerensis and Orcinus orca in the
Ross Sea among marine mammals, and, for the first species, its
strong dependence on krill as a food source. It is highly probable
that minke whales concentrate in the area north of Cape Adare,
because they can find big E. superba swarms that can give a high
energy level with limited efforts, a mechanism similar to what
described by Miller et al. (2019) for Balaenoptera musculus.
Minke whale exhibits also a marked preference for E. superba
respect to E. crystallorophias; this fact is reflected by the difference
in abundance of B. bonaerensis comparing the core of its
distribution (and core for Antarctic krill) in the northern part of
the study area, respect to the core of the distribution of ice krill in
the central coastal part of the Ross Sea, where minke whales are
present, but in much lower density. The spatial distribution of E.
superba and E. crystallorophias in January 2004 reflects quite well
what has been observed for all the years in which the acoustic survey
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FIGURE 2
Vertical profiles of krill density compared with fluorescence for hauls 1, 7,
in red fluorescence.

was conducted in December-January (Davis et al., 2017; Leonori
et al., 2017; De Felice et al., 2022) with Antarctic krill concentrated
along the northwestern shelf break and ice krill mainly found in the
central part. This could be a good condition for krill to avoid
competition for food, and predators highly specialized with a diet
based prevalently on krill, adapt to this distribution.

An exception in our dataset was constituted by crabeater seal
(Lobodon carcinophagus) that has a relatively high dependence on
krill as a food source (Nachtsheim et al., 2017; Bengtson and
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8 and 10 where the fluorimeter was operative. In black krill density profile,

Stewart, 2018), but did not show a significant relation with krill
biomass spatial distribution. A possible explanation could be that
crabeater seals are observed and registered easily while they are
resting on ice sheets but are less visible when in the water actively
feeding on krill. Almost all the sightings of this species were relative
to individuals resting on ice and their spatial distribution (Figure 3),
resulting from our study, confirms that they are found prevalently
on floating sea ice during austral summer, quite far from the coast,
in contrast to Weddell seals that are mainly found on stable ice
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Spatial distribution of E. superba and E. crystallorophias density (above) in comparison with the spatial distribution of krill's natural predators in
January 2004 (below) along the grid of statistical rectangles in use for the estimation of krill biomass.

along the coast (Wege et al., 2021). Another possible reason for the
absence of a correlation between the spatial distribution of krill and
crabeater seals in western Ross Sea could be a switch in the diet
composition by these animals in years when krill biomass is not
particularly abundant, such as the year considered in this work
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(Leonori et al., 2017). It is not known how adaptable these seals
could be for the diet, being considered highly specialists in feeding
krill, but they have shown a shift in the diet towards other prey in
the Antarctic Peninsula when krill biomass was at low levels
(Hiickstidt et al., 2012).
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TABLE 1 Results of DISTLM models run on E. superba density values vs. the abundance of its main predators.

SEQUENTIAL TESTS

Variable R? SS(trace) Pseudo-F ‘ P Prop. Cumul. res.df

B. bonaerensis density (N/nm?) 5.73E-02 54.266 6.6206 0.0068 5.73E-02 5.73E-02 109
L. carcinophagus (N/nm?) 5.80E-02 0.69622 8.42E-02 0.773 7.35E-04 5.80E-02 108
P. adeliae (N/nm?) 6.10E-02 2.822 0.33931 0.558 2.98E-03 6.10E-02 107
A. forsteri (N/nm?) 6.11E-02 0.10233 1.22E-02 0.9099 1.08E-04 6.11E-02 106

BEST SOLUTION

AlC R? RSS No. Variables

Selections

23549 5.73E-02 893.42 1

B. bonaerensis density

Statistically significant values were evidenced in bold.

The situation for what concerns dietary preferences in penguins
living in Antarctica is varied, in the sense that different results were
obtained in different researches. Emperor penguin (A. forsteri)
seems to be less dependent on krill as a food source (Putz, 1995;
Gales et al., 1990; Zimmer et al., 2007), showing a wider range of
possible preys also depending on the study area. When comparing
emperor penguin and Adélie penguin, basing on stable isotope
analysis (Hong et al., 2021), it was found that emperor penguins in
the Ross Sea maintain preference for the typology of prey (Antarctic
silverfish), while Adelie penguin chicks at Cape Hallett versus Terra
Nova Bay presented a regional characterization of the diet and an
adaptation to prey availability. By contrast, another study, based on
isotope analysis, dealing with penguins’ diet in the Ross Sea (Jafari
et al,, 2021) has shown that the relative krill and fish consumption
by Adelie penguins (Pygoscelis adeliae) and emperor penguins
(Aptenodites forsteri) changed in relation to the prey availability,
in function of seasonal sea ice dynamics and penguin life cycle
phases. Dietary variability of Adélie penguin is generally confirmed
by the various studies, but it is not always the case for emperor
penguin. However, krill reveals to be one of the preferred prey, at
least for Adélie penguin. In conclusion, it is not surprising that we
have not found any relation between krill and emperor penguin, but
it could be expected to find it with Adélie penguin; a possible reason
for not finding any relation could be that we monitored these
penguins during phases of active movement to or from feeding
areas. Jafari et al. (2021) identified in spring and summer an active
feeding period for P. adeliae, but we should take into account that
duration of foraging trips by these animals could be very different
within Antarctic areas (Juares et al., 2016; Olmastroni et al., 2020).

As regards krill vertical distribution along the water column, the
results have evidenced that the highest densities of the two krill
species under investigation were mainly located within the first 100
meters, with occasional exceptions for E. crystallorophias, which in
some cases was found even deeper. These results seem to be in line
with those of other authors for the summer season, particularly in
the case of E. superba (Pauly et al., 2000; Amakasu et al., 2011).
However, it has been suggested that E. superba swarms make more
than one vertical migration per day (Swadling, 2006). Probably, we
could not detect migrations from the surface to deeper waters and
back for E. superba due to the limited number of hauls considered,
covering the daily time span only partially. However, it was possible
to identify these movements for E. crystallorophias. In the initial
stations, where the fluorescence data were available, a certain
correspondence could be observed between the fluorescence peak
and the peak of krill density when E. superba predominated
(stations 1 and 10). By contrast, when E. crystallorophias
prevailed (stations 7 and 8), the krill peak density was slightly
deeper than that of fluorescence.

For what concerns the possible relations between krill and
environmental parameters along the water column, the only
significant one was found between Antarctic krill and salinity.
This relation seems to be a similar result to the inverse
correlation found by Leonori et al. (2017) between E. superba
biomass and salinity in the water column. A possible
interpretation for this relation is that a decrease in salinity could
be associated with ice melting conditions that often mean higher
availability of food freed from entrapping ice (Nicol, 2006; Murase
et al,, 2013) and consequently an increase in prey availability for

TABLE 2 Results of DISTLM models run on E. crystallorophias density values vs. the abundance of its main predators.

Variable R? SS(trace) Pseudo-F P Prop. Cumul. res.df
B. bonaerensis density (N/nm?) 1.808E-3 1.0524 0.19742 0.6738 1.808E-3 1.808E-3 109
L. carcinophagus (N/nm?) 1.2018E-2 5.9434 1.1161 0.2966 1.021E-2 1.2018E-2 108
P. adeliae (N/nm?) 2.6969E-2 8.7025 1.644 0.198 1.495E-2 2.6969E-2 107
A. forsteri (N/nm?) 6.0497E-2 19.516 3.7828 0.0541 3.3528E-2 6.0497E-2 106
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TABLE 3 Results of multivariate multiple regression on Antarctic krill density data and environmental parameters measured by CTD probe for layers
of 20 meters between 15 and 195 meters.

Variable R? SS(trace) Pseudo-F P Prop. Cumul. res.df
Temp 4.09E-02 13912 1.3658 02483 4.09E-02 4.09E-02 32
Sal 020678 5.6367 64817 0.0131 0.16585 0.20678 31
BEST SOLUTION
AlC R? RSS No. Variables Selections
0.21346 0.10504 30417 1 Salinity

Statistically significant values were evidenced in bold.

TABLE 4 Depth intervals in which E. superba and E. crystallorophias
swarms occurred in concomitance with the fishing hauls selected for the
analyses and local starting time of trawling operations.

Species Haul No. Haul start-  Depth
ing interval
hour with krill
(hh.mm) highest
density (m)
E. superba 1 15.01 20-40
10 23.04 20-40
27 01.09 20-40
28 09.27 20-40
30 06.22 20-60
E. crystallorophias 7 10.17 80-120
8 2322 40-80; 140-200
13 18.03 60-120
17 01.35 20-100

krill, once again confirming the importance of the trophic factor for
these animals. This result could also be connected to the buoyancy
of krill. Krill is capable to swim changing stratum in water column
quite well, as also evidenced by the data from this paper, but in
certain condition, such as when their stomach is full and they rest,
they are transported passively downwards (Tarling and Thorpe,
2017) and the extent of this transport could depend on salinity.

5 Conclusion

The analyses presented in this paper focused on the interactions
between krill and its predators. The spatial distribution of E.
superba and E. crystallorophias was studied together with four
predator species; the results evidenced a relation between the
abundance of B. bonaerensis and the biomass density of E.
superba, confirming the high dependence of minke whales on
krill as a prey. Krill density, particularly that of E. superba,
showed a significant correlation only with salinity throughout the
water column, a result that could be linked to local increases in
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productivity due to ice melting, but also to the regulation of water
density of krill sinking, when resting, in relation to the buoyancy of
these animals.
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Response of the copepod
community to interannual
differences in sea-ice cover
and water masses in the
northern Barents Sea
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Marti Amargant-Arumi®, Oliver Muller?, Anette Wold*,
Mateusz Roman Ormariczyk®, Slawomir Kwasniewski®
and Camilla Svensen*

‘Department of Arctic and Marine Biology, UiT The Arctic University of Norway, Tromse, Norway,
2Department of Arctic Biology Research, The University Centre in Svalbard, Longyearbyen,
Svalbard, Norway, *Department of Biological Sciences (BIO), University of Bergen, Bergen, Norway,
“Norwegian Polar Institute, Tromsa, Norway, *Department of Marine Ecology, Institute of
Oceanology, Polish Academy of Sciences, Sopot, Poland

The reduction of Arctic summer sea ice due to climate change can lead to
increased primary production in parts of the Barents Sea if sufficient nutrients are
available. Changes in the timing and magnitude of primary production may have
cascading consequences for the zooplankton community and ultimately for
higher trophic levels. In Arctic food webs, both small and large copepods are
commonly present, but may have different life history strategies and hence
different responses to environmental change. We investigated how contrasting
summer sea-ice cover and water masses in the northern Barents Sea influenced
the copepod community composition and secondary production of small and
large copepods along a transect from 76°N to 83°N in August 2018 and August
2019. Bulk abundance, biomass, and secondary production of the total copepod
community did not differ significantly between the two years. There were
however significant spatial differences in the copepod community composition
and production, with declining copepod abundance from Atlantic to Arctic
waters and the highest copepod biomass and production on the Barents Sea
shelf. The boreal Calanus finmarchicus showed higher abundance, biomass, and
secondary production in the year with less sea-ice cover and at locations with a
clear Atlantic water signal. Significant differences in the copepod community
between areas in the two years could be attributed to interannual differences in
sea-ice cover and Atlantic water inflow. Small copepods contributed more to
secondary production in areas with no or little sea ice and their production was
positively correlated to water temperature and ciliate abundance. Large
copepods contributed more to secondary production in areas with extensive
sea ice and their production was positively correlated with chlorophyll a
concentration. Our results show how pelagic communities might function in a
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future ice-free Barents Sea, in which the main component of the communities
are smaller-sized copepod species (including smaller-sized Calanus and small
copepods), and the secondary production they generate is available in
energetically less resource-rich portions.

KEYWORDS

sea-ice cover, copepod community composition, secondary production, northern
Barents Sea, interannual variability, sea-ice melt

1 Introduction

One of the most noticeable consequences of ongoing climate
change is the decline of Arctic summer sea ice (Pértner et al., 2019).
Sea ice is melting earlier and forming later in the season, resulting in
a prolonged open water period with increased light transmission to
the upper ocean (Wassmann and Reigstad, 2011). The seasonally
ice-covered Barents Sea is experiencing the highest rates of warming
amongst all regions of the Arctic (Isaksen et al., 2022) and it is
projected to be ice-free during winter beyond the year 2061
(Onarheim and Arthun, 2017). These physical alterations have
major impacts on biological processes in the Barents Sea, as sea
ice constitutes a unique habitat for sea ice algae and further controls
light availability and mixing in the upper ocean, which regulates the
onset of phytoplankton blooms (Sakshaug et al., 1991). The blooms
typically follow the northwards retreat of sea ice in spring and
summer, as the melting ice creates the stratified surface layer and
increased light transmittance that are necessary for bloom
formation. Once surface nitrate and silicate are depleted, the
phytoplankton community changes from a diatom-dominated
system to one dominated by flagellates and ciliates (Rat’kova and
Wassmann, 2002). Timing and quality of the bloom are critical for
the biomass and reproductive success of secondary producers.

Associated with the diatom-dominated system are large, lipid-
rich copepods of the genus Calanus that have developed a
reproductive cycle that is tightly linked to the ice algae and spring
phytoplankton blooms (Falk-Petersen et al., 2009). The Arctic
species Calanus hyperboreus reproduces during winter, entirely
based on internal lipid reserves that were build up during the
previous growth season (Falk-Petersen et al., 2009). C. glacialis on
the other hand usually spawns just before or during the ice algae
bloom (Sereide et al., 2010), while the boreal species C. finmarchicus
reproduces during the open water spring bloom (Hirche, 1996).
Oftspring of C. hyperboreus and C. glacialis are dependent on the
phytoplankton spring bloom for growth and accumulation of
energy reserves that are needed for diapause (Falk-Petersen et al.,
2009; Sereide et al., 2010). Nauplii and young copepodids (CI-III) of
C. finmarchicus feed during the spring bloom, while the
development of older copepodids (CIV-V) is fueled by grazing on
microzooplankton during the summer (Svensen et al., 2019). In late
summer, Calanus spp. that have acquired enough lipids for
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diapause descend into deeper water layers to hibernate at depth
until the next spring bloom (Falk-Petersen et al.,, 2009). While
Calanus spp. often dominate the mesozooplankton community in
terms of biomass, smaller copepods (adult body size <2 mmy;
Svensen et al., 2019), such as Oithona similis, usually dominate in
terms of numbers (Gallienne and Robins, 2001; Madsen et al,,
2008). These copepods are closely associated with the microbial
food web occurring in late summer and autumn, as they are
omnivores (Lischka and Hagen, 2007). In contrast to Calanus
spp., they reproduce year-round, with greatest abundance of eggs
and nauplii occurring during spring and summer (Ashjian et al.,
2003; Madsen et al., 2008).

The reduction of summer sea-ice cover due to climate change
can lead to increased primary production in parts of the Barents
Sea, depending on the prevalent nutrient and stratification regimes
(Randelhoff et al., 2020). With a retreat of the seasonal ice zone
northwards, regions previously covered by ice will likely experience
a prolonged phytoplankton growing season and higher primary
production, if sufficient nutrients are available. The southern edge
of the seasonal ice zone is expected to become less productive due to
increased thermal stratification and the resulting decrease in
nutrients supplied to the surface layers (Wassmann and Reigstad,
2011). These changes will likely affect the zooplankton community
by altering the composition of the grazers. In the Bering Sea, large-
sized Calanus spp. were found to be more abundant during cold
periods with extensive sea-ice cover (Coyle and Pinchuk, 2002;
Hunt et al,, 2011; Stabeno et al., 2012; Eisner et al., 2014; Kimmel
etal, 2018, Kimmel et al., 2023), while small copepods (e.g. Oithona
spp. and Pseudocalanus spp.) were more abundant during warm
periods with less sea-ice cover (Stabeno et al., 2012; Kimmel et al.,
2018, Kimmel et al., 2023). Similar observations have been made in
Svalbard fjords and the northern Barents Sea, where higher
abundance of small copepods has been linked to warmer periods
(Balazy et al, 2018) and the abundance of Calanus spp. was
influenced by Atlantic water inflow and sea-ice cover (Dalpadado
etal., 2003; Daase and Eiane, 2007; Blachowiak-Samolyk et al., 2008;
Dalpadado et al., 2012; Stige et al., 2019).

Secondary production is key in understanding how climate
related changes, such as a reduction of sea ice, may impact the
transfer of energy in Arctic marine food webs. Secondary
production refers to the biomass produced by consumers, such as
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copepods, in a given unit of time (e.g., mg C m™ d"). The Barents
Sea is a highly productive fishing ground and Calanus spp. are a
crucial food source for many small and juvenile planktivorous fish
such as the Barents Sea capelin (Mallotus villosus), Atlantic herring
(Clupea harengus) and polar cod (Boreogadus saida) (Hassel et al.,
1991; Huse and Toresen, 1996; Bouchard et al., 2017). Small
copepods, such as O. similis and Pseudocalanus spp. are food for
fish larvae and other larger zooplankton, such as krill, amphipods,
chaetognaths, ctenophores, and hydrozoans (Turner, 2004). Eggs
and nauplii of both small and large copepods form a substantial part
of the diet of the early larval stages of polar cod. Here, small
copepods are especially important to polar cod larvae hatching
during the winter months, when other food sources are scarce
(Geoffroy and Priou, 2020). In the Bering Sea, sea-ice concentration
was found to impact secondary production of Calanus spp., which
was low during warm periods with less sea-ice cover (Kimmel et al.,
2018, Kimmel et al., 2023). In the Barents Sea previous research on
secondary production has mainly focused on the southern regions
close to the polar front (Basedow et al, 2014; Dvoretsky and
Dvoretsky, 2024a) and the eastern Barents Sea (Dvoretsky and
Dvoretsky, 2009; Dvoretsky and Dvoretsky, 2024b) and primarily
on large Calanus spp. (Slagstad et al., 2011). Gaining insights into
the effects of sea-ice reduction on copepod secondary production in
the Barents Sea is of great social and economic significance,
especially since interannual sea-ice concentrations in the northern
Barents Sea are highly variable due to climate change (Efstathiou
et al., 2022).

In the present study, we evaluate how a reduction in sea-ice
cover influenced the copepod community composition and their
secondary production in the upper 100 m of the northern Barents
Sea. We further examined the relationship between copepod
secondary production and environmental and biological drivers,
such as hydrography, protist community composition and bacterial
and primary production. Zooplankton samples were collected in
August 2018, a year with reduced sea-ice cover, and in August 2019,
a year with extensive sea-ice cover along a transect spanning 76-83°
N. We address the following research questions through direct
hypothesis testing: Did differences in sea-ice cover between the two
years (I) affect the total copepod secondary production and (II)
change the contribution of different species to the total copepod
secondary production? Additionally, we explore whether patterns in
community composition or secondary production correlated with
other environmental or biological factors through multivariate
descriptive analyses.

We expect the total copepod secondary production to be higher
in the summer with reduced sea-ice cover (2018) due to an extended
period of primary production. However, this would likely be
accompanied by a change in the copepod community composition,
because diatom blooms terminate earlier in a year with reduced sea-
ice cover and the community of primary producers becomes
dominated by flagellates and ciliates earlier in the season, which
favors the growth of small copepods (e.g. O. similis) (Gallienne and
Robins, 2001). We therefore hypothesize that small copepods will
contribute more to the total copepod secondary production during
the summer with reduced sea-ice cover (2018), whereas large
copepods (e.g. Calanus spp.) will contribute more when the
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summer sea-ice cover is more extensive (2019). Furthermore, we
expect the quantity and relative contribution of small copepod
production to total copepod production to be higher in habitats
with higher water temperatures and a higher abundance of ciliates
and dinoflagellates. Conversely, in habitats characterized by colder
water temperatures and higher concentrations of chlorophyll g,
which are typically associated with increased phytoplankton
biomass and greater diatom abundance, we expect the production
of large Calanus spp. and their contribution to total copepod
production to be higher.

2 Material and methods

2.1 Study area

Samples and measurements were collected in the northern
Barents Sea as part of The Nansen Legacy project, during cruises
of RV Kronprins Haakon in August 2018 (06.-23.08.2018) and
August 2019 (05.-27.08.2019). The study sections, where stations
were located, covered an environmental gradient from Atlantic to
Arctic waters (76°-83° N, Table 1; Figures 1A, C). Samples were
collected at 8 stations in 2018 and 6 stations in 2019 and were
categorized according to their locations. Station P1 was in Atlantic
waters south of the polar front and is seen as a representative of
‘Atlantic’ environmental conditions. Stations P2-P5 were located
north of the polar front on the Barents Sea shelf and are seen as
representing ‘Barents Sea shelf conditions and stations P7, PICE1
and SICE2-3 were located in the deeper Arctic Ocean basin,
representing ‘Arctic Ocean basin” conditions. Stations P1-P5 were
visited in both years, and among these stations P4 and P5 were in
ice-free waters at the time of sampling in 2018 and in ice-covered
waters during sampling in 2019 (Table 1). PICE1 and SICE2-3, only
visited in 2018, were also ice covered, as well as P7, which was only
visited in 2019.

2.2 Zooplankton sampling

Zooplankton was collected with stratified net hauls using two
separate MultiNet® Type Midi (HYDRO-BIOS Apparatebau
GmbH, net opening 0.25 m?), one with 64 um and one with 180
um mesh size net bags. The depth intervals for the shallow shelf
stations were: bottom-200, 200-100, 100-50, 50-20 and 20-0 m.
Where bottom depth exceeded 600 m, zooplankton was collected
from the following depth strata: bottom-600, 600-200, 200-50, 50-
20, 20-0 m. The 180 um net was hauled with a speed of 0.5 m s and
the 64 um with a speed of 0.3 m s to warrant optimal water
filtering. All samples were processed immediately upon retrieval of
the nets. The samples were concentrated on 64 pm and 180 um
sieves respectively, gently flushed with filtered sea water, and stored
in 125 mL bottles with 4% formaldehyde-seawater solution free
from acid. Due to unpredictable failures of water flow meters
installed in the plankton nets used, the volume of filtered water
was calculated based on a regression equation describing the
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TABLE 1 Location and bottom depth at the stations where zooplankton samples were collected in August 2018 and August 2019.

