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A B S T R A C T   

The South Sandwich Islands (SSI) are a biologically productive archipelago situated in the eastern Scotia Sea to 
the south of the eastward flowing Antarctic Circumpolar Current (ACC). The islands support important pop-
ulations of higher predators, including several penguin species, seals and humpback whales. Despite this, the 
plankton ecology of the region has been little studied and information on mesoscale structure and environmental 
forcing of plankton ecology is particularly limited. We conducted a comprehensive oceanographic and net 
sampling campaign during the CCAMLR Area 48 Survey (January and February 2019), incorporating phyto-
plankton, mesozooplankton and macrozooplankton/nekton. Satellite chlorophyll-a (chl-a) data showed the 
development of a large bloom that was initiated two months prior to our study period at the south-eastern edge 
of the archipelago and propagated northwards along the eastern side, limited to the east by mesoscale features 
associated with the southern boundary of the ACC (SB). Multivariate cluster analysis revealed distinct mesoscale 
structure within the plankton community, with four spatially defined groups of phytoplankton and macro-
zooplankton/nekton, and three cluster groups of mesozooplankton. North of the SB, we found some spatial 
congruence between the three plankton assemblages, with a distinct, spatially coherent, cluster in each, corre-
sponding to a warmer water community. Here, biomass was dominated by mesozooplankton, particularly cal-
anoid copepods Rhincalanus gigas, Calanus propinquus, C. simillimus and Euchaetidae. The corresponding 
phytoplankton community was dominated by small diatoms, particularly Thalassionema spp., Pseudo-nitzschia 
spp., Fragilariopsis spp. and Chaetoceros spp., whilst Themisto gaudichaudii, Euphausia triacantha and myctophids 
were the major contributors to the macrozooplankton/nekton community. South of the SB, there was some 
spatial congruence between phytoplankton and macrozooplankton/nekton community structure on the western 
side of the archipelago, as well as on the eastern side that corresponded to the location of the bloom, but less 
association with mesozooplankton structure. Macrozooplankton/nekton structure was strongly driven by envi-
ronmental conditions 1–2 months prior to the survey, including sea-ice distribution, surface phytoplankton 
concentration and productivity, whilst mesozooplankton was more tightly coupled to in-situ prevailing condi-
tions such as surface temperature and integrated chl-a. Top-down pressure between trophic levels may have also 
had an influence on spatial patterns although direct evidence is lacking. Antarctic krill (Euphausia superba) was 
found with relatively low biomass at our net sampling sites (median biomass of 0.04 mg m− 3 or <0.01 g m− 2) 
while myctophids and the euphausiid Thysanoessa spp. predominated. We suggest that the highly productive and 
species rich pelagic community of the SSI supports multiple trophic pathways, and that off-shelf these may 
operate independently of Antarctic krill.   
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1. Introduction 

The South Sandwich Islands (SSI) are a biologically productive ar-
chipelago of eleven islands situated in the eastern Scotia Sea, ~500 km 
south-east of South Georgia and south of a major oceanographic front, 
the Southern Boundary (SB) of the Antarctic Circumpolar Current 
(ACC). The islands support an important number of higher predators, 
including half the world’s population of chinstrap penguins (c. 1.3 
million pairs), large breeding populations of macaroni, Adelie and 
gentoo penguins (Convey et al., 1999; Hart and Convey, 2018; Lynch 
et al., 2016), and modest populations of fur and elephant seals (Hart and 
Convey, 2018). The archipelago is bounded to the east by the hadal 
South Sandwich Trench and to the south by the Weddell Sea, and the 
islands are the emergent parts of the tectonically active South Sandwich 
subduction system (Leat et al., 2016). Oceanographically, the region is 
influenced by the eastward flow of the ACC to the north, and eastward 
and northward flow of waters originating around the southern Scotia arc 
and the Weddell Sea in the south. The islands are also strongly 
ice-influenced, with the mean winter sea-ice distribution extending to 
the islands’ northerly limit. 

