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Abstract

Seasonal and inter-annual variations in zooplankton play a vital role in marine ecosystems. In Antarctica, because of the
extreme seasonality and ice extent, zooplankton studies are predominantly conducted in summer and are based offshore.
Therefore the drivers of variability are poorly understood. Here, we present one of the few year-round studies of seasonality
of zooplankton communities at a coastal site in Ryder Bay, Western Antarctic Peninsula (WAP), encompassing both holo-
plankton and meroplankton. While there were consistent species components to the assemblage, there was also substantial
intra- and inter-annual variation throughout the study, suggesting short-term and single-season evaluations are insufficient
to provide a comprehensive understanding of zooplanktonic assemblage dynamics and controlling factors. Small copepods
and nemertean pilidium (32% and 28% of all individuals seen, respectively) were present throughout all seasons, and both
organisms were present in all but one event, peaking at 89% and 90% of individuals sampled, respectively. However, some
organisms, such as some species of pteropoda, cnidaria, and echinodermata, were only present once in the 3-year period,
suggesting greater overall diversity than this study found and possibly indicating unusual spatial patchiness or multi-year
phenologies. Planktonic larvae of benthic species were more abundant in deeper water samples, closer to the seabed, and
assemblage composition and abundance were affected by chlorophyll levels. Larvae and zooplankton of pelagic species
assemblages were significantly correlated with temperature, salinity, and pigment levels, strongly suggesting links between
specific species and environmental conditions, relationships that are likely to be affected by climate change.
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Introduction

Zooplankton communities play a vital role in all of the
Earth’s marine ecosystems. They are essential food web
elements linking primary production to higher trophic levels.
Meroplanktonic larval stages play an important role in the
recruitment of benthic communities by dispersal, resulting
in plankton fluctuations impacting both benthic and pelagic
populations (Arntz et al. 1992).

Antarctic zooplankton communities consist of
holoplankton and meroplanktonic larvae. Dominant
holoplanktonic groups found in the Western Antarctic
Peninsula (WAP) are copepods and euphausiids, which are
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consumed by many higher trophic levels and have a key
grazing effect on phytoplankton (Marrari et al. 2011; Conroy
et al. 2020). Many zooplankton undertake diel vertical
migration to feed at the surface at night and to dive to evade
predation during daylight. Diel vertical migration occurs
year-round in some zooplankton, but to a lesser extent in
24-h daylight months in polar regions (Conroy et al. 2020).

Copepod and euphausiid populations are reported to
be positively correlated with chlorophyll concentration in
the WAP (Devrekera et al. 2005; Marrari et al. 2011). The
community composition of other zooplankton species such
as ostracods, pteropods, chaetognaths, medusa, amphipods
and mysids is not as closely linked to environmental
conditions, but they remain key components of zooplankton
communities by acting as predators on other plankton and
providing a food source for larger predators (Marrari et al.
2011; Barnes and Tarling 2017).

The Antarctic Peninsula shows strong seasonality and
inter-annual variability in oceanographic parameters such
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as salinity, temperature, freshening, stratification and light
levels. These factors affect phytoplankton community
structure, productivity and chlorophyll levels (Marrari et al.
2011; Venables et al. 2013; Rozema et al. 2016; Venables
et al. 2023). The variation in phytoplankton results in strong
seasonality in heterotrophic zooplankton (Annett et al.
2010). Over the summer, nearshore chlorophyll levels can
exceed 25 mg m~> with diatoms dominating the composition
of early blooms and smaller fractions later (Clarke et al.
2008).

Various studies have focussed on phytoplankton varia-
tion and impacts during the Antarctic summer (Clarke et al.
2008; Annett et al. 2010). In contrast, year-round seasonality
in zooplankton on the WAP has received little attention to
date (Sewell 2005; Bowden et al. 2009), probably because
of the technical and logistic difficulties of sampling across
seasons and years in extreme polar environments. Further
studies on seasonal and inter-annual variability of Antarctic
zooplankton are needed to increase our comprehension of
their role in the Antarctic ecosystem, impacts on blue car-
bon pathways and prospects under future change scenarios
(Pearce et al. 2008; Zwerschke et al. 2021).

Polar zooplankton assemblages contain both wholly
pelagic species and larvae of benthic species, which have
meroplanktonic early life histories (Bowden et al. 2009;
Thorson 1936). In the early stages of research on reproduc-
tion of marine invertebrates, it was thought that the lack of
nutrients, sunlight and cold temperatures over winter would
reduce the number of species with a meroplanktonic larva,
called Thorson’s rule (Thorson 1936; Mileykovsky 1971).
Later research showed that similar proportions of species
with meroplanktonic larvae occurred in South America and
Antarctica (Hain and Arnaud 1992; Pearse et al. 1991), and
it is now known that planktonic phases are important for
dispersal in many Antarctic benthic species (Stanwell-Smith
et al. 1999).