2018
station #

Date of
sampling

Latitude

Longitude

Bottom
depth (m)

Ice covered
on day of

sampling

Days since ice comments
retreat (< 15%
sea ice

concentration)

2019
station #

Date of
sampling

Latitude

Longitude

Bottom
depth (m)

Ice covered
on day of
sampling

Days since ice
retreat (< 15%
sea ice
concentration)

comments

P1 Aug 09 76.00 31.23 325 no 219 always P1 Aug 08 76.00 31.22 325 no 92 11 days of loose drift
ice free ice in May
P2 Aug 10 77.50 34.00 192 no 88 P2 Aug 12 77.50 33.99 186 no 43
P3 Aug 12 78.75 34.00 305 no 83 P3 Aug 13 78.75 34.00 307 no 45
P4 Aug 14 79.75 34.00 335 no 73 P4 Aug 14 79.69 34.23 353 yes 32 loose drift ice 6 days
before and 2 days
after sampling
P5 Aug 15 80.50 34.00 163 no 79 P5 Aug 15 80.50 33.99 163 yes 0 ice covered for
another 16 days
PICE1 Aug 17 83.35 31.58 3930 yes 0 always
ice covered
SICE2 Aug 19 8334 29.30 3920 yes 0 always
ice covered
SICE3 Aug 20 83.23 25.87 3911 yes 0 always
ice covered
P7 Aug 21 81.93 29.14 3300 yes 0 always ice covered

The presence of ice cover (yes/no) and the number of days that have passed since the ice retreated from each station are indicated.
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et al, 2020).

relationship between the volume of water filtered through the net
and depth strata:

Volume filtered (m®) = —1.2682 + 0,3298 * (lower layer depth
[m] - upper layer depth [m]) (N =537, R2 = 0.789, p = 0.000) .

The equation is based on a data set consisting of numerous
zooplankton collections using MultiNet plankton nets conducted in
the Barents Sea area, e.g. from projects ‘On Thin Ice’, ‘Cabanera’,
‘MariClim’. This model equation is valid for depth strata ranging
from 20 m to 400 m. For water layers <20 m, the volume of filtered
water was calculated based on the relationship: Volume filtered
(m®) = net opening area * (lower layer depth [m] - upper layer depth
[m]), assuming the filtration efficiency declared by the
manufacturer (in the range of 90%).

Zooplankton samples were analyzed under an Olympus SZX7
dissecting microscope (OM Digital Solutions GmbH) equipped
with an ocular micrometer following methods described in Postel
et al. (2000) and Kwasniewski et al. (2010). In the first step, the
zooplankton sample was filtered from the preservative solution of
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formaldehyde, suspended in a beaker with fresh water and then all
large zooplankton (total length >5 mm) were removed, identified,
and counted in their entirety. Smaller zooplankton (total size
<5 mm) were identified and counted from sub-samples taken
from a fixed sample volume using a macro pipette. In this case, at
least five subsamples were analyzed in detail, assuming that the
number of organisms identified and counted was not less than 500
individuals. If the number of individuals in 5 subsamples was
smaller, further subsamples were taken until at least 500
zooplankton individuals from the smaller than 5 mm fraction
were identified and counted. All zooplankton individuals were
identified to the lowest possible taxonomic level, also specifying
developmental stage (copepodid stage for copepods). The
remaining sample was scanned to detect rare species and
developmental stages. The species distinction between Calanus
Sfinmarchicus, C. glacialis and younger developmental stages of C.
hyperboreus was made based on the length of the prosome, using
the size classes established in the study by Kwasniewski et al. (2003).
This approach likely introduces some bias in our data, as studies
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using molecular tools have shown a high but regionally variable
overlap in prosome lengths of C. finmarchicus and C. glacialis,
which often leads to an underestimation of C. glacialis (e.g.,
Gabrielsen et al., 2012; Choquet et al., 2018). However, as the
results of molecular species analysis for our study region are
currently not available to us and the vast majority of ecological
studies of zooplankton to date, including studies on species
distribution patterns, are based on using size classes to distinguish
between Calanus species (e.g. Unstad and Tande, 1991; Hirche
et al., 1994; Basedow et al., 2004; Kosobokova and Hirche, 2009;
Kosobokova et al., 2011; Wold et al., 2023), our data should
nevertheless provide insights into Calanus species distribution in
comparison with previous observations. We followed Roura et al.
(2018), who defines small copepods as those having adult body size
of <2 mm. Consequently, abundance of ‘small copepods’ was
represented by Acartia longiremis, Centropages hamatus,
Harpacticoida spp. indet., Oithona atlantica, O. similis,
Microcalanus spp., Microsetella norvegica, Neomormonilla spp.,
Oncaea spp., Pseudocalanus spp., Scolecithricella minor and
Triconia borealis. Abundance of ‘large copepods’ was represented
by Aetideidae, C. finmarchicus, C. glacialis, C. hyperboreus,
Gaetanus tenuispinus, Heterorhabdus norvegicus, Metridia longa,
Scaphocalanus brevicornis and Paraeuchaeta spp. The samples from
the 64 wm and 180 pum gauze nets were analyzed separately, and the
analytical results were then combined. Abundance data of copepod
nauplii, all stages of ‘small copepods’, as well as all early
developmental stages (CI-CIII) of ‘large copepods’, were obtained
from the 64 pm net results. Abundance data of older developmental
stages (CIV-adult) of ‘large copepods’ were based on 180 wm net
results. Copepod abundance was converted into biomass, based on
species and stage-specific carbon mass relationships
(Supplementary Table 1). Copepod stage specific carbon mass
was obtained from literature if available. For copepod species and
life stages for which no published carbon mass was available, a
conversion factor of 0.4 (individual dry weight to carbon weight)
was used (Peters and Downing, 1984). For further analyses, we only
used data on copepod abundance (ind. m™) and biomass (mg C
m?) integrated for the upper 100 m at individual stations (including
three net sampling depth strata: 0-20, 20-50 and 50-100/50-200 m).
In the case where samples were taken over a depth range of 50-
200 m (P7, PICE1, SICE2, SICE3), the abundance in the 50-100 m
depth strata was calculated as one third of the abundance of the 50-
200 m depth strata, assuming an even distribution of zooplankton
in this layer of water. While this approach might potentially lead to
an underestimation of copepod production in these depth strata, a
comparison using one third or the total abundance or biomass in
the 50-200 m depth layer indicated that it had minimal impact in
our study and did not change the main results or conclusions. This

10.3389/fmars.2024.1308542

is due to the comparatively low abundance and biomass in the deep
layers of the Arctic Ocean basin (P7, PICE1, SICE2, SICE3).

2.3 Secondary production calculation

Daily copepod secondary production p (mg C m™> d™') in the
upper 100 m was calculated using the following Equation 1, (Runge
and Roff, 2000):

p =2>Bixgi (1)

Where Bi is copepod stage specific biomass for the upper 100 m
(mg C m™2) and gi stage specific growth rate (d™").

Here, gi was determined for nauplii, copepodids and adults of
individual broadcast-spawning and sac-spawning copepod species
using the multiple linear regression model of Hirst and Lampitt
(1998), taking temperature and body weight into consideration
(Table 2; Supplementary Table 1: distinction of broadcast- and sac-
spawning copepod species). We chose the Hirst and Lampitt (1998)
growth model, as it reflects the physiological performances of
copepods at low water temperatures relatively realistically and has
been used in previous studies on copepod secondary production in
Arctic regions (e.g. Liu and Hopcroft, 2006; Madsen et al., 2008).
This global model can be used to calculate growth rates of actively
growing copepod populations in the epipelagic layer of polar to
tropical regions (Hirst and Lampitt, 1998). The present study
focuses solely on the upper 100 m water column, as copepods
found in this depth range are assumed to be active. We are aware
that some copepods below 100 m will be active and hence
contribute to the total copepod production in the ecosystem.
Therefore, our production estimates may be considered
conservative. An alternative approach would be to estimate
production for the entire water column - hence also to include
the deeper communities. However, we believe this would
significantly overestimate the production estimates. Diapause
plays a crucial role in the life cycle of Calanus spp., where
individuals that have acquired enough lipids descend into deeper
water layers in late summer, to hibernate at depth until the next
spring bloom (Falk-Petersen et al., 2009). Therefore, including
hibernating individuals below 100 m (Ashjian et al., 2003) would
overestimate secondary production. The majority of small copepod
species, such as Oithona spp. and Pseudocalanus spp., can be found
above a depth of 150 m in summer months in Arctic waters, with
highest abundance recorded in the upper 50 m water column
(Lischka and Hagen, 2005; Madsen et al.,, 2008; Darnis and
Fortier, 2014). Mesopelagic, omnivorous copepods, such as
Metridia longa and Microcalanus spp., and carnivorous copepods,
such as Paraeuchaeta spp., are only sporadically found in the upper

TABLE 2 Equations used to calculate stage specific growth rates of sac spawning and broadcast spawning copepods, after Hirst and Lampitt (1998).

logiog = ~1.4647 + 0.0358[T]

sac spawners nauplii + copepodids
adults

broadcast spawners nauplii + copepodids
adults
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logiog = —1.7726 + 0.0385(T]
logiog = 0.0111[T] — 0.2917[log;oBW] — 0.6447

logipg = 0.6516 — 0.5244[log;, BW]
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100 m (Darnis and Fortier, 2014) and are therefore not the focus of
the present study. Furthermore, currently there is a shortage of
models that can accurately estimate the growth rates of these kind of
copepods (Kobari et al., 2019). We therefore decided to use the first
approach of estimating secondary production for the upper 100 m
only, with a potential underestimation of production - rather than
to include all depth layers and risk an overestimation of
the production.

2.4 Supplementary physical and
biological data

In addition to sea-ice cover, multiple other biological and
environmental factors can influence the copepod community
composition and their production, such as water temperature and
salinity (e.g. Daase and Eiane, 2007; Trudnowska et al., 2016; Balazy
et al, 2018), the protist community composition (e.g. Levinsen
et al., 2000; Leu et al., 2011) and primary production (e.g. Svensen
et al.,, 2019). We therefore included data on water column
temperature and salinity, chlorophyll a concentration, protist
abundance, primary production, and bacterial production rates,
collected during the same cruises as part of The Nansen Legacy
project, in our statistical analyses. Detailed sampling procedures for
the environmental and biological properties measured can be found
in The Nansen Legacy sampling protocol (The Nansen
Legacy, 2020).

2.4.1 Sea-ice concentration

A dataset containing daily sea-ice concentrations for each of the
sampling stations in 2018 and 2019 was obtained from the data
portal of the Norwegian Polar Institute (Steer and Divine, 2023).
Daily sea-ice concentrations were derived from a 6.25 km resolution
gridded sea-ice concentration product based on AMSR-E and
AMSR2 passive microwave sensors. The satellite derived sea-ice
concentration dataset was complemented with local sea-ice
concentration from visual bridge-based sea ice observations,
conducted following ASSIST Ice Watch protocol during some of
the Nansen Legacy cruises to the study area. To visualize the sea-ice
cover during the study period, AMSR2 sea-ice concentration data
were obtained from the data archive of the University Bremen
(Spreen et al., 2008) for the Svalbard region for each day in August
2018 and August 2019. The data was then processed by classifying
each grid cell (3.125 km grid spacing) in the Barents Sea as either
ice-free (0) or ice-covered (1) based on a threshold of less than 15 %
sea-ice coverage representing ice-free conditions. Finally, the
number of ice-covered days for each grid cell was determined by
summing up the number of days classified as ice-covered, giving a
range between 0-31 days of ice cover in August.

2.4.2 Hydrography

Data on hydrography of the sampling area was obtained from
the Svalbard Integrated Arctic Earth Observing System (SIOS) data
portal (Ingvaldsen, 2022; Reigstad, 2022). The data, consisting of
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depth profiles of water column salinity and temperature, were
obtained using a rosette-mounted conductivity-temperature-depth
(CTD) sensors mounted on the SBE911+ probe from Sea-Bird
Electronics. Data were processed following standard procedures as
recommended by the manufacturer and were averaged to 1 m
vertical bins before plotting. We applied the suggested water mass
definitions for the central and northern Barents Sea (Sundfjord
et al, 2020), based on conservative temperature CT, absolute
salinity SA and potential density values, following TEOS-
10 convention.

2.4.3 Chlorophyll a

Values of acid-corrected chlorophyll a concentration at the
stations along the transect were obtained from the SIOS data portal
(Vader, 2022a, Vader, 2022b). Water for the measurements was
collected with 10 L Niskin bottles mounted on a CTD rosette at nine
depths: 5, 10, 20, 30, 40, 50, 60, 90 m and at the fluorescence
maximum. Chlorophyll a was extracted with methanol using GF/F
filters following the Holm-Hansen and Riemann (1978) procedure
and its concentration was measured on board, using a Turner
Design AU10 fluorometer.

2.4.4 Protist abundance

Abundance data of pelagic marine protists (cells L") at the study
stations were obtained from the SIOS data portal (Assmy et al., 2022a,
Assmy et al, 2022b). Samples were collected with Niskin bottles
mounted on a CTD rosette at depths: 5, 10, 30, 60, 90 m and at deep
chlorophyll maximum. The samples were preserved using a mixture
of glutaraldehyde and hexamethylenetetramine-buffered formalin at
final concentrations of 0.1% and 1%, respectively. The organisms
were identified and counted under an inverted microscope according
to the Utermo6hl method (Utermohl, 1958).

2.4.5 Primary production

Primary production rates at selected stations (2018: P1, P2, P4,
PICE; 2019: P1, P4, P5, P7) were estimated by measuring e uptake
during in situ incubations. Water was collected from a CTD rosette
at 10, 20, 40, 60, 90 m and at the fluorescence maximum. The
samples were stored in a dark and cold environment until
processing, no longer than one hour. Two 250 mL polystyrene
incubation bottles, one clear and one dark, were filled with water
from each depth. NaH,,CO3 was added to each incubation bottle to
a final activity of 0.1 mCi/mL. Two 250 uL subsamples of each
incubation bottle were fixed with 250 pL pure ethanolamine to
quantify total added carbon. Both bottles were then incubated at
their corresponding sampling depths, attached to a freely drifting
mooring rig. After 18 to 24 hours, the bottles were recovered, and
their contents filtered onto 25 mm Whatman GF/F filters at low
vacuum pressure. The filters were transferred to 20 mL scintillation
vials, and 750 pL concentrated HCl was added to remove the
unincorporated inorganic carbon. The samples were stored in the
dark until analysis, at which point 10 mL of scintillation cocktail
(Ecolume) was added before analysis in a scintillation counter
(Tricarb). Samples were counted for 10 minutes.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1308542
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gawinski et al.

2.4.6 Bacterial production

Bacterial production rates at selected stations (2018: P1-P5,
PICE; 2019: P1-P5, P7) were measured using the method of 3H-
leucine incorporation according to Smith and Azam (1992). In
short, four replicates of 1.5 mL of seawater, collected at depths of 5,
10, 20, 40, 60, 90, 120 m and at maximum fluorescence using Niskin
bottles mounted on a CTD rosette, were distributed in 2 mL
Eppendorf vials. To one replicate, 80 uL of 100% trichloroacetic
acid (TCA) were immediately added to serve as control. All
replicates were incubated with 3H-leucine (25-nM final
concentrations) for 2h at in situ temperature (temperature
measured at the sampling depth) and stopped through addition
of 80 uL of 100% TCA. For the analysis, samples were first
centrifuged for 10 min at 14,800 rpm and subsequently washed
with 5% TCA (repeated three times). 5 mL of scintillation liquid
(Ultima Gold) was added after the final step and the radioactivity in
the samples was counted on a Perkin Elmer Liquid Scintillation
Analyzer Tri-Carb, 2800TR. The measured leucine incorporation
was converted to pg carbon incorporated per L per hour according
to Simon et al. (1992). Datasets for bacterial production
measurements in August 2018 and August 2019 can be found at
NMDC (Miiller, 2023a, Miiller, 2023b).

2.5 Statistical analyses

Data on copepod abundance (ind. m™?), biomass (ugC m™) and
secondary production (ug C m™ d™') were aggregated at different
taxonomic resolutions, combining across all developmental stages,
using the following groupings: Calanoida nauplii, Calanus
finmarchicus, C. glacialis, C. hyperboreus, Microcalanus spp.,
Pseudocalanus spp., Cyclopoida nauplii, Oithona spp., other
Cyclopoida (including predominantly Triconia borealis),
Microsetella norvegica and ‘other copepods’ (Table 3,
representative species and life stages used in the grouping). Data
was tested for normal distribution using the Shapiro-Wilk test.
Prior to the analysis, data on abundance were fourth root
transformed and data on biomass and secondary production were
log;o(x+1) transformed to approximate the normal distribution and
stabilize variances. All statistical analyses of the copepod
community were performed on abundance, biomass, and
secondary production data from three depth strata (0-20, 20-50,
50-100 m) at stations along the study transect in 2018 and 2019.
Because of non-replicated zooplankton tows, we used the different
depth strata as replicates within each station, to be able to perform
statistical tests on the dataset.

To test whether bulk abundance, biomass, and secondary
production of the total copepod community and of individual
copepod species differed significantly between the two years (2018
and 2019) and locations (stations P1, P2, P3, P4, P5, which were
sampled in both years), two-ways Analyses of Variance (ANOVA)
were performed for the dominant copepod species
mentioned above.

To test whether there was a significant difference in copepod
community composition between the two years (2018 and 2019)
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TABLE 3 Copepod groupings used for the statistical analyses, with
representative species and life stages.

Groupings
used in the
statistical
analyses

Main copepod species and life stages

Calanoida Calanus spp., Pseudocalanus spp. and other
nauplii Calanoida nauplii
Calanus Calanus finmarchicus CI-CVI

finmarchicus
C. glacialis C. glacialis CI-CVI
C. hyperboreus C. hyperboreus CI-CVI

Microcalanus Microcalanus spp. CI-CVI

spp.
Pseudocalanus Pseudocalanus spp. CI-CVI

spp.

Cyclopoida Oithona spp. and other Cyclopoida nauplii
nauplii

Oithona spp. Oithona similis CI-CV1, Oithona atlantica CI-CVI
other Triconia borealis, Oncaea spp. CI-CVI
Cyclopoida

Microsetella Microsetella norvegica CI-CVI

norvegica

other copepods Aetideidae, Acartia longiremis, Centropages hamatus,

Gaetanus tenuispinus, Heterorhabdus norvegicus,
Harpacticoida spp. indet., Neomormonilla spp., Metridia
longa, Scaphocalanus brevicornis, Scolecithricella minor,
Paraeuchaeta spp.

and locations (stations P1, P2, P3, P4, P5), a permutation test was
performed for a Constrained Correspondence Analysis (CCA) on
abundance data and for a Redundancy Analysis (RDA) on biomass
and secondary production data. Due to the nature of the data, a
CCA was chosen for the abundance data (count data appropriate
for Chi-square distances) and an RDA for biomass and secondary
production data (both continuous variables appropriate for
Euclidean distances). The explanatory variables in the CCA and
RDAs included year and location. The interaction term (year x
location) was included in the model to capture interannual
differences of the copepod community along the transect. The
significance of the overall model and individual terms were
obtained by permutation testing (1000 permutations) at a
significance level of o = 0.05.

To test the effect of environmental variables on the copepod
community composition at stations in the two years, a CCA was
performed on abundance data, whereas an RDA was performed on
biomass and secondary production data. Included stations were P1-
P5, P7, PICEL, SICE2, SICE3. The explanatory variables in the CCA
and RDAs were selected based on ecological relevance and included
water temperature (conservative temperature, °C) and salinity
(absolute salinity, g kg™), number of ice-free days, and integrated
chlorophyll a concentration (mg Chl a m™ for the upper 100 m
water column). Because temperature and number of ice-free days
were highly correlated, the temperature residuals were extracted
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using a linear model relating temperature to ice-free days. These
temperature residuals were further used in the analyses and were
representative of temperature variations within the water column
decoupled from the spatial trend in sea-ice cover. Using
temperature residuals also ensured that secondary production was
not correlated with the same temperature data set that was used in
the secondary production calculations. Model assumptions
(linearity, variance heterogeneity and normality) were checked via
exploratory data analyses and regression diagnostics. Salinity was
square root transformed and number of ice-free days was log; o(x+1)
transformed, due to their skewed distributions. The significance of
the overall model and individual terms were obtained by
permutation testing (1000 permutations) at a significance level of
o = 0.05.

In the constrained multivariate analysis, we could only include
salinity, temperature, integrated chlorophyll a, and number of ice-
free days as explanatory variables, due to missing values of other
biological and environmental drivers at some of the sampling
stations. However, primary production rate, bacterial production
rate, ciliate abundance, dinoflagellate abundance and diatom
abundance can be of high ecological relevance to secondary
production. To explore the relationship between copepod
secondary production and these additional environmental and
biological drivers, a Principal Component Analysis (PCA) was
performed on the copepod secondary production variables, and
the explanatory variables were then superimposed on the biplot by
relating these to the principal components (PC1, PC2).

All data processing, statistical analyses and visualizations were
performed using R version 4.2.2. The multivariate ordination
analyses and permutation tests were performed with R package
Vegan (Oksanen et al., 2023). Station maps were plotted in R using
the GGOceanmaps package (Vihtakari, 2022) and Bathymetry data
from the National Geophysical Data Center (NOAA National
Geophysical Data Center 2009).

3 Results

3.1 Physical properties: sea ice
and hydrography

Sea-ice cover and water mass distribution in the study area
varied between the two years. In August 2018, the ice edge was at
83°N, while it extended as far south as 80°N in 2019 (Figures 1A, C).
Analysis of the sea-ice concentration in the Barents Sea in the weeks
prior to the sampling campaigns revealed that in 2018 the Atlantic
station P1 had been ice-free (defined as consecutive days with < 15%
sea ice concentration) for 219 days, while it had only been ice-free
for 92 days in 2019 (Table 1). The Barents Sea shelf stations P2, P3,
P4 and P5 north of the polar front had been ice-free respectively for
88, 83, 73 and 79 days in 2018 and 43, 45, 32 and 0 days in 2019
(Table 1). All stations in the Arctic Ocean basin in 2018 (PICEI,
SICE2, SICE3) and 2019 (P7) were ice covered in August (Table 1).
In 2018, the sea ice in the study area started to melt around mid-
May and did not form again until approximately mid-December. In
2019, on the other hand, the sea ice started to melt roughly by the
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end of June and formed again by the beginning of October
(Amargant-Arumi et al., 2024).