Since their discovery in 1775 (Holdgate and Baker, 1979), there has 
been comparatively little work on the plankton ecology of the region. 
This is despite knowledge of the region’s rich biodiversity which sus-
tained a period of seal prospecting in the late 1800s, as well as a number 
of scientific expeditions including the Discovery expedition in 1931, 
investigations during the 1960s which predominantly addressed geol-
ogy and terrestrial biology (Holdgate, 1963; Holdgate and Baker, 1979; 
Kemp et al., 1931), and more recent assessments (Convey et al., 1999; 
Hart and Convey, 2018) that have confirmed the SSI as host to an 
important number of higher predators. This led to the creation in 2012 
(and update in 2018) of the South Georgia and South Sandwich Islands 
Marine Protected Area (SGSSI MPA) (GSGSSI, 2019; Trathan et al., 
2014) to protect important populations of higher predators, and avoid 
interactions between the fishery and predator populations. Neverthe-
less, knowledge of the plankton community structure and ecology of the 
region remains remarkably sparse (Advisory Group to GSGSSI, 2018) 
and, in contrast to nearby South Georgia, regular krill and zooplankton 
surveys have not been carried out. This leaves a critical gap in our un-
derstanding of the marine ecosystem and of connectivity between tro-
phic levels in the region. 

The SSI were visited as part of the Commission for Conservation of 
Antarctic Marine Living Resources (CCAMLR) 2000 synoptic survey 
(Watkins et al., 2004), which assessed the mesozooplankton, krill and 
higher predator distribution of the Scotia Sea and Western Antarctic 
Peninsula (WAP) region. Analysis of large-scale distribution showed the 
SSI to have a distinctly different mesozooplankton community compo-
sition compared to other regions of the Weddell and Scotia seas, but to 
have similarities to the community found around the WAP (Ward et al., 
2004). However, resolution of mesoscale distribution within the SSI 
region was not possible given the coarse scale of that survey, nor were 
connections between lower and higher trophic levels. As part of the 
CCAMLR Area 48 Survey (Krafft et al., 2021), a repeat of the CCAMLR 
2000 synoptic survey, a more detailed investigation of the region was 
carried out. Within the present analysis, our objective is to examine the 
composition and distribution of phytoplankton, zooplankton and nekton 
communities around the SSI at the mesoscale level and consider the 
spatial congruence between these groups. Furthermore, we aim to 
identify the principal environmental influences on the ecology of 
phytoplankton, zooplankton and nekton in this region. 

2. Material and methods 

2.1. Field sampling and data collection 

Biological samples and in situ environmental data were collected 
during research cruise DY098 on the RRS Discovery during austral 

summer 2019. Sampling was conducted at 19 stations along a series of 
four transects around the South Sandwich Islands (SSI) archipelago 
between 26th January and 7th February (Fig. 1). Stations were located 
between 20 and 267 km distance from the 200 m isobath and in water 
depths >1000 m (Fig. 1), therefore representing off-shelf conditions. 
Macrozooplankton/nekton and mesozooplankton were sampled with an 
RMT8+1 (Rectangular Midwater Trawl opening and closing net (Baker 
et al., 1973; Piatkowski et al., 1994), equipped with nets of 8 m2 and 1 
m2 mouth area, and 5 mm and 300 μm mesh, respectively). For the 
purposes of this paper, we refer to all organisms caught by the RMT8 net 
as macrozooplankton/nekton, and organisms caught by the RMT1 net as 
mesozooplankton. Nets were deployed obliquely to 200 m and 
depth-stratified samples were taken over 200-100 m and 100-0 m at 
each station. Stations were sampled every 12 h and so alternated be-
tween whether they were sampled during hours of daylight or darkness. 
Once on deck, excess water was eliminated and the contents of the RMT8 
were weighed, sorted by species/taxon, enumerated and preserved in 
formalin (4% w/v). The contents of RMT1 nets were weighed and 
immediately preserved in formalin for later analysis. 

