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1Australian Antarctic Program Partnership, Institute for Marine and Antarctic Studies, University of
Tasmania, Hobart, TAS, Australia, 2Institute for Marine and Antarctic Studies, University of Tasmania,
Hobart, TAS, Australia, 3Southern Ocean Ecosystems Program, Australian Antarctic Division,
Department of Climate Change, Energy, the Environment and Water, Kingston, TAS, Australia, 4School
of Life and Environmental Studies, University of Sydney, Sydney, NSW, Australia
During the summer of 2021, we conducted a comprehensive study on

zooplankton communities along East Antarctica (55°E to 80°E) as part of the

Trends in Euphausiids off Mawson, Predators, and Oceanography (TEMPO)

survey program. Hierarchical agglomerative clustering identified three distinct

zooplankton clusters based on environmental factors. Seven potential indicator

taxa associated with specific clusters include copepods, pteropods, amphipods,

and euphausiids. Mainly consisting of small copepods, chaetognaths and

foraminifera, Cluster 1 (n = 34) was characterized by the highest abundance

(74,386 ind./1000 m3), spanning wide latitudinal and longitudinal gradients,

deeper waters (mean depth = 3,475 m ± 739 m), and higher chlorophyll-a

concentrations (mean = 49.13 mg m−2 ± 24.38 mg m−2). Cluster 2 (n = 4)

featured the lowest abundance (1,059 ind./1000 m3) and the fewest sampling

stations along the narrowest latitudinal range. Copepods, euphausiids, and

foraminifera were among the most abundant in this group. Cluster 3 (n = 10),

located near the ice edge, displayed a distinct temperature range (−1.46°C to

1.18°C) and moderate zooplankton abundance (22,629 ind./1000 m3) consisting

of copepods, euphausiids, and ostracods. IndVal analysis identified seven species

as indicators of environmental conditions and Generalized Additive Models

(GAMs) were used to model their abundance, as well as total zooplankton

abundance. Across all models, significant drivers included chlorophyll-a,

temperature, number of days since sea ice melt and mixed layer depth. The

model for total zooplankton abundance explained 70.9% of the deviance, with

number of days since ice melt and chlorophyll-a concentration emerging as the

strongest predictors. These findings provide crucial insights into the ecological

implications of changing climate conditions on East Antarctica zooplankton

communities and their potential repercussions on the broader Southern Ocean

ecosystem. This research enhances our understanding of the intricate

relationship between environmental shifts and Southern Ocean ecology.
KEYWORDS
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1 Introduction

The Southern Ocean, a crucial component of global oceanic

systems, is undergoing rapid transformations driven by climate

change. These changes, including shifts in sea ice extent, ocean

warming, and altered freshwater inputs, have widespread

implications for the entire Antarctic marine food web (Constable

et al., 2014; Massom et al., 2013; Poloczanska et al., 2016).

Zooplankton, which serve as a critical link between primary

producers and higher trophic levels, are particularly sensitive to

these environmental shifts (Cavan et al., 2017; Yang et al., 2022).

Fluctuations in sea ice extent, temperature regimes, and

oceanographic processes can lead to changes in the abundance,

distribution, and vertical structure of zooplankton communities,

with significant consequences for both biogeochemical cycles and

higher trophic levels (Smetacek et al., 2004).

Recent studies have identified shifts in zooplankton

communities throughout the Southern Ocean, particularly in

response to changing environmental conditions, such as sea ice

melt and ocean warming. However, the Central Indian sector of

East Antarctica, particularly the region along the Mawson coast,

remains actively understudied compared to other sectors, such as

the Western Antarctic Peninsula. Zooplankton communities in this

region are sensitive to environmental fluctuations, particularly krill

(Euphausia superba) and copepods, which serve as essential

components of the Antarctic marine food web (Quetin et al.,

1996; Reid et al., 2005; McCormack et al., 2020). Despite their

ecological importance, gaps remain in understanding how

environmental drivers such as temperature, sea ice melt, and

primary productivity affect zooplankton distribution and

abundance in this region.

Surveys conducted in the broader Southern Ocean, such as the

BROKE-West (Nicol and Meiners, 2010) and Japanese-led krill

biomass surveys (e.g., Murase et al., 2019), have provided valuable

insights into the distribution and abundance of zooplankton and

krill, but the Central Indian sector, including CCAMLR Division

58.4.2, has not been extensively studied. This region is vital for

understanding the larger-scale implications of climate change on

Antarctic ecosystems, especially given the significant role it plays in

krill management and conservation efforts (Cox et al., 2022). The

region’s unique oceanographic conditions, including extensive

landfast ice and variable sea ice dynamics, offer a critical setting

for investigating how zooplankton communities respond to shifting

environmental factors (Fraser et al., 2020).

The Commission for the Conservation of Antarctic Marine

Living Resources (CCAMLR) recognizes the importance of Division

58.4.2 for managing krill fisheries and ensuring the long-term

sustainability of this ecologically significant region. Previous

surveys (Nicol and Meiners, 2010; Swadling et al., 2010) have

informed krill management strategies, but ongoing research is

necessary to assess the impact of climate change on krill and

zooplankton communities in East Antarctica. The objective of

this study is to contribute to that understanding by examining

zooplankton distribution and environmental drivers along the

Mawson coast, which could have broader implications for the

management of krill and other key species in the Southern Ocean.
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This study aims to address critical gaps in understanding how

environmental conditions influence zooplankton communities

along the Mawson coast in East Antarctica during the summer of

2021. We use a combination of environmental data, cluster analysis,

and generalized additive models (GAMs) to identify patterns in the

structure and key drivers of zooplankton dynamics. By investigating

these relationships, we contribute valuable knowledge to inform

future management and conservation efforts in this ecologically

significant region.
2 Materials and methods

2.1 Sampling

Mesozooplankton net sampling was conducted aboard the RV

Investigator as part of the multidisciplinary research voyage named

Trends in Euphausiids off Mawson, Predators, and Oceanography

(TEMPO). On 29 January 2021, the research vessel departed Hobart,

Australia and was bound for the eastern half of the CCAMLR

Division 58.4.2, spanning 62°S to 68°S and 55°E to 80°E (Figure 1).

Active sampling along six north-south transects occurred within the

seasonal ice zone between 13 February and 12March 2021, starting at

the southwest corner of the sampling region (‘R01’ in Figure 1). The

vessel returned to Hobart on 24 March 2021.

A rectangular midwater trawl net (RMT1 + 8), with an 8 m2

mouth opening and mesh size of 4.5 mm, was used to target larger

plankton and nekton groups (e.g., Antarctic krill), and tapered to a

mouth opening of 1.5 m2 in the last 1.8 m of net (Hosie et al., 2000).