The upper 100 m water column was warmer and more saline in
2018 than in 2019. In 2018, Atlantic Water was only observed at
station P1, while this water mass was not present there in 2019 and
was substituted with warm Polar Water (Figures 1B, D). Stations P2,
P3, P4 and P5 north of the polar front were characterized by warm
Polar Water in the surface layers and Polar Water in deeper layers
in both years. In 2019, both temperature and salinity of the water
masses decreased from south to north over the Barents Sea shelf.
The Arctic Ocean basin stations in 2018 (PICE1, SICE2-3) and 2019
(P7) were characterized by Polar Water in the surface layers and
warm Polar Water in deeper layers (Figures 1B, D).

3.2 Copepod community composition

3.2.1 Copepod depth distribution

In general, the majority of the copepods were found in the
upper 100 m of the water column. At the Atlantic station P1, 85% of
the entire copepod community was found in the upper 100 m in
2018, and 95% in 2019 (Figures 2A, B, diamonds representing the
percentage of the copepod community that resided in the upper
100 m). On the Barents Sea shelf (stations P2-P5) approximately
66-91% of the entire copepod community was in the upper 100 m in
2018 and 84-94% in 2019 (Figures 2A, B). In the Arctic Ocean basin
between 47-57% of the whole copepod community were found in
the upper 100 m in 2018 (stations PICE1, SICE2-3) and 49% in
2019 (station P7, Figures 2A, B). It should be recalled that the
stations in the Arctic Ocean basin were located in much deeper
areas of the ocean. Of the Calanus population at the Atlantic station
P1, 4% was found in the upper 100 m of water in 2018, while it was
as much as 40% in 2019 (data not shown). On the Barents Sea shelf,
51-94% of the Calanus spp. community was found in the upper
100 m in 2018 and 68-94% in 2019 (data not shown). In the Arctic
Ocean basin, between 72-100% of the Calanus spp. community was
in the upper 100 m in 2018 (stations PICEI1, SICE2-3) and 92% in
2019 (P7, data not shown). As the present study focuses solely on
the secondary production occurring in the upper 100 m water
column, e.g. does not considering Calanus spp. below 100 m in
hibernation, the focus of the following chapters lays exclusively on
the depth range of 0-100 m.

3.2.2 Copepod abundance

Copepod abundance in the upper 100 m was highest at the
Atlantic station P1 in both years and amounted to 1052 and 1023 x
10° ind. m™ in 2018 and 2019, respectively. The copepod
community was numerically dominated by small copepods and
cyclopoid nauplii (Figures 2A, B). The small copepod Microsetella
norvegica and its nauplii were found almost exclusively at the
Atlantic station P1. The total abundance of this species, including
nauplii, was 225 x 10° ind. m™* in 2018 and 40 x 10” ind. m™* in 2019.
The large copepods Calanus spp. reached abundance of 0.4 x 10°
ind. m~2in 2018 and 5 x 10% ind. m 2 in 2019, representing less than
0.5% of total copepod abundance in both years. Other large
copepods, e.g. Metridia longa, were virtually absent at station P1

frontiersin.org


https://doi.org/10.3389/fmars.2024.1308542
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gawinski et al.

A Abundance 2018

-
o
o
o

75

~
o
o

50

fe)
o
o

25

Integrated abundance (1000 ind. m2)
N
(%)
o

¢ 2
C  Biomass 2018
100
3 *
75

Integrated biomass (g C m?)

‘0

sea ice

Secondary production 2018
300

Cyclopoida nauplii
O)I{fhona Spp.
Microcalanus spp.

Calanoida nauplii

n
=3
S

Calanus glacialis

Other copepods

o
=)

Integrated production (mg C m? d")

sea ice

P1
Atlantic

P2 P3 P4

BS shelf

P5 PICE1SICE2 SICE3
AO basin

FIGURE 2

o
o

Microsetella norvegica
Pseudocalanus spp.

Calanus finmarchicus

Calanus hyperboreus

10.3389/fmars.2024.1308542

B Abundance 2019

el
g 100 &
S ¢ 1,000 e o ¢ 8
& o - 5
[} ‘g %
e 3 7 g
g 8 750 g_
o = s)
s 8 | g
g £ 50 §
g S 500 M
o S =
s 3 — 8
5 2 g
5 3 250 || 25 3
g © 9

o
[+ o =
2 g =
8 E = &
3 0 0 3
s 8

D Biomass 2019
100
*
3
75

N

50

25

SSEWOIq UWN|0D J8}em 9|oym Jo abejusdiad
Integrated biomass (g C m2)

SSBWOIq UWN|02 Jajem 8joym jo abejusoiad

sea ice

Secondary production 2019
300

200

=}
=)

B

Integrated production (mg C m2 d"’)

sea ice

P1
Atlantic

P2 P3 P4

BS shelf

P5 P7
AO basin

Abundance (upper panels), biomass (middle panels) and secondary production (lower panels) of dominating copepods within the upper 100 m layer
at the southernmost station P1 (Atlantic), on the Barents Sea shelf (BS shelf) and in the Arctic Ocean basin (AO basin) in 2018 (left side graphs) and
2019 (right side graphs). Integrated abundance (1000 ind. m™) in 2018 (panel (A)) and 2019 (panel (B)), integrated biomass (g C m™) in 2018 (panel
(C)) and 2019 (panel (D)) and integrated secondary production (mg C m™2 d™?) in 2018 (panel (E)) and 2019 (panel (F)) with proportions for individual

copepod groups shown in the legend. Diamonds represent the percentage

of the copepod community abundance (panels (A, B)) and biomass

(panels (C, D)) that was located in the upper 100 m. Solid lines below the figure panels indicate the respective regions of the study section. Sea-ice

cover is indicated with white rectangles under the graphs.

in 2018, whereas they represented up to 4% of the total copepod
abundance at this station in 2019.

On the Barents Sea shelf (stations P2-P5) copepod abundance
ranged between 145-946 x 10” ind. m™ in 2018 and 374-863 x 10
ind. m in 2019. The community was numerically dominated by
small copepods and copepod nauplii in both years (Figures 2A, B).
Calanus spp. and especially individuals in the size range of C.
glacialis, contributed more to total abundance there. In terms of
abundance, Calanus spp. made up 6-12% of the copepod
community in 2018 (18-62 x 10° ind. m™) and accounted for 4-
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7% (16-44 x 10° ind. m™) in 2019. The species composition of the
Calanus complex differed between the two years. C. finmarchicus
made up 31-67% of the Calanus abundance on the Barents Sea shelf
in 2018 and 1-17% in 2019. C. glacialis made up 29-68% in 2018 and
73-97% in 2019. C. hyperboreus made up 0.5-5% in 2018 and 1-10%
in 2019. Copepod nauplii made up more than half of the total
abundance of Copepoda on the shelf in both years, with cyclopoid
nauplii being more abundant than calanoid nauplii. The only
exception was station P3 in 2019, where the highest nauplii
abundance was recorded (420 x 10° ind. m™) and the nauplii
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assemblage was dominated by calanoid nauplii, with 63%
contribution to total nauplii abundance.

In the Arctic Ocean basin copepod abundance in the upper
100 m of the ocean was low in both years, ranging from 137-246 x
10° ind. m™ in 2018 (stations PICE1 and SICE2, respectively) and
95 x 10° ind. m™ in 2019 (station P7) (Figures 2A, B). This was only
a fraction (9-23%) of the abundance found at the Atlantic station
P1. The copepod community in both years consisted mainly of
copepod nauplii (48-76% of total abundance) and small copepods
(24-46% of total abundance), while large copepods played a minor
role (0-6% of the total abundance). As for Calanus spp., C.
finmarchicus accounted for approximately 60-70% in both years,
while C. hyperboreus only accounted for 7-26% in 2018 and 34%
in 2019.

3.2.3 Copepod biomass

In both years, the copepod biomass in the upper 100 m was
highest on the Barents Sea shelf and lower at the Atlantic station
and in the Arctic Ocean basin. The copepod biomass at the Atlantic
station P1 amounted to 0.31 g C m™ in 2018 and 0.61 g C m™ in
2019. In 2018, Oithona spp., Microsetella norvegica (Figures 2C, D)
and the nauplii of both small copepods contributed most to the
copepod biomass. In 2019, the copepod biomass consisted mainly
of Oithona spp., other small copepods (e.g. Pseudocalanus spp.,
Triconia borealis, Microcalanus spp., Microsetella norvegica) and
Metridia longa (other copepods in Figures 2C, D).

Copepod biomass was the highest on the Barents Sea shelf, with
a maximum of 1.50 g C m™ at station P3 in 2018 and a maximum of
3.21 g C m™ at station P2 in 2019. The main component of copepod
biomass on the Barents Sea shelf was Calanus spp. in both years,
except at the southernmost station P2 in 2018, where small
copepods and copepod nauplii together accounted for 55% of the
total copepod biomass, and station P3 in 2019, where calanoid
nauplii constituted 18%. Calanus in the size range of C.
finmarchicus made up 8-34% of Calanus spp. biomass on the
Barents Sea shelf in 2018 and 24-44% in 2019. C. glacialis made
up 48-90% in 2018 and 82-96% in 2019. C. hyperboreus made up 2-
27% in 2018 and 2-9% in 2019 (Figures 2C, D).

Copepod biomass was considerably lower in the Arctic Ocean
basin than in the south, with 0.06-0.80 g C m ™ in 2018 and 0.90 g C
m™ in 2019. Here the biomass was mainly composed of Calanus
spp. and other large copepods and C. hyperboreus contributed up to
60% in Calanus spp. biomass in both years (Figures 2C, D).

3.2.4 Copepod secondary production

The secondary production of copepods in the upper 100 m was
highest on the Barents Sea shelf and lower at the Atlantic station P1
and at stations in the Arctic Ocean basin. At the Atlantic station P1,
total estimated secondary production was 22.3 and 64.3 mg C m™ d~
'in 2018 and 2019, respectively. Small copepods (13.8 and 19.3 mg
Cm™d™ 2018 and 2019, respectively) and their nauplii (1.8 and 1.4
mg Cm™d' 2018 and 2019, respectively) contributed considerably
to the total copepod secondary production (Figures 2E, F). The
production of large copepods at the Atlantic station was only 1.9 mg
C m?d" in 2018 while it was 32.7 mg C m> d"* in 2019.
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The total estimated secondary production on the Barents Sea
shelf ranged between 77.6-144.8 mg C m™> d™ in 2018 and 162.1-
272.2 mg C m™? d' in 2019. There was a change between years in
the relative contribution of different groups to total secondary
production of copepods on the Barents Sea shelf. In 2018,
copepod nauplii and small copepods accounted for a large part of
the production in the southern-most part of the Barents Sea shelf
(stations P2), while Calanus spp. accounted for the majority of
production in the remaining northern part (stations P3, P4, P5). In
2019, Calanus spp. accounted for most of the copepod secondary
production at all stations except station P3, where calanoid nauplii
had a higher share in production, amounting to 37.2% (Figures 2E,
F). C. finmarchicus made up 13-39% of Calanus spp. production on
the Barents Sea shelf in 2018 and 0.2-9% in 2019. C. glacialis made
up 41-83% in 2018 and 83-97% in 2019. C. hyperboreus made up 2-
19% in 2018 and 2-6% in 2019 (Figures 2C, D).

The secondary production of copepods in the Arctic Ocean
basin ranged from 28.9-74.0 mg C m™ d ™ in 2018 to 49.2 mg C m™>
d! in 2019 and resulted mainly from the production of Calanus
spp. (72-89% in 2018, 89% in 2019) (Figures 2E, F).

3.3 Distribution of copepod communities
in relation to ecological drivers

3.3.1 Differences in bulk abundance, biomass,
and secondary production

There were no significant differences in mean abundance,
biomass, and secondary production of the bulk copepod
community between the two years (2018, 2019). In contrast, the
mean abundance of the bulk copepod community was significantly
different between locations (upper 100 m, stations P1-P5, two-way
ANOVA, p <0.001, Supplementary Table 2). Post-hoc testing
showed that the mean abundance decreased from south to north
(Supplementary Figure 1A).

The only copepod species for which significant interannual
differences were found was C. finmarchicus. The mean abundance,
biomass, and secondary production of C. finmarchicus were
significantly different between the two years (abundance,
p <0.001; biomass, p = 0.007; secondary production, p = 0.001,
Supplementary Table 2) and the interaction between year and
location had a significant effect (abundance, p = 0.018; biomass,
p = 0.003; secondary production, p = 0.002, Supplementary
Table 2). Post-hoc testing showed that the mean abundance,
biomass, and secondary production of C. finmarchicus were
higher in 2018 than in 2019 at station P2, P3 and P4
(Supplementary Figures 1, panels 7A-C).

Significant differences between locations were found for
Calanus spp. and the small copepods Oithona similis and
Microsetella norvegica. The mean biomass of the large copepods
Calanus spp. was significantly different between the locations
(biomass, p = 0.03, Supplementary Table 2). Post-hoc testing
showed that the mean bulk biomass of Calanus spp. was lower at
the Atlantic station P1 than at the Barents Sea shelf stations P2-P5
(Supplementary Figures 1, panel 5B). The mean bulk abundance,
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biomass, and secondary production of Oithona spp., Pseudocalanus
spp., Microcalanus spp., Microsetella norvegica and remaining small
copepods combined were significantly different between locations
(abundance, p = 0.006; biomass, p = 0.003, secondary production,
p <0.001, Supplementary Table 2). Post-hoc testing showed that the
mean bulk abundance, biomass, and secondary production of small
copepods decreased from south to north (Supplementary Figures 1,
panels 10A-C). The mean abundance, biomass, and secondary
production of the small copepods O. similis and M. norvegica
varied significantly with location (O. similis abundance, p = 0.038;
O. similis biomass, p = 0.020; O. similis secondary production, p =
0.018 and M. norvegica abundance, p = 0.013; M. norvegica
biomass, p = 0.013; M. norvegica production, p = 0.002,
Supplementary Table 2). Post-hoc testing showed that the mean
abundance, biomass, and secondary production of both copepods
decreased from south to north.

3.3.2 Copepod community composition

Multivariate analyses showed that there was no significant
difference in terms of mean abundance, biomass, and secondary
production of the copepod community between the two years
(Table 4). The copepod community differed significantly in terms
of mean abundance, biomass, and secondary production between
locations (permutation test for stations P1-P5, using copepod

TABLE 4 Results of permutation testing of the copepod community in
the upper 100 m (three depth strata 0-20, 20-50, 50-100 m) in relation
to the two study years (2018 and 2019) and locations (stations P1-P5).

Factor Variance
explained (%)
Model 59.86 0.001
(Year, Location) **)
Year 1.31 0.455
Abundance | 1 o otion 4528 0.001
(’r*’r)
Year x location 13.27 0.004
™)
Model 61.96 0.001
(Year, Location) (%)
Year 1.05 0.588
Biomass
Location 50.27 0.001
(’('*X')
Year x location 10.64 0.011 (*)
Model 58.49 0.001
(Year, Location) ()
Year 2.70 0.257
Production
Location 41.30 0.001
()('*X')
Year x location 14.49 0.049 (*)

Permutation testing was performed for a Constrained Correspondence Analysis (CCA) on
copepod abundance data and for a Redundancy Analysis (RDA) on copepod biomass and
copepod secondary production data. Copepods were grouped into Calanoida nauplii, Calanus
Sfinmarchicus, C. glacialis, C. hyperboreus, Microcalanus spp., Pseudocalanus spp., Cyclopoida
nauplii, Oithona spp., other Cyclopoida, Microsetella norvegica, other copepods. Significance
codes are indicated as “** 0.001, ** 0.01, **’ 0.05.
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groupings in Table 3, CCA abundance, p = 0.001; RDA biomass,
p = 0.001; RDA production, p = 0.001, Table 4). Mean abundance,
biomass, and secondary production of the copepod community
differed significantly when testing for the interaction between year
and location simultaneously (CCA abundance, p = 0.004; RDA
biomass, p = 0.011; RDA production, p = 0.049, Table 4).

The constrained ordination models that explained the
differences in copepod community abundance (Figure 3A; CCA,
p <0.01), biomass (Figure 3B; RDA, p <0.01) and secondary
production (Figure 3C; RDA, p <0.01) between locations within
and between the two years included salinity, temperature,
chlorophyll a and number of ice-free days as explanatory
variables. Of the explanatory variables, only number of ice-free
days was significant (p = 0.001, for abundance, biomass, secondary
production, Table 5). The CCA explained 27.16% of total variation
in the abundance data (Table 5), with the first axis accounting for
18.05% and the second axis for 4.81%. The RDA explained 27.43%
of total variation in the biomass data (Table 5), with the first axis
accounting for 19.38% and the second axis for 5.15%. The RDA
accounted for 28.77% of total variation in the secondary production
data (Table 5), with the first axis accounting for 20.35% and the
second axis for 5.72% of the explained variability. The first axis of
the CCA and of the two RDAs was significant (p = 0.001, for
abundance, biomass, secondary production) and was primarily
related to ice-free days, which contributed most to the observed
variation. The second axis of the CCA and of the two RDAs was
related to higher temperature and salinity on one end (Atlantic
Water) and higher chlorophyll a concentrations on the other end,
but was not significant. Samples clustered by characteristic
geographical area, with the Atlantic station P1, the Barents Sea
shelf stations (P2-P5) and the Arctic Ocean basin stations (PICE1,
SICE2-3, P7) separating within the ordination plane. There was no
clear distinction between samples from 2018 and 2019 in the
ordination (Figures 3A-C). Copepod abundance, biomass, and
secondary production were positively correlated with chlorophyll
a at the Barents Sea shelf stations and positively correlated with
salinity and temperature at the Atlantic station. A negative
correlation was found between copepod abundance, biomass and
secondary production and number of ice-free days for the Arctic
Ocean basin stations. The analyses showed that the abundance,
biomass, and secondary production of Microsetella norvegica,
Pseudocalanus spp. and Oithona spp. were positively correlated
with number of ice-free days, water temperature and salinity. The
abundance, biomass, and secondary production of Calanus glacialis
was positively correlated with chlorophyll a concentration. The
abundance, biomass, and secondary production of C. hyperboreus,
Microcalanus spp. and other copepods (e.g. Metridia longa,
Paraeuchaeta spp.) was negatively correlated with number of ice-
free days (Figures 3A-C). This shows that distinct copepod
communities were found in the southern and northern parts of
the study transect (spread along the first axis), with M. norvegica,
Pseudocalanus spp., Oithona spp. and C. glacialis being
characteristic for the Atlantic and shelf community, and C.
hyperboreus, C. finmarchicus, Microcalanus spp., M. longa, and
Paraeuchaeta spp. characteristic for the Arctic Ocean basin
community. The communities were either located in Atlantic
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Multivariate analyses of copepod communities in relation to environmental and biological factors. (A) Triplot showing relationship between copepod
abundance (based on fourth root transformed abundance data expressed as ind. M2 in three depth strata from 0-20, 20-50, 50-100 m) and
environmental factors (int Chl a = integrated chlorophyll a concentration, sqr sal = square root transformed salinity, res temp = residuals of
temperature and log ice free days = log transformed number of ice-free days) using Constrained Correspondence Analysis (CCA). (B) Triplot
showing relationship between copepod biomass (based on log;o(x+1) transformed biomass data expressed as pg C m™2) and environmental factors
using Redundancy Analysis (RDA). (C) Triplot showing relationship between copepod secondary production (based on log;o(x+1) transformed
secondary production data expressed as pg C m™ d” %) and environmental factors using Redundancy Analysis (RDA). (D) Biplot showing Principal
Component Analysis of copepod secondary production with overlaid potential drivers of secondary production, including log-transformed number
of ice-free days, square root transformed salinity, residuals of temperature, integrated chlorophyll a concentration, bacterial production, primary
production, abundance of ciliates, dinoflagellates, and diatoms. Solid filled symbols indicate samples with full dataset of environmental and biological
variables, symbols with solid lines indicate that primary production was not measured, symbols with dashed lines indicate that primary production
and bacterial production were not measured, grey-filled symbols with dashed lines indicate that primary production, bacterial production, and

phytoplankton community composition were not measured.

waters with low phytoplankton biomass, i.e. low integrated
chlorophyll a, or in other water masses with higher phytoplankton
biomass (sample points spread along the second axis).

A Principal Component Analysis (PCA) revealed that the
secondary production of small copepods (e.g. Oithona spp.,
Pseudocalanus spp., M. norvegica) on the Barents Sea shelf and in
the Atlantic region was positively correlated with number of ice-free
days and was furthermore associated with a higher primary
production rate and ciliate abundance (Figure 3D). The secondary
production of C. finmarchicus and C. hyperboreus and other
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copepods in the Arctic Ocean basin was positively correlated with
integrated chlorophyll a values, and also associated with higher
diatom abundance. The high secondary production of C. glacialis
on the Barents Sea shelf was associated with a higher bacterial
production rate and higher dinoflagellate abundance. Both the
bacterial production rate and dinoflagellate abundance were
negatively correlated with salinity and temperature (Figure 3D).
Hence, different environmental drivers seemed to influence the
copepod communities in the southern and northern parts of the
study area.
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TABLE 5 Results of permutation testing of the copepod community in
the upper 100 m (three depth strata 0-20, 20-50, 50-100 m) at stations
P1-5, P7, PICEL, SICE2 and SICE3 in relation to environmental and
biological variables (int_Chla = integrated chlorophyll a concentration,
res_temp = residuals of temperature, log_ice_free_days = log
transformed number of ice-free days and sqr_sal = square root
transformed salinity.

Variance
explained
(%)
Model (int_Chla, res_temp, 27.16 0.001*%*
log_ice_free_days, sqr_sal)
int_Chla 2.18 0.360
Abundance
res_temp 3.77 0.091.
log_ice_free_days 17.52 0.001+%*
sqr_sal 3.69 0.106
Model (int_Chla, res_temp, 27.43 0.001¢
log_ice_free_days, sqr_sal)
int_Chla 1.87 0.447
Biomass
res_temp 3.96 0.053.
log_ice_free_days 18.31 0.001%%*
sqr_sal 3.29 0.124
Model (int_Chla, res_temp, 28.77 0.001%%¢
log_ice_free_days, sqr_sal)
int_Chla 2.22 0.324
Production
res_temp 3.97 0.080.
log_ice_free_days 18.50 0.001***
sqr_sal 4.11 0.058.

Copepods were grouped into Calanoida nauplii, Calanus finmarchicus, C. glacialis, C.
hyperboreus, Microcalanus spp., Pseudocalanus spp., Cyclopoida nauplii, Oithona spp.,
other Cyclopoida, Microsetella norvegica, other copepods. Significance codes are indicated
as ***0.001, .’ 0.1.