At each RMT station, a Sea-Bird Scientific SBE 911 CTD (Sea-Bird 
Scientific, Bellevue, Washington) was deployed, collecting coincident 
oceanographic data including conductivity, temperature, and fluores-
cence. CTD data were processed according to standard British Oceano-
graphic Data Centre (BODC) and BAS protocols (Fielding et al., 2019). 
Fluorescence was converted to chlorophyll-a using the manufacturer’s 
calibration routine. Water samples for chlorophyll and phytoplankton 
analyses were collected from Niskin bottles closed at six depths (400 m, 
200 m, 100 m, 50 m, 5 m and chlorophyll maximum (chl-max)). For 
chlorophyll, duplicate samples of 100 ml water from each depth were 
filtered onto a 25 mm ø glass fibre filter (GF/F), wrapped in tinfoil, and 
stored at − 20 ◦C until later analysis. For phytoplankton, 200 ml water 
from each depth was collected directly into an amber glass bottle, fixed 
immediately with 2 ml Lugol’s iodine, and stored in the dark at 4 ◦C until 
later analysis. Details of CTD and RMT deployments are given in Table 1. 

Upon return to the home laboratory, chlorophyll filters were 
removed from the freezer, extracted in 10 ml 90% acetone for 24 h at 
− 20 ◦C, and chlorophyll-a (chl-a) and phaeophytin-a (phaeo-a) were 
measured on a Turner Trilogy Fluorometer (Turner Designs, San Jose, 
USA) using the acidification module, in order to account for the presence 
of degradation products. A sub-sample of phytoplankton samples from 
the surface (5 m) and chl-max were analysed for phytoplankton and 
microzooplankton (heterotrophic organisms 20–200 μm in size). Cell 
identification and enumeration were conducted using standard 
Utermöhl methodology (Karlson et al., 2010), where 50 ml subsamples 
were settled for 24 h and examined under an inverted light microscope. 
Taxa were identified to species or genera where possible, or by group or 
size otherwise. Cell size categories of small and large represent cells <90 
μm and >90 μm respectively, following Poulton et al. (2007). Where 
chains were encountered, all cells within each chain were treated as 
individual cells. Carbon biomass was estimated for the major phyto-
plankton groups, where available, by applying conversion factors, 
derived from published literature and database sources (Chitari and 
Anil, 2017; Leakey et al., 2002; Leblanc et al., 2012; Mathot et al., 2000; 
Poulton et al., 2007), to the abundance data. Conversion factors were 
not available for zooplankton, foraminifera, coccolithophores and 
Acantharia due to the substantial heterogeneity within these groups. As 
a result, all analyses are performed on abundances whilst carbon values 
are presented for indicative purposes. 

Mesozooplankton from the RMT1 nets were sorted and enumerated 
by the Plankton Sorting and Identification Center Morski Instytut 
Rybacki (Gdynia, Poland). Common taxa were classified to species 
where possible; otherwise, samples were classified to the lowest possible 
taxonomic resolution. Raw macrozooplankton/nekton and meso-
zooplankton counts were divided by the water volume filtered (calcu-
lated as the oblique distance covered by the net based on the duration of 
the haul and ship speed and multiplied by the mouth area) to give 
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individuals m− 3. Abundances were subsequently converted to biomass 
(mg m− 3) using conversion factors obtained from Ward et al. (2012) and 
Kiørboe (2013). 

2.2. Environmental data 

To investigate relationships between the zooplankton and its envi-
ronment, a suite of environmental variables was obtained from satellite 
products or in-situ data (Supplementary Table 1). 

Chlorophyll-a (chl-a), sea surface temperature (SST) and primary 
productivity (PP) for the period of the cruise and preceding time periods 
were obtained from satellite products (Supplementary Table 1) and 
averaged over the sampling period, or the previous month(s). Sea-ice 
data were obtained from the NSIDC sea ice concentration product, and 
distance to the ice edge was calculated using a standard threshold of 
15% sea ice concentration to represent the sea ice edge (NSIDC, 2022) 
for the respective day of sampling with the contour and v.dist functions 
available in QGIS. 

In-situ metrics related to SST, salinity and chl-a were also calculated 
from CTD data (Supplementary Table 1, Fig. 4). To investigate the po-
tential influence of water mass characteristics, water mass categories 
were assigned to stations based on potential temperature-salinity plots 
(Fig. 3A). In addition, the maximum subsurface water temperature, 
depth of the maximum subsurface temperature, temperature minimum, 

and the average temperature and salinity over the mixed layer were also 
derived from CTD data. The mixed layer depth (MLD), defined as a 
density difference relative to the surface of 0.05 kg m− 3 (Venables et al., 
2013), was calculated from temperature and salinity data from CTD 
profiles. In-situ chl-a and phaeophytin-a (phaeo-a) metrics were 
measured through pigment extraction from depth-discrete water sam-
ples (adapted from Yentsch and Menzel, 1963). 