Smaller plankton groups were sampled through a 1 m2 mouth area

with a 300 μm mesh size. Net trawls were either ‘routine’ where

sampling occurred at pre-designated locations to match previous

surveys (see Nicol and Meiners, 2010), or ‘target’ in which sampling

was conducted based on observations using the vessel’s echo

sounders that suggested the presence of Antarctic krill swarms

(see Kelly et al., 2021 for full survey details). All net trawling was

conducted through a water speed of 2 knots, and routine trawls

were deployed obliquely from surface to 200 m for up to 18 minutes.

Nets during target trawls were kept open between 7 to 9 minutes. A

flowmeter was positioned at the mouth of the RMT8 net to measure

the volume of seawater filtered. Antarctic krill from the RMT8 nets

were sampled specifically for a distribution and biomass study by

Cox et al. (2022). The samples from the RMT1 net were reserved for

this study and preserved in 5% buffered formaldehyde and seawater

solution prior to transportation to the Institute for Marine and

Antarctic Studies in Hobart, Australia, for further analyses.

While in the laboratory, zooplankton samples were rinsed in

seawater and split to a subsample of approximately n = 600

individuals using a Motoda box splitter (Motoda, 1985).

Individuals at each station were identified to the lowest

taxonomic level possible (henceforth taxon). Whilst this was

usually to species or genus, some individuals were grouped at

higher taxonomic level due to difficulties in identification (see

Supplementary Table S1 for full list of taxonomic units).

Individuals in each taxon were counted and, wherever possible,

assigned life stage using a Leica M165 C stereoscopic microscope.
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Counts were divided by the splitting ratio then divided by the

calibration value determined from the flowmeter. Abundances were

calculated per taxon per sampling location and are reported as the

number of individuals per 1000 m3.

A Seabird SBE911 Plus CTD-mounted rosette sampler was

deployed to perform full-depth profile water sampling at pre-

determined depths throughout the water column and prior to

each plankton net deployment. Profiles were created for

temperature, salinity and fluorescence.
2.2 Environmental data

To investigate the relationships between environmental variables

and zooplankton abundance, we used a suite of variables measured

during the voyage, in the laboratory and additional satellite-derived

datasets (Table 1). These variables were selected to provide a

comprehensive understanding of the physical and biological factors

influencing zooplankton abundance in our study area.

Chlorophyll-a concentration (mg m-2), an essential indicator of

phytoplankton biomass and, indirectly, primary productivity, was

integrated over depths from 10 m to 200 m, aligning with the

zooplankton sampling depth. This estimate was derived from in situ

florescence measurements collected onboard from the CTD-

mounted rosette sampler. For more details on how these values

were derived, see Heidemann et al. (2024) in this issue.

Temperature and salinity were also collected using the CTD

rosette sampler. Temperature (CT_200) was represented as absolute

temperature (°C) averaged between the surface and 200 m, while
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salinity (SA_200) was represented as absolute salinity (g kg-1)

averaged over the same depth range. For temperature and salinity

profiles, see Foppert et al. (2024) in this issue. The mixed layer

depth (MLD_N2max) was determined as the depth where the

maximum buoyancy frequency (N2) occurred, i.e., the pycnocline.

This method was chosen because pycnocline significantly influences

the vertical distribution of zooplankton and their prey through the

supply of nutrients (Priddle et al., 2003). The maximum buoyancy

frequency was derived from CTD profiles of temperature and

salinity (Foppert et al., 2024, this issue).

Bathymetric depth (m) at each sampling station was directly

measured to understand the spatial distribution of zooplankton in

relation to ocean depth. Ice concentration (%) and number of days

since sea ice melted were obtained from satellite observations,

specifically daily passive microwave estimated percent sea ice

concentration from the National Snow and Ice Data Centre

(NSIDC). Ice concentration represents the percentage of an area

covered in sea ice at the time of sampling, while the days since ice

melt provide temporal information on the recency of ice melt.

Additionally, the distance from each sampling site to the edge of the

ice was calculated using satellite-derived ice concentration data.
2.3 Analysis

2.3.1 Mesozooplankton community structure and
indicator species analysis

As a preprocessing step, a fourth root transformation was

applied to the abundance values to normalize the data, which is
FIGURE 1

Locations of RMT1 + 8 plankton net deployments along six north-south transects. Deployment types were either routine or target, denoted in
sampling site names by ‘R’ and ‘T’, respectively, which refers to planned and/or targeted trawls with reference to Antarctic krill sampling for biomass
estimates (Cox et al., 2022). The background bathymetry grid is sourced from the GEBCO_2014 Grid, version 20150318, www.gebco.net.
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appropriate for minimizing the influence of a few highly abundant

species (Quinn and Keough, 2002). Zooplankton community

patterns were analyzed using Q-mode cluster analysis, which

classified sampling sites based on Bray-Curtis dissimilarity.

Hierarchical agglomerative clustering (UPGMA) was used to

generate a cluster dendrogram, illustrating the similarity between

sampling sites.

Non-metric multidimensional scaling (NMDS) was performed

to complement the cluster analysis, providinga visual representationof

similarity patterns among sites, also based on Bray-Curtis

dissimilarities. The NMDS analysis was initialized with random

starting configurations and iterated 1000 times to ensure the stability

of the solution (Oksanen et al., 2022). Environmental vectors were fit

onto the ordination to quantify howwell each variable correlated with

the site configuration in NMDS space (Table 1). The environmental

variables included chlorophyll-a concentration, temperature, salinity,

days since ice melt, mixed layer depth, latitude, longitude, sea ice

concentration, distance to ice edge, and depth.

To assess the significance of community composition

differences among clusters, we conducted a Permutational

Multivariate Analysis of Variance (PERMANOVA), based on a

Bray-Curtis dissimilarity matrix derived from the abundance data.

The initial clustering identified 5 distinct clusters. Furthermore, a

similarity profile (SIMPROF) analysis was conducted to validate the

non-randomness of the similarity profiles within the cluster

structure. We used this to test the number of significant clusters

based on the Czekanowski distance measure. This combined

approach highlights both the clustering structure and the

multidimensional relationships within the data.
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To determine the optimal number of clusters, we employed

silhouette analysis, which measures how similar each sample is to its

own cluster compared to others. The two-cluster solution yielded

the highest silhouette width (asw = 0.24), indicating the strongest

separation; however ecological systems are often complex, and

selecting too few clusters may overlook important ecological

variability. Therefore, we selected three clusters (asw = 0.18),

balancing interpretability and clustering quality. This decision

was made to capture more nuanced community distinctions that

might be lost in a simpler two-cluster solution. The resulting cluster

assignments were stored as a factor variable.

