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Introduction

In the Southern Ocean, the large-scale distribution of zooplankton, including their abundance and community composition from the epipelagic to the upper bathypelagic layers, remains poorly understood. This gap in knowledge limits our comprehension of their ecological and biogeochemical roles.





Methods

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





Results

Our study indicates that zooplankton diversity may be similar between the two sectors, while zooplankton abundance was higher in the East-Pacific sector during different sampling months and years. Moreover, zooplankton abundance decreased with depth in both sectors. Based on cluster analysis, zooplankton communities were generally divided by either the epipelagic or the deeper layers’ communities. In both sectors, the epipelagic layer was dominated by cyclopoid copepods, such as Oithona similis and Oncaea curvata, as well as calanoid copepods including Calanoides acutus, Rhincalanus gigas, and Ctenocalanus citer, while copepods and other taxa including Chaetognatha, Amphipoda, and Ostracoda, were important contributors to the deep layer communities.





Discussion

Our analysis revealed that water masses, combined with their physical characteristics such as specific temperature and salinity ranges and depth, along with biological factors such as chlorophyll a concentration, might be the most important drivers for structuring zooplankton communities from epipelagic to upper bathypelagic layer.
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1 Introduction

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

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

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

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




2 Methods



2.1 Zooplankton samples and environmental data collection

During the 34th (Mar 2018), 35th (Jan 2019), 36th (Dec 2019-Jan 2020), and 37th (Jan 2021) CHINARE, zooplankton and environmental data were collected from a total of thirty-six stations in the East-Pacific sector (67-71 °S, 89-127 °W) and Indian sector (62-67 °S, 35-71 °E) of the Southern Ocean for four summers (Figure 1). The bathymetry at the stations ranged from 2101 m to 4993 m. This sampling was conducted onboard the Research Vessels Xue Long and Xue Long 2. All procedures and gears for collecting zooplankton samples and environmental data were the same on these four expeditions. The Hydro-Bios Multi-Net type Midi (mesh size of 200-µm, mouth of 0.25 m²) was deployed vertically from 1500 m to 0 m upon the vessel’s arrival at each station, irrespective of the time of day (Supplementary Table 1). Five sampling intervals were 0-100, 100-200, 200-500, 500-1000, and 1000-1500 m. After zooplankton sample collection, all samples were immediately preserved in a 5% neutral-buffered formaldehyde solution for later analysis. Environmental data, including temperature, salinity, and dissolved oxygen concentration from 0-1500 m, were measured using a Seabird 911plus Conductivity Temperature Depth (CTD) sensor with SBE 63 from stations. However, Seabird 911plus CTD sensor was lost during 36th CHINARE, so temperature, salinity and dissolved oxygen were not available from station I5 to I15. Therefore, mean values of temperature, salinity and dissolve oxygen and their correlations with zooplankton abundance for five sampling strata and three water layers including epipelagic (0-200 m), mesopelagic (200-1000 m) and upper bathypelagic layers (1000-1500 m) were only analysed at rest of 21 stations. For measuring in situ chl-a concentration above surface mixed layer where phytoplankton mainly grow, discrete water samples at each station were collected at depths of 25, 50, 75, 100, 150 and 200 m using 10-L Niskin bottles attached to a rosette of the Seabird 911 plus CTD. Moreover, the Phytoplankton cells from the 10 L water samples were collected using Whatman® Glass Microfiber Filters (0.7 mm nominal pore size) (Mock and Hoch, 2005). The concentrated cells containing chl-a pigments were then extracted in 90% acetone overnight at 4°C. Finally, a Turner Designs 10-AU field fluorometer, calibrated with a purified chl-a standard, was used to measure the chl-a concentration (Mock and Hoch, 2005).




Figure 1 | Sampling locations in the East-Pacific sector between 90 to 130 °W (station P1-P15) and the Indian sector between 30 to 70°E (station I1-I21).