2.3. Data analysis and statistics 

2.3.1. Analysis of phytoplankton community structure 
Phytoplankton community structure was examined by carrying out a 

multivariate analysis on abundances from samples obtained from the 
chlorophyll maximum in PRIMER 7 (v7.0.13, Primer-E) (Clarke and 
Gorley, 2015). Abundance data were square root transformed to reduce 
the dominance of heavily abundant taxa, and the Bray-Curtis similarity 
was calculated. Group average hierarchical cluster analysis with simi-
larity profiling (SIMPROF) and non-metric multidimensional scaling 
(nMDS) were carried out to determine statistically significant clustering 
and ordination of stations on the basis of the phytoplankton commu-
nities present. The SIMPER (similarity percentage) routine was used to 
evaluate which taxa, or groups of taxa, characterised resulting station 
clusters, and differentiated clusters from one another. 

Fig. 1. Locations of stations occupied during the CCAMLR 2019 survey, shown as filled yellow circles around the South Sandwich Islands (SSI) archipelago. Station 
numbers correspond to the RMT net and CTD deployment details provided in Table 1. Solid black lines show the mean positions of the Southern Antarctic 
Circumpolar Current Front (SACCF) and southern boundary of the Antarctic Circumpolar Current (SB) (taken from Park and Durand, 2019). Also shown (black 
dashed line) is the mean sea ice extent for September 2018 (Fetterer et al., 2017, https://nsidc.org/data/G02135/versions/3). By February 2019, the sea ice had 
retreated south of the map domain. Bathymetry data are from GEBCO (https://www.gebco.net/data_and_products/gridded_bathymetry_data/). Inset shows the 
location of the SSI sampling region and mean frontal positions in the broader regional context. 
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Table 1 
Details of RMT net sampling and corresponding CTD stations, and key metrics of abundance and species richness (phytoplankton and zooplankton) and biomass (zooplankton). Date = date of deployment; D/N = day or 
night, as determined by sun angle; Species richness = total number of species per sample; Abundance = cells l− 1 (phytoplankton) and individuals m− 3 (zooplankton); Biomass = mg DW m− 3 for both nets combined 
(zooplankton total biomass); mesozooplankton (RMT1); macrozooplankton/nekton (RMT8), with % contribution to total zooplankton biomass across both RMT nets given in brackets.  

Station 
code 

RMT 
station 
ID 

CTD 
station 
ID 

Lat Long Date D/ 
N 

Phytoplankton species 
richness (# per 
sample) 

Phytoplankton total 
abundance (cells l− 1) 

Zooplankton species 
richness (# per 
sample) 

Zooplankton total 
abundance (inds 
m− 3) 

Zooplankton total 
biomass (mg m− 3) 

RMT1 
biomass (mg 
m− 3) (%) 

RMT8 
biomass (mg 
m− 3) (%) 

1 78 76 − 55.64 − 27.74 January 26, 
2019 

D 13 1,598,160 63 4.54 9.51 0.72 (7.6%) 8.78 (92.4%) 

2 79 80 − 56.41 − 27.06 January 27, 
2019 

N N/A N/A 57 4.05 17.06 2.43 (14.2%) 14.63 
(85.8%) 

3 83 82 − 57.21 − 27.11 January 27, 
2019 

D 20 606,882 46 3.73 8.17 3.39 (41.5%) 4.78 (58.5%) 

4 85 84 − 59.21 − 26.19 January 28, 
2019 

D 23 699,554 50 0.75 1.87 0.15 (7.9%) 1.72 (92.1%) 

5 97 98 − 59.08 − 25.29 January 31, 
2019 

N 33 2,275,212 65 5.41 26.01 3.17 (12.2%) 22.84 
(87.8%) 

6 101 100 − 58.02 − 24.05 January 31, 
2019 

D 25 153,976 48 6.30 7.98 2.25 (28.1%) 5.73 (71.9%) 

7 103 105 − 57.26 − 24.43 February 
01, 2019 

N N/A N/A 67 8.19 17.84 3.99 (22.4%) 13.85 
(77.6%) 