For each cluster, we first identified taxa contributing to the top

50% of the total abundance. This step focuses on determining the

dominant taxa within each cluster, which allows us to characterize

the general composition of the community. However, high

abundance alone does not necessarily equate to a species being a

good indicator of specific environmental conditions. To address

this, we employed a separate Indicator Value (IndVal) analysis (De

Cáceres et al., 2012) to statistically identify indicator species, which

are taxa that are not only representative of a cluster but are also

associated with specific environmental conditions or community

compositions. The IndVal analysis provides a more refined

approach by considering the fidelity and specificity of each taxon

to the clusters, independent of their overall abundance. This allows

us to identify taxa that may be less abundant but still serve as strong

indicators of particular ecological settings. Thus, the identification

of indicator species is based on a statistical representation of

environmental conditions rather than abundance alone. A taxon

is deemed a significant indicator if its associated p-value was less

than 0.05, ensuring robustness in differentiating between clusters.
2.3.2 Environmental drivers of
zooplankton abundance

To explore the relationship between environmental predictors

and zooplankton abundance, we applied generalized additive

models (GAMs) across all zooplankton data, regardless of cluster

assignments. The GAMs focused on species-specific abundance

(e.g., Euphausia superba, Clausocalanus laticeps, Paraeuchaeta sp.)

as well as total zooplankton abundance. This approach allowed us to

investigate how environmental factors, such as chlorophyll-a

concentration, temperature, and mixed layer depth (MLD),

influenced the abundance of key taxa across the entire dataset

rather than within specific clusters.

Before fitting the GAMs, we tested for collinearity between

environmental variables using Pearson’s Correlation analysis,

retaining variables with correlation coefficients below the

threshold of 0.7 to avoid multicollinearity. Each GAM included

smooth terms for predictor variables, such as chlorophyll-a

concentration, sea surface temperature, and the number of days

since sea ice melt, to capture potential non-linear relationships

between environmental drivers and zooplankton abundance. The

models were fitted using a Tweedie distribution with a log link

function, which is appropriate for modeling non-negative,

continuous data with skewness.
TABLE 1 Environmental and spatial variables tested as zooplankton
community predictors for generalized additive modeling (GAMs).

Variable
abbreviation

Explanation

Chla Integrated estimate of chlorophyll-a (mg m-2) averaged at
depths between 10 to 200 m, which aligns with the section
of the water column where zooplankton were sampled.

CT_200 Absolute temperature (°C) averaged at depths between
surface and 200 m maximum net sampling depth. Values
are derived from in situ CTD measurements at each
sampling site.

Depth Bathymetric depth estimated at each sampling station.

IceConc Actual ice concentration value (%). It is the percentage of
an area covered in sea ice.

IceMeltDays Number of days since sea ice melted calculated from daily
passive microwave estimated percent sea ice concentration
taken from the National Snow and IceData Centre.

m_to_Ice Distance (m) estimated from sampling site to edge of ice

MLD_N2max Mixed layer depth (m) where the N2 maximum is found,
i.e., the pycnocline.

SA_200 Absolute salinity (g kg-1) averaged at depths between
surface and 200 m maximum net sampling depth. Values
were derived from in situ CTD measurements at each
sampling site.
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Model selection was based on the Akaike Information Criterion

(AIC), where lower AIC values indicated better-fitting models with

an optimal balance between goodness-of-fit and model complexity.

A series of candidate models were constructed using various

combinations of predictor variables, including chlorophyll-a

concentration, sea surface temperature, salinity, and mixed layer

depth. Each model included smooth terms to capture potential non-

linear relationships between zooplankton abundance and the

environmental predictors. The degree of smoothing (k) was

selected to avoid overfitting while ensuring adequate flexibility to

model non-linear patterns. All models were fitted using restricted

maximum likelihood (REML) to provide more accurate parameter

estimates, especially when comparing models with different levels

of complexity.

All analyses were performed using R version 4.3.0 (R Core

Team, 2023) with the following packages ‘vegan’ (Oksanen et al.,

2022), ‘cluster’ (Maechler et al., 2023), ‘indicspecies’ (De Cáceres

and Legendre, 2009), and ‘mcgv’ (Wood, 2017). All figures were

made using SOmap (Maschette et al., 2019), ‘GGally’ (Schloerke

et al., 2012) and ggplot (Wickham, 2016). Throughout this study,

we considered results to be statistically significant at a 95%

confidence level (p < 0.05).
3 Results

3.1 Oceanographic and
hydrographic features

The southern Antarctic Circumpolar Current front (SACCF)

enters the westernmost transect at 63.5°E in the northwest of the

survey region. It extends poleward until the third transect (65°E)

before heading northward to 63.38°E at the fourth transect (70°E).

The SACCF then shifts poleward again across the fifth and sixth

transects (75°E and 80°E). The Southern Boundary (SB) of the

Antarctic Circumpolar Current enters the western transect at

64.45°E and progresses to its highest latitude of 65.53°E by the

second transect (60°E) and its lowest latitude of 63.85°E at the 70°E

transect. Closest to the Antarctic continent, the Antarctic Slope Front

(ASF) enters the westernmost transect at 65.3°E and progressively

heads as far south as 66.5°E at the fifth transect (75°E) before heading

northwards to 65.05°E at the final transect (80°E), however there is

uncertainty surrounding the exact location as there was likely an eddy

located here, as well. There is also uncertainty surrounding the exact

locations of the ASF at the third and fourth transects given the depths

ranged across the sampling region, with a maximum depth of 4,992

m located at the north-westernmost station of the survey region (at

trawl site R06; 62°S and 55°E), and a minimum depth of 451 m

located at trawl site R30 (67°S and 74.6°E) towards Prydz Bay and

north of the Amery Ice Shelf. The ASF is estimated near 65°S, where

isotherms drop sharply.