2.2 Hydrography and water masses analysis

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




2.3 Zooplankton identification and counts

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




2.4 Zooplankton cluster analysis

Zooplankton community structure was analysed using PRIMER version 6 and Python. To preprocess input data, zooplankton abundance data from 36 stations were fourth root-transformed to ensure influence from rarer species and down-weight the influence of abundant species (Quinn and Keough, 2002). The different life stages of the common copepods and Euphausiacea were analysed as separate components in the cluster analysis. To avoid potential effects caused by the diel vertical migration of zooplankton on community structure, all zooplankton samples in each sector were classified as daytime samples and nighttime samples based on local sunset and sunrise times (https://gml.noaa.gov/grad/solcalc/sunrise.html) in each sector and used three-way AMOSIM (sampling layers, sampling years and months, and sampling time) to test the effects of different sampling time (day or night). Subsequently, data from the East-Pacific sector and Indian sector were separately subjected to cluster, ANOSIM, and SIMPER (similarity percentage) analyses. To segregate the zooplankton into communities, the transformed data were used in a q-type cluster analysis based on the Bray-Curtis dissimilarity index and group-average linkage classification. Additionally, all cluster groups were visualized by PRIMER. Following this, ANOSIM was conducted to test for similarity within each resultant community (cluster), and identify the most significant sampling factors, such as water layer and sampling year and month. The cluster groups were treated to the SIMPER analysis to determine which species significantly contributed to the similarity within and between clusters. Finally, the proportion of the most abundance taxa that largely contribute to zooplankton clusters were illustrated by stacked bar chart using Python.




2.5 The environmental drivers on zooplankton abundance

To improve understanding of the environmental factors influencing zooplankton abundance, the relationships between temperature, salinity, oxygen, and zooplankton abundance were evaluated independently using Generalized Additive Models (GAMs) in R Studio (version 4.21). Average values of salinity, temperature, dissolved oxygen, and zooplankton abundance were calculated for each sampling stratum (0-100, 100-200, 200-500, 500-1000, 1000-1500 m) at fifteen stations in the East-Pacific sector and ten stations in the Indian sector. Data from other 11 stations (I5-I15) in the Indian sector were not analysed due to the lack of CTD data. To examine the relationships between zooplankton abundance and water masses further, we categorized zooplankton into three groups: ‘highest abundance’ (upper 90th percentile), ‘medium abundance’ (45th to 55th percentile), and ‘lowest abundance’ (lower 10th percentile). GAMs were used to forecast the ranges of temperature, salinity, and dissolved oxygen corresponding to these three zooplankton abundance categories within each sector. We then tested whether these predicted temperature and salinity ranges correlated with specific water masses. For the analysis of chl-a concentration and zooplankton abundance, we used the average chl-a concentration at each station from the surface layer (0-200 m), where phytoplankton primarily grow, and the overall zooplankton abundance at each station from 0 to 1500 m for both sectors. We included deep layer zooplankton abundance into overall abundance because deep ocean zooplankton productivity is positively related to surface layer primary production in the global ocean (Hernández-León et al., 2020). Given the short turnover time of phytoplankton cells (chl-a concentration) and their rapid concentration changes, we also utilized monthly Aqua-MODIS satellite chl-a concentration data from NASA Ocean Color to verify phytoplankton phenology and changes during the sampling months (as shown in Supplementary Figures 1, 2). This approach aimed to mitigate the potential effects of different sampling years and months.





3 Results



3.1 Hydrographic features and water masses

Environmental conditions including temperature, salinity, and dissolved oxygen had similar ranges between stations in the two sectors and exhibited similar patterns vertically from surface to 1500 m (Figure 2). Salinity ranged from 32.5 to 34.8 at different stations; additionally, it increased with depth and stabilized from around 500 to 1500 m (Figure 2). Dissolved oxygen levels generally decreased from the surface to depth ranging from 11 to 5 mg. L-1. Ocean temperature, ranging from -1.7 to 2.1 °C at different stations, was low at around 0-200 m, peaked at approximately 500 m, and then slightly decreased from 500 to 1500 m (Figure 2). Chl-a, as a most important biotic variable, was primarily distributed in the top 200 m layer. The average depth-integrated chl-a concentration varied between stations, ranging from 0.12 to 1.87 mg. m-³. The average chl-a concentrations in the 0-200 m layer in Mar 2018 and Jan 2019 in the East-Pacific sector (0.21 mg. m-3) were lower than those in the Indian sector (0.39 mg. m-3), measured in Dec 2019-Jan 2020 and Jan 2021.




Figure 2 | The three-dimensional temperature, salinity, dissolved oxygen profiles of each station from 0-1500m in the East-Pacific and Indian sectors of the Southern Ocean subplot (A–F). The average phytoplankton concentration in each sector (G, H).