Spawning seasonality of Antarctic macrobenthos varies
amongst species (Bowden et al. 2009). Many species spawn
so that embryonic and larval development occurs to align
feeding stages with key food resources (Peck et al. 2024;
Todd and Doyle 1981). Studying zooplankton communities
year-round allows assessment of seasonality and spawning
periods of benthos, which in turn are linked to sea-ice cover,
oceanographic conditions or chlorophyll levels. Not all ben-
thic larvae feed whilst in a meroplanktonic stage. Some mac-
robenthos disperse via lecithotrophic larvae (Pearse 1994;
Stanwell-Smith et al. 1999).

Zooplankton are a key part of the biological carbon
pump, especially in polar regions, and in Antarctica, they
play important roles in carbon pathways by grazing and
the production of faecal pellets (Barnes and Tarling 2017;
Mayzaud and Pakhomov 2014; Sands et al. 2023; Zwerschke
et al. 2021). Research on the impact of zooplankton on
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carbon fluxes is often under-represented compared to
phytoplankton and higher trophic levels (Cavan et al.
2024). However, zooplankton are key in recycling carbon
captured through primary production in the Southern Ocean
(Mayzaud 2014), and understanding their seasonality, and
how this will be impacted by climate change, is key to
understanding carbon pathways.

Aims and objectives

This study sampled zooplankton from a nearshore, fjordic
site on the Antarctic Peninsula at three depths, with the aim
of describing seasonal variation in zooplankton assemblages
and suggesting potential environmental and oceanographic
factors affecting zooplankton community structure. We fur-
ther aimed to evaluate the larval stages of benthic species
to identify the drivers of their seasonality. These drivers
of zooplankton assemblages are then discussed in terms
of how projected effects of climate change could influence
zooplankton dynamics.

Materials and methods
Site and sampling

The study area was at South Cove, Ryder Bay, Rothera Point,
Adelaide Island, — 67.5722, — 68.1328, the same site used
by Venables et al. (2023).

Plankton were collected with a vertical trawl using a hand
winch. The trawl net was 1.80 m long and consisted of an
860-mm-diameter stainless-steel circular frame with 1 mm
mesh, attached to a winch by three strops. The net end was
100 mm in diameter, with a screw-fit plastic cod-end to col-
lect the samples. The cod-end containers had 10 circular
holes, each 20 mm in diameter, covered with 100 um mesh
(following Bowden et al. 2009). Two 3-kg weights attached
to the cod-end allowed the net to sink and maintain an opti-
mum position in the water column during hauls.

For each event, samples were taken from starting
depths of 100 m, 40 m and 15 m and hauled vertically to
the surface: three times from each depth. These depths
matched the sampling regime of the ongoing 27-year
Rothera Oceanographic and Biological Time Series (RaTS)
CTD (conductivity, temperature and depth) sampling at the
winter-accessible site (Venables et al. 2023). 100 m was
close to the maximum depth of the site studied, but care was
taken to ensure the net remained clear of the seabed, while
sampling below the deepest extent of the bloom. 15 m was
chosen as the minimum sampling depth as this is the typical
depth for the chlorophyll maximum at this site (Venables
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et al. 2023). 40 m was chosen as an additional intermediate
depth for samples.

The net was hauled at a rate of 5 m min~!. After each
trawl, samples were decanted into a plastic container, kept
in a cool box and returned to the laboratory for immediate
processing. To ensure the net was clean, the cod-end was
rinsed three times, and the net was rinsed between samples
by the descent of the next trawl.

Bloom analysis

Pigment levels (determined by in situ fluorescence meas-
urements using a Sea-Bird Eco Flnturt Chl a fluorometer),
salinity and temperature were sampled simultaneously using
a CTD. The CTD was taken as close to the trawling event
as possible.

The bloom period was defined using the Threshold
Method (Brody et al. 2013; Siegel et al. 2002) as 5% above
the median of the time series for the study period. This was
possible because of the weekly CTD events taken as part
of the ongoing RaTS programme. Over this study, this was
calculated as 0.57 mg m~, using 118 CTD events.

Zooplankton analysis

Samples were kept at ambient seawater temperature in a
container suspended within a flow-through aquarium until
processing to maintain ambient temperatures. Processing
occurred immediately for 17 events, and within 24 h of sam-
pling for the other 2. Large zooplankton were immediately
recorded and removed to minimise post-sampling predation.
All individuals were removed by pipette from each sample
and identified to the lowest taxonomic grouping possible
by microscopy and identification guides (Stanwell-Smith
et al. 1997). Individual numbers in each Operational Taxo-
nomic Units (OTUs) were recorded. All individuals were
enumerated. A digital reference collection was compiled to
allow consistent identification. New zooplankton morpho-
types were photographed to ensure consistent identification
between events. A physical reference collection of each
organism or OTU type was preserved in ethanol. Copepods
below 5 mm long were classed as small.