The mixed layer depth (MLD) ranged from 20 m (trawl sites R18

andT06) (Figure1) to73mat siteR15, approximately92nmsouth and

the closest sampling site toMawson Coast. The pycnocline depth, i.e.,

the depth at which the maximum of buoyancy frequency (N2

maximum) was found at the MLD, ranged across survey regions,
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where the shallowest pycnocline was 25 m, located at trawl sites R29

and T10 (towards the Amery Ice Shelf), and the deepest pycnocline

depth at 88 m, located at T04 along the Mawson coast. Sea surface

temperatures for the upper 200 m ranged from -1.73°C, at the south-

westernmost station (R01), to 1.18°C, which was located at the

northeast area of the survey region (site R38). Salinity values from

the upper 200mof thewater column ranged from34.57 (R02) to 34.10

(R22), which is the northernmost sampling site along the 65°E transect

linewhere the freshest seawaterwas recorded. Integratedchlorophyll-a

ranged widely throughout the survey region, where the smallest value

recorded was 18.4 mgm-2 at trawl site R37, at the northern end of the

easternmost transect (80°E), and 102.4 mg m-2 at trawl sites R32, T11

and T12, which are all located within the Cooperation Sea.
3.2 Mesozooplankton community
composition and structure

Seventy-nine zooplankton taxa were identified from all 48

sampling sites. Total zooplankton abundances ranged from 115 to

59,970 ind./1000m3with amean abundance of 13,083 ind/1000m3 (±

15,670 ind./1000 m3) that represent 17 broader taxonomic groups, of

which 88% were copepods, 4% pteropods, 3% chaetognaths, 2% krill,

1% ostracods and 1% foraminifera (Supplementary Table S1 for a

complete list of taxa identified). On 24 February 2021, the lowest

abundance was recorded at site R18, located along the central transect

of the survey region, on the 65°S line, with increasing abundance

towards the east along the ASF (Figure 2). The maximum abundance

was sampled on 27 February 2021 at trawl site R23 (62°S and 70°E),

whichwas located north of the SACCF.Among the taxonomic groups,

copepods dominated with the small sized species being the most

dominant, including Oithona similis showing the highest estimated

abundance (29,902 ind./1000m3), followedbyMicrocalanuspygmaeus

(14,478 ind./1000 m3). Large copepod species, Calanoides acutus and

Rhincalanus gigas, were also dominant throughout the study region

(21,181 ind./1000 m3 and 9,300 ind./1000 m3, respectively).

Q-mode cluster analysis identified three groups at approximately

45% similarity (Figure 3). Our study employed NMDS to visualize the

underlying patterns in environmental data across various sampling sites

(Figure4).NMDSshowedclear separationamong threeclusters (stress=

0.18). Ecological zones were differentiated according to chlorophyll-a,

depth, temperature, salinity, MLD, sea ice concentration, and proximity

to the ice edge. Our PERMANOVA analysis, based on a Bray-Curtis

dissimilarity matrix calculated from the zooplankton abundance data,

revealed a significant difference in community composition among the

sampling sites (PERMANOVA, p < 0.05), and that the observed

dissimilarity between groups was significantly higher than expected by

change (F = 1). The SIMPROF analysis confirmed that 13 clusters were

significantly distinct (p < 0.05 for each), suggesting that the observed

groupings were not due to random chance.

3.2.1 Cluster 1
Cluster 1 included 34 sampling sites and was primarily

associated with SACCF and SB frontal zones that exhibited high

chlorophyll-a concentrations (49.13 ± 24.38 mg m-2) and

temperatures (0.02 ± 0.85°C) (Figure 5; Table 2). This cluster was
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FIGURE 3

Dendrogram representing hierarchical clustering of sampling stations based on Bray-Curtis dissimilarity of zooplankton community compositions.
Stations are labelled R or T and listed at the ends of the branches. Colored boxes around branches surround each of the three clusters. The length
of the branches depicts percent similarity, illustrating the hierarchical structure of station similarities.
FIGURE 2

Total zooplankton abundance (ind./1000 m3) at each sampling site. Solid border with darker regions indicates eastern sector of CCAMLR Division
58.4.2 from 55°E to 80°E. Dashed lines indicate other CCAMLR Division borders. Background bathymetry grid is from the GEBCO_2014 Grid, version
20150318, www.gebco.net. Solid, green lines represent oceanic frontal zones Southern Antarctic Circumpolar Current Front (SACCF), and the Antarctic
Slope Front (ASF) determined through Orsi et al. (1995) and point estimates from Foppert et al. (2024).
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dominated by Calanoides acutus and Rhincalanus gigas that

accounted for 78.6% (21,181 ± 681 ind./1000 m3) and 20.7%

(9,300 ± 938 ind./1000 m3) of total abundance (Table 3).

This cluster also had the highest total abundance of

zooplankton (74,386 ind./1000 m-3), with copepods contributing

58,524 ind./1000 m³ (Table 3). Other significant taxa included

chaetognaths (9,716 ind./1000 m³), foraminifera (1,782 ind./1000

m³), and ostracods (1,327 ind./1000 m³). Overall, copepods

dominated Cluster 1 with 78.6% of the community composition
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(Figure 6). Additionally, this cluster showed high species diversity,

with 34 taxa, including Clausocalanus breviceps (4.50%), Aetideops

antarctica (3.98%), and Candacia sp. (3.94%) (Figure 7; Table 4).

Environmental analysis revealed that Cluster 1 was characterized

by deeper waters (3,475 ± 739 m) compared to Clusters 2 and 3, and

its sites were primarily distributed across all northernmost regions

(Table 2). This cluster appeared to have the greatest spatial

distribution, spanning all transects from 55°E to 85°E.

3.2.2 Cluster 2
Cluster 2 included four sampling sites, which were located along

transects 2 (60°E) and 3 (65°E) (Figure 5). This cluster was associated

with mid-latitude regions and exhibited lower chlorophyll-a

concentrations (30.04 ± 5.14 mg m-2) and intermediate temperatures

(-0.75 ± 0.86°C) compared to the other clusters (Table 2).

In terms of community composition, Cluster 2 had amore diverse

array of species, with copepods contributing 72.5% of the total

abundance (767 ind./1000 m³) (Figures 6, 7; Table 3). The dominant

species in this cluster included Calanus simillimus (30.12%),

Rhincalanus gigas (25.31%), Calanoides acutus (23.39%), and

Calanus propinquus (21.17%). This cluster exhibited the lowest

overall zooplankton abundance (1,059 ind./1000 m³).

The IndVal analysis identified several indicator species for Cluster

2, including the shelled pteropod Clio pyramidata f. sulcata (IndVal =

0.649, p = 0.024) and the pelagic worm Rhynchonerella brongraini

(IndVal = 0.617, p = 0.026). Clausocalanus laticepswas also found to be

significant across Clusters 1 and 2 (IndVal = 0.845, p = 0.018).