The distribution of water masses was generally similar between the two sectors. In the East-Pacific sector (90-130 °W), three water masses were identified: AASW, WW, and CDW (Figure 3). AASW, with its relatively fresh water (salinity <33.8) and temperature, ranging from -1.5 to 0.5 °C, was found on the surface. WW characterized by higher salinity (33.8-34.3) and the lowest temperature (<-1 °C) lay beneath the AASW. CDW was found underneath WW, spanning approximately down to the upper bathypelagic layer, and had the highest temperature (1.5-2 °C) and highest salinity (34.4-34.75). In the Indian sector (30-70 °E), the same water masses as those in the East-Pacific sector, including AASW, WW, and CDW, were identified based on the T-S diagram shown in Figure 3. Modified CDW, characterized by lower temperature (<1.5 °C) and lower salinity (<34.7) than typical CDW, was found exclusively in the Indian sector (Figure 3).




Figure 3 | The T-S (Temperature to salinity) diagram showing distribution of the Antarctic Surface Water (ASW), Winter Water (WW), Circumpolar Deep Water (CDW), modified CDW and transition zone from 0 to 1500 m in the East-Pacific (A) and Indian sectors (B). The temperature and salinity data in each sector were collected on different years and months. Data were collected in March 2018 and January 2019 in the East-Pacific sector and Dec 2019 to Jan 2020 and Jan 2021 in the Indian sector respectively.






3.2 Zooplankton diversity

Sixty-three taxa belonging to nine mesozooplankton groups were found in the two sectors (Table 1; Supplementary Table 2). These include Copepoda, Euphausiacea, Chaetognatha, Polychaeta, Amphipoda, Tunicata, Pteropoda, Ostracoda, and Cnidaria (Table 1). Taxonomic diversity was fifty-six taxa in the Indian sector and forty taxa in the East-Pacific sector across different years and months (Table 1). Copepods represented 53% of zooplankton diversity in the East-Pacific sector and 57% of zooplankton diversity in the Indian sector. Differences in species composition were largely attributed to variations among copepods. For instance, Calanus simillimus, Microcalanus pygmaeus, Aetideopsis antarctica, Racovitzanus antarcticus, Stephos longipes and Bathycalanus bradyi were only found in the Indian sector, whereas Bathycalanus richardi, and Farrania frigida were only collected in the East-Pacific sector, though these latter species were collected infrequently. For macro-zooplankton taxa (> 2 mm), Euphausia superba and Thysanoessa macrura were commonly found in both sectors but these species were likely underestimated due to avoidance of the Hydro-Bios multinet (Atkinson et al., 2012). Gelatinous taxa, such as salps, were absent in 28 out of 36 stations, and had low abundance in the samples. Chaetognaths such as Eukrohnia hamata and Pseudosagitta gazellae were abundant in the surface layer at some stations, although many specimens could only be identified to the phylum Chaetognatha due to damage to or disappearance of their lateral fins and heads, both of which are diagnostic features. For other common taxa, such as Polychaeta, Pteropoda, and Cnidaria, only a few specimens were found in the samples, and they were only infrequently observed.


Table 1 | Zooplankton diversity in the East-Pacific and Indian sectors, and three layers, as well as average zooplankton abundance for each species in the two sectors.



Taxonomic diversity was higher in the 0-200 m layer, known as epipelagic layer, and the mesopelagic layer (500-1000 m) in the two sectors (Table 1). Additionally, diversity was lowest in the top 500 m of the bathypelagic layer, between 1000-1500 m (Table 1). The most common species could be found throughout the water column, down to 1500 m. In the epipelagic layer, fifty-five taxa were found, including a large proportion of common copepods such as C. citer and O. similis. In the 200-1000 m layer, as known as the mesopelagic layer, some copepods, such as A. antarctica (meso- to bathypelagic species), and Scolecithricella spp., which were absent from surface layers in the samples, were found. The upper bathypelagic layer had the lowest diversity (forty-four taxa). Species such as Oikopleura spp., Salpa thompsoni, Clione antarctica, and Clione limacina were rare or absent in deep layers, although they were abundant in the surface layers of a few stations.