Identifying individuals into OTUs has been widely used
in meroplankton studies evaluating community structure
(e.g. Sewell 2005; Stanwell-Smith et al. 1999). Commonly,
individuals are grouped by similar morphology, which can
lead to under- or overestimation of true species diversity.
However, OTUs have the advantage when identification of
organisms to the species level is not possible, and this is a
common approach (e.g. Bowden et al. 2009; Stanwell-Smith
et al. 1999). OTUs were categorised as larvae and zooplank-
ton of pelagic species (Holoplankton, HP) and as benthic
invertebrate larvae (BL).

Taxa were analysed as individual counts per trawl and
as individuals m™>. Trawls took place opportunistically
(Table 1). Trawl samples were assessed per individual haul,
by totalling the three repetitions at the same depth into one,
and by totalling all 9 hauls of one sampling event to allow
for a broad overview of temporal fluctuations in species and
to allow for depth differentiation.

Statistical analysis

A regression was calculated to show the correlation of tem-
perature and salinity of events. Data were non-normally dis-
tributed, and so a Siegel median regression was calculated
(Siegel 1982). The Shannon—Wiener index (Ortiz-Burgos
2016) was calculated for each event to assess the diversity
of assemblages against the total number of organisms identi-
fied per event.

Multi-dimensional analyses of the factors affecting
zooplankton assemblage over depth and time were
conducted in Primer 7 (Clarke and Gorley 2015). To
reduce the influence of the most abundant species,
data were transformed by fourth route (assessed using
shade plots) before Bray—Curtis similarity matrices
were calculated for assemblage analyses, while
Euclidean distance matrices were calculated to compare
environmental drivers (BEST biota-environment—
BIOENV). PERMANOVA was conducted (using 999
permutations, Bray—Curtis similarity) to assess the

Table 1 Dates of haul events, bloom status and season.

Event Month Bloom Season
1 Aug-22 n Winter
2 Oct-22 n Winter
3 Oct-22 n Winter
4 Dec-22 y Summer
5 Jan-23 y Summer
6 Dec-23 n Summer
7 Dec-23 y Summer
8 Dec-23 y Summer
9 Feb-24 y Summer
10 Mar-24 y Summer
11 Apr-24 n Winter
12 Jul-24 n Winter
13 Aug-24 n Winter
14 Sep-24 n Winter
15 Oct-24 n Winter
16 Oct-24 n Winter
17 Nov-24 n Summer
18 Nov-24 n Summer
19 Dec-24 n Summer

Bloom status was calculated by Threshold Method
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effect of depth on abundance for each OTU (m~>). After
studying the PERMANOVA results, additional pairwise
PERMANOVA was performed on significant results to
assess differences between depths.

Principal Coordinates Analysis (PCO; Bray—Curtis
similarity) was used to highlight the species driving the
relationships in assemblages amongst sampling events.
BEST analysis was used to identify which environmental
factors, normalised depth, salinity, pigment and tempera-
ture, had the greatest effect on the plankton assemblage
structure (using 99 Euclidean distance permutations and
Spearman’s Rank correlations). BEST analysis calculates
the combination of variables that has the highest correla-
tion with the assemblages. For each of the most correlated
environmental variables identified by the BEST analy-
sis, a SIMPER (Similarity percentages) analysis was then
conducted to identify the key species contributing to the
differences between assemblages. SIMPER calculates the
percentage of the similarities and dissimilarities between
assemblages attributed to each species. Vectors, showing
the direction of the effects of each of these species, were
plotted onto the PCO figures.

Results

A total of 171 trawls were analysed over 29 months
(Table 1). The volume of water (net mouth area X depth)
sampled by each individual trawl was 254.5 m* for 100 m,
101.8 m? for 40 m and 38 m? for 15 m trawls. Each event
had three replicates at each depth, and a total of 22,485
m? of water was therefore sampled.

Fig. 1 Temperature and salinity 34.1
at 15 m depth for each event
(from CTD data). Graph shows 34.0
the negative correlation between
temperature and salinity (salin 33.9
ity =33.61-0.228 X temperatu
re) with Siegel’s median linear 33.8
regression fit (Siegel 1982)
2 33.7
a
2336
£
©
8 335
334
333
33.2
33.1
-2.0 -1.5
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Environmental variables

Pigment levels on our sampling dates at 15 m ranged from
0.05 to 10.19 mg m~> salinity ranged between 33.21 and
34.01 psu, and temperature ranged from — 1.76 to 0.51 °C.
The coldest temperatures were recorded in October 2022
and September 2024. Temperature was negatively correlated
with salinity (Siegel’s median linear regression, Intercept,
V value=1653, P <0.001; slope, V value=24.1, P <0.001,
Fig. 1).

The phytoplankton bloom

Of the 19 sampling events, 13 had chlorophyll
concentrations below the threshold for a phytoplankton
bloom (0.57 mg m™>) and six were above the threshold
(Fig. 2). From RaTS data, the 2023 bloom was from late
November 2022 to late April 2023. The 2024 bloom was
from late December 2023 to late March 2024, and the 2025
bloom began in early January (after this study had finished).