3.2.3 Cluster 3
Cluster 3 included ten sampling sites and was located in the

southernmost regions of the survey, primarily along the Mawson

coastline and within the Cooperation Sea (Figure 5). This cluster was

most distinct from the others, separating at approximately 44%
FIGURE 4

Non-metric Multidimensional Scaling (NMDS) plot displaying
similarity patterns among sampling sites based on sampling sites,
color-coded according to cluster assignment. Arrows indicate
direction and strength of the relationship between environmental
variables and the ordination space, with the length of each arrow
proportional to the influence of the variable.
FIGURE 5

Station cluster groupings as determined by hierarchical agglomerative clustering analysis and NMDS. Solid, green lines represent oceanic frontal
zones Southern Antarctic Circumpolar Current Front (SACCF) and the Antarctic Slope Front (ASF) determined through Orsi et al. (1995) and point
estimates from Foppert et al. (2024).
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similarity. It was associated with lower chlorophyll-a concentrations

(27.80 ± 7.79 mg m-2) and colder temperatures (-1.43 ± 0.34°C) than

Clusters 1 and 2 (Table 2).

The total zooplankton abundance for Cluster 3 was 22,629 ind./

1000 m³, with copepods contributing 19,743 ind./1000 m³ and making

up 87% of the community composition (Figure 6; Table 3). The

dominant copepod species in this cluster were Calanus simillimus

(13.89%), Calanus propinquus (12.66%), and Oncaea antarctica

(10.70%). In addition, this cluster had notable proportions of

euphausiids (1,044 ind./1000 m³) and ostracods (Figure 7; Table 4).

The IndVal analysis identified Paraeuchaeta sp. as a statistically

significant indicator species for Cluster 3, suggesting its strong

association with the environmental conditions in this region.
3.3 Environmental drivers of
zooplankton abundance

Pearson’s Correlation analysis was run to assess collinearity

between and among all environmental variables selected
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(Supplementary Figure S1 in Supplementary Materials for

matrix). Since none of the correlations exceeded the 0.7

threshold, all predictor variables were retained for subsequent

analysis. Due to insufficient abundance, three of the seven species

identified previously as indicator species were excluded from

further analysis: the pteropod Clio pyramidata f. sulcata, the

pelagic worm Rhynchonerella brongraini, and the amphipod

Hyperiella sp.

Generalized additive models (GAMs) were applied to examine

how key environmental factors, such as chlorophyll-a, temperature,

and MLD, influenced zooplankton abundance across the entire

dataset. This analysis provided insights into how these

environmental drivers impacted the abundance and distribution

of key species, including copepods Haloptilus sp. (Supplementary

Figure S2), Clausocalanus laticeps (Supplementary Figure S3), and

Paraeuchaeta sp. (Supplementary Figure S4) and krill Euphausia

superba (Supplementary Figure S5), as well as total zooplankton

abundance (Supplementary Figure S6). Summary statistics for each

model, including adjusted R2, deviance explained, and significant

smooth terms are provided in Supplementary Table S2 of
FIGURE 6

Abundance (A) and percent composition (B) of the taxonomic group Copepoda (teal color) and all other taxa (coral color) divided by clusters
determined from Q-mode clustering analysis.
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Supplementary Materials. See Supplementary Figures (S2-S6) for

the linear and response scale visualizations of these relationships for

each of the species and total zooplankton abundances. The resultant

models for each species and total zooplankton abundance are

presented in Supplementary Table S3, which includes predictor

variables and their AIC values, indicating model fit. Across all

models, significant environmental drivers included chlorophyll-a

concentration, temperature (integrated to 200 m), days since ice

melt, and mixed layer depth (MLD).
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For total zooplankton abundance, the model explained 70.9% of

the deviance (adjusted R2 = 0.642), suggesting that a substantial portion

of zooplankton variability was driven by these factors (Supplementary

Table S2), which included chlorophyll-a concentration, temperature,

number of days since ice melt, and MLD. The smooth terms

for days since ice melt was the most significant (F-value = 23.283;

p = 2.07x10-5), indicating a strong influence on total zooplankton

abundance. Chlorophyll-a concentration was also highly significant

(F-value = 15.478; p = 3.10x10-3), reflecting its importance as a
FIGURE 7

Abundance (A) and percent composition (B) of all taxa excluding Copepoda and divided by clusters determined from Q-mode clustering analysis.
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proxy for primary productivity. Temperature (F-value = 7.672, p = 5.84

× 10-5) and MLD (F-value = 5.282, p = 2.68 × 10-2) also showed

significant effects. Similarly, Clausocalanus laticeps abundance

was significantly influenced by temperature (F-value = 7.262, p =

1.03 × 10-2) and MLD (F-value = 14.126, p = 5.60 × 10-4).

For taxon-specific results, the GAM for the copepod

Clausocalanus laticeps showed that environmental variables

explained 81.6% of the variation in abundance (adjusted R² =

0.885; Supplementary Table S2), making it one of the best-fitting

models in the analysis. The strongest predictors of C. laticeps

abundance were chlorophyll-a concentration (F-value = 10.056;

p = 2.77 × 10-4) and mixed MLD (F-value = 14.126; p = 5.60 × 10-4),

suggesting that primary productivity and physical oceanographic

conditions strongly influence this species. Days since ice melt also

significantly affected abundance (F-value = 5.777; p = 4.08 × 10-3),

indicating that seasonal variability in sea ice may play a role.

For Haloptilus sp., the environmental variables explained 37.6%

of the variation in abundance (adjusted R² = 0.409; Supplementary

Table S2), with latitude being the most significant predictor (F-

value = 14.636; p = 4.08 × 10-4), highlighting the spatial distribution

of this species. Salinity (integrated to 200 m) was also significant (F-

value = 4.421; p = 4.12 × 10-2), while days since ice melt had a

marginal effect (F-value = 3.862; p = 6.24 × 10-2).

For the krill E. superba, environmental variables explained

42.3% of the variation in abundance (adjusted R² = 0.151;

Supplementary Table S2). Latitude was a significant predictor (F-

value = 6.684; p = 1.34 × 10-2), indicating spatial patterns in krill

distribution. Days since ice melt also significantly influenced krill

abundance (F-value = 4.173; p = 4.75 × 10-2), while other variables,

such as chlorophyll-a and temperature, did not significantly

impact abundance.

Lastly, for Paraeuchaeta sp., the model explained 99.9% of the

variation in abundance (adjusted R² = 0.999; Supplementary Table
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S2), though none of the predictors were statistically significant.