3.3 Zooplankton abundance between layers in each sector

Zooplankton abundance was variable between water layers and sectors. Zooplankton abundance peaked in the epipelagic layer and subsequently declined with each successive water layer at each station (Figure 4). The average abundance was significantly higher in the East-Pacific sector (100 individual.m-3) than in the Indian sector (27 individual.m-3) (Figure 4). The elevated zooplankton abundance in the East-Pacific sector was predominantly due to a higher abundance of small common copepods such as O. similis, O. frigida, O. curvata, T. antarctica, and C. citer in the epi-pelagic layer. In our samples, these small copepods dominated numerically in most meso-zooplankton (0.2-20 mm) communities. Four large calanoids, including C. acutus, C. propinquus, M. gerlachei, and R. gigas were also abundant, including abundant copepodite stages of these calanoids were present in the surface layer.




Figure 4 | Average zooplankton abundance for each station subplot (A) and average zooplankton abundance in five continuous zooplankton sampling strata in the East-Pacific sector (Mar 2018 and Jan 2019) and the Indian sector (Dec 2019-Jan 2020 and Jan 2021) subplot (B).






3.4 The community structure of zooplankton

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




Figure 5 | Cluster analysis of zooplankton assemblages in the East-Pacific sector between 90-130°W from 0-1500m with five continuous zooplankton sampling strata [0-100 m: (1), 100-200 m: (2), 200-500 m: (3), 500-1000 m: (4) and 1000-1500 m: (5)].






Figure 6 | The proportion of most abundant meso-zooplankton taxa and species in zooplankton communities in the East-Pacific sector Cluster A–E.



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




Figure 7 | Cluster analysis of zooplankton assemblages in the Indian sector between 30-70°E from 0-1500m with five continuous zooplankton sampling strata.






Figure 8 | The proportion of most abundant meso-zooplankton taxa and species in zooplankton communities in the Indian sectors (Cluster F–I).






3.5 Environmental drivers on zooplankton abundance and communities

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

In both sectors, GAMs exhibit non-linear patterns between zooplankton abundance and temperature, salinity, and oxygen across all water strata (Figure 9, Table 2). Three zooplankton abundance categories were correlated with specific ranges of temperature and salinity, corresponding to particular water masses. In the East-Pacific sector, the highest zooplankton abundance was associated with specific ranges of temperature (-1 to -0.6 °C) and salinity (33.6 to 33.7). Notably, these specific temperature, salinity, and oxygen ranges overlapped with the physical properties of AASW observed in the Pacific sector, when comparing the water masses analysis in Figure 3 and GAMs results in Figure 9. Medium zooplankton abundance was associated with intermediate temperature (0.1 to 0.4 °C) and salinity (34.1 to 34.2), which did not correlate with any specific water mass but indicated a transition zone. The lowest zooplankton abundance was associated with higher temperatures (1.1 to 1.5°C) and salinities (34.5 to 34.6), corresponding to CDW (Figures 3, 9).




Figure 9 | The relationships between salinity, temperature and dissolved oxygen and zooplankton abundance from five continuous sampling strata in the East-Pacific and Indian sectors, and the relationships between the chl-a concentration and zooplankton abundance for each station in the East-Pacific  and Indian sector. Each curve represents the fitted relationship between zooplankton abundance and each parameter respectively. The pink shaded areas indicate the 95% confidence interval. The green, yellow, and purple shaded areas represent the upper 90th, medium 45th to 55th, and lower 10th percentiles of zooplankton abundance, along with their corresponding temperature, salinity, and oxygen ranges.




Table 2 | GAMs results including Effective degrees of freedom (edf), F, Reference Degree of Freedom (Ref.df) and P-value between temperature, salinity, oxygen, chl-a and zooplankton abundance for each sector.



Similarly, in the Indian sector, the highest zooplankton abundance coincided with lower salinity (33.88 to 33.93) and the lowest temperatures (-1.8 to -1.4 °C), indicative of AASW (Figures 3, 9). Although the salinity range here is slightly higher than typical AASW (33.0 to 33.7), the salinity of AASW can measure up to 34.3 PSU (Carter et al., 2009). Medium zooplankton abundance was associated with intermediate temperature (-0.1 to 0.2 °C) and salinity (34.28 to 34.33), consistent with the transition zone’s physical properties (Figures 3, 9). The lowest zooplankton abundance corresponded to the highest temperatures (1.3 to 1.7 °C) and salinities (34.63 to 34.68), overlapping with CDW in the Indian sector (Figures 3, 9). The results from GAM also revealed that chl-a concentration showed a positive relationship with zooplankton abundance in the East-Pacific sector but a non-significant relationship in the Indian sector (Figure 9, Table 2). Furthermore, the East-Pacific sector exhibited higher zooplankton abundance and lower chl-a concentrations in March 2018 and January 2019. In contrast, the Indian sector showed significantly higher chl-a concentration and lower zooplankton abundance in December-January of 2020 and January 2021.