Diversity

A total of 41 morphotypes (OTUs) were identified,
representing 9 phyla and at least 16 different classes
(Table 2). Of these, 20 were HP, 19 BL 1 was Unknown,
and 1 was an unknown egg. Unknown OTUs were
not included in HP or BL analysis. A total of 10,713
individuals were counted and sorted into OTUs. The
number of different OTUs per sampling event ranged
from 5 to 19 and averaged 11. The highest number of
any one OTU during an event was 1,447 small copepods,
representing 89% of all individuals sampled during

-1.0 -0.5 0.0 0.5 1.0
Temperature, °C
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Fig.2 Abundance (total individuals m™), CTD pigment (Chl ¢ mg
m~>) and Diversity (Shannon-Wiener H) of assemblages plotted
against the date of each sampling event. There is a suggestion of a
rise in larval abundance before chlorophyll levels increased at the

Table2 A breakdown of the taxa sampled showing number of OTU
types per taxonomic group

Phylum Class Life stage OTU
Arthropoda Copepoda Holoplankton 3
Malacostraca Holoplankton 5
Malacostraca Calyptopis 1
Ostracoda Holoplankton 1
Pycnogonida Meroplankton 1
Chaetognatha Sagittoidea Holoplankton 1
Cnidaria Hydrozoa Planulae 2
Medusozoa Medusa 1
Medusozoa Holoplankton 1
Ctenophora Ctenophora Holoplankton 1
Mollusca Gastropoda Holoplankton 2
Gastropoda Egg 2
Gastropoda Veliger 1
Bivalvia Veliger 1
Trochophore 1
Nemertea Pilidium 2
Annelida Polychaeta Meroplankton 2
Metatrochophore 1
Nectochaete 1
Meroplankton 1
Trochophore 1
Echinodermata Asteroidea Gastrula 2
Holothuroidea Pentacula 2
Echinopluteus 1
Bipinnaria 1
Chordata Actinopterygii Meroplankton 1
Unknown 1
Unknown egg 1

start of the summer. Although no significant correlation was detected
between overall abundance and Chl a, in December 2022 and 2024,
larval levels increased before the phytoplankton increased

that event. Nemertean pilidia were the dominant OTU
in 9 events, and small copepods were dominant in 7.
Ctenophores, leptothecata hydrozoa and siphonophores
each dominated one event. Throughout events, the
dominant OTU ranged from 27 to 91% of the total sample,
averaging 59%. Some OTUs showed extreme seasonality,
only appearing in high numbers during one event. For
example, 453 pteropod eggs and 36 pteropods were
sampled in event 4, comprising 21 and 1.6%, respectively,
of individuals sampled during that event. However, this
was the only event during which pteropods were present.
10 OTU types were only seen during one event, and 6 of
these were single individuals.

Small copepods made up 32% of all individuals counted
and were present in all but one event (October 2024 during
winter), before the bloom. Nemertean pilidia made up 28%
of all individuals and were present in all but one event in
May 2024, during winter. Ctenophores made up 13% of all
individuals; however, they were only present during four
events. The highest ctenophore numbers occurred during
two events, and ctenophores were the dominant taxon in one
event, comprising 62% of individuals in that haul, which
was also the event with the most individuals counted (2125).
Only 9 individual ctenophores were sampled outside of these
two events.

Diversity did not increase with abundance. A plot
of the Shannon—Wiener index and abundance for each
sampling event demonstrates how some events with the
highest abundances of individuals also had low diversities,
indicating dominance of a few taxa in these events (Fig. 2).
Indeed, the samples with the six highest abundances had the
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three lowest Shannon—Wiener indices and all were amongst
the lowest 10 of the 19 samples taken.

The composition of the assemblage varied substantially
between years. Sampling events were taken in December
in three separate years in this study: one sample was taken
in each of December 2022 and 2024, but three sampling
events were made in December 2023. In 2023, there were
differences across the month, but the overall composition
was similar between events, with leptothecata hydrozoans,
gastropod veligers, small copepods, and nemertean pilidia
all being well represented (Fig. 3). This contrasts with
64% of the December 2022 sample being ctenophores and
a further 22% being pteropod eggs. The 2024 sample was
different again, with 92% being accounted for by nemertean
pilidia (Fig. 3).

There were large variations in the abundances of
individual taxa between sampling events. Several of these
demonstrated extremely high numbers in a single or a small
number of samples (Fig. 4). Data for the highest abundances
of each of the three most abundant taxa in the study,
copepods, nemertean pilidia and ctenophores, showed values
up to an order of magnitude higher than in other events.
This was especially so for ctenophores, which showed more
than an order of magnitude difference in average density:
1.68 and 0.068 individuals m~ in the densest samples when
combining all events’ hauls, whereas no other samples had
densities above 0.004 individuals m~ (Fig. 4).