Mixed layer depth was marginally non-significant (F-value = 1.975;

p = 6.62 × 10-2), suggesting that deeper oceanographic processes

may influence this species, but further research is needed to confirm

these effects the observed dominance of certain species, such as C.

acutus in warmer waters and E. superba in regions with earlier sea

ice melt, highlights the nuanced interactions between zooplankton

and their environmental. These species-specific patterns underscore

the critical role of environmental gradients in structuring the

overall community.
4 Discussion

Our study provides new insights into the distribution and

abundance of mesozooplankton communities along the Mawson

coast, East Antarctica, highlighting the roles of environmental

variables such as temperature, primary productivity, and sea ice

dynamics. These factors are critical in shaping the community

structure and influencing the dominance of specific zooplankton

species across environmental gradients.
4.1 Survey-wide mesozooplankton
abundance and distribution

Mesozooplankton abundance across the survey ranged from

115 to 59,970 ind./1000 m³, generally lower than in other Southern

Ocean regions. This pattern likely reflects regional variations in

environmental conditions, particularly temperature and

chlorophyll-a concentrations. Areas with elevated chlorophyll-a

and warmer waters, typically associated with oceanographic fronts

such as the SACCF and ASF, supported higher zooplankton
TABLE 2 Mean ± standard deviation and range (minimum—maximum) values for environmental variables per cluster, as determined through
hierarchical clustering.

Environmental variable Cluster 1 (34) Cluster 2 (4) Cluster 3 (10) Fbetween groups

Chla 10-200m mg m-2 49.13 ± 24.38
18.42—102.35

30.04 ± 5.14
23.74—34.23

27.80 ± 7.79
20.10—48.21

4.72*

Depth (m)
3,475 ± 739
1,795—4,992

3,253 ± 581
2,456—3,806

1,499 ± 1207
451—3,530

19.35***

MLD N2max (m) 43 ± 9
30—65

43 ± 13
27—58

50 ± 22
25—88

1.28

CT200 (°C) 0.02 ± 0.85
-1.46—1.18

-0.75 ± 0.86
-1.53—0.47

-1.43 ± 0.34
-1.71— -0.56

14.87***

SA200 (g kg-1) 34.41 ± 0.1
34.10—34.55

34.41 ± 0.11
34.32—34.56

34.31 ± 0.09
34.17—34.43

4.47*

Days since ice melt 77 ± 27
30—122

35 ± 8
25—41

-39 ± 151
-320—85

8.48***

Distance to ice edge (m) 197,325.56 ± 119,820.18
17,687.87—496,790.15

93,817.30 ± 62,246.81
37,961.95—147,705.81

79,154.88 ± 68,920.04
12,546.77—244,484.98

5.89**

Ice concentration (%) 0.00
0.00—0.00

0.00
0.00—0.00

7.34 ± 12.29
0.00—33.27

9.62***
Numbers in brackets refer to number of sampling sites (n).
One-way ANOVA Significant codes: p < 0.05(*), p < 0.01(**), p < 0.001(***); df = 2,43.
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abundances. These results align with previous studies in the

Southern Ocean, including the BROKE-West survey, which also

identified similar patterns of enhanced zooplankton abundance in

areas with increased primary productivity and nutrient availability

(Nicol et al., 2000).

The zooplankton surveys from the BROKE-West study

(Swadling et al., 2010) showed that abundances tended to be

higher towards the northeast sector of the region, and our study

aligns with these findings. Notably, the highest average chlorophyll-

a concentration linked with the highest average zooplankton

abundance in the BROKE-West survey. Our average estimates of

chlorophyll-a concentration and zooplankton abundance were

lower by an order of magnitude compared with the BROKE-West

survey. This pattern suggests a complex dynamic between

phytoplankton availability (i.e., food for zooplankton grazers),

chlorophyll-a concentrations, and zooplankton grazing pressure.

Further investigation into primary production rates and turnover is

warranted to better understand these interactions in this region.

As reported by Swadling et al. (2010) across the same location,

copepods emerge as the dominant group in our study, particularly the

smaller species, such as Oithona similis, Microcalanus pygmaeus and

Ctenocalanus sp. The dominance of large copepod species, like

Calanoides acutus and Rhincalanus gigas observed here, has also

been observed in previous studies across the same survey region and

other regions of the Southern Ocean (Johnston et al., 2022). The large

abundances of copepods in this region underscore their crucial role in

the transfer of energy within the Antarctic food web, connecting

primary productivity to higher trophic levels, as well as their conduit

remineralization role (Swadling et al., 2010). Interestingly, Schaafsma

et al. (2024) found that C. propinquus and O. similis were also

dominant in surface waters, but with varying densities depending on

the location and time of sampling. This suggests that surface

conditions can significantly influence copepod distributions.
TABLE 3 Taxa, abundance (ind./1000 m3) and proportion (%)
contributing to the top 50% of the total abundance for each cluster.

Cluster Taxa Total
abundance

Percentage
of

cluster total

1 Clausocalanus breviceps 135.8 4.51

Aetideopsis antarctica 119.8 3.98

Candacia sp. 118.7 3.94

Neocalanus gracilis 117.5 3.90

Clausocalanus laticeps 117.4 3.89

Solecithricella sp. 116.6 3.87

Calanus propinquus 109.9 3.65

Clausocalanus sp. 109.7 3.64

Metridia sp. 100.7 3.34

Paraeuchaeta sp. 98.7 3.27

Gaidius tenuispinus 96.4 3.20

Parathemisto sp. 94.8 3.15

Neocalanus tonsus 93.5 3.10

Gammaridean
amphipod

93.2 3.09

Ctenocalanus sp. 92.4 3.07

Microcalanus pygmaeus 90.4 3.00

Oncaea antarctica 90.0 2.99

Themisto gaudichaudii 89.8 2.98

Calanus simillimus 87.9 2.92

Euchirella rostromanga 87.7 2.91

Calanoides acutus 87.2 2.89

Heterohabdus australis 87.1 2.89

Rhincalanus gigas 83.4 2.77

Oithona similis 76.6 2.54

Oncaea spp. 74.4 2.47

Heterohabdus sp. 71.0 2.36

Oithona frigida 70.6 2.34

Haloptilus sp. 66.1 2.19

Metridia gerlachei 63.4 2.10

Stephos longipes 61.9 2.05

Aetidiopsis minor 59.8 1.99

Pleuromamma sp. 54.8 1.82

Heterostylites longicornis 51.3 1.70

Harpacticoid copepod 45.1 1.50

2 Calanus simillimus 44.2 30.12

Rhincalanus gigas 37.1 25.31

(Continued)
TABLE 3 Continued

Cluster Taxa Total
abundance

Percentage
of

cluster total

Calanoides acutus 34.3 23.39

Calanus propinquus 31.1 21.17

3 Calanus simillimus 80.8 13.89

Calanus propinquus 73.7 12.66

Oncaea antarctica 62.3 10.70

Calanoides acutus 58.2 10.00

Rhincalanus gigas 56.5 9.72

Metridia sp. 55.9 9.60

Pleuromamma sp. 55.2 9.48

Metridia gerlachei 53.6 9.22

Paraeuchaeta sp. 43.4 7.46

Oncaea sp. 42.3 7.26
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TABLE 4 Average abundances ± standard deviations (ind./1000 m3) for
all zooplankton taxa of each of the three clusters determined through
agglomerative hierarchical clustering and NMDS analysis.