4 Discussion

4.1 Effect of interannual variation of sea-
ice cover on copepod
secondary production

Since the cold climate period in the late 1970s, the Barents Sea
has undergone a warming trend (Bagoien et al., 2020), marked by
notable interannual and multidecadal variability, resulting in an
overall sea surface temperature increase of about 1.5°C (Mohamed
etal, 2022). In this perspective, the two investigated years were both
relatively warm years, although on a generally slightly cooling trend
since the record warm year 2016 (Bagoien et al., 2020). There were
differences in environmental drivers in the Barents Sea between the
two years of study, which influenced the pelagic community and its
production. Most notably, in August 2018, there was no sea-ice
cover across the Barents Sea shelf and the hydrography in the
southernmost part of the section was shaped by Atlantic water
masses. In 2019, parts of the Barents Sea shelf were still ice-covered
and water temperature at the study stations was overall lower. In the
ice-free summer of 2018, the microbial community in the study area
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was in a late post-bloom stage, while in 2019, remnants of a
marginal ice-zone bloom were still observed (Kohlbach et al,
2023; Amargant-Arumi et al., 2024). Even though the microbial
community in 2018 was in a later seasonal succession stage than in
2019, both communities sustained comparable primary production
averaged across the transect (Amargant-Arumi et al, 2024). To
understand how climate change affects the entire pelagic ecosystem,
it is crucial to understand how this energy is transferred to higher
trophic levels. The Barents Sea as a highly productive fishing ground
and depends on copepods as key food sources for many fish species
(Hassel et al., 1991; Huse and Toresen, 1996; Bouchard et et al.,
2017). It is therefore important to understand how the productivity
patterns of copepods may be altered by changes in environmental
conditions. Despite the contrasting sea-ice regimes in the two years,
we did not find any statistically significant interannual differences in
the mean copepod secondary production (Table 4), even though a
comparison of the total integrated copepod biomass and secondary
production between the two years (integrated for the upper 100 m)
suggested that both were higher in 2019 than 2018 (Figures 2C-F).
Instead, we found that spatial rather than interannual differences
dominated the variation of copepod secondary production across
the study region. Integrated bulk copepod secondary production for
the upper 100 m ranged between 22.3-64.3 mg C m™> d™' in the
Atlantic region, 77.6-272.2 mg C m™ d”' on the Barents Sea shelf
and 28.9-74.0 mg C m™2 d"! in the Arctic Ocean basin (Figures 2E,
F). These values are comparable to data reported for the eastern
Barents Sea (13.6-128 mg C m™ d”, assuming a dry mass to carbon
mass relationship of 0.4 and integrating for the upper 100 m,
Dvoretsky and Dvoretsky, 2024a) and the Barents Sea polar front
(mean 70 + 8.8 mg C m™> d', for the whole water column,
Dvoretsky and Dvoretsky, 2024b).

One possible explanation for the absence of interannual
variability in the analyzed dataset is that potential interannual
differences may have been masked by natural heterogeneity in the
depth and spatial distribution of copepods, which is a natural
feature of zooplankton and not an effect of climate change.
Although the distribution of copepods within the three
distinguished depth layers (0-20, 20-50, 50-100 m) did not differ
much (Supplementary Figures 2-4 for copepod abundance, biomass
and secondary production, respectively), similarly to the
zooplankton distribution in the same region described by Wold
et al. (2023), the within-group variability of copepod occurrence
data across different depth layers at a station was nevertheless high.
This reduced the power of the analyses and potentially masked
interannual variability. Furthermore, using depth layers as
replicates introduces pseudoreplication, which may lead to
optimistic estimates affecting the statistical inference. But the
large variance observed within stations implies that effect size
must be large for significant effects to emerge. To address these
challenges, a sampling plan which involves replicate sampling with
vertical resolution across multiple stations within each region would
be crucial, enabling the inclusion of depth as a predictor in the
statistical model to correct for potential differences between depths.
Unfortunately, this is a very challenging sampling plan both at sea
and in the laboratory and could not be implemented, even for such a
large-scale research program as The Nansen Legacy. Further
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sampling efforts are needed to conclusively answer the important
question of the effect of sea-ice reduction on the bulk copepod
secondary production and should ideally focus on specific regions
to investigate long-term trends. Despite its potential, this approach
would require long-term monitoring and additional resources,
posing practical challenges. At present we can discuss the
question of the effects of interannual variation in sea-ice cover on
copepod production based on results from short-term studies such
as the present one, which, despite their limitations, provide new
insights into how copepod communities respond to changes in
water masses and sea ice cover.

It has previously been suggested that as the Arctic continues to
warm and sea ice declines, large copepods may become less
important for copepod secondary production, while the
proportion of small copepods in the copepod community
increases (Kimmel et al.,, 2018, Kimmel et al., 2023) and our
observations support this notion. We found significant differences
in the copepod community composition and production when
comparing individual sampling sites between the two years. These
changes could mainly be linked to differences in sea-ice cover at the
stations between the two years. Small copepods showed the highest
contribution to total copepod production at the warmer stations,
but Calanus spp. was overall the largest contributor to secondary
production in both years. The differences in community
composition and secondary production of small and large
copepods in 2018 and 2019 were consequences of the interplay of
the sea-ice retreat, the phytoplankton bloom status and Atlantic
water inflow. In the following we discuss each of these factors in the
context of copepod community production.

4.2 Higher water temperature and the
specific structuring of the microbial food
web promoted secondary production of
small copepods

Daily secondary production rates of 1.0-9.7 mg C m™ d™ for
small copepods on the Barents Sea shelf are in good agreement with
secondary production rates previously recorded in other Arctic
regions. The maximum secondary production of small copepods in
Disko Bay, western Greenland, in the upper 50 m water column was
estimated as 15.5 mg C m2 d"! in October (Madsen et al., 2008).
Secondary production values of 2.7-16.1 mg C m™> d! were reported
for small copepods in Ura Bay, when aggregating Dvoretsky and
Dvoretsky (2012) mean daily secondary production rates of different
copepod species and converting them to carbon mass, using a
conversion factor of 0.4 (Peters and Downing, 1984). When
comparing the integrated secondary production of small copepods
reported in the present study to the integrated primary production in
2018, it becomes apparent that small copepods played a moderate
role for carbon transport to higher trophic levels. At the Atlantic
station P1, the integrated primary production in the upper 100 m was
632 mg C m? d?! (Amargant-Arumi et al, 2024) and secondary
production of small copepods was 13.8 mg C m™ d"!, which equals an
energy transfer of 2.2%. On the Barents Sea shelf, integrated primary
production was between 652-710 mg C m™ d™' (stations P4 and P2,
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respectively, Amargant-Arumi et al., 2024) and secondary production
of small copepods was 4.3-9.7 mg C m™ d™' (stations P4 and P2,
respectively), equal to an energy transfer of 0.6-1.4%.

There were no significant interannual differences in secondary
production of small copepods, but variations were observed
between locations, with highest production occurring in warm
waters in the southernmost part of the transect. In 2018, water
temperatures in the study area were overall higher, less sea-ice was
present and chlorophyll a concentrations were low (Kohlbach et al.,
2023). In August 2018, the protist community was in a late-summer
oligotrophic state, dominated by small-sized autotrophic and
heterotrophic protists, predominantly flagellates and ciliates
(Kohlbach et al., 2023). Highest primary production in 2018 was
observed at the southernmost station of the transect (P1), where the
growth of small pico- and nano-flagellated cells was sustained by
nutrient input through Atlantic Water inflow (Amargant-Arumi
et al,, 2024). Along the rest of the transect, primary production was
overall low and no latitudinal structuring of the microbial
community was observed (Amargant-Arumi et al., 2024). In 2019,
on the other hand, the microbial community was latitudinally
structured (Kohlbach et al., 2023), with highest primary and
bacterial production occurring close to the sea-ice edge (around
station P4, Amargant-Arumi et al., 2024). With increasing distance
to the ice-edge, higher nutrient and chlorophyll a concentrations
were observed at deeper water layers at the southern stations. The
southernmost station P1 was dominated by late-summer protist
communities, including high numbers of ciliates in both years
(Kohlbach et al., 2023). Our analyses showed that secondary
production of small copepods (e.g. Oithona spp.) had a positive
relationship with the number of ice-free days, which was strongly
correlated with the overall water temperature in the study area
(Figure 3). A positive relationship between secondary production of
O. similis and temperature has previously been demonstrated by
Balazy et al. (2021). This can be explained by the fact that egg
hatching and developmental rates of copepods are positively
correlated with temperature, resulting in higher secondary
production at higher temperature (Nielsen et al., 2002; Dvoretsky
and Dvoretsky, 2009). The development and growth of small
copepods appears to depend more directly on water temperature
than that of large copepods, whose production is more food
dependent. Because of their size, small copepods live in
conditions close to food saturation (Kiorboe and Sabatini, 1995).
Furthermore, species of the genus Oithona prey upon a larger
variety of prey items including dinoflagellates, phytoplankton,
and faecal material (Gallienne and Robins, 2001), with a
preference for swimming prey particles such as ciliates (Svensen
and Kiorboe, 2000; Zamora-Terol et al., 2013). This makes them
able to sustain higher productivity in low chlorophyll a conditions
(Sabatini and Kiorboe, 1994), as has been observed in this study in
2018 and explains the positive correlation of secondary production
with ciliate abundance that we observed. In the Bering Sea, both the
abundance and secondary production of the small copepods
Oithona spp. and Pseudocalanus spp. were higher during a warm
period (2001-2005) compared to a cold period (2007-2011) (Hunt
et al., 2011; Stabeno et al., 2012; Eisner et al., 2014; Kimmel et al.,
2018). In the Barents Sea, higher abundance of small copepods has
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previously been linked to higher water temperatures (Trudnowska
et al.,, 2016; Balazy et al., 2018).

4.3 Water mass distribution shaped the
spatial pattern of secondary production of
Calanus finmarchicus

The daily secondary production rates of large copepods in the
range of 50.8-250.7 mg C m™ d"! for the Barents Sea shelf reported
in this study are in good agreement with secondary production
previously recorded in other Arctic regions. The highest secondary
production rates for Calanus spp. of 250 mg C m™> d”' have been
estimated in Disko Bay, western Greenland, in the upper 50 m water
column in May/June (Madsen et al., 2001). Dvoretsky and
Dvoretsky (2012) reported secondary production values of 13.3-
140 mg C m™> d' for large copepods in Ura Bay (low copepod
biomass in coastal Barents Sea area). When comparing the
integrated secondary production of large copepods to the
integrated primary production in 2019 it becomes apparent that
large copepods were especially important for energy transfer to
higher trophic levels in the marginal ice zone. On the Barents Sea
shelf, integrated primary production in the upper 100 m was 261-
551 mg C m™ d™' (stations P5 and P4, respectively) and secondary
production of large copepods was 182.8-250.7mg C m™> d™" (stations
P4 and P5, respectively), equivalent to an energy transfer of 33.2-
96.1%. At the Atlantic station P1, energy transfer only equaled 10%,
based on an integrated primary production of 340 mg C m™>d ' and
secondary production of large copepods of 32.7 mg C m™> d™".

We observed overall higher abundance, biomass, and secondary
production of Calanus in the size range of the boreal species C.
finmarchicus in the year that was characterized by presence of
Atlantic Water in the southern part of the study area (2018). The
recent Arctic winter sea-ice retreat in the Barents Sea has been
linked to a strengthening of the Atlantic water inflow into this
region and warming of the water masses (Arthun et al, 2012) i.e.
‘Atlantification’. As a result of this event, an increasing number of
organisms from boreal regions can be advected into the Arctic
(Freer et al,, 2022). Currently, low water temperatures prevent the
boreal species C. finmarchicus from establishing a population that
can successfully reproduce in the Arctic Ocean (Ji et al., 2012).
However, this may change with continued ocean warming and a
prolonged retreat of the ice edge (Tarling et al., 2022). A modelling
study by Slagstad et al. (2015) showed that with rising water
temperature and increasing Atlantic water inflow, the production
areas of C. finmarchicus will steadily expand into the Greenland Sea,
northern Barents Sea, and western Kara Sea. Likewise, warming and
an extended growth season due to earlier sea-ice retreat have been
suggested to increase the suitability of pelagic habitats in the Fram
Strait for C. finmarchicus (Freer et al.,, 2022; Tarling et al., 2022).
The large fraction of smaller Calanus found on the Barents Sea shelf
in our study indicates an advection of C. finmarchicus onto the shelf
from the southern Barents Sea (Gluchowska et al.,, 2017), while
those in the Arctic Ocean basin are transported into this region with
the West Spitsbergen Current (Basedow et al., 2018).
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4.4 Differences in sea-ice cover influenced
Calanus glacialis reproduction

Significantly higher secondary production of the larger Calanus
(i.e. C. glacialis) was observed in the year with extensive sea-ice cover
(2019), when chlorophyll a concentrations were higher and the
protist community was in a late-bloom stage and showed a
dominance of autotrophs and large-celled phytoplankton, in
particular diatoms (Kohlbach et al., 2023). Highest primary
production in 2019 was found at station P5 closest to the ice edge
on the Barents Sea shelf. The marginal ice zone bloom had a typical
south-to-north progression, where primary production shifted into
deeper water layers in the southern parts of the study area
(Amargant-Arumi et al., 2024). The sea-ice breakup in 2019 was at
the beginning of July, compared to mid-May in 2018, and likely
resulted in a longer ice-algae season and an extended spring bloom in
2019 (Kohlbach et al.,, 2023). This was supported by high numbers of
calanoid nauplii observed close to the ice edge at station P3 in 2019,
and the presence of CI and CII at the stations south of P3, that may
indicate that reproduction took place some weeks earlier. Overall,
higher abundance of older Calanus copepodids in 2018 compared to
2019 indicated that reproduction in 2018 had started earlier than in
2019. In 2018 biomass and secondary production of C. glacialis (i.e.
the larger size fraction of the Calanus population) on the Barents Sea
shelf were however generally lower than in 2019, possibly due to a
mismatch between the reproduction of the species and the bloom
phenology, and consequently lower recruitment. The life history
strategy of C. glacialis is tightly linked to the distribution and
timing of sea-ice cover and the resulting timing of the ice-algae and
phytoplankton blooms (Falk-Petersen et al., 2009; Daase et al., 2013;
Feng et al,, 2016, Feng et al., 2018). The nutritional quality of both ice
algae and phytoplankton is highest at the beginning of the bloom
(Soreide et al, 2010; Leu et al, 2011) and C. glacialis females can
increase their reproductive output if an ice algae bloom is available to
fuel egg maturation, while they must rely to a large extent on internal
energy reserves from the previous feeding season in the absence of an
ice algae bloom (Soreide et al., 2010). The reduction of sea-ice
thickness and extent alters the current primary production regime,
shortening the growth period of ice algae and advancing the onset of
the open water phytoplankton growth season (Arrigo et al., 2008;
Soreide et al., 2010). At sub-zero temperatures, the species’ nauplii
require about three weeks to develop to the first naupliar stage that
feeds (Daase et al., 2011). If the phytoplankton bloom occurs shortly
after the ice algae bloom, the new generation may miss the early,
high-quality food phase of the bloom, thus reducing the
reproductive success.

C. glacialis secondary production was higher in the ice-covered
northern parts of the study area in 2019. However, this trend was
not significant, likely due to high within-group variance compared
to the number of replicates in this study. Our observations
nevertheless agree with previous studies showing elevated
secondary production of large Calanus spp. during a cold period
(2007-2011) compared to a warm period with reduced sea-ice cover
(2001-2005) in the Bering Sea (Hunt et al., 2011; Stabeno et al.,
2012; Eisner et al., 2014; Kimmel et al., 2018, Kimmel et al., 2023).
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While a mismatch scenario between C. glacialis reproduction and
the phytoplankton bloom may explain the interannual variation in
the local Calanus population in the Barents Sea, there is so far little
evidence that sea-ice loss has been detrimental to Calanus
populations in other parts of the European Arctic. Studies from
Svalbard fjords suggest that warming and sea-ice loss benefit C.
glacialis populations (Hatlebakk et al., 2022). Life history models by
Feng et al. (2016); Feng et al. (2018) showed that early ice retreat,
warming, increased phytoplankton food availability and prolonged
growth season overall create favorable conditions for C. glacialis
development, leading to a northward expansion of well prospering
populations of the species as the sea ice retreats. This has been
confirmed by observations from the polar basin, indicating a
northwards expansion of C. glacialis (Kvile et al., 2019; Ershova
et al., 2021).

It should be noted that due to the identification of C.
finmarchicus and C. glacialis based on size alone, there is a
possibility of an underestimation of C. glacialis abundance, as the
prosome lengths of the early developmental stages of the two species
may overlap for populations thriving in convergence areas.
Additionally, because we only looked at communities within the
upper 100 m of the water column for this study, we may also have
missed parts of the Calanus population that have likely already
descended to greater depths at this time of the year. However,
including diapausing Calanus spp. in production estimates would
likely result in an overestimation of secondary production in this
area. Also, even if some Calanus spp. in the two years might have
been misidentified, the conclusion that secondary production of
large copepods in 2018 was mainly driven by Calanus within the
size range of C. finmarchicus and in 2019 by Calanus within the size
range of C. glacialis, would remain the same, as the differences in
secondary production between the two years were pronounced.

While our data indicates that differences in bloom phenology
and food availability between the two years may explain the
observed changes in community composition from larger to
smaller species, the presence of sea ice itself and its effect on
visual predation risk may have played an important role. A recent
study from the Barents Sea suggests that the prevalence of large
copepods in deeper troughs and under sea ice is best explained by
top-down control (Langbehn et al., 2023). Large copepods, such as
Calanus spp., experience a reduced visual predation risk and
subsequent increased survival rate where sea ice shades the water.
The increased predation risk in open waters can therefore shift the
community to a dominance of smaller species (Aarflot et al., 2019;
Langbehn et al.,, 2023), which is also in accordance with
our observations.

4.5 Changes in copepod secondary
production and the marine food web

Even though our results suggest that the total secondary
production in a year with less sea-ice cover is not different from a
year with extended sea-ice cover, we speculate that the shift towards
smaller organisms may affect the food quality and availability for
planktivorous organisms, ultimately leading to food web changes.
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In terms of biomass, calanoid copepods are the major component of
the mesozooplankton community in the Arctic (Falk-Petersen et al.,
2009), due to their high lipid content that can account for 50-70% of
their dry mass (Falk-Petersen et al, 2009). The lipid content of
Calanus spp. is size rather than species specific and a shift in
dominance from larger to smaller Calanus individuals would lead to
a reduction in lipid production at the individual level, but not
necessary on population level, if overall turn-over rates increase
(Renaud et al., 2018). Early larval stages of many fish species, such
as Atlantic herring (Clupea harengus), Atlantic cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), Alaska pollock
(Gadus chalcogrammus) and polar cod (Boreogadus saida) have a
specific prey preference for calanoid nauplii, due to their high lipid
content in comparison to other copepod nauplii (Kane, 1984; Napp
et al., 2000; Swalethorp et al., 2014; Bouchard and Fortier, 2020).
Even though cyclopoid copepods, such as those of Oithona spp., are
often found in much higher abundance than calanoid copepods,
their contribution to the diet of these fish species is considerably less
important (Kane, 1984; Napp et al., 2000; Swalethorp et al., 2014).
In some Arctic regions, low abundance of preferred prey (e.g.
Calanus spp., Pseudocalanus spp., and Temora longicornis) has
been linked to lower recruitment of pollock (Kimmel et al., 2018)
and mackerel (Lafontaine, 1999; Paradis et al., 2012). Similar to the
observed trends in other regions of the Arctic, we hypothesize that
the recruitment of commercially and ecologically important fish
species in the Barents Sea, such as polar cod, capelin, and Atlantic
herring, may be lower in years with increased water temperature
and reduced summer sea-ice, due to a shift towards a more
generalist diet based on smaller-sized, less lipid-rich copepods.
Zooplankton groups other than copepods can be important both
in terms of abundance and biomass in the Barents Sea.
Meroplankton, e.g. Bivalvia and Echinodermata larvae, emerged
across the study transect in summer (Wold et al., 2023) and high
abundance of arrow worms (Parasagitta elegans), pteropods
(Limacina helicina) and gelatinous zooplankton were observed
(Van Engeland et al., 2023; Wold et al., 2023). In the present study,
we focus solely on copepod secondary production, given the pivotal
role of copepods in transferring energy to higher trophic levels in
Barents Sea food webs (Pedersen et al., 2021). Most of the secondary
production research has focused on copepods, as the majority of
available growth rate models are tailored specifically to this group.
Due to the complicated life cycle of some non-copepod groups,
especially gelatinous zooplankton, determination of their growth
rates can be difficult (Postel et al., 2000). Therefore, total secondary
production in the study area is likely higher, especially in the Atlantic
region and the Arctic Ocean basin, where the contribution of non-
zooplankton groups was found to be larger than in the Arctic parts of
the study area (Van Engeland et al, 2023; Wold et al, 2023).
Copepods can also impact the biological carbon pump through
feeding on phytoplankton and aggregates, as well as through fecal
pellet production (Jumars et al., 1989). Larger, current-feeding
copepods, such as Calanus spp., can increase the flux of particulate
organic carbon (POC) through efficient grazing and production of
large, fast sinking fecal pellets (e.g. Riser et al,, 2008). Many small
copepod taxa are particle-feeders and can decrease POC export
efficiency through feeding on organic particles (e.g. Koski et al.,
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2020; Koski and Lombard, 2022; Mooney et al., 2023). A shift of the
copepod community towards smaller-sized species will possibly be
reflected in a compositional and quantitative change of the vertical
flux in the Barents Sea. Indications supporting this hypothesis are the
lower vertical flux in the study area in 2018 with no attenuation with
depth, while the vertical flux in 2019 was higher and showed a strong
attenuation profile (Amargant-Arumi et al., 2024).