4 Discussion



4.1 Comparing zooplankton diversity, abundance and communities between two sectors

All sixty-three taxa in our samples are commonly found in the Southern Ocean (Kirkwood, 1982; O’Sullivan, 1982a, O’Sullivan, 1982b, O’Sullivan, 1983, O’Sullivan, 1986; Ward et al., 2003, Ward et al., 2014a; Razouls et al., 2023). Zooplankton taxonomic diversity in our surveys is slightly lower compared to other observations (Atkinson and Sinclair, 2000; Nicol et al., 2010; Flores et al., 2014; Ward et al., 2014a; Yang et al., 2017). This is partly because of some fragmented or unknown jellyfish, Chaetognatha, copepod larvae and Cephalopoda being classified only as indetermined species or into Class level, which reduces the estimated species diversity. Some species, such as C. brevipes, M. princeps, and Candacia falcifera, that were only collected in the epipelagic layer or meso to bathypelagic layers, are restricted to these layers; however, others, including C. simillimus and A. antarctica, which were only collected in the mesopelagic layer, have a wider distribution from the epipelagic to mesopelagic layers (Razouls et al., 2023). For meso-zooplankton diversity in each sector, most species, including M. pygmaeus, A. antarctica, R. antarcticus, S. longipes and B. bradyi and B. richardi, that were only found in one sector by our survey are actually circumpolar species (Razouls et al., 2023). As a result, the in-situ diversity might be similar in the two sectors. The similarity in zooplankton diversity between the East-Pacific and Indian sectors aligns with previous findings of consistent taxonomic composition of Antarctic meso-zooplankton communities across the circumpolar region (Dubischar et al., 2002; Pinkerton et al., 2020; Takahashi and Hosie, 2020; Johnston et al., 2022).

Zooplankton abundance varies across sectors and layers (Wilson et al., 2015; Stevens et al., 2015; Pakhomov et al., 2020; Dietrich et al., 2021). Our results reveal that zooplankton abundance in the deeper layers is generally an order of magnitude lower than the epi-pelagic assemblages. Moreover, the cluster analysis results revealed that zooplankton communities were generally divided by water layers. This finding is consistent with previous surveys in the various regions including Prydz Bay, the Scotia Sea, Drake Passage and the Polar Front (Atkinson and Sinclair, 2000; Ward et al., 2003; Flores et al., 2014; Ward et al., 2014a; Yang et al., 2017; Pinkerton et al., 2020). Our results also showed that zooplankton abundance was more than three times higher in the East-Pacific sector than in the Indian sector. There is little evidence showing significant higher zooplankton abundance between 90-130°W in the East-Pacific sector than between 30-70°E in the Indian sector by previous studies (Pakhomov and McQuaid, 1996; Atkinson et al., 2012; Venkataramana et al., 2020). As a result, this higher abundance may be partially influenced by variation in monthly and annual zooplankton population dynamics (Atkinson et al., 2012). Our ANOSIM analysis also highlighted the secondary roles of sampling years and months in regulating zooplankton communities. Previous studies have also found that the abundance of dominant calanoid copepods peaks in late summer in various regions of the Southern Ocean (Atkinson et al., 1997; Schnack-Schiel and Isla, 2005; Hunt and Hosie, 2006). Consequently, zooplankton abundance in the Indian sector may not have reached its peak between December to January, leading to underestimation (Takahashi and Hosie, 2020), when we were comparing zooplankton abundance between these two sectors.

Zooplankton community structure varied in each layer and sector, the dominant species in meso-zooplankton assemblages in the epipelagic and mesopelagic layers are consistently similar respectively in both sectors. These include calanoid species such as C. acutus, C. propinquus, M. gerlachei, C. citer, and R. gigas as well as smaller cyclopoid species including O. similis and O. curvata. These copepods account for more than 75% of total biomass in both our study and in previous observations (Atkinson et al., 2012). Other less abundant taxa, encompassing salps, Amphipoda, Polychaeta, and Chaetognatha, generally exhibit uneven proportions across different sectors in the Southern Ocean (Ward et al., 2003; Swadling et al., 2010; Pinkerton et al., 2020). As another dominant species in the Southern Ocean, Antarctic krill (Euphausia superba) may be underestimated by their net avoiding behaviour (Atkinson et al., 2012).