900
800
700
600
500
400
300
200

I

08-12-2022
Copepoda (small)
Leptothecata hydrozoan
Pteropod egg

02-12-2023

Fig.3 A bar chart demonstrating the very large inter-annual variation
of taxon composition within assemblages. Three years of December
events are used for demonstration. Only 100-m trawls are displayed
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15-12-2023
m Copepoda 2 (Canalus)
m Gastropod veliger
m Siphonophore

Vertical distribution and environmental correlates
Benthic invertebrate larvae

PERMANOVA analysis showed a significant effect of depth
on abundance for planktonic larvae of benthic taxa (BL
Individuals m—%) (PERMANOVA, pseudo-F, 54,=5394.3,
P=0.002). A post hoc test demonstrated a significant differ-
ence in abundance between 15 and 100 m depth (t=2.589,
df=2, P=0.001). There was no significant difference
between the abundance in 100 and 40 m samples (t=1.32,
df=2, P=0.13) or 15 and 40 m samples (t=1.26, df =2,
P=0.182). At 15 m, there was a 52% similarity across sam-
ples, with 43% at 40 m and 50% at 100 m (SIMPER; indi-
viduals m~3). Nemertean pilidia had the highest effect on
similarity in group assemblages within depths, to the high-
est extent, accounting for 96% of the similarity at 15 m.
They accounted for 84% at 40 m and 55% at 100 m. After
nemertean pilidia, the next OTU of importance was gastro-
pod veligers in 100 m samples, which accounted for 20%
of the similarity in assemblage composition. Nemertean
pilidia were the most common contribution to differences
in assemblage composition, whether depths, salinities or pig-
ment were compared.

BEST analysis indicated depth to be one of the highest
contributing factors to differences in species assemblages,
along with pigment and salinity, with all three factors
combined accounting for 51% of the variation in
assemblage composition (R*>=0.513). PCO indicated some
clusters of samples by depth, but with high variability

28-12-2023 19-12-2024

Nemertean pilidum
m Pteropod limacina
m Ctenophore

in this figure to address limitations of a depth-stratified approach. The
output across all depths shows similar results (Supplementary Fig. 1)
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Fig.4 Average density
(individuals m™>) of the three
most numerous taxa in the study
across the combined depths and
trawls from all sampling events
(month/year). Data shown

are average values across the
whole water column, and error
bars (SD) represent variation
between the three depths
sampled

(Fig. 5). Salinity and pigment combined were the two

Ctenopohra m nemertean pilidia m

copepoda m*3

Average nemertean pilidia m-
1
0.9
0.8
0.7
0.6
0.5 {
0.4 I
0.3
0.2
0.1 = i ]

P oa
0 ¥ * o ‘i‘ * !.
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Average ctenophora m3

2.5 T

1.5

0.5

0 o—a ) e & 4 4 4 sb0e w0
08-22 10-22 01-23 04-23 07-23 10-23 12-23 03-24 06-24 09-24 12-24
Average small copepoda m-

1.6
1.4
1.2
1
0.8
0.6

0.4

0.2 {
0o T ~ = 'L!I!"ontoo
08-22 10-22 01-23 04-23 07-23 10-23 12-23 03-24 06-24 09-24 12-24

Larvae and zooplankton of pelagic species

best-correlated variables (R? = 0.462); however, neither of

them showed any obvious salinity or pigment assemblage
groups (Supplementary Figs. 2 and 3).

There was no significant effect of depth on the number of
OTUs m~ for larvae and zooplankton of pelagic taxa (HP)
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Fig.5 PCO output for the assemblage of BL OTUs in relation
to depth. Vectors are offset for clarity, but show the strength and
direction of the two most important species driving the differences
between assemblages in a SIMPER analysis. 1—Gastropod veliger;
2—Nemertean pilidia. PCO fitted on fourth-root-transformed data
using Bray—Curtis similarity

(PERMANOVA, pseudo-F; 54y =2269.1, p=0.51). BEST
analysis showed temperature and pigment to have the great-
est correlated effect on assemblage (R*=0.343). Tempera-
ture had the highest effect as a single variable (R*=0.337),
followed by pigment (R*=0.293).

Copepods had the highest effect on differences in the
composition of group assemblages across temperature and
pigment, with up to 100% contribution to certain within-
group similarities. Siphonophores, chaetognaths, hydroids,
hyperiid amphipods, pteropods, krill and medusae also had
an effect in a few events. PCO representation of temperature
and different pigment levels did not show strong trends but
some possible clusters highlighted important OTUs (Sup-
plementary Figs. 4 and 5).