5 Conclusions

The Barents Sea, known for its high productivity, sustains a
substantial commercial fishery. Despite declining sea-ice, the
impact on lower trophic levels” productivity is still under debate.
In particular, the impact of environmental change on copepod
secondary production is not well understood at present. We
expected to find higher total bulk copepod secondary production
in a summer with reduced sea-ice cover, due to a hypothesized
extended period of primary production and consequently higher
food availability. However, our observations did not support this
hypothesis. Instead, we found that spatial rather than interannual
differences dominated the observed variation of copepod secondary
production in the Barents Sea. Here, Atlantic waters in summer
were characterized by a high contribution of small copepods to total
copepod secondary production, as they benefited from higher water
temperatures and a more abundant microbial food web in this
region. Copepod secondary production on the northern Barents Sea
shelf, the study focus area, was overall highest and mainly driven by
large Calanus spp. Our study shows that if environmental
conditions (e.g. the presence of sea ice or water temperature)
change to an appropriate extent in a habitat from year to year,
this will affect the copepod community composition and its
production. There were significant interannual differences of the
Calanus spp. community composition between the two years, with
the smaller C. finmarchicus being more important for total copepod
secondary production during the summer with less sea-ice cover
and in habitats characterized by higher water temperatures and a
pronounced Atlantic water signal. The larger C. glacialis, on the
other hand, was more important in the summer with extensive sea-
ice cover and in habitats with lower water temperatures, sea-ice
cover and with the presence and higher contribution of diatoms to
pelagic primary production.

Due to high spatial heterogeneity in copepod distribution and
consequently high variability in secondary production, we still
cannot conclude with high confidence which effect the sea-ice
decline will have on bulk copepod secondary production in the
Barents Sea. Despite its limitations, our study provides important
insight into the copepod community response to changes in water
masses and sea-ice cover. The results of our study confirm the
observations that, as a result of Arctic warming and reduced sea ice,
large copepods may become less important and smaller-sized
copepod species (including smaller-sized Calanus and small
copepods) more important components of pelagic communities,
which will have consequences for the secondary production of
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copepods, as well as for the role of copepods in food webs, bio-
geochemical cycles, including the biological carbon pump, and
other functions performed by them in the ecosystem.
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A multidisciplinary survey was carried out in the Pacific Arctic and sub-Arctic
regions of the North Pacific Ocean on the Korean icebreaking research vessel
Araon. During this survey, ichthyoplankton fishes in the Pacific Arctic and sub-
Arctic region ranged from the Bering Sea to the northern Chukchi Shelf in
summer. The most dominant species was Gadus chalcogrammus, followed by
Pleuronectes quadrituberculatus and Boreogadus saida. Gadus chalcogrammus
and P. quadrituberculatus were particularly abundant near the Bering Sea and
Bering Strait, whereas B. saida was dominant in the Chukchi Sea. Hierarchical
cluster analysis revealed four distinct ichthyoplankton communities in Pacific
Arctic and sub-Arctic regions based on geographical regions. However, Eleginus
gracilis, which was previously known to be seen between latitudes 66.5°N and
69.5°N, was found above 70°N, suggesting that its distribution extends further
north. Furthermore, we noticed that Benthosema glaciale, which is usually found
in the Atlantic sector of Arctic Ocean, was observed in the northern Chukchi Sea.
In addition to these unusual species distributions, several species that are mainly
observed in coastal areas are observed in the Chukchi Sea region. The observed
influx of various uncommon fish species into the Chukchi Sea can be attributed
to multiple factors, including freshwater inflow from the East Siberian Sea and the
intrusion of warm Atlantic and Pacific waters, which are strongly affected by
global warming. Consequently, it is imperative to conduct rigorous monitoring of
the Pacific Arctic region, with a particular focus on the Chukchi Sea, to better
understand the implications of global warming.

KEYWORDS

ichthyoplankton, community structure, Pacific Arctic Ocean, East Siberian Sea, Chukchi
Sea, Bering Sea, Bering Strait
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Introduction

The Pacific Arctic Ocean has been undergoing dramatic
environmental change related to sea ice melting and increasing
surface temperatures (Mueter and Litzow, 2008; Wang et al., 2018;
Baker et al.,, 2020, 2023). Heat advected into the Arctic region resulted
in a promoted decrease in sea ice coverage in the Arctic Ocean
(Polyakov et al,, 2017; Richards et al, 2022; Wang and Danilov,
2022). As a result, the minimum sea ice boundary in the western
Arctic Ocean has gradually retreated northward, and the mean sea ice
cover has been consistently below the mean sea ice cover over the last
decade (Wood et al., 2015). Although the Bering Sea was excepted from
these trends, increased warm southerly winds and air temperature
influenced on the sea ice retreat in the Bering Sea, recently (Stabeno
and Bell, 2019; Baker et al., 2020). Furthermore, more extended sea ice
free periods are predicted in the Chuck Sea and Bering Sea under the
global warming (Wang et al., 2018; Baker et al, 2023). This
environmental change could affect the entire Arctic marine
ecosystem, such as the community, behavior and phenology, growth
and condition, abundance and demography, and range and regime
shift (Wassmann et al,, 2011; Wisz et al,, 2015; Levine et al., 2023).

Ichthyoplankton are essential in Arctic pelagic ecosystems for
evaluating ecosystem functions, assessing stocks, and investigating
recruitment processes (Kendall and Duker, 1998; Kendall, 2000).
They are also important sentinels to understand the consequences
of Arctic climate change, as they rely on planktonic prey and lead to
phase shifts in ecosystem dynamics. For this reason, many studies
have been conducted in different regions of the Arctic Ocean,
focusing on aspects of Arctic ichthyoplankton ecology.
Oceanographic, geographic, and atmospheric features influence
ichthyoplankton ecology, such as sea ice conditions (Bouchard
and Fortier, 2008), water masses (Atwood et al, 2010; Busby
et al,, 2014; David et al, 2016; Randall et al,, 2019), bathymetry
(Doyle et al., 2002), currents (Siddon et al., 2011), precipitation
(Boeing and Duffy-Anderson, 2008), freshwater input (Bouchard
and Fortier, 2011), wind (Rodriguez et al., 2011), and air
temperature (Genner et al., 2010). Furthermore, shifts in the
assemblage of species, including the movement of sub-Arctic
species into the Arctic region have been noted in recent years
(Baker and Hollowed, 2014; Vestfals et al., 2019; Huntington et al.,
2020; Marsh et al., 2020; Baker, 2021; Wildes et al., 2022).

Despite the ecological significance of ichthyoplankton, our
knowledge of Arctic ichthyoplankton is insufficient in the high-
latitude Arctic Ocean because of the harsh sea ice conditions that
limit access. Few studies have been conducted around the East
Siberian Shelf in the Pacific Arctic region, whereas most studies on
ichthyoplankton have focused on the Pacific sub-Arctic and Arctic
waters of the Bering, Chukchi, and Beaufort Seas (Benoit et al,
2008; Eisner et al., 2013; Falardeau et al., 2014; Randall et al., 2019;
Stevenson and Lauth, 2019; Cooper et al., 2023; Levine et al., 2023).

Our aim of this study was to describe the community structures
of ichthyoplankton and examine the relationship with
environmental conditions in the Bering Sea and Bering Strait,
Chukchi Shelf, northern Chukchi Shelf, and northern East
Siberian Shelf in austral summer in 2020. This result can provide
further knowledge to understand the variation in the species
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assemblages of larvae and juvenile fishes, as well as the ecology of
adult fish in the Pacific Arctic Ocean.

Materials and methods
Study area background

The study area, including the Bering Sea, Bering Strait, and
Chukchi Sea, is characterized by a broad, shallow, and continental
shelf region (De Robertis et al., 2017). This region is the only
pathway connecting the Pacific Arctic region and the northern
Pacific Ocean that provides nutrients and heat as water currents
(Woodgate et al., 2005; Stabeno et al., 2018). The features of the
water masses that flow into the Chukchi Sea vary markedly
according to the season (Jinping et al., 2006; Norcross et al., 20105
Eisner et al,, 2013; Gong and Pickart, 2015). Although Pacific winter
water, including cold water and relatively salty water, such as newly
ventilated Pacific winter water NVPWW), dominates in the winter
and early spring, Pacific summer water has a warmer and fresher
water inflow into the Chukchi Sea through the Bering Strait in the
summer (Woodgate et al., 2005; Pickart et al., 2019). Two water
masses flow into the Chukchi Sea through the Bering Strait in
summer: Alaskan coastal water (ACW) and Bering Summer Water
(BSW) (Lin et al., 2019). ACW consists of the warmest and freshest
water flowing into the Chukchi Sea along the eastern coastline of the
Bering Strait (Pickart et al., 2019). BSW is relatively colder and
saltier than the ACW flow into the Chukchi Sea through the central
and western coastlines of the Bering Strait (Lin et al., 2019; Pickart
et al, 2019). These water masses discharge around the Barrow
Canyon, transporting different pathways: ACW flows into the
eastern Chukchi Sea, whereas BSW flows through the western
and central Chukchi Sea (Gong and Pickart, 2015). Furthermore,
the Siberian Coastal Current (SCC) has freshwater flow into the
western Chukchi Sea along the Siberian coastline (Weingartner
et al., 1999; Spall, 2007). Although the seasonal cycle of salinity in
the Chukchi Sea is controlled by Pacific-originated water such as
BSW, the SCC also often influences the western Chukchi Sea
(Weingartner et al., 1999; Spall, 2007). Atlantic water (AW) also
flows into the Pacific Arctic region along with the shelf break of the
Eurasian basin (Karcher and Oberhuber, 2002; Li et al., 2022). In the
northern Chukchi Sea, the AW occasionally upwells along the shelf-
break region (Bourke and Paquette, 1976; Gong and Pickart, 2015).
Different water masses flow into the Chukchi Sea, with northward
AW and Pacific Water from the south, and eastward-flowing SCC.

Data sampling and processing

A multidisciplinary survey around the Pacific Arctic and sub-
Arctic was carried out on the Korean icebreaking research vessel
(IBRV) Araon from 26 July to 26 August 2020. Ichthyoplankton
were collected using a ring net (mesh size, 505 wm; mouth area,
1.77m?) at 18 sampling stations (Figure 1). The net was obliquely
hauled with a speed of 60 m min™", reaching a maximum depth of
344 m (Supplementary Table 1). In the shallow stations below 200-
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Map of the survey area showing the sampling stations in the Pacific
Arctic and sub-Arctic regions from July to August 2020.
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m depth, the net was towed from 5 m above the bottom to the
surface. Tow speed and duration were about 1.5-2 knots and 20-30
min, respectively. The net depth was determined in association with
the depth of sound scattering layers collected by a scientific
echosounder (EK60). The collected samples were immediately
subsampled using a Folsom plankton splitter, fixed in 4% filtered
seawater formalin, and transported to the laboratory. Specimens
were identified on the basis of morphological characteristics, such as
habitus, preanus length, and melanophores, or ecological
characteristics, such as habitats and spawning periods. Systematic
accounts and morphology followed the methods by Matarese et al.
(1989) and Okiyama (1989). The abundance was determined in
individual numbers per cubic meter (ind./ m?>), based on the volume
filtered by the net, which was measured using the revolution count
of a flow meter attached to the center of the net mouth. Total length
of specimens was measured with a caliper.

Vertical profiles of seawater temperature (Temp), salinity (Sal),
dissolved oxygen (DO), and fluorescence (Flu) were obtained using
a conductivity-temperature-depth sampler (Sea-Bird, SBE 911 plus)
with an oxygen sensor at each sampling station. For the following
analyses, the surface, average, and bottom values were used for
Temp, Sal, DO, and Flu. Classifications between surface, average,
and bottom values are represented by subscripts (e.g., Tempgyrfaces
Temp,yerages and Temppotom). The “surface” values were
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determined from the 5-m to 10-m depth, the “average” value
from the surface to the maximum hauled depth at each station,
and the “bottom” value from the maximum hauled depth to 10 m
above it at each station. The water column of the present study area
was divided into five water masses, AW, ACW, BSW, meltwater/
runoff (MW), and winter water (WW), according to Gong and
Pickart (2015) and Pickart et al. (2019).

Statistical analyses

All multivariate analyses were carried out using the PRIMER v7
package (Clarke et al., 2014; Clarke and Gorley, 2015) and
PERMANOVA+ for PRIMER (Anderson et al., 2008). For the
environmental analyses, draftsman plots were used on the basis of
environmental data to apply an appropriate transformation
(Valesini et al, 2014). As a result, Salgyrfaces Salaverages Salbottoms
DOgyrfacer DOayerages and DOpgyiom Were transformed by log (X+1)
prior to analyses. All environmental values were normalized before
the analyses. The spatial environmental status of the 18 sampling
stations was described using CLUSTER based on Euclidean distance
from the log-transformed and normalized environmental values.
PERMANOVA was performed to confirm statistically significant
(P < 0.05) differences between separated groups. Biological-
environmental (BIOENV) analysis was applied to verify which
environmental factors best explained the distinction between the
ichthyoplankton communities.

For the biotic analyses, a square root transformation was
applied to the data before the analyses. A resemblance matrix
based on Bray-Curtis similarity was calculated to identify
dissimilarities between sampling stations. Hierarchical cluster
analyses (CLUSTER) were conducted on the basis of the Bray-
Curtis similarities using group-average linking. Similarity profile
(SIMPROF) permutation test was simultaneously conducted with
CLUSTER to confirm whether the divided groups represent
statistically significant (P < 0.05) differences. PERMANOVA was
carried out to confirm whether ichthyoplankton communities had a
significant (P < 0.05) distinction according to the divided groups.
Similarity percentage (SIMPER) analyses were conducted to verify
which species contributed to the differences between groups.
Canonical analysis of principal coordinates (CAP) was carried out
to visualize patterns in divided groups. The correlations between
species and environmental values and stations were plotted
using CAP.

Results

Spatial variation in physical and
biological properties

The ranges of the environmental factors among the sampling
stations are summarized in Table 1; Figure 2. The highest
temperature was 10.88°C at the surface of station All. The water
temperature tended to increase southward. The salinity ranged
from 25.14 to 34.80 PSU. The highest salinity was observed at
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TABLE 1 Summary of the environmental values collected during the
survey in the study area.

Min. Max. A\ SD
Tempaurface -1.23 10.88 4.64 447
Temp,yerage -1.22 521 227 261
Temppotom ~1.34 436 2.05 2.13
Salgurface 25.56 33.11 30.26 2.83
Saluyerage 28.96 33.58 32.67 1.08
Salbottom 3047 34.80 3358 112
DOquface 95.40 390 246.56 136.59
DO4yerage 65.61 392.62 206.55 116.46
DObotiom 14.30 397.16 169.29 126.7
Flugurace 0.08 24.61 5.89 7.76
Fltyerage 0.18 472 1.63 1.47
Flupotiom 0.16 2.67 0.74 0.62

Max, maximum; Min, minimum; Av, average; SD, standard deviation; Temp, temperature;
Sal, salinity; DO, dissolved oxygen; Flu, fluorescence.

station B43, whereas the lowest salinity was observed at station B86.
The reason for the large salinity gap between close stations was
thought to be that the salinity values varied greatly according to the
depth in this area. Additionally, the surface and average salinity
decreased northward, but the bottom salinity showed a relatively

Temperature [°C] Salinity [PSU]

Surface

Average

Bottom

FIGURE 2

10.3389/fmars.2024.1351844

even distribution pattern except for station 49. Although DO values
were missing at stations BO1, B03, B05, and B14, DO values were
distinguished according to location. That is, the DO in the northern
stations (>70°N) was much higher than the DO in the southern
stations (<70°N), except for station B14. DO showed relatively low
values in B14. Fluorescence indicated relatively high values at the
surface of southern stations (A01, A05, A06, A07, All, Al5,
and A18).

When the environmental values were analyzed using
hierarchical cluster analysis, the stations were divided into five
groups at three distance levels that were statistically significant
(SIMPROF, P < 0.05, n = 999) (Figure 3A). At the 5.86 distance
level, the stations were divided into two groups. One group included
B20, B43, B49, B58, B70, B81, and B86. These stations were in the
northern part of the survey region (>71°N). On the other hand,
another group included southern stations (<71°N), A01, A05, A06,
A07, Al1, Al5, A18, B01, B03, B05, and B14. In the first group,
including northern stations, B49 separated from other stations,
showing quite a high distance level. In the second group, including
the southern station, B14 separated from other stations,
representing quite a high distance level. The other stations were
subdivided into two subgroups. One group included B01, B03, and
B05, whereas another group is composed of A01, A05, A06, A07,
All, Al15, and Al8. As a result, the five groups could be
distinguished from each other (Figure 3A). In the PERMANOVA,
the null hypothesis that there was no difference in the
environmental values between the five groups was rejected at a

DO [umol/kg] Fluorescence [mg/m?]

25

The spatial pattern of the environmental values among the sampling stations.
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FIGURE 3

Dendrogram (A) and nonparametric multidimensional scaling (hnMDS) plot (B) of the environmental values.

significance level of 5% (pseudo-F = 29.426, P < 0.05) (Table 2).
However, in the pairwise tests, there were significant differences at a
level of 5% only among three groups: B, D, and E (Table 2).
Consequently, the environmental values could be distinguished
according to the geographical distribution pattern, namely, north
and south. In the southern stations, stations were subdivided into
Bering Strait and Bering Sea.

Comparing the composition between the five water masses,
AW, WW, ACW, BSW, and MW, according to the abovementioned
groups, group A consisted of only MW. Group B was composed of
subequal amounts of WW and MW, whereas some ACW and BSW
were confirmed (Table 3; Figure 4). In group C, AW and WW
dominated. The Pacific-originated water masses, ACW and BSW,

TABLE 2 Results of the PERMANOVA test based on the environmental
values according to groups and between (pairwise tests) groups from
each group.

Source df SS MS Pseudo-F P
Groups 4 181.28 45.319 29.426 0.001
Residual 13 20.021 1.5401

Total 17 201.3

Pairwise tests df t P

Group A & B 6.8154 0.157 5

Group A & C No test

Group A & D 3.7554 0.266 2

Group A & E 49511 0.121 6

Group B & C 7.3028 0.152 5

Group B & D 6.1557 0.011 7

Group B & E 8.8073 0.001 11

Group C & D 3.1179 0.277 2

Group C & E 3.6952 0.135 6

Group D & E 29115 0.009 8

Significance differences (P < 0.05) were bolded.
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dominated in groups D and E. Comparing water masses with the
groups, AW, WW, and MW represented high correlations with
group B, namely, northern stations, whereas ACW and BSW
showed a positive correlation with groups C, D, and E, the
southern stations (Figures 3B, 4B). Additionally, ACW only was
confirmed at the B03 and B14. In the nMDS plot (stress, 0.04), the
stations were closely grouped according to the cluster analysis
grouping (Figure 3B). Temperature, salinity, and fluorescence
showed a relatively high correlation with groups D and E. DO
values positively correlated with group B. Groups A and C indicated
negative correlation with the temperature and salinity.

Spatial pattern of the
ichthyoplankton community

The number of species and abundance is summarized in Table 4.
In this study, 20 ichthyoplankton taxa were confirmed. Among the
sorted specimens, the mean total length was 35.55 mm ranging from
6.11 mm (Hippoglossoides dubius) to 109.74 mm (Chauliodus
macouni). The minimum abundance was indicated at station A07,
whereas the maximum was represented at station B05. Gadus
chalcogrammus was the most dominant taxon in the present study,
followed by Pleuronectes quadrituberculatus and Boreogadus saida.
Gadus chalcogrammus showed a relatively high abundance at station
BO5. Pleuronectes quadrituberculatus indicated high abundance at
station BO1. Boreogadus saida showed high abundance at station B43.
Geographically, G. chalcogrammus and P. quadrituberculatus
dominated near the Bering Strait, whereas B. saida dominated
around the Chukchi Sea (Figure 5). These three species accounted
for approximately 50% of the total abundance in the present study.

Through hierarchical cluster analysis, we divided the
ichthyoplankton community into four groups (Figure 6). Group
A included only station B14. Group B consisted of two stations (B58
and B70). Group C included five stations (B20, B43, B49, B81, and
B86). Of the stations in group C, station 49 indicated relatively low
similarity with the other stations. Group D was composed of ten
stations (A01, A05, A06, A07, Al1, A15, A18, B01, B03, and B05).
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TABLE 3 Relative composition (%) of water masses of the
divided groups.

Water Group Group Group Group @ Group
mass A (%) B (%) C (%) D (%) E (%)
AW 0.0 45.4 0.0 0.0 0.0
ww 0.0 384 46.7 0.0 0.0
ACW 0.0 0.0 6.7 106 0.0

BSW 0.0 3.4 6.7 89.4 100.0
MW 100.0 129 40.0 0.0 0.0

AW, Atlantic water; WW, winter water; ACW, Alaskan coastal water; BSW: Bering summer
water; MW, meltwater/runoff.

The stations in group D showed a relatively low latitude distribution
(< 70°N) (Figure 6B). The four groups were separated from each
other at a similarity level of 0%. This result meant that the four
groups had different species compositions. In the PERMANOVA,
the null hypothesis that there were no significant differences in the
ichthyoplankton community between the separated groups was
rejected (pseudo-F = 3.6917, P < 0.05) (Table 5). However,
pairwise comparisons represented no significant difference
between the A & B, A & C, and A & D pairs of groups (P >
0.05), whereas the B & C, B & D, and C & D pairs of groups showed
significant differences (P < 0.05) (Table 5). In the SIMPER analysis,
the average similarity of group A was not determined because this
group was composed of only one species (Eleginus gracilis)
(Table 6). The average similarity of group B was 95.62%, showing
that one species (Benthosema glaciale) contributed to the group
similarity of 100%. Group C represented 58.11% of the average
similarity with the 100% contribution of B. saida. This result meant
that B. saida was the main species in group C. The average similarity
of group D was 10.84%, and two species (Stenobrachius leucopsarus
and G. chalcogrammus) contributed to the group similarity of the
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upper 70%. Considering the average similarity of group D, the
community composition of group D was relatively more varied than
that of the other groups. Comparing the group dissimilarity
between the groups, the average dissimilarity between group A
and the other groups was 100%, and E. gracilis commonly
contributed to the group dissimilarity (Table 7). Additionally, E.
gracilis was confirmed only in group A at station B14 (Table 4;
Figure 5). The average dissimilarity of groups B and C was 100%,
and two species (B. saida and B. glaciale) contributed to the group
dissimilarity of the upper 70%. Among the two species, B. saida was
confirmed only in group C, whereas B. glaciale was confirmed in
only group B. The average dissimilarity of groups B and D was
100%, and five species (B. glaciale, S. leucopsarus, G.
chalcogrammus, P. quadrituberculatus, and Sebastes reedi)
contributed to the group dissimilarity of the upper 70%. Only B.
glaciale was confirmed in group B, and the remaining species were
confirmed in group D. Between groups C and D, the average
dissimilarity was 100%. Seven species (B. saida, G.
chalcogrammus, S. leucopsarus, P. quadrituberculatus, S. reedi,
Gymnocanthus tricuspis, and Stomiiformes sp.) contributed to the
group dissimilarity of the upper 70%. Among the seven species, B.
saida and G. tricuspis were observed only in group C, whereas other
species were confirmed only in group D.