Species/taxon Cluster
1 (34)

Cluster
2 (4)

Cluster
3 (10)

Aetideopsis antarctica <1 ±<1 0 0

Aetideopsis minor <1 ±<1 0 0

Calanoides acutus 858 ± 49 12 ±<1 41 ± 23

Calanus propinquus 75 ± 20 44 ± 6 31 ± 2

Calanus simillimus 27 ± 19 2 ±<1 81 ± 20

Candacia sp. <1 ±<1 0 0

Clausocalanus breviceps 11a ±14 <1a ±<1 <1 ±<1

Clausocalanus laticeps 99 ± 14 <1 ±<1 <1 ±<1

Clausocalanus sp. <1 ±<1 0 <1 ±<1

Ctenocalanus sp. 39 ± 9 <1 ±<1 11 ± 6

Euchirella rostromanga <1b ±<1 0 <1b ±<1

Gaedius tenuispinus <1 ±<1 0 0

Haloptilus sp. 1 ± 4 1 ±<1 <1 ±<1

Harpacticoid
unidentified <1 ±<1 0 <1 ±<1

Heterhabdus australis <1b ±<1 0 <1b ±<1

Heterostylites longicornis <1 ±<1 0 0

Heterhabdus sp. <1b ±<1 0 <1b ±<1

Metridia gerlachei 256 ± 7 10 ±<1 28 ± 14

Metridia lucens 20 ± 25 <1 ±<1 10 ± 5

Microcalanus pygmaeus 1810 ± 18 6 ±<1 331 ± 1

Neocalanus gracilis <1 ±<1 0 <1 ±<1

Neocalanus tonsus <1 ±<1 0 0

Oithona frigida 1 ± 8 <1 ±<1 12 ± 2

Oithona similis 1936 ± 18 5 ±<1 123 ±<1

Oncaea antarctica 0 0 <1 ±<1

Oncaea sp. 465 ± 10 4 ±<1 11 ±<1

Paraeuchaeta sp. <1 ±<1 0 5 ± 2

Pleuromamma sp. <1b ±<1 0 <1b ±<1

Rhincalanus gigas 832 ± 21 4 ± 1 7 ±<1

Solecithricella sp. <1 ±<1 0 0

Stephos longipes 1 ± 2 <1 ±<1 14 ± 4

Gammaridean
amphipod <1 ±<1 0 0

Hyperia antarctica <1 ±<1 <1 ±<1 0

Hyperia sp. <1 ±<1 0 0

Hyperiella antarctica <1 ±<1 0 0

Hyperiella dilatata 0 0 <1 ±<1

(Continued)
F
rontiers in Marine Scienc
e
 12
TABLE 4 Continued

Species/taxon Cluster
1 (34)

Cluster
2 (4)

Cluster
3 (10)

Hyperiella macronyx 0 0 <1 ±<1

Hyperiella sp. 0 <1c ±<1 <1c ±<1

Hyperoche medusarum 0 0 <1 ±<1

Parathemisto sp. 0 0 <1 ±<1

Primno macropa 4 ± 3 <1 ±<1 <1 ±<1

Themisto guadichaudii <1 ±<1 < 1±<1 <1 ±<1

Euphausia
crystallorophius <1 ±<1 0 <1 ± 2

Euphausia superba <1 ± 2 <1c ±<1 8c ±4

Thysanoessa macrura 57 ± 10 5 ± 1 4 ± 1

Clione antarctica <1b ±<1 0 <1b ±<1

Clio pyramidata <1 ±<1 <1 ± 2 <1 ±<1

Gymnosome
unidentified 0 <1 ±<1 <1 ±<1

Limacina
helicina antarctica 110 ± 41 <1 ±<1 2 ±<1

Pteropod egg mass <1 ±<1 0 0

Spongiobranchaea
australis <1b ±<1 0 <1b ±<1

Iospilidae worm <1 ±<1 0 0

Pelagobia longicerrata 1 ± 3 <1 ±<1 <1 ±<1

Phalacrophorus pictus <1b ±3 0 <1b ±<1

Phalacrophorus sp. <1 ±<1 0 0

Polychaete unidentified <1b ±<1 0 <1b ±<1

Rhynchonerella
brongraini <1 ±<1 <1 ± 1 <1 ±<1

Rhynchonerella petersii <1 ±<1 0 0

Rhynchonerella sp. <1 ± 1 0 0

Tiarrana rotunda 0 0 <1 ±<1

Tomopteris
septentrionalis <1 ±<1 0 0

Tomopteris sp. <1b ±1 0 <1b ±<1

Traviopsis/Typhloscolex <1b ±<1 0 <1b ±<1

Vanadis antarctica <1 ±<1 0 0

Vanadis longissima 0 <1 ±<1 0

Vanadis sp. <1 ± 1 0 0

Eukrohnia hamata <1b ±<1 0 <1b ±<1

Sagitta gazella <1 ±<1 0 <1 ±<1

Sagitta marri <1 ±<1 0 0

Sagitta maxima <1 ±<1 <1 ±<1 0

Sagitta serratodentata <1 ±<1 <1c ±<1 <1c ±2

(Continued)
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4.2 Abundance patterns and
community composition

The cluster analysis identified three distinct zooplankton

communities, each characterized by dominant species and

environmental conditions. Cluster 1, situated in warmer, northern

waters, was dominated by Calanoides acutus (21,181 ± 681 ind./

1000 m³), a species known to thrive in regions with higher primary

productivity. In contrast, Euphausia superba was more abundant in

Cluster 3, associated with earlier sea ice melt and extended open-

water periods conducive to phytoplankton growth. The significant

variation in species abundance across clusters underscores the

importance of environmental gradients in shaping zooplankton

communities, with species responding differently to changes in

temperature, sea ice, and nutrient availability.

The dominance of Calanoides acutus in Cluster 1, characterized

by higher chlorophyll-a concentrations, mirrors findings from the

BROKE-West survey, where similar species were found to dominate

in regions of high primary productivity (Swadling et al., 2010).

However, the lower abundances observed in our study compared to

BROKE-West likely reflect regional differences in oceanographic

conditions and temporal variability in phytoplankton blooms. The

presence of Euphausia superba in Cluster 3, which is closely linked
Frontiers in Marine Science 13
to areas of early sea ice melt, also aligns with observations from

BROKE-West, where krill abundance was higher in regions with

extended open-water periods following ice retreat.