Discussion

This study was one of the few multi-year, year-round assess-
ments of Antarctic plankton assemblages (Conroy et al.
2023). It recorded large inter- and intra-annual variation in
the zooplankton communities in a WAP fjordic bay. A key
finding was the heterogeneity of dominant species within
assemblages, as also noted by Pinkerton et al. (2020). Annual
sampling of the same month across 3 years highlighted the
large inter-annual taxon variability, particularly gelatinous
zooplankton, previously reported by Pages (1997). Although
some species, such as copepods and nemertean pilidia, were
common throughout, some taxa were only seen once over
the three sampling years, a level of temporal variation rarely
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documented. Understanding the magnitude and timing of
inter-annual and seasonal oceanographic drivers of assem-
blages is key, as they provide insights into how climate
change might affect future biodiversity patterns.

Several drivers were highlighted as important correlates
of community composition and these differed between the
larvae and zooplankton of pelagic species (HP) and the lar-
vae of benthic species (BL). Pigment was the only factor
identified as influencing both pelagic and benthic species.
HP were most closely correlated with temperature and pig-
ment, whereas BL were most closely correlated with depth,
pigment and salinity. Larval stages are often cited as the
most sensitive to environmental change (Peck et al. 2016;
Byrne et al. 2022), and varying larval survival rate has long
been thought to be one of the determinants of variation in
recruitment and therefore adult population size (Hjort 1914).
Changes in abundance, or mismatches between the timing
of feeding and the phytoplankton bloom (Cushing 1990),
are expected to affect larval assemblages, and hence post-
settlement recruitment.

Inter-annual variation

Although copepods were consistently recorded throughout
the study (Fig. 4), the dominant taxa in December were dif-
ferent in all three years (Fig. 3). Meroplanktonic communi-
ties dominated by copepods have been reported in several
studies along the WAP (e.g. Vazquez et al. 2007; Pinker-
ton et al. 2020; Criales-Hernandez et al. 2022; Borup et al.
2024). The dominance of smaller copepods, rather than
larger ones, agrees with findings from previous years in a
similar location (Criales-Hernandez et al. 2022).

The biggest signal of climate change on the WAP is the
change in ice cover (Morley et al. 2020). Phytoplankton
bloom timing is strongly linked to sea-ice extent (Venables
et al. 2013) and is therefore a main driver linking future
variability in zooplankton assemblages to environmental
variability. Many organisms, including some of the copep-
ods, amphipods and euphausiids seen in this study, depend
on sea-ice for food or habitat (Brierley and Thomas 2002;
Swadling et al. 2023). Sea-ice loss of up to 43% is predicted
over the next 50 years (Rintoul et al. 2018), though it should
be noted that the loss of Antarctic sea-ice has accelerated
in recent years (Josey et al. 2024), which will have a direct
impact on many of the key species found to drive differences
in assemblages from this study.

Seasonal diversity

The development period of the plankton species studied var-
ies greatly; however, long development periods are com-
mon for larvae in polar latitudes (Thorson 1936; Peck 2018;
Borup et al. 2024; Peck 2024). This study found an increase
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in larval abundance prior to the bloom. Some meroplank-
tonic larval presence in the water column is timed to ensure
that benthic settlement coincides with optimum benthic food
availability, which is often linked to detritus from the bloom
(Pearse et al. 1991; Bowden et al. 2009; Peck 2018).

These pre-bloom peaks are expected, as they allow zoo-
plankton to reach their feeding stage in time for the bloom
(Cushing 1990). In this study, nemertean pilidia were pre-
sent year-round but peaked from October to February. This
contrasts with Bowden et al. (2009) who found peaks in
winter, out of phase with the bloom, which coincided with
a peak in spawning detected by gonad development assess-
ments (Grange et al. 2011). Nemertean larvae over a wide
range of development types have been reported during a
single 2-month sampling period in the Bellingshausen Sea
(Shreeve and Peck 1995), and nemertean development in
Antarctica is highly protracted (Peck 1993), so larvae would
be expected to be in the water column throughout the year.
Further study is required to determine if the differences
between the studies are indicative of systemic changes in
the plankton assemblage, and hence the result of a change
in environment, or whether this can be explained by natural
variability.

Cryptic speciation could explain some of the variabil-
ity, as identifying nemertean pilidia as a single OTU could
combine several species with different life histories. DNA
analyses identified five distinct nemertean lineages amongst
larval samples from the Antarctic Peninsula by Mahon et al.
(2010). Bowden et al. (2009) suggested a major constraint
on such studies is the limited availability of identification
guides and the limited reliability of molecular identification
due to a lack of research in this area. It is likely that many
OTUs in studies like this one include multiple species. With
nemerteans being a key taxon in this study, underestimation
of diversity should be considered likely (Grange et al. 2011).