The relationship between the
ichthyoplankton community and
environmental variables

In the CAP analysis, the first two squared canonical correlations
clearly discriminated the four groups that were separated by
CLUSTER analysis (Figure 7). The first squared canonical axis
with a large correlation (3° = 0.9949) separated ichthyoplankton
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Potential temperature-salinity scatter plot (T-S diagram) for the sampling stations (A) and relative composition (%) of water masses (B). ACW, Alaskan
coastal water; AW, Atlantic water; BSW, Bering Sea water; MW, meltwater/runoff; NVWW, newly ventilated Pacific winter water; RWW, remnant

Pacific winter water.
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TABLE 4 Species composition and abundance (ind./m?) of the ichthyoplankton community in the Pacific Arctic and sub-Arctic regions.

Species

Albatrossia pectoralis 0.66 0.66
Chauliodus macouni 0.57 0.57
Gadus chalcogrammus 742 1.88 4.84 33.56 47.7
Sebastes polyspinis 0.66 0.66
Sebastes reedi 0.66 | 2.53 3.19
Stenobrachius 283 | 0.66 372 185 9.06
leucopsarus

Stenobrachius 1.32 1.32
nannochir

Zaprora silenus 5.65 5.65
Stomiiformes sp. 1.1 0.93 2.03
Benthosema glaciale 12 1.43 2.63
Boreogadus saida 271 331 83 | 254 2.53 19.39
Eleginus gracilis 6.66 6.66
Gymnelus 83 83
hemifasciatus

Gymnocanthus 2.53 2.53
tricuspis

Hippoglossoides 8.39 8.39
dubius

Icelus spatula 83 8.3
Liparis fabricii 83 83
Pleuronectes 1452 | 6.99 21.51
quadrituberculatus

Hippoglossoides sp. 4.84 4.84
Liparis sp. 4.84 8.39 13.23
Total abundance 6.66 1.2 143 2.71 3.31 332 2.54 5.06 34 3.96 2.53 1.1 3.72 10.2 7.53 29.04 6.99 50.34 174.92
E;t;loi’p“s“dance 6.66 2.63 4682 11881

communities in group B from other community groups. The second
squared canonical axis with a large correlation (8% = 0.9949)
discriminated the ichthyoplankton communities of the groups,
although groups A and D were not clearly distinguished from
each other. Among the species that contributed to group
similarity and dissimilarity, E. gracilis, G. chalcogrammus, P.
quadrituberculatus, S. reedi, S. leucopsarus, and Stomiiformes sp.
showed a positive correlation with groups A and D. Two species (B.
saida and G. tricuspis) indicated a positive relationship with group
C. Benthosema glaciale represented a high positive correlation with
group B (Figure 7A). Comparing the relationship between
ichthyoplankton groups and environmental factors, temperature,
salinity, and fluorescence had a positive relationship with groups A
and D, although Salyoiom indicated a negative correlation with
groups A and D. Salyoom and DO showed a positive relationship
with group C. Group B did not indicate any strong relationship with
the environmental values (Figure 7B). In the BIOENV analysis, the
ichthyoplankton community was best described by a combination
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of Tempsurface) Tempaverage~ Salsurface> Fluaverage) and Flubottom
(p = 0.498, P = 0.01) (Table 8).

Discussion

Physical properties of the Pacific Arctic and
sub-Arctic regions in summer

For the environmental analyses, sampling stations could be
divided into five groups. Geographically, groups A, B, and C were in
the Chukchi Sea, whereas groups D and E were in the Bering Sea
and Bering Strait, respectively. In other words, the former groups
were included in the Pacific Arctic region, whereas the latter groups
were in the Pacific sub-Arctic region. Group B included most of the
Pacific Arctic region stations. Therefore, group B was considered to
represent the summer physical properties of the Pacific Arctic
region. However, group A was more closely grouped with group
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B than other groups, whereas group C was closer with groups D and
E. Given that Pacific-originated water, ACW and BSW, have been
confirmed in B14, the southern Chukchi Sea was influenced by the
Pacific Ocean in this period. On the other hand, groups D and E
were regarded as the typical Pacific sub-Arctic by including the
stations located on the Bering Sea and Bering Strait. This clustering
result corresponded well with the recent studies indicating that the
Pacific Arctic and sub-Arctic biogeographic boundary now appears
to the north of the Bering Strait (Baker et al., 2020, Baker et
al., 2022). However, groups D and E can be subdivided into two

groups according to the geographical region. Group D was
composed of the Bering Sea station, whereas group E consisted of
Bering Strait stations. In the nMDS analysis, the Pacific Arctic
region stations, group B showed a positive correlation with the DO
values. The Pacific sub-Arctic region stations, groups D and E,
indicated a positive relationship with the water temperature,
salinity, and fluorescence values. These results were derived from
the effect of the warm surface water flow into the Chukchi Sea from
the Pacific Ocean in summer (Jinping et al., 2006; Hu et al., 2019).
This result well agreed with the future prediction that Arctic Ocean
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Dendrogram (A) indicating separated groups and map (B) representing divided groups according to the CLUSTER analysis.

Frontiers in Marine Science

151

frontiersin.org


https://doi.org/10.3389/fmars.2024.1351844
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kim et al.

TABLE 5 Results of the PERMANOVA test based on the ichthyoplankton
abundance data according to groups and between (pairwise tests) groups.

Source df SS MS Pseudo-F P
Groups 3 33559 11186 3.6917 0.001
Residual 14 42425 3030.4

Total 17 75984

Pairwise tests df t P

Group A & B 1 26.351 0.3388

Group A & C 4 2.3733 0.1676

Group A & D 9 1.1772 0.092

Group B & C 5 34701 0.0457

Group B & D 10 1.6793 0.0174

Group C & D 13 23114 0.0003

Significance differences (P < 0.05) were bolded.

temperatures will increase derived from higher heat fluxes through
the sub-arctic region (Drinkwater et al, 2021). The higher
fluorescence in the Pacific sub-Arctic region than in the Pacific
Arctic region is believed to be caused by nutritional
supplementation from the Pacific Ocean (Clement Kinney et al.,
2022). Comparing the water masses between groups, group B was
represented by the Pacific Arctic region composed of various water
masses. That is, AW, WW, and MW were mixed, although the
proportion differed according to the stations. Groups D and E,
located in the Pacific sub-Arctic region, consisted of BSW, although
B03 and B14 also included ACW. Of the Pacific Arctic groups,
although the water mass composition of group C was similar to that
of the other Pacific Arctic groups, Pacific-originated water masses,

TABLE 6 Result of the SIMPER analysis showing species that contribute
to the group similarity of the divided groups.

Group A

A2 A2 .
average . Contrib.%
(averag . Abund.  sim. °
similarity: -)
Less than 2 sample
in group
Group B
(average Av. Abund. | Av.sim. | Contrib.% Cum.%
8
similarity: 95.62)
Benthosema glaciale 1.15 95.62 100.0 100.0
Group C
(average Av. Abund. Av. sim. | Contrib.% Cum.%
similarity: 58.11)
Boreogadus saida 191 58.11 100.0 100.0
Group D
(average Av. Abund. | Av.sim. | Contrib.% Cum.%
similarity: 10.84)
Stenobrachius 0.58 4.87 44.89 44.89
leucopsarus
Gadus 1.21 333 30.67 75.56
chalcogrammus
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ACW and BSW, were also observed in group C. Therefore, it is
thought that Pacific-originated summer water masses expanded to
group A in this period. On the other hand, another Pacific Arctic
group, group A, was composed only of the MW. Considering that
meltwater could inflow from the SCC in the summer season
(Weingartner et al., 1999; Semiletov et al., 2005; Spall, 2007) and
freshened water is extending further east (Clement Kinney et al.,
2022), group A could be affected by freshwater likely SCC
containing relatively low salinity. Taken together, in the summer
season, the survey region could be distinguished into the Pacific
Arctic and sub-Arctic regions although climate changes such as
warming and decreasing sea ice are changing water properties
(Hirawake et al., 2021). The temperature increased southward as
the warm surface water expanded from the Pacific Ocean (Jinping
et al., 2006; Gong and Pickart, 2015; Pickart et al, 2019). The
salinity decreased northward on the surface, although the average
and bottom salinity were similar to each other. Considering that sea
ice melt provides freshwater, the northwardly low surface salinity
seems to be related to sea ice melting around the Arctic region
(Gong and Pickart, 2015). DO was much higher in the Pacific Arctic
region than in the Pacific sub-Arctic region. Given that winter water
normally contains much oxygen supplied from the atmosphere, the
high DO value in the Pacific Arctic region is related to the high
winter water composition (Codispoti and Richards, 1971; Nishino
et al,, 2016). Considering water masses, although WW or MW
dominated in the Pacific Arctic region, Pacific-originated summer
water, such as ACW and BSW, flowed into the Pacific Arctic region
in the southern Chukchi Sea (Pickart et al., 2019). The freshened
MW that originated from the SCC flowed into the western Chukchi
Sea from the East Siberian Sea (Semiletov et al., 2005; Spall, 2007).

Ichthyoplankton community structure

In this study, the ichthyoplankton community was
distinguished according to geographical region. That is, the
ichthyoplankton community was divided into two major groups,
groups C and D. Group C consisted of the Pacific Arctic stations.
The species that most contributed to the group similarity in the
SIMPER analysis was B. saida, which is a typical dominant species
in the Pacific Arctic region (Eisner et al., 2013; De Robertis et al.,
2017; Vestfals et al.,, 2019; Axler et al.,, 2023). On the other hand,
group D was composed of Pacific sub-Arctic stations. The species
that contributed to the group similarity were G. chalcogrammus and
S. leucopsarus, which commonly dominate in the Pacific sub-Arctic
of the northern Pacific region (Pearcy et al., 1979; Beamish et al.,
1999; Moku et al.,, 2000; Eisner et al., 2013; Majewski et al., 2017;
Axler et al., 2023). Consequently, the two groups were thought to be
made up of the typical ichthyoplankton community structure in
each region. Groups A and B were distinguishable from groups C
and D, respectively. Eleginus gracilis was the only species in group
A. Considering a previous study, this species dominates between
66.5°N and 69.5°N (De Robertis et al., 2017). However, their
distribution was confirmed above 70°N in 2019 (Levine et al,
2023). In this study, the distribution of E. gracilis was also
confirmed above 70°N. These results agreed well with De Robertis
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TABLE 7 Result of the SIMPER analysis, representing species that contribute to the group dissimilarity between the divided groups.

Group A & B A B Av. Diss. Contrib.%

(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Eleginus gracilis 2.58 0.00 69.27 69.27 69.27
Benthosema glaciale 0.00 1.15 30.73 30.73 100.0
Group A & C A C Av. Diss. Contrib.% Cum.%
(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Eleginus gracilis 2.58 0.00 48.92 48.92 48.92
Boreogadus saida 0.00 1.91 33.30 33.30 8222
Group A & D A D Av. Diss. Contrib.% Cum.%
(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Eleginus gracilis 2.58 0.00 44.07 44.07 44.07
Gadus chalcogrammus 0.00 1.21 11.52 11.52 55.59
Stenobrachius leucopsarus 0.00 0.58 10.58 10.58 66.16
Pleuronectes quadrituberculatus 0.00 0.65 7.99 7.99 74.16
Group B & C B C Av. Diss. Contrib.% Cum.%
(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Boreogadus saida 0.00 1.91 47.61 47.61 47.61
Benthosema glaciale 1.15 0.00 31.39 31.39 79.00
Group B & D B D Av. Diss. Contrib.% Cum.%
(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Benthosema glaciale 1.15 0.00 27.49 27.49 27.49
Stenobrachius leucopsarus 0.00 0.58 14.63 14.63 42.12
Gadus chalcogrammus 0.00 1.21 13.65 13.65 55.78
Pleuronectes quadrituberculatus 0.00 0.65 10.28 10.28 66.05
Sebastes reedi 0.00 0.24 7.28 7.28 73.33
Group C & D C D Av. Diss. Contrib.% Cum.%
(average dissimilarity: 100.00) Av. Abund. Av. Abund.

Boreogadus saida 1.91 0.00 29.60 29.60 29.60
Gadus chalcogrammus 0.00 1.21 11.03 11.03 40.63
Stenobrachius leucopsarus 0.00 0.58 10.36 10.36 50.99
Pleuronectes quadrituberculatus 0.00 0.65 7.74 7.74 58.73
Sebastes reedi 0.00 0.24 4.94 4.94 63.67
Gymnocanthus tricuspis 0.32 0.00 4.87 4.87 68.54
Stomiiformes sp. 0.00 0.20 4.18 4.18 72.72

et al. (2017)’s argument that the distribution of E. gracilis is farther
north than in earlier surveys (Vestfals et al., 2019; Marsh et al., 2020;
Baker, 2021). Given that E. gracilis favors relatively high water
temperatures, between 7°C and 9°C, and relatively low salinity, the
inflow of relatively high temperature and low salinity water, such as
the ACW, could influence the ichthyoplankton community of the
Chukchi Sea (Gong and Pickart, 2015; De Robertis et al., 2017;
Sigler et al., 2017; Lin et al., 2019; Pickart et al., 2019; Vestfals et al.,
2019). This result agrees well with the present study that warm
water and the ACW expanded to station B14 (Figures 2, 4B).
Benthosema glaciale was the only species in group B. Considering
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that this species is mainly distributed in the Atlantic Arctic region,
the observation of this species is unusual (Zhang et al., 2022).
However, Zhang et al. (2022) confirmed the distribution of B.
glaciale in the Chukchi Sea. These findings also correspond well
with the present study. Considering that AW can flow into the
Chukchi Sea through shelf-break upwelling along the continental
slope (Lin et al.,, 2016; Corlett and Pickart, 2017; Jung et al., 2021;
Wang and Danilov, 2022) and Atlantic species have been detected
in the northern Chukchi Sea (Wildes et al., 2022), it is possible that
this species was transported into the Chukchi Sea with shelf-break
upwelling. The discovery of this species corresponds well with the
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Canonical analysis of principal coordinates (CAP) plots based on log-transf
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Gh, Gtmnelus hemifasciatus; Is, Icelus spatula; Lf, Liparis fabricii; Pq, Pleuronectes quadrituberculatus; S|, Stenobrachius leucopsarus

route of the shelf-break jet (Corlett and Pickart, 2017; Zhang et al.,
2022). Therefore, the invasion of Atlantic species is possible in the
Chukchi Sea with AW upwelling. Additionally, although station 49
was classified within group C in the analysis of the ichthyoplankton
community, it was separated from the other group C stations in the
environmental analysis, indicating a relatively low similarity.
Furthermore, the water mass composition of station 49 differed
from that of the other Pacific Arctic region stations by consisting of
only MW. In comparing the species composition of station 49, the
three species, namely, Gymnelus hemifasciatus, Icelus spatula, and
Liparis fabricii, were observed only at station 49 (Table 4). Of the
three species, I. spatula and L. fabricii are mainly distributed along
the coastline, showing that they favor fresh water (Tokranov and
Orlov, 2005; Zorina and Chernova, 2022). Furthermore, although
the two species show a wide distribution ranging from the Northern
Pacific Ocean to the Atlantic Arctic region, considering that the
spawning period of Icelus spatula occurs from late August in the
Arctic region and after September in the sub-Arctic region, the
larval specimens in this study likely originated from the eastern
Siberian Sea (Tokranov and Orlov, 2005; Zorina and Chernova,
2022). Liparis fabricii is more abundant around the Atlantic Arctic
region (Able, 1990; Walkusz et al., 2016; Smirnova et al., 2022).
Currently, the record of this species has occasionally been reported
in the East Siberian Sea and Chukchi Sea since Able (1990), whereas
the abundance is low (Mecklenburg et al., 2007; Norcross et al.,

TABLE 8 Summary of the results of the BIOENV analysis showing the
best-matched combination between environmental values and the
ichthyoplankton community.

Best combination of environmental factors @ P

P

0498 Tempurface T€MPayerager Salsurfacer Fllaverages FlUpottom ‘ 0.01

p, Spearman correlation coefficient; P, statistical significance level.
Significance differences (P < 0.05) were bolded.
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2010; Smirnova et al., 2022). Considering that the SCC has
freshwater inflow to the Chukchi Sea from the east, the two
species at station 49 are thought to have invaded from the East
Siberia Sea, whereas the MW expanded to the Chukchi Sea
(Weingartner et al., 1999; Semiletov et al., 2005; Tokranov and
Orlov, 2005; Spall, 2007).

Conclusions

In the Pacific Arctic, mainly in the Chukchi Sea, B. saida was the
most dominant species, which is a typical Arctic fish (Eisner et al.,
2013; Marsh et al., 2020; Baker et al., 2022; Axler et al., 2023; Cooper
et al,, 2023; Levine et al,, 2023). In the Pacific sub-Arctic region,
including the Bering Sea and Bering Strait, G. chalcogrammus and
P. quadrituberculatus were the dominant and subdominant species,
respectively (Eisner et al., 2013; Vestfals et al., 2019; Axler et al,
2023). Therefore, it is thought that the Bering Strait represented a
more similar community structure to the Bering Sea than the
Chukchi Sea in the summer season. This conclusion is supported
by the biotic analyses of the close clustering of the stations around
the Bering Strait with the Bering Sea. Additionally, the species
composition was also well matched to typical species in the Pacific
sub-Arctic region. Taken together, the typical ichthyoplankton
communities in each region were confirmed in this survey.
However, unusual community structures were also observed at
several stations. At station B14, E. gracilis was observed.
Considering a previous study, E. gracilis is more distributed
northward than in previous reports because this species is mainly
distributed between 66.5°N and 69.5°N (Vestfals et al., 2019; Baker,
2021; Levine et al., 2023). According to the previous studies, they
are moving northward as the water temperature increases due to
global warming (De Robertis et al., 2017; Baker et al., 2020; Axler
et al,, 2023; Levine et al., 2023). Furthermore, B. glaciale, typically
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Diagram showing invasive species in the study area, the Chukchi
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distributed in the Atlantic Arctic region, was observed in the
present study. Zhang et al. (2022) argued that this species is likely
to invade the Pacific Arctic region through the expansion of warm
AW because cold water restricts the expansion of B. glaciale to the
North Pacific Arctic region (Zhang et al., 2022). This result is
associated with “Atlantification, “ which is triggered by the warm
surface temperature and melting sea ice because sea ice melting
leads to AW upwelling caused by the increased wind effect on the
northern Chukchi Sea (Lin et al., 2016; Corlett and Pickart, 2017;
Jung et al., 2021; Wang and Danilov, 2022). In addition to these
unusual community compositions, several species, . spatula and L.
fabricii, moved to the Chukchi Sea region from the East Siberia Sea
in this study as the SCC, including freshwater, expanded to the
western Chukchi Sea. Considering that Siberian river discharge
from permafrost thaw is increasing, water inflow from these rivers
could often occur (Nummelin et al., 2016; Wang et al., 2021;
Kanamori et al., 2023). All the abovementioned uncommon
compositions are related to global warming, such as increased
water temperature and sea ice melting (Richards et al., 2022;
Wang and Danilov, 2022). That is, various fishes are transported
into the Chukchi Sea as the water temperature increases and sea ice
retreats. Species transportation from the Atlantic and East Siberian
regions in this study is consistent with the findings of Wisz et al.
(2015), who argued that transfers from the Atlantic to the Pacific
Ocean would be primarily facilitated through the Northwest
Passage. This phenomenon has been confirmed in various taxa
(Beaugrand et al., 2002; Perry et al., 2005; Reid et al., 2007; Wisz

Frontiers in Marine Science

10.3389/fmars.2024.1351844

et al,, 2015; Kim et al.,, 2020, Kim et al., 2022). However, Gadus
macrocephalus, another dominant species in the Pacific sub-Arctic
regions, has not been observed in this survey although this species is
also known as extending their distribution northward (Stevenson
and Lauth, 2019; Baker, 2021; Cooper et al., 2023). Considering
there have been various studies reported these days that record a
dramatic shift in its geographical distribution, shift of the spatial
distributions of the ichthyoplankton in the Pacific region (Mueter
et al.,, 2017; Vestfals et al., 2019; Baker, 2021; Drinkwater et al.,
2021). Further monitoring of the ichthyoplankton community in
this region is required because of their commercial values
(Stevenson and Lauth, 2019; Marsh et al., 2020; Baker, 2021). As
the Chukchi Sea water masses are influenced by a variety of factors,
including freshwater flow from the East Siberian Sea and warm
water intrusion from the Pacific and Atlantic Oceans (Figure 8)
(Grebmeier et al., 2006; Norcross et al., 2010), comprehensive
monitoring of interbasin exchanges in the Chukchi Sea is critical
in the context of global warming.
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Introduction: In the Southern Ocean, the large-scale distribution of zooplankton,
including their abundance and community composition from the epipelagic to
the upper bathypelagic layers, remains poorly understood. This gap in knowledge
limits our comprehension of their ecological and biogeochemical roles.

Methods: To better understand their community structure, depth-stratified
zooplankton samples were collected from 0 to 1500 m during four summers
in the East-Pacific and Indian sectors of the Southern Ocean. In addition, analysis
of environmental drivers including temperature, salinity, dissolved oxygen, and
chlorophyll a concentration, as well as water masses was conducted.

Results: Our study indicates that zooplankton diversity may be similar between
the two sectors, while zooplankton abundance was higher in the East-Pacific
sector during different sampling months and years. Moreover, zooplankton
abundance decreased with depth in both sectors. Based on cluster analysis,
zooplankton communities were generally divided by either the epipelagic or the
deeper layers’ communities. In both sectors, the epipelagic layer was dominated
by cyclopoid copepods, such as Oithona similis and Oncaea curvata, as well as
calanoid copepods including Calanoides acutus, Rhincalanus gigas, and
Ctenocalanus citer, while copepods and other taxa including Chaetognatha,
Amphipoda, and Ostracoda, were important contributors to the deep
layer communities.
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Discussion: Our analysis revealed that water masses, combined with their physical
characteristics such as specific temperature and salinity ranges and depth, along with
biological factors such as chlorophyll a concentration, might be the most important
drivers for structuring zooplankton communities from epipelagic to upper

bathypelagic layer.