Our findings also reveal the role of smaller copepod species,

such as Clausocalanus laticeps, in driving community composition

in Cluster 2, where environmental conditions were more moderate.

These species-specific responses to environmental variability

highlight the complexity of zooplankton community dynamics in

this region, with key species occupying ecological niches that align

with their physiological tolerances and feeding strategies.
4.3 Environmental drivers of
zooplankton abundance

Generalized Additive Models (GAMs) provided species-specific

insights into how environmental drivers shape zooplankton

abundance, independent of the clustering analysis. Chlorophyll-a

concentration and temperature emerged as significant predictors of

abundance for Clausocalanus laticeps, while latitude and salinity

were important for Haloptilus sp. The BROKE-West survey

similarly highlighted the importance of these environmental

drivers in structuring zooplankton communities, particularly the

role of primary productivity in driving the distribution of key

species across the region (Swadling et al., 2010; Nicol et al., 2000).
4.4 Influence of oceanographic fronts on
zooplankton communities

Oceanographic features such as the Antarctic Circumpolar

Current Front (SACCF), Southern Boundary (SB) and the

Antarctic Slope Front (ASF) play a critical role in shaping the

distribution of mesozooplankton communities in the Southern

Ocean. These fronts and currents create distinct ecological

boundaries, where enhanced mixing and nutrient availability

influence the movement and abundance of zooplankton (Nicol

and Meiners, 2010). Species such as Calanoides acutus and

Rhincalanus gigas were more abundant near these frontal systems,

which provide favorable feeding conditions. These patterns are

consistent with other Southern Ocean studies, where zooplankton

abundance and community composition have been linked to

oceanographic fronts (Atkinson et al., 2008; Takahashi et al.,

2002). The dynamic interaction of water masses in these areas

leads to localized conditions that support different zooplankton

assemblages, similar to patterns observed in other regions of the

Southern Ocean (Atkinson et al., 2008; Pakhomov et al., 2000;

Tarling et al., 2012). These features underscore the importance of

oceanographic processes in structuring zooplankton communities

and shaping broader ecosystem dynamics.
4.5 Caveats and future directions

While our study provides valuable insights into zooplankton

distribution and abundance along the Mawson coast, several caveats
TABLE 4 Continued

Species/taxon Cluster
1 (34)

Cluster
2 (4)

Cluster
3 (10)

Sagitta sp. <1 ± 1 0 <1 ± 2

Chaetognath
unidentified 240 ± 7 5 ±<1 1 ± 1

Alacia hettacra <1 ±<1 0 <1 ±<1

Austrinoecia isocheira 0 0 <1 ± 1

Boroecoa antipoda 0 0 <1 ±<1

Deeveyoecia arcuata <1 ±<1 0 0

Metaconchoecia
skogsbergi 0 0 <1 ±<1

Ostracod unidentified 31 ± 10 6 ±<1 4 ± 4

Appendicularian
unidentified <1b ±<1 0 <1b ±<1

Decapod unidentified 0 <1 ±<1 <1 ±<1

Isopod unidentified <1 ±<1 <1 ±<1 0

Neogloboquadrina
pachyderma 18 ± 13 9c ±<1 32c ±1

Siphonophore
unidentified <1 ± 1 <1c ±<1 <1c ±<1

Tintinnids unidentified <1 ± 2 0 0

Total Abundance 6893 133 838
Values in brackets represent the number of sampling stations (n). Bold values correspond to
statistically significant (p < 05) potential indicator species as determined through IndVal.
Subscript a (a) indicates species associated with the combination of Clusters 1 and 2, subscript
b (b) indicates species associated with Clusters 1 and 3, and subscript c (c) indicates species
associated with the combination of Clusters 2 and 3.
Values in bold correspond to indicator species.
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must be acknowledged. First, the temporal scope of our sampling

was limited to the austral summer, which may not capture the full

extent of seasonal variability in zooplankton communities. As

zooplankton populations are known to exhibit significant changes

across seasons due to shifts in sea ice cover and primary

productivity (Swadling et al., 2023; Pinkerton et al., 2020), future

studies should aim to include year-round sampling to better

understand the temporal dynamics of these communities.

Second, our analysis primarily focused on surface environmental

drivers, such as temperature and chlorophyll-a concentrations. However,

deeper oceanographic processes, such as subsurface currents and nutrient

upwelling, may also play a critical role in shaping zooplankton

communities, particularly for species that undergo diel vertical

migrations (Schaafsma et al., 2024). Future research should consider

the influence of these deeper processes to provide a more comprehensive

understanding of zooplankton ecology in the Southern Ocean.

Additionally, our study relied on Generalized Additive Models

(GAMs) to explore species-environment relationships. While

GAMs are powerful tools for identifying key environmental

drivers, their application assumes a level of independence

between variables that may not fully capture the complexity of

ecosystem interactions (Dormann et al., 2013). Future studies may

benefit from employing more complex ecological models, such as

those that account for species interactions and multicollinearity

between environmental predictors (Wisz et al., 2013).

Finally, our findings highlight the importance of understanding

zooplankton responses to changing environmental conditions,

particularly in light of climate change. Long-term monitoring

programs will be essential for detecting shifts in zooplankton

communities over time and assessing the resilience of Southern

Ocean ecosystems. Further research into the functional roles of key

zooplankton species, such as Euphausia superba, and their

interactions with other trophic levels will be crucial for predicting

future ecosystem responses.
4.6 Implications for Southern Ocean
ecosystems under climate change

As the Southern Ocean continues to experience climate-driven

changes in sea ice extent, temperature, and primary productivity,

zooplankton communities will likely undergo significant shifts.

Species like Euphausia superba may face disadvantages in regions

with reduced sea ice cover, as earlier ice melt could disrupt the

timing of phytoplankton blooms and krill recruitment (Atkinson

et al., 2019; Flores et al., 2012). Conversely, species such as

Calanoides acutus, which thrive in warmer waters, may benefit

from these changing conditions. These shifts could have cascading

effects on higher trophic levels, particularly krill-dependent

predators like seabirds, fish, and marine mammals.

Our findings highlight the need for continued monitoring of

zooplankton communities to better understand their responses to

climate change. The significant role of environmental drivers in

shaping taxon-specific abundance and community composition

suggests that future changes in these drivers will alter the

structure of Southern Ocean ecosystems. By identifying key
Frontiers in Marine Science 14
environmental factors that influence zooplankton dynamics, this

study contributes to the growing body of knowledge needed to

predict the ecological impacts of climate change in polar regions.
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