The episodic high densities of gelatinous species such as
ctenophores and pteropods recorded in this study are com-
monplace in Antarctic waters (Pages 1997; Scolardi et al.
2006). Pelagic zooplankton distributions are extremely het-
erogeneous and highly influenced by oceanographic factors
such as mixing, currents, wind and stratification (Abraham
1998; Loeb and Santora 2013; Pinkerton et al. 2020). While
wind strengths are linked to yearly or decadal climate vari-
ability, such as ENSO and Southern Annular Mode (Morley
et al. 2020), there are also seasonal changes in wind direc-
tion that affect surface water masses. Ctenophore growth rate
is highly dependent on external food supply (Reeve et al.
1989) which results in extreme variability of populations
both spatially and seasonally (Lancraft et al. 1991). Events
with high ctenophore numbers in this study occurred dur-
ing moderate to high blooms. Such blooms would support
an abundance of micro- and meso-zooplankton, providing a
food source for gelatinous macro-zooplankton. Ryder Bay

is affected by variable local currents from changes in wind
and ice, which could explain the stochastic occurrence of
pteropods reported here (Beardsley et al. 2004; Loeb and
Santora 2013). Pteropods and ctenophores are often reported
as key components of Antarctic zooplankton; however, their
appearance was rare in this study, highlighting their patchy
spatial and temporal distributions. Pteropod distribution var-
ies spatially and is affected by local topography, prey abun-
dance, sea-ice and climate making a study, emphasising the
need for extended inter- and intra- annual studies to assess
population dynamics (Thibodeau et al. 2019; Johnston et al.
2022). Three of the factors included here were correlated
with larval occurrence, and the implications are discussed
below. However, it should be noted that these factors varied
seasonally and are only part of many complex seasonal vari-
ables. Because of this, their effect may not directly map on
to the consequences of a changing climate.

Environmental variable effects on assemblages
Depth

The BL assemblage was significantly different between
depths, with a notable difference in the number of individu-
als between samples from O to 15 and 0 to 100 m deep, but
no difference between other depth ranges. All hauls sampled
from the target depth to surface, and so this method detects
if there are larvae found in deeper water masses, that are
missing from shallower samples. The method does have a
limitation in that the 0—100 m samples contain samples from
0 to 40 m and O to 15 m, which reduces the ability to iden-
tify depth zonation of plankton. This method does, however,
allow identification of taxa that are predominantly at depth
as they would be absent from shallower hauls. Depth also
auto-correlates with many key environmental parameters
(e.g. pigment, salinity and temperature), which makes it
difficult to determine whether depth or a correlated variable
is influencing depth distribution.

Véazquez et al. (2007) found maximum abundance of
benthic invertebrate larvae between 100 and 200 m deep.
The deepest trawl here was close to the study site seabed;
therefore, BL depth could be explained by seabed proximity,
surface water avoidance, or a combination of both. When
studying Ryder Bay Bowden et al. (2009) found no depth
differentiation of larval numbers during horizontal diver-
towed trawls close to the seabed at 20 and 6 m, suggesting
the difference in the current study between 100 and 15 m
samples is an association with the seabed, rather than an
avoidance of the surface. Predator evasion and feeding strat-
egy would influence location of different species in the water
column (Conroy et al. 2020). For example, zooplankton are
not restricted to the euphotic zone as they can feed through-
out the water column. BL feeding strategy ranges from
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lecithotrophic to planktotrophic (Hain and Arnaud 1992);
however, lecithotrophy is common in Antarctica (Pearse
et al. 1991; Peck 2018). No requirement for lecithotrophic
larvae to externally feed removes the need to inhabit surface
waters, where phytoplankton is most abundant, reducing the
exposure to predatory zooplankton, and could also explain
some depth distributions.

Increased glacial ice melt from climate warming will
lead to reduced surface water salinities, which could force
stenohaline larvae deeper and potentially out of the pho-
tosynthetic range for their food. Phytoplankton could also
change in composition with increased freshening, affecting
zooplankton communities’ ability to assimilate energy (Saba
et al. 2014; Dawson et al. 2023).

No HP depth differentiation suggests that species are
evenly distributed throughout the water column. Many HP
species are phytoplanktivores, restricting their feeding activ-
ity to the euphotic zone (Pinkerton et al. 2020). Criales-
Hernéandez et al. (2022) found phytoplankton distribution in
the Bransfield Strait during 2019-2020 to be homogeneous
in the upper 40 m of water and decreasing at greater depths.
A depth differentiation would therefore have been expected
for HP here; however, it was not observed in this study.