KEYWORDS

mesozooplankton, vertical distribution, Antarctic Surface Water, Circumpolar Deep Water,
Antarctic zooplankton survey, planktonic food webs

1 Introduction

As one of the most important components in the marine
ecosystems, zooplankton, which have a biomass in the millions of
tons, maintain the structure and function of marine ecosystems and
contribute to global biogeochemical cycles such as carbon cycle,
particularly in the climatically important Southern Ocean
(Robinson et al., 2010; Irigoien et al., 2014; Boyd et al, 2019;
Johnston et al., 2022; Yang et al., 2022). The Southern Ocean,
including the Antarctic Zone and the Southern Zone, has one of the
most productive but dynamic ecosystems on the planet (Nicol et al.,
2000; Constable, 2003; Arrigo et al., 2008; Yang et al.,, 2021). The
Antarctic Zone between the Polar Front (PF) and the Southern
Antarctic Circumpolar Current Front (SACCF) and the Southern
Zone between the SACCF and the Southern Boundary Antarctic
Circumpolar Current (SBACC) is characterized by seasonal sea ice
(SSI) and the Antarctic Circumpolar Current (ACC) (Deacon, 1982;
Carter et al., 2008; Talley et al, 2011). The SSI along with
temperature and salinity dynamics regulates growth and
reproduction of plankton (Arrigo and Thomas, 2004; Abelmann
et al,, 2015). The ACC, connecting to the Atlantic, Indian, and
Pacific Ocean basins, exchanges salinity, heat, nutrients, and
plankton with these three basins (Murphy et al., 2021). These
exchanges are crucial for regulating global temperature and
biogeochemical cycles, as well as zooplankton advection,
dispersal, and distribution (Murphy et al, 2021). The Indian and
East-Pacific sectors are connected by the same large-scale
circulation (the ACC) and shared same water masses down to the
bathypelagic layer, but display distinct regional oceanographic
features, such as the Weddell Gyre and Ross Sea Gyre (Gouretski,
1999; Jacobs, 2004; Williams et al., 2010; Vernet et al., 2019).
These two interconnected sectors, characterized by similar
large-scale environmental conditions yet distinct mesoscale
features, make these two sectors appropriate for conducting
comparative analysis of zooplankton community structure and its
environmental drivers.

Zooplankton distribution, which is reflected in their community
structure and abundance, is shaped by a combination of abiotic
factors such as physical oceanographic features, and biotic factors
such as food availability (Atkinson, 1998a; Hunt and Hosie, 2005;
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McManus and Woodson, 2012). In the Southern Ocean,
zooplankton with weak swimming capacity are driven by water
masses, and large-scale ocean circulation such as the ACC
(Johnston et al., 2022). To adapt to unique Antarctic
environments, their distribution down to deep layer is affected by
regional environmental factors such as seasonality, salinity and
water temperature (Constable et al, 2014; Murphy et al., 2016;
Boscolo-Galazzo et al., 2021; Johnston et al., 2022). As heterotrophs
occupying lower levels of marine food webs, their abundance is
also influenced by food availability such as chlorophyll-a (chl-a)
concentration (bottom-up control), and other trophic interactions
such as predation (top-down control), and competition (Swadling
et al., 2010). Moreover, zooplankton perform ontogenetic, diel,
and seasonal vertical migrations to complete their life cycles, and
there is a balance between predation risk and foraging, which could
potentially impact their vertical distribution (Swadling et al., 2010).
Some of these critical physical factors, including temperature,
salinity and depth, along with biological factors, such as chl-a
concentration, can be combined and incorporated into physical
and biological characteristics of water masses. However, how these
characteristics of water masses could interactively influence the
zooplankton communities from the epipelagic to the bathypelagic
layers are uncertain.

To date, only a few studies have undertaken regional and local
surveys of the vertical community structure of mesozooplankton
down to the mesopelagic or upper bathypelagic layer in regions of
the Southern Ocean including South Georgia, the Antarctic
Peninsula, the Weddell Sea, the Lazarev Sea, the Scotia Sea, and
Prydz Bay (Atkinson and Peck, 1988b; Hopkins and Torres, 1988;
Atkinson and Sinclair, 2000; Flores et al., 2014; Ward et al.,, 2014a;
Yang et al, 2017). These studies, which employed different
sampling methods, sampling strata, and focused environmental
drivers, have not yet provided a consistent overview of the large-
scale vertical distribution patterns of zooplankton, nor their
multiple environmental drivers in the Southern Ocean. Moreover,
the difference and similarity of zooplankton communities between
sectors are unclear. Consequently, the understanding of the
community structure of zooplankton and its environmental
drivers, particularly in the mesopelagic and upper bathypelagic
layers, are limited in the Southern Ocean.
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FIGURE 1

Sampling locations in the East-Pacific sector between 90 to 130 °W (station P1-P15) and the Indian sector between 30 to 70°E (station 11-121).

To enhance our understanding of large-scale zooplankton
distribution from the epipelagic to the upper bathypelagic layers in
the Southern Ocean, therefore their ecological and biogeochemical
roles, we analysed the fundamental aspects of zooplankton
community, including their abundance, taxonomic diversity, and
community composition, along with relevant environmental factors
based on samples collected during the 34‘1“, 35th, 36th, and 37™ Chinese
National Antarctic Research Expeditions (CHINARE) from 2018 to
2021. We aim to provide valuable insights into the large-scale vertical
distribution patterns of zooplankton and associated environmental
drivers in the East-Pacific and Indian sectors.

2 Methods

2.1 Zooplankton samples and
environmental data collection

During the 34™ (Mar 2018), 35" (Jan 2019), 36™ (Dec 2019-Jan
2020), and 37™ (Jan 2021) CHINARE, zooplankton and
environmental data were collected from a total of thirty-six stations
in the East-Pacific sector (67-71 °S, 89-127 °W) and Indian sector
(62-67 °S, 35-71 °E) of the Southern Ocean for four summers
(Figure 1). The bathymetry at the stations ranged from 2101 m to
4993 m. This sampling was conducted onboard the Research Vessels
Xue Long and Xue Long 2. All procedures and gears for collecting
zooplankton samples and environmental data were the same on these
four expeditions. The Hydro-Bios Multi-Net type Midi (mesh size of
200-pm, mouth of 0.25 m?) was deployed vertically from 1500 m to 0
m upon the vessel’s arrival at each station, irrespective of the time of
day (Supplementary Table 1). Five sampling intervals were 0-100,
100-200, 200-500, 500-1000, and 1000-1500 m. After zooplankton
sample collection, all samples were immediately preserved in a 5%
neutral-buffered formaldehyde solution for later analysis.
Environmental data, including temperature, salinity, and dissolved
oxygen concentration from 0-1500 m, were measured using a Seabird
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911plus Conductivity Temperature Depth (CTD) sensor with SBE 63
from stations. However, Seabird 911plus CTD sensor was lost during
36™ CHINARE, so temperature, salinity and dissolved oxygen were
not available from station I5 to I15. Therefore, mean values of
temperature, salinity and dissolve oxygen and their correlations
with zooplankton abundance for five sampling strata and three
water layers including epipelagic (0-200 m), mesopelagic (200-1000
m) and upper bathypelagic layers (1000-1500 m) were only analysed
at rest of 21 stations. For measuring in situ chl-a concentration above
surface mixed layer where phytoplankton mainly grow, discrete water
samples at each station were collected at depths of 25, 50, 75, 100, 150
and 200 m using 10-L Niskin bottles attached to a rosette of the
Seabird 911 plus CTD. Moreover, the Phytoplankton cells from the
10 L water samples were collected using Whatman® Glass Microfiber
Filters (0.7 mm nominal pore size) (Mock and Hoch, 2005). The
concentrated cells containing chl-a pigments were then extracted in
90% acetone overnight at 4°C. Finally, a Turner Designs 10-AU field
fluorometer, calibrated with a purified chl-a standard, was used to
measure the chl-a concentration (Mock and Hoch, 2005).

2.2 Hydrography and water masses analysis

As potential physical drivers of zooplankton distribution,
temperature, salinity, and dissolved oxygen patterns were
exhibited by three-dimensional temperature, salinity and oxygen
profiles by Python. Then, in-situ measurements of temperature and
salinity were utilized to construct T-S diagrams and define water
masses from 0-1500 m depth. AASW is characterized by
temperatures ranging from -1.8 to 1.0 °C and salinity between
33.0 to 33.7 (Smith et al, 1999). Additionally, WW is located
beneath AASW and can be identified by a temperature minimum
of approximately —1.5 °C, with salinity between 33.8 to 34.0 (Smith
et al, 1999). Circumpolar Deep Water (CDW) was defined by
potential temperature lower than 1.5 °C and salinity between 34.5 to
34.75 thresholds, and modified CDW was identified as the water
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mass with temperature lower than 1.5 °C and salinity lower than
34.7 (Zu et al,, 2022). Furthermore, as physical characteristics of
water masses, these temperature and salinity ranges will be used in
subsequent steps to identify any correlation between zooplankton
abundance and water masses.

2.3 Zooplankton identification and counts

In the laboratory, zooplankton specimens were identified to the
lowest possible taxonomic level based on morphological features of
species or groups and were counted using a Nikon SMZ 745T
dissecting microscope. A compound microscope was used to
examine closely the minute taxonomic characteristics. Various
identification manuals and marine copepod websites were used to
aid in identifying the specimens (Kirkwood, 1982; O’Sullivan,
1982a, O’Sullivan, 1982b, O’Sullivan, 1983, O’Sullivan, 1986;
Razouls et al., 2023). Macro-zooplankton (>2 mm in body length)
were counted in each complete sample. For meso-zooplankton (200
pum-2 mm), sub-splits of 1/2 to 1/32 (depending on the numerical
density of individuals) of the complete sample were obtained using
a Folsom plankton splitter, ensuring a minimum of 500 individuals
per sample was counted. Additionally, four dominant calanoid
copepod species (Calanoides acutus, Calanus propinquus,
Metridia gerlachei, and Rhincalanus gigas) and Euphausiacea (in
the genera Euphausia and Thysanoessa) were identified to adult,
subadult, and copepodite stages. These different stages were totalled
per species for analysing species abundance. Then, species
abundance in each stratum was calculated by dividing counts of
individuals by the volume of water filtered by each net. Finally,
zooplankton average abundance in each stratum of each sector was
calculated and visualized using Python.

2.4 Zooplankton cluster analysis

Zooplankton community structure was analysed using PRIMER
version 6 and Python. To preprocess input data, zooplankton
abundance data from 36 stations were fourth root-transformed to
ensure influence from rarer species and down-weight the influence
of abundant species (Quinn and Keough, 2002). The difterent life
stages of the common copepods and Euphausiacea were analysed as
separate components in the cluster analysis. To avoid potential
effects caused by the diel vertical migration of zooplankton on
community structure, all zooplankton samples in each sector were
classified as daytime samples and nighttime samples based on local
sunset and sunrise times (https://gml.noaa.gov/grad/solcalc/
sunrise.html) in each sector and used three-way AMOSIM
(sampling layers, sampling years and months, and sampling time)
to test the effects of different sampling time (day or night).
Subsequently, data from the East-Pacific sector and Indian sector
were separately subjected to cluster, ANOSIM, and SIMPER
(similarity percentage) analyses. To segregate the zooplankton
into communities, the transformed data were used in a g-type
cluster analysis based on the Bray-Curtis dissimilarity index and
group-average linkage classification. Additionally, all cluster groups

Frontiers in Marine Science

10.3389/fmars.2024.1274582

were visualized by PRIMER. Following this, ANOSIM was
conducted to test for similarity within each resultant community
(cluster), and identify the most significant sampling factors, such as
water layer and sampling year and month. The cluster groups were
treated to the SIMPER analysis to determine which species
significantly contributed to the similarity within and between
clusters. Finally, the proportion of the most abundance taxa that
largely contribute to zooplankton clusters were illustrated by
stacked bar chart using Python.

2.5 The environmental drivers on
zooplankton abundance

To improve understanding of the environmental factors
influencing zooplankton abundance, the relationships between
temperature, salinity, oxygen, and zooplankton abundance were
evaluated independently using Generalized Additive Models
(GAMs) in R Studio (version 4.21). Average values of salinity,
temperature, dissolved oxygen, and zooplankton abundance were
calculated for each sampling stratum (0-100, 100-200, 200-500, 500-
1000, 1000-1500 m) at fifteen stations in the East-Pacific sector and
ten stations in the Indian sector. Data from other 11 stations (I5-115)
in the Indian sector were not analysed due to the lack of CTD data.
To examine the relationships between zooplankton abundance and
water masses further, we categorized zooplankton into three groups:
‘highest abundance’ (upper 90" percentile), ‘medium abundance’
(45™ to 55" percentile), and ‘lowest abundance’ (lower 10"
percentile). GAMs were used to forecast the ranges of temperature,
salinity, and dissolved oxygen corresponding to these three
zooplankton abundance categories within each sector. We then
tested whether these predicted temperature and salinity ranges
correlated with specific water masses. For the analysis of chl-a
concentration and zooplankton abundance, we used the average
chl-a concentration at each station from the surface layer (0-200
m), where phytoplankton primarily grow, and the overall
zooplankton abundance at each station from 0 to 1500 m for both
sectors. We included deep layer zooplankton abundance into overall
abundance because deep ocean zooplankton productivity is positively
related to surface layer primary production in the global ocean
(Hernandez-Leon et al,, 2020). Given the short turnover time of
phytoplankton cells (chl-a concentration) and their rapid
concentration changes, we also utilized monthly Aqua-MODIS
satellite chl-a concentration data from NASA Ocean Color to verify
phytoplankton phenology and changes during the sampling months
(as shown in Supplementary Figures 1, 2). This approach aimed to
mitigate the potential effects of different sampling years and months.

3 Results

3.1 Hydrographic features and
water masses

Environmental conditions including temperature, salinity, and
dissolved oxygen had similar ranges between stations in the two
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sectors and exhibited similar patterns vertically from surface to
1500 m (Figure 2). Salinity ranged from 32.5 to 34.8 at different
stations; additionally, it increased with depth and stabilized from
around 500 to 1500 m (Figure 2). Dissolved oxygen levels generally
decreased from the surface to depth ranging from 11 to 5 mg. L.
Ocean temperature, ranging from -1.7 to 2.1 °C at different stations,
was low at around 0-200 m, peaked at approximately 500 m, and
then slightly decreased from 500 to 1500 m (Figure 2). Chl-a, as a
most important biotic variable, was primarily distributed in the top
200 m layer. The average depth-integrated chl-a concentration
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varied between stations, ranging from 0.12 to 1.87 mg. m™>. The
average chl-a concentrations in the 0-200 m layer in Mar 2018 and
Jan 2019 in the East-Pacific sector (0.21 mg. m™) were lower than
those in the Indian sector (0.39 mg. m™), measured in Dec 2019-Jan
2020 and Jan 2021.

The distribution of water masses was generally similar between
the two sectors. In the East-Pacific sector (90-130 °W), three water
masses were identified: AASW, WW, and CDW (Figure 3). AASW,
with its relatively fresh water (salinity <33.8) and temperature,
ranging from -1.5 to 0.5 °C, was found on the surface. WW
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The T-S (Temperature to salinity) diagram showing distribution of the Antarctic Surface Water (ASW), Winter Water (WW), Circumpolar Deep Water
(CDW), modified CDW and transition zone from 0 to 1500 m in the East-Pacific (A) and Indian sectors (B). The temperature and salinity data in each
sector were collected on different years and months. Data were collected in March 2018 and January 2019 in the East-Pacific sector and Dec 2019
to Jan 2020 and Jan 2021 in the Indian sector respectively.
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TABLE 1 Zooplankton diversity in the East-Pacific and Indian sectors, and three layers, as well as average zooplankton abundance for each species in

the two sectors.

Copepoda Sector Layer Pacific Indian
Aetideopsis antarctica 1 M 0 <0.01
(Wolfenden, 1908)

Aetideopsis minor (Wolfenden, 1911) Both All <0.01 0.5
Bathycalanus bradyi (Wolfenden, 1905) 1 All 0 0.14
Bathycalanus richardi Sars G.O., 1905 P All 0.19 0
Calanoides acutus (Giesbrecht, 1902) Both All 3.42 2.26
Calanus propinquus Brady, 1883 Both All 1.15 0.2
Calanus simillimus Giesbrecht, 1902 1 M 0 <0.01
Candacia falcifera Farran, 1929 1 M 0 <0.01
Candacia maxima Vervoort, 1957 Both All 0.01 0.03
Clausocalanus brevipes Frost & Fleminger, 1968 1 E 0 <0.01
Clausocalanus laticeps Farran, 1929 Both All 0.64 0.03
Ctenocalanus citer Heron & Bowman, 1971 Both All 18.55 6.23
Farrania frigida (Wolfenden, 1911) P E <0.01 0
Haloptilus ocellatus Wolfenden, 1905 Both All 0.02 0.14
Heterorhabdus austrinus Giesbrecht, 1902 Both All 0.02 0.13
Megacalanus princeps Wolfenden, 1904 Both All 0.32 0.01
Metridia gerlachei Giesbrecht, 1902 Both All 0.94 0.77
Metridia lucens Boeck, 1865 1 E&M 0 <0.01
Microcalanus pygmaeus (Sars G.O., 1900) I E&M 0 0.01
Oithona frigida Giesbrecht, 1902 Both All 2.35 1.23
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Copepoda Sector Layer Pacific Indian
Oithona similis Both All 63.71 7.94
Claus, 1866

Oncaea curvata Giesbrecht, 1902 Both All 1.79 1.58
Paraeuchaeta antarctica (Giesbrecht, 1902) Both All 0.11 0.18
Paraeuchaeta spp. 1 M&B 0 0.05
Paragammaropsis prenes Ren in Ren & Huang, 1991 P All 0.02 0
Pleuromamma antarctica Steuer, 1931 Both All 0.01 0.05
Racovitzanus antarcticus Giesbrecht, 1902 1 All 0 0.13
Rhincalanus gigas Brady, 1883 Both All 0.88 0.90
Scolecithricella minor Brady, 1883 Both All 0.56 0.07
Scaphocalanus farrni 1 E&M 0 <0.01
Park, 1982

Scolecithricella spp. 1 M&B 0 0.05
Stephos longipes Giesbrecht, 1902 1 E 0 0.01
Triconia antarctica (Heron, 1977) Both All 1.77 0.80
Triconia conifera (Giesbrecht, 1891) 1 All 0 <0.01
Unknown Copepods 1 All 0 1.06
Euphausiidae Sector Layer Pacific Indian
Euphausia crystallorophias Holt & Tattersall, 1906 1 E&M 0 0.02
Euphausia superba Dana, 1850 Both All 0.12 0.02
Thysanoessa macrura G.O. Sars, 1883 Both All <0.01 0.14
Chaetognatha Sector Layer Pacific Indian
Eukrohnia hamata (Mobius, 1875) Both All 0.26 0.28
Pseudosagitta gazellae (Ritter-Zahony, 1909) Both All 0.15 0.02
Solidosagitta marri (David, 1956) 1 All 0 0.01
Other Chaetognatha I All 0 0.7
Polychaete Sector Layer Pacific Indian
Alciopidae spp. 1 E&M 0 0.01
Rhynchonereella petersii (Langerhans, 1880) Both All 0.01 0.01
Palabriaphoxus latifrons (Ren in Ren & Huang, 1991) P All 0.24 0
Tomopteris carpenteri Quatrefages, 1866 Both All 0.01 0.02
Travisiopsis coniceps (Chamberlin, 1919) P All <0.01 <0.01
Travisiopsis levinseni Southern, 1910 P All 0.01 0
Travisiopsis lobifera Levinsen, 1885 1 E 0 <0.01
Pteropoda Sector Layer Pacific Indian
Clione antarctica E. A. Smith, 1902 Both E&M 2.77 <0.01
Clione limacina E. A. Smith, 1902 P M <0.01 0

Others

Sector

Pacific

Indian

Alacia spp.

Both

All

0.25

0.41
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Others Sector Layer Pacific Indian
Cephalopoda 1 E&M 0 <0.01
Dimophyes arctica (Chun 1897) Both E&M <0.01 <0.01
Diphyes antarctica Moser, 1925 Both All <0.01 0.02
Fish Larvae I All 0 <0.01
Hyperia spp. Both All 0.028 0.01
Marrus antarcticus Totton, 1954 Both All <0.01 <0.01
Muggiaea bargmannae Totton, 1954 Both B <0.01 0.01
Oikopleura spp. Both E&M 0.01 0.01
Rathkea spp. Both All 0.01 0.07
Salpa thompsoni Foxton, 1961 1 E&M 0 <0.01
Vibilia antarctica Stebbing, 1988 1 All 0 0.04

P for East-Pacific sector, I for Indian sector, E for epipelagic layer, M for mesopelagic layer and B for upper bathypelagic layer.

characterized by higher salinity (33.8-34.3) and the lowest
temperature (<-1 °C) lay beneath the AASW. CDW was found
underneath WW, spanning approximately down to the upper
bathypelagic layer, and had the highest temperature (1.5-2 °C)
and highest salinity (34.4-34.75). In the Indian sector (30-70 °E), the
same water masses as those in the East-Pacific sector, including
AASW, WW, and CDW, were identified based on the T-S diagram
shown in Figure 3. Modified CDW, characterized by lower
temperature (<1.5 °C) and lower salinity (<34.7) than typical
CDW, was found exclusively in the Indian sector (Figure 3).