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

Water masses play a crucial role in regulating zooplankton communities across different regions of the Southern Ocean (Swadling et al., 2010; Marrari et al., 2011; Mańko et al., 2020). Our GAM model results showed that the most abundant zooplankton assemblages in both sectors were related to specific temperature and salinity ranges, aligning with the physical properties of the AASW, while the lowest zooplankton abundance corresponded to the physical properties of the CDW. These specific temperature and salinity ranges are best understood qualitatively rather than as precise predictors of zooplankton abundance. These results establish a correspondence between water masses and zooplankton abundance, highlighting the impacts of AASW and CDW on the highest and lowest zooplankton abundances, respectively. Comparing with previous studies, acoustic surveys have also demonstrated different zooplankton assemblages associated with AASW and upper CDW respectively in coastal regions of the Southern Ocean (Lawson et al., 2004; Marrari et al., 2011). This implies that not only temperature, salinity, and oxygen themselves (Hunt et al., 2016), but also the combined physical and biological properties of AASW might have a critical effect on zooplankton abundance. Specifically, AASW, with its highest dissolved oxygen content and lower salinity and temperature, may provide a preferred environment for epipelagic zooplankton during the summer, although the thermal and salinity tolerances, as well as oxygen consumption of Antarctic zooplankton, are not well studied (Atkinson et al., 2012; Costa et al., 2021). Moreover, the highest concentration of food sources, such as phytoplankton cells, in the AASW tends to attract zooplankton and Euphausiacea swarms (Tarling and Fielding, 2016; Pauli et al., 2021). In deeper water masses, CDW with its lowest oxygen levels and food availability (Bindoff et al., 2000; Carter et al., 2008; Williams et al., 2010; Carter et al., 2012) could shape distinct zooplankton communities with lowest zooplankton abundance.




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

The difference in zooplankton abundance vertically could be affected by biotic factors such as chl-a concentration. As secondary producers, zooplankton abundance is also influenced by primary production, which is largely determined by chl-a concentration, a process known as bottom-up control (Hernández-León et al., 2020). Our observational data in the East-Pacific sector coincides with bottom-up control. However, the Indian sector showed non-significant relationship between zooplankton abundance and in-situ chl-a concentration. Moreover, the Indian sector had higher phytoplankton concentration but lower zooplankton abundance comparing with East-Pacific sector. These opposite results implicate the phenology of phytoplankton and zooplankton. For instance, in-situ chl-a concentration is generally higher in early summer between December to January, but zooplankton abundance reaches its peak in late summer in the high latitude of the Southern Ocean (Atkinson et al., 1997; Atkinson, 1988a; Schnack-Schiel and Isla, 2005; Hunt and Hosie, 2006; Wright et al., 2010; Takahashi and Hosie, 2020). NASA satellite data on chlorophyll-a (chl-a) concentrations supports our inference regarding phytoplankton phenology. In the East-Pacific sector, the average chl-a concentration decreased to 0.25 mg. m³ in March 2018 (the sampling month during the 34th CHINARE) from higher values in early summer (0.43 mg.m³ in December 2017 and 0.32 mg/m³ in January 2018), as shown in Supplementary Figure 1. In the Indian sector, chl-a concentrations were higher in early summer, between December and January (our sampling months during the 36th and 37th CHINARE), compared to late summer, from February to March, as indicated in Supplementary Figure 2. For zooplankton abundance, small copepods including O. similis, C. citer and O. curvata, were important contributors to higher total abundance in the East-Pacific sector. However, many of these small herbivorous and omnivorous copepods reproduce during spring and early summer, but their early life stages are often too small to be effectively collected by nets with a mesh size of 200 µm during 36 and 37th CHINARE (Hagen, 1999; Ward and Hirst, 2007; Atkinson et al., 2012; Cornwell et al., 2020). Consequently, the chl-a concentration played important roles in regulating zooplankton abundance, but the underestimated contribution of small copepod larvae to total zooplankton abundance and peaked chl-a concentration in early summer may complicate the existing understanding of relationships between zooplankton abundance and chl-a concentration in the Indian sector.

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

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





5 Conclusions

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