Pigment

In this study, pigment was correlated with BL and HP
assemblage structure. These assemblages are closely linked
to the phytoplankton bloom (Borup et al. 2024), often with a
lag between increases in zooplankton abundance and bloom
peaks. The chlorophyll concentration measured closest to
trawls in time may not explain population shifts if they were
triggered weeks beforehand, with the length of the lag being
another potential variable to consider (Conroy et al. 2020).
BL have been suggested to have little or no association
with the bloom (Pearse et al. 1991; Grange et al. 2011).
Nemertean pilidia were the most dominant BL, and these
were present year-round. Their highest numbers often
occurred in events with pigment lower than the bloom
threshold; however, these were still in the austral summer.
As nemertean pilidia feed on small planktonic unicells (Das-
sow et al. 2013), their numbers could be linked with the
bloom of these smaller phytoplankton fractions and not with
peak Chl a. Blooms of smaller phytoplankton species are
usually present over substantially longer periods than the
larger species (Clarke et al. 2008; Bowden et al. 2009).
Phytoplankton community composition, and therefore
zooplankton food source, is affected by climate change
(Schofield et al. 2017). Sea-ice extent and duration alter
the community structure of phytoplankton in Antarctica
between a diatom dominance and a dinoflagellate-dominated
assemblage (Biggs et al. 2019; Deshmukh et al. 2024).
This changes the food source and availability for many key
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primary consumers highlighted in this study, which would
likely affect community structure (Schofield et al. 2017,
Johnston et al. 2022). Leeuwe et al. (2020) acknowledge
the highly variable nature of phytoplankton communities,
affected by wind, sea-ice, El Nino and mixotrophy in
cryptophytes, increasing the challenge of linking specific
phytoplankton trends to zooplankton communities.

Sea-ice concentration is the main influence on bloom tim-
ing (Ferreira et al. 2024). A reduction in sea-ice increases
light entering the water column, allowing an earlier bloom.
This could allow many of the organisms sampled in this
study a longer duration of access to higher concentrations of
food in future. However, were the bloom to start earlier and
nutrient availability limit the bloom duration, there could
be a phenological mismatch in the timing of species feeding
on phytoplankton, which could be detrimental if the bloom
finished before organisms were competent to feed (Cushing
1990; Ferreira et al. 2024).

Salinity

Assessing responses to changes in salinity is a key compo-
nent of predicting future climate change impacts (Antoni
et al. 2020; Barrett et al. 2024, 2025). Increased melting
from a warmer climate causes freshening in the surface layer
in the polar regions (Swart et al. 2018). Salinity had a higher
effect on BL assemblage composition than HP in this study;
however, PCO did not suggest strong trends, just potential
grouping of some individuals at low salinity. There is lit-
tle research on in situ salinity effects on nemerteans, which
were the key component of BL assemblages (Ingels et al.
2012). Research into salinity effects on marine zooplankton
communities is very limited, and further research would pro-
vide a better predictive model for impacts on assemblages
(Hall and Lewandowska 2022). In situ research on Antarctic
phytoplankton responses to salinity changes reported altera-
tions of phytoplankton communities with decreases in pen-
nate diatoms and dominance of nano-diatoms and phytoflag-
ellates (Antoni et al. 2020). Such a shift in food composition
for many zooplankton would likely cause changes in abun-
dances and assemblages, and hence food webs.

Temperature

Assessing temperature triggers in assemblage structural
changes is essential to identifying zooplankton response to
a changing climate (Conroy et al. 2020). Here, temperature
was a key variable driving differences in HP. Temperature
can impact phytoplankton community composition, caus-
ing variation in food type, and metabolic and developmental
rates of zooplankton (Antoni et al. 2020; Criales-Hernandez
et al. 2022; Dawson et al. 2023).
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There is variability in the findings of studies of tempera-
ture effects on zooplankton. Swadling et al. (2023) mod-
elled an increase in temperature, showing a negative effect
on copepods, krill and fish, with salp populations increasing.
Whereas Tarling et al. (2018) found Antarctic zooplankton
were resilient to the temperature increases seen since 1926,
suggesting that other pressures determining community
composition such as food availability are important. Tem-
perature is suggested to be the primary influence on larval
development rate and directly affects some of the species
sampled in this study (Hoegh-Guldberg and Pearse 1995;
Stanwell-Smith and Peck 1998; Peck 2018 Lamare et al.
2024). Studies on the Antarctic starfish Odontaster validus
showed that a warming of 2 °C increased embryonic and
larval development rates by around 50% (Peck and Prothero-
Thomas 2002). This study demonstrates the challenges of
correlating environmental conditions to zooplankton assem-
blage and shows the need for further research.

Wider impact

Understanding drivers of inter- and intra-annual variability
of zooplankton assemblages will be key to predictions of
how they will be affected by climate change and the impacts
on carbon sequestration through carbon pathways. This oce-
anic biological carbon sink is one potential mitigation of
the extent of effects of global warming (Barnes and Tarling
2017). Zooplankton is a key component of the biological
carbon pump by consuming primary producers, producing
faecal pellets, providing a food source to higher trophic lev-
els and the zooplankton themselves sinking, or migrating,
to the seabed (Cook et al. 2023; Cavan et al. 2024;). Under-
standing drivers in fluctuations of zooplankton would help
predict the availability of food for planktivorous taxa and
the potential grazing impact on phytoplankton. Correlat-
ing zooplankton, especially meroplankton, assemblages to
environmental variables will improve predictions of likely
larval recruitment in changing climates. This is particularly
important in the Southern Ocean where reductions in sea-
ice cover are increasing the open sea habitat available for
planktonic community (Zwerschke et al. 2021).
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supplementary material available at https://doi.org/10.1007/
s00300-026-03448-3.
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