3.2 Zooplankton diversity

Sixty-three taxa belonging to nine mesozooplankton groups
were found in the two sectors (Table 1; Supplementary Table 2).
These include Copepoda, Euphausiacea, Chaetognatha, Polychaeta,
Amphipoda, Tunicata, Pteropoda, Ostracoda, and Cnidaria
(Table 1). Taxonomic diversity was fifty-six taxa in the Indian
sector and forty taxa in the East-Pacific sector across different years
and months (Table 1). Copepods represented 53% of zooplankton
diversity in the East-Pacific sector and 57% of zooplankton diversity
in the Indian sector. Differences in species composition were largely
attributed to variations among copepods. For instance, Calanus
simillimus, Microcalanus pygmaeus, Aetideopsis antarctica,
Racovitzanus antarcticus, Stephos longipes and Bathycalanus
bradyi were only found in the Indian sector, whereas
Bathycalanus richardi, and Farrania frigida were only collected in
the East-Pacific sector, though these latter species were collected
infrequently. For macro-zooplankton taxa (> 2 mm), Euphausia
superba and Thysanoessa macrura were commonly found in both
sectors but these species were likely underestimated due to
avoidance of the Hydro-Bios multinet (Atkinson et al, 2012).
Gelatinous taxa, such as salps, were absent in 28 out of 36
stations, and had low abundance in the samples. Chaetognaths
such as Eukrohnia hamata and Pseudosagitta gazellae were
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abundant in the surface layer at some stations, although many
specimens could only be identified to the phylum Chaetognatha due
to damage to or disappearance of their lateral fins and heads, both of
which are diagnostic features. For other common taxa, such as
Polychaeta, Pteropoda, and Cnidaria, only a few specimens were
found in the samples, and they were only infrequently observed.
Taxonomic diversity was higher in the 0-200 m layer, known as
epipelagic layer, and the mesopelagic layer (500-1000 m) in the two
sectors (Table 1). Additionally, diversity was lowest in the top 500 m
of the bathypelagic layer, between 1000-1500 m (Table 1). The most
common species could be found throughout the water column,
down to 1500 m. In the epipelagic layer, fifty-five taxa were found,
including a large proportion of common copepods such as C. citer
and O. similis. In the 200-1000 m layer, as known as the
mesopelagic layer, some copepods, such as A. antarctica (meso-
to bathypelagic species), and Scolecithricella spp., which were absent
from surface layers in the samples, were found. The upper
bathypelagic layer had the lowest diversity (forty-four taxa).
Species such as Oikopleura spp., Salpa thompsoni, Clione
antarctica, and Clione limacina were rare or absent in deep layers,
although they were abundant in the surface layers of a few stations.

3.3 Zooplankton abundance between
layers in each sector

Zooplankton abundance was variable between water layers and
sectors. Zooplankton abundance peaked in the epipelagic layer and
subsequently declined with each successive water layer at each
station (Figure 4). The average abundance was significantly higher
in the East-Pacific sector (100 individual.m™) than in the Indian
sector (27 individual.m™) (Figure 4). The elevated zooplankton
abundance in the East-Pacific sector was predominantly due to a
higher abundance of small common copepods such as O. similis,
O. frigida, O. curvata, T. antarctica, and C. citer in the epi-pelagic
layer. In our samples, these small copepods dominated numerically
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Average zooplankton abundance for each station subplot (A) and average zooplankton abundance in five continuous zooplankton sampling strata in
the East-Pacific sector (Mar 2018 and Jan 2019) and the Indian sector (Dec 2019-Jan 2020 and Jan 2021) subplot (B).

in most meso-zooplankton (0.2-20 mm) communities. Four large
calanoids, including C. acutus, C. propinquus, M. gerlachei, and R.
gigas were also abundant, including abundant copepodite stages of
these calanoids were present in the surface layer.

3.4 The community structure
of zooplankton

In the East-Pacific sector, five communities were identified by
cluster analysis (Figure 5). Copepods numerically dominated all the
meso-zooplankton communities, while communities in deeper layers
had a higher proportion of non-copepod groups including Ostracoda,
Chaetognatha and Amphipoda. Three larger communities (C, D, E)
were broadly defined by ocean stratification, encompassing the epi-
pelagic layer and deeper layers (200-1500m) (Figure 5). Cluster E
consisted of zooplankton from the epipelagic layer, displaying a
similarity of 50% (Figure 5). The epi-pelagic community (cluster E)
was characterized by the highest average zooplankton abundance
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(796 individual. m™) and the highest composition of common
copepod Oithona similis (66%) in total abundance (Figure 6).
Pteropoda were the most abundant non-copepod group,
representing 3% of total abundance. Other zooplankton taxonomic
groups, including Chaetognatha, Amphipoda, Tunicata, and
Cnidaria, contributed less than 1% of the total abundance. Cluster
D, with a similarity of 54%, comprised zooplankton from the deeper
layers between 200-1500 m, excluding samples P3(2), P4(2), and P15
(2) from the 100-200 m layer (Figure 6). In cluster D, copepods were
also the most abundant group, making up 92% of total abundance
(Figure 6). The O. similis, C. citer, Oithona frigida had more evenly
distribution. Moreover, Chaetognatha, Ostracoda, and Amphipoda
were the most abundant non-copepod taxa, constituting 3%, 2.4%,
and 1.6% of the total abundance, respectively (Figure 6). Cluster C,
with an average similarity of 51%, included the zooplankton
communities mainly collected in the upper bathypelagic layer in
May 2018. In cluster C, Amphipoda represented 11% of total
abundance behind common copepods. The other two minor
communities (A and B) mainly consisted of zooplankton from 500-
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1500 m layers. Cluster A, with similarity of 62%, and cluster B, with
similarity of 64%, mainly consisted of copepod. Moreover, the highest
proportion of Chaetognatha (14%) and Ctenocalanus citer (33%)
were recorded in cluster A and cluster B respectively.

In the Indian sector, four clusters were primarily distinguished
based on water layers (Figure 7). Copepods dominated the
mesozooplankton communities, representing 81% to 96% of total
abundance (Figure 8). Cluster F, with an average similarity of 50%,
comprised zooplankton from the epipelagic layer. In this epipelagic
community, O. similis (40%) and C. citer (30%) were still numerically
dominant. Non-copepods group including Chaetognatha (3.1%)
made a small contribution to this community (Figure 8). Clusters
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G, with a similarity of 57% and H, with a similarity of approximately
50%, encompassed zooplankton collected in the 200-1500 m strata.
These deeper layer communities had an increased proportion of non-
copepods taxa such as Chaetognatha (14% and 6% respectively).
Nonetheless, copepod taxa, especially Paraeuchaeta sp., were one of
the most abundant species. Cluster I, with an average similarity of
60%, mainly included the zooplankton community in the 500-1500 m
strata. In this community, four large calanoid copepods (C. acutus, C.
propinquus, M. gerlachei, and R. gigas), and cyclopoids such as O.
frigida (12%) and O. curvata (15%) made up a significant proportion;
additionally, Ostracoda and Chaetognatha represented 5% and 7% of
the total abundance (Figure 8).
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The proportion of most abundant meso-zooplankton taxa and species in zooplankton communities in the East-Pacific sector Cluster A—E.

3.5 Environmental drivers on zooplankton
abundance and communities

Based on the two-ways ANOSIM, there was no significant
difference between daytime and nighttime zooplankton data (R=0.2
for East-Pacific sector, and R=-0.1 for Indian sector), so the
zooplankton abundance data was subsequently analysed regardless
of the sampling time. The water layer is a more important factor than
sampling year and month to define a community in both sectors. In
the Indian sector, water layer (R=0.69) was identified as the main
factor defining a zooplankton community, rather than the sampling
year and month (R=0.17). In the East-Pacific sector, where
zooplankton samples were collected in May 2018 and January
2019, the water layer (R=0.49) played a slightly more significant
role than sampling year and month (R=0.47).

In both sectors, GAMs exhibit non-linear patterns between
zooplankton abundance and temperature, salinity, and oxygen
across all water strata (Figure 9, Table 2). Three zooplankton
abundance categories were correlated with specific ranges of
temperature and salinity, corresponding to particular water
masses. In the East-Pacific sector, the highest zooplankton
abundance was associated with specific ranges of temperature (-1
to -0.6 °C) and salinity (33.6 to 33.7). Notably, these specific
temperature, salinity, and oxygen ranges overlapped with the
physical properties of AASW observed in the Pacific sector, when
comparing the water masses analysis in Figure 3 and GAMs results
in Figure 9. Medium zooplankton abundance was associated with
intermediate temperature (0.1 to 0.4 °C) and salinity (34.1 to 34.2),
which did not correlate with any specific water mass but indicated a
transition zone. The lowest zooplankton abundance was associated
with higher temperatures (1.1 to 1.5°C) and salinities (34.5 to 34.6),
corresponding to CDW (Figures 3, 9).
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Similarly, in the Indian sector, the highest zooplankton abundance
coincided with lower salinity (33.88 to 33.93) and the lowest
temperatures (-1.8 to -1.4 °C), indicative of AASW (Figures 3, 9).
Although the salinity range here is slightly higher than typical AASW
(33.0 to 33.7), the salinity of AASW can measure up to 34.3 PSU
(Carter et al., 2009). Medium zooplankton abundance was associated
with intermediate temperature (-0.1 to 0.2 °C) and salinity (34.28 to
34.33), consistent with the transition zone’s physical properties
(Figures 3, 9). The lowest zooplankton abundance corresponded to
the highest temperatures (1.3 to 1.7 °C) and salinities (34.63 to 34.68),
overlapping with CDW in the Indian sector (Figures 3, 9). The results
from GAM also revealed that chl-a concentration showed a positive
relationship with zooplankton abundance in the East-Pacific sector but
a non-significant relationship in the Indian sector (Figure 9, Table 2).
Furthermore, the East-Pacific sector exhibited higher zooplankton
abundance and lower chl-a concentrations in March 2018 and
January 2019. In contrast, the Indian sector showed significantly
higher chl-a concentration and lower zooplankton abundance in
December-January of 2020 and January 2021.

4 Discussion

4.1 Comparing zooplankton diversity,
abundance and communities between
two sectors

All sixty-three taxa in our samples are commonly found in the
Southern Ocean (Kirkwood, 1982; O’Sullivan, 1982a, O’Sullivan,
1982b, O’Sullivan, 1983, O’Sullivan, 1986; Ward et al., 2003, Ward
et al., 2014a; Razouls et al,, 2023). Zooplankton taxonomic diversity
in our surveys is slightly lower compared to other observations
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Cluster analysis of zooplankton assemblages in the Indian sector between 30-70°E from 0-1500m with five continuous zooplankton sampling strata.

(Atkinson and Sinclair, 2000; Nicol et al., 2010; Flores et al., 2014;
Ward et al,, 2014a; Yang et al., 2017). This is partly because of some
fragmented or unknown jellyfish, Chaetognatha, copepod larvae
and Cephalopoda being classified only as indetermined species or
into Class level, which reduces the estimated species diversity. Some
species, such as C. brevipes, M. princeps, and Candacia falcifera, that
were only collected in the epipelagic layer or meso to bathypelagic
layers, are restricted to these layers; however, others, including C.
simillimus and A. antarctica, which were only collected in the
mesopelagic layer, have a wider distribution from the epipelagic
to mesopelagic layers (Razouls et al., 2023). For meso-zooplankton
diversity in each sector, most species, including M. pygmaeus, A.
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antarctica, R. antarcticus, S. longipes and B. bradyi and B. richardi,
that were only found in one sector by our survey are actually
circumpolar species (Razouls et al., 2023). As a result, the in-situ
diversity might be similar in the two sectors. The similarity in
zooplankton diversity between the East-Pacific and Indian sectors
aligns with previous findings of consistent taxonomic composition
of Antarctic meso-zooplankton communities across the
circumpolar region (Dubischar et al., 2002; Pinkerton et al., 2020;
Takahashi and Hosie, 2020; Johnston et al., 2022).

Zooplankton abundance varies across sectors and layers
(Wilson et al., 2015; Stevens et al., 2015; Pakhomov et al., 2020;
Dietrich et al., 2021). Our results reveal that zooplankton
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The proportion of most abundant meso-zooplankton taxa and species in zooplankton communities in the Indian sectors (Cluster F-I).

abundance in the deeper layers is generally an order of magnitude
lower than the epi-pelagic assemblages. Moreover, the cluster
analysis results revealed that zooplankton communities were
generally divided by water layers. This finding is consistent with
previous surveys in the various regions including Prydz Bay, the
Scotia Sea, Drake Passage and the Polar Front (Atkinson and
Sinclair, 2000; Ward et al., 2003; Flores et al., 2014; Ward et al,,
2014a; Yang et al,, 2017; Pinkerton et al., 2020). Our results also
showed that zooplankton abundance was more than three times
higher in the East-Pacific sector than in the Indian sector. There is
little evidence showing significant higher zooplankton abundance
between 90-130°W in the East-Pacific sector than between 30-70°E
in the Indian sector by previous studies (Pakhomov and McQuaid,
1996; Atkinson et al., 2012; Venkataramana et al., 2020). As a result,
this higher abundance may be partially influenced by variation in
monthly and annual zooplankton population dynamics (Atkinson
et al,, 2012). Our ANOSIM analysis also highlighted the secondary
roles of sampling years and months in regulating zooplankton
communities. Previous studies have also found that the
abundance of dominant calanoid copepods peaks in late summer
in various regions of the Southern Ocean (Atkinson et al., 1997;
Schnack-Schiel and Isla, 2005; Hunt and Hosie, 2006).
Consequently, zooplankton abundance in the Indian sector may
not have reached its peak between December to January, leading to
underestimation (Takahashi and Hosie, 2020), when we were
comparing zooplankton abundance between these two sectors.
Zooplankton community structure varied in each layer and
sector, the dominant species in meso-zooplankton assemblages in
the epipelagic and mesopelagic layers are consistently similar
respectively in both sectors. These include calanoid species such
as C. acutus, C. propinquus, M. gerlachei, C. citer, and R. gigas as
well as smaller cyclopoid species including O. similis and O. curvata.
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These copepods account for more than 75% of total biomass in both
our study and in previous observations (Atkinson et al, 2012).
Other less abundant taxa, encompassing salps, Amphipoda,
Polychaeta, and Chaetognatha, generally exhibit uneven
proportions across different sectors in the Southern Ocean (Ward
et al., 2003; Swadling et al., 2010; Pinkerton et al., 2020). As another
dominant species in the Southern Ocean, Antarctic krill (Euphausia
superba) may be underestimated by their net avoiding behaviour
(Atkinson et al., 2012).

4.2 Influence of physical drivers especially
water masses on zooplankton distribution
in different layers and the two sectors

Water masses play a crucial role in regulating zooplankton
communities across different regions of the Southern Ocean
(Swadling et al, 2010; Marrari et al., 2011; Manko et al., 2020).
Our GAM model results showed that the most abundant
zooplankton assemblages in both sectors were related to specific
temperature and salinity ranges, aligning with the physical properties
of the AASW, while the lowest zooplankton abundance corresponded
to the physical properties of the CDW. These specific temperature
and salinity ranges are best understood qualitatively rather than as
precise predictors of zooplankton abundance. These results establish
a correspondence between water masses and zooplankton
abundance, highlighting the impacts of AASW and CDW on the
highest and lowest zooplankton abundances, respectively. Comparing
with previous studies, acoustic surveys have also demonstrated
different zooplankton assemblages associated with AASW and
upper CDW respectively in coastal regions of the Southern Ocean
(Lawson et al., 2004; Marrari et al., 2011). This implies that not only
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temperature, salinity, and oxygen themselves (Hunt et al., 2016), but
also the combined physical and biological properties of AASW might
have a critical effect on zooplankton abundance. Specifically, AASW,
with its highest dissolved oxygen content and lower salinity and
temperature, may provide a preferred environment for epipelagic
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zooplankton during the summer, although the thermal and
salinity tolerances, as well as oxygen consumption of Antarctic
zooplankton, are not well studied (Atkinson et al., 2012; Costa
et al, 2021). Moreover, the highest concentration of food sources,
such as phytoplankton cells, in the AASW tends to attract
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TABLE 2 GAMs results including Effective degrees of freedom (edf), F,
Reference Degree of Freedom (Ref.df) and P-value between temperature,
salinity, oxygen, chl-a and zooplankton abundance for each sector.

Sectors edf F Ref.df P-value
& variable

Pacific_temperature 39 7.7 4.8 <2e-16
Indian_temperature 3 13.6 3.7 <2e-16
Pacific_salinity 2.8 17 35 <2e-16
Indian_salinity 1.5 96 1.8 <2e-16
Pacific_oxygen 83 19.7 8.9 <2e-16
Indian_oxygen 5.7 14.9 6.8 <2e-16
Pacific_chl-a 1 4.4 1 0.05
Indian_chl-a 1 0.09 1 0.76

zooplankton and Euphausiacea swarms (Tarling and Fielding,
2016; Pauli et al,, 2021). In deeper water masses, CDW with its
lowest oxygen levels and food availability (Bindoff et al., 2000;
Carter et al., 2008; Williams et al., 2010; Carter et al., 2012)
could shape distinct zooplankton communities with lowest
zooplankton abundance.

4.3 Biotic drivers including chl-a
concentration on zooplankton community
structure in both sectors

The difterence in zooplankton abundance vertically could be
affected by biotic factors such as chl-a concentration. As secondary
producers, zooplankton abundance is also influenced by primary
production, which is largely determined by chl-a concentration, a
process known as bottom-up control (Hernandez-Leon et al., 2020).
Our observational data in the East-Pacific sector coincides with
bottom-up control. However, the Indian sector showed non-
significant relationship between zooplankton abundance and in-
situ chl-a concentration. Moreover, the Indian sector had higher
phytoplankton concentration but lower zooplankton abundance
comparing with East-Pacific sector. These opposite results implicate
the phenology of phytoplankton and zooplankton. For instance, in-
situ chl-a concentration is generally higher in early summer
between December to January, but zooplankton abundance
reaches its peak in late summer in the high latitude of the
Southern Ocean (Atkinson et al.,, 1997; Atkinson, 1988a; Schnack-
Schiel and Isla, 2005; Hunt and Hosie, 2006; Wright et al., 2010;
Takahashi and Hosie, 2020). NASA satellite data on chlorophyll-a
(chl-a) concentrations supports our inference regarding
phytoplankton phenology. In the East-Pacific sector, the average
chl-a concentration decreased to 0.25 mg. m® in March 2018 (the
sampling month during the 34th CHINARE) from higher values in
early summer (0.43 mg.m® in December 2017 and 0.32 mg/m’ in
January 2018), as shown in Supplementary Figure 1. In the Indian
sector, chl-a concentrations were higher in early summer, between
December and January (our sampling months during the 36th and
37th CHINARE), compared to late summer, from February to
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March, as indicated in Supplementary Figure 2. For zooplankton
abundance, small copepods including O. similis, C. citer and O.
curvata, were important contributors to higher total abundance in
the East-Pacific sector. However, many of these small herbivorous
and omnivorous copepods reproduce during spring and early
summer, but their early life stages are often too small to be
effectively collected by nets with a mesh size of 200 um during 36
and 37" CHINARE (Hagen, 1999; Ward and Hirst, 2007; Atkinson
et al., 2012; Cornwell et al., 2020). Consequently, the chl-a
concentration played important roles in regulating zooplankton
abundance, but the underestimated contribution of small copepod
larvae to total zooplankton abundance and peaked chl-a
concentration in early summer may complicate the existing
understanding of relationships between zooplankton abundance
and chl-a concentration in the Indian sector.

The vertical distribution of zooplankton, including their
abundance and community composition, is also consistent with
their diet and food availability in each layer. In the surface layer, the
proportion and abundance of copepods were highest than deeper
layers. This coincides with the highest food availability, such as
highest concentration of chl-a for grazers in the surface layer. For
example, the most numerous taxa, including O. similis, O. curvata,
C. citer, and O. frigida, as well as C. acutus and C. propinquus in the
epipelagic layer in our sample, are either herbivorous or
omnivorous (Kattner et al.,, 2003; Pond and Ward, 2011).
Moreover, our observations and other studies have shown that
the copepodite stages of calanoids, such as C. acutus and C.
propinquus, concentrate in the epipelagic layer for ontogenetic
development during summer (Conroy et al, 2020). In deeper
layers, the reduction in phytoplankton cells but increases in
sinking particles could benefit omnivores, scavengers, or
predators such as Chaetognatha and Amphipoda (Nishikawa and
Tsuda, 2001; Proud et al., 2017). In our samples, the relative
proportions of the herbivorous and omnivorous copepods,
including O. similis, O. curvata, C. citer, and O. frigida, C. acutus
and C. propinquus, decreased in the deeper layers. However, the
relative proportions of Amphipoda, Chaetognatha, and Ostracoda
increased in the deeper layers in both sectors. Based on existing fatty
acid and stable isotope analysis, these groups, including Hyperiidae,
Gammaridae, E. hamata, P. gazellae, and Alacia spp. are generally
considered to be either carnivores or omnivores (Oresland, 1990;
Froneman and Pakhomov, 1998; Nelson et al., 2001; Kruse et al.,
2010). The increased relative proportions of carnivores and
omnivores in deeper layers align with previous observations that
zooplankton trophic levels generally increase with depth
(Hernandez-Leon et al.,, 2020). When considering the combined
effects of primary production, food availability and physical
water mass properties on zooplankton abundance, the decrease
in zooplankton abundance with increasing depth and water
masses may be attributed to reduced food availability and
unfavourable physical conditions, such as low oxygen levels, in
deeper water masses.

Diel vertical migration of zooplankton between the surface and
deeper layers potentially affects their vertical distribution. However,
our samples were collected upon the vessel’s arrival at each station,
irrespective of the time of day, so these samples are not ideal and
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designed for analysis vertical migration between layers. Moreover,
this migratory behaviour was not clearly observed and recorded
in our study, perhaps due to the shorter migration distances caused
by longer photoperiods during the sampling periods and low
predatory pressure from visual mesozooplankton predators in the
high latitude of the Southern Ocean (Pinkerton et al, 2010;
Saunders et al., 2019; Conroy et al,, 2020; Cao et al, 2022; Li
et al., 2022).

5 Conclusions

The mesozooplankton community composition and dominant
taxa in each layer between the East-Pacific and Indian sectors were
similar during Austral summer between 2018 to 2021. However,
zooplankton abundance varies across difterent sectors and declines
significantly with three water layers. Our study integrated the
common environmental drivers, including temperature and
salinity, and chl-a concentration, into physical and biological
characteristics of different water masses, and demonstrated that
water masses that combined all these characteristic play significant
roles in regulating vertical distribution of zooplankton in terms of
abundance and composition in both sectors. These multiple
environmental drivers provide new insights for understanding
large-scale zooplankton abundance and distribution in the
Southern Ocean, thereby enhancing our ability to analyse and
quantify their ecological and biogeochemical roles and the
impacts of climate changes on zooplankton community (Fraser
et al., 2018). However, the detailed mechanisms of how some
physical properties and movement of water masses influence
zooplankton physiology, advection, and dispersal, and therefore
their distribution, remain beyond the scope of this paper. Future
research might integrate water mass dynamics, physiological
analysis of zooplankton, and acoustic zooplankton data to deepen
our comprehension of the mechanisms driving large scale
zooplankton distribution horizontally and vertically.
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