8 107 106 − 56.21 − 24.83 February 
01, 2019 

D 29 623,258 47 30.11 6.86 4.79 (69.9%) 2.06 (30.1%) 

9 109 111 − 55.27 − 25.24 February 
02, 2019 

N N/A N/A 71 46.05 19.12 7.55 (39.5%) 11.57 
(60.5%) 

10 113 112 − 54.15 − 25.59 February 
02, 2019 

D 33 698,622 56 73.53 7.15 5.49 (76.8%) 1.66 (23.2%) 

11 114 116 − 54.42 − 27.15 February 
02, 2019 

N N/A N/A 73 63.33 22.70 11.9 (52.4%) 10.8 (47.6%) 

12 119 118 − 55.68 − 26.83 February 
03, 2019 

D 32 291,317 44 7.39 7.40 1.91 (25.9%) 5.49 (74.1%) 

13 124 125 − 56.10 − 26.70 February 
04, 2019 

N 26 772,823 76 9.07 13.53 1.45 (10.7%) 12.08 
(89.3%) 

14 128 126 − 57.17 − 25.85 February 
04, 2019 

D 31 381,957 65 11.44 14.63 1.37 (9.3%) 13.27 
(90.7%) 

15 132 131 − 58.98 − 27.78 February 
05, 2019 

D 29 219,792 44 1.35 2.85 0.21 (7.3%) 2.64 (92.7%) 

16 134 136 − 58.09 − 28.20 February 
06, 2019 

N N/A N/A 48 5.52 13.30 5.96 (44.8%) 7.35 (55.2%) 

17 139 137 − 56.88 − 28.52 February 
06, 2019 

D 29 135,987 40 4.98 6.01 1.05 (17.5%) 4.96 (82.5%) 

18 142 144 − 56.35 − 28.75 February 
06, 2019 

N N/A N/A 55 3.00 6.75 0.81 (12%) 5.94 (88%) 

19 148 146 − 55.27 − 29.05 February 
07, 2019 

D 23 191,539 50 2.68 3.33 1.1 (33.1%) 2.23 (66.9%)  
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2.3.2. Analysis of zooplankton community structure 
In order to minimise potential bias due to diel vertical migration 

(DVM) of the zooplankton, both depth strata (0–100 m and 100–200 m) 
were merged. For overall diversity metrics and descriptive statistics, 
meso- (RMT1) and macrozooplankton/nekton (RMT8) datasets were 
analysed as a combined dataset, with developmental stages aggregated 
up to the parent taxon and duplicates summed. 

For multivariate analyses of zooplankton community structure, an 
initial analysis was carried out on the combined (RMT1 + RMT8) 
dataset. Based on this, and to determine the relative contributions of 
meso- and macrozooplankton/nekton to total zooplankton structure and 
biogeography, secondary analyses considered mesozooplankton and 
macrozooplankton/nekton datasets separately. To test whether any ef-
fect of day or night remained in each of these datasets, a one-way 
ANOSIM with Spearman rank correlation was performed across all 
samples. 

As for the phytoplankton analysis, Bray-Curtis similarity was calcu-
lated on square root transformed data, and group average hierarchical 
cluster analysis with SIMPROF and nMDS were carried out, followed by 
SIMPER analysis. To establish which environmental variables best 
explained the observed zooplankton station groupings, a BIOENV 
analysis with Spearman rank correlation was carried out between the 
taxonomic and environmental data, aiming to maximise the rank cor-
relation between the two respective resemblance matrices. Environ-
mental variables were selected for consideration on the basis of factors 

including previously established or hypothesised relationships between 
different physical variables and ecological structure (e.g. measures of 
chl-a, phaeo-a or SST); examination of the role of static vs dynamic 
variables (e.g. bathymetric depth or distance to ice edge vs SST or PP); 
examination of the potential importance of deeper water mass proper-
ties (e.g. maximum subsurface temperature or temperature minimum); 
consideration of temporal lag in response (e.g. SST, PP or chl-a for 
different time periods); and consideration of data accessibility and 
replication by including comparisons of in situ versus remotely-sensed 
data (e.g. extracted chl-a or phaeo-a vs CTD fluorescence). Collinearity 
analysis was first performed to determine which variables were strongly 
correlated and should be removed from analysis, where correlation >0.8 
was used as the cut-off and most commonly used variables were retained 
where there was a correlation. Remaining variables were checked for 
normality, transformed if necessary and normalised. All variables 
considered and retained are shown in Supplementary Table 1. 

Analyses and statistics were carried out in PRIMER 7 (v7.0.13, 
Primer-E) (Clarke and Gorley, 2015), QGIS with GRASS v3.10.14 (QGIS 
Development Team, 2020) and R v3.6.2 (R Development Core Team, 
2019). 

Fig. 2. Surface environmental conditions prior to and during the study period. A–C: mean SST (◦C, 0.05 × 0.05◦ resolution) for the month prior to the study (26/11/ 
2018–25/12/2018, A), one month prior to the study period (26/12/2018–25/01/2019, B) and during the study period (26/01/2019–07/02/2019, C). D–E: chl-a (μg 
l− 1, 4 km resolution) showing the development of the bloom from two months prior to the study period (dates as above, D), one month prior (E), and the study period 
(F). The dashed lines represent the winter (September 2018) ice-edge extent (daily average over 25 × 25 km resolution) (Fetterer et al., 2017, https://nsidc.org/dat 
a/G02135/versions/3). The summer (February 2019) ice-edge was further south than the map extent. Black circles show the location of sample stations. The solid 
lines represent the SACCF (north) and SB (south) (from Park and Durand, 2019). 
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3. Results 

3.1. Large-scale environmental context 

Two months prior to our study, sea ice was still covering the southern 
part of the SSI (Fig. 2A). This retreated rapidly over the subsequent 
month, and by the time of our study (late January 2019) was far south of 
62 ◦S. Satellite imagery showed that SST transitioned from warmer 
waters in the north (ranging from 2 to 5 ◦C north of the mean location of 
the Southern Antarctic Circumpolar Current Front, SACCF) to colder 
waters in the south (ranging from − 1 to ~1.5 ◦C south of the Southern 
Boundary of the ACC, SB). Between the two months prior to our study 
(November/December 2018) and the study period itself (January/ 
February 2019), these broad patterns remained fairly consistent, 
although the surface waters became warmer as the summer progressed 
(Fig. 2A–C). Over the same period, surface chl-a indicated the devel-
opment of a strong phytoplankton bloom. The bloom appeared to 
initiate at the south-eastern edge of the archipelago in the region opened 

up by the retreating ice (Fig. 2D). The bloom then propagated north-
wards along the eastern edge of the archipelago, and was putatively 
limited to the east by the circulation related to the SB (Fig. 2E–F). This 
bloom was spatially distinct from, and substantially higher in magnitude 
than, a region of elevated chl-a to the north of the SB. The series of 
satellite-derived chl-a values were highly correlated (R2 = 0.831–0.976, 
p < 0.0001) with primary productivity (PP) for the corresponding time 
period. PP for December was also highly correlated with the distance to 
the ice edge (R2 = 0.844, p < 0.0001). PP was therefore excluded from 
analyses. 

3.2. In-situ environmental conditions 

Maximum sea-ice extent during the previous winter reached ~56 ◦S 
in July 2018, encompassing 10 of our 19 stations (Fig. 2). During the 
study period, sea-ice had retreated south of 62 ◦S and distance to the 
prevailing ice-edge ranged from 1130 km to 1615 km. 

A potential temperature-salinity (θ-S) plot over the upper 1000 m of 

Fig. 3. A: Potential temperature-salinity profiles 
from CTDs deployed at all stations. Colours repre-
sent the two principal water masses which corre-
spond to north (red) and south (blue + orange) of 
the Southern Boundary (SB), respectively. Orange 
represents a sub-group of stations with distinct 
fluorescence properties. Isopycnals of potential 
density are shown. B–D: profiles of B) potential 
temperature (◦C), C) salinity, and D) chlorophyll 
fluorescence (μg l− 1) from 0 to 500 m taken from 
CTD deployments made at each station. Colours, as 
for A, represent water mass and fluorescence prop-
erties: red = stations north of the SB, corresponding 
to red in A; orange = stations to the east of the 
islands with high chlorophyll fluorescence (stations 
5, 13 and 14 in Fig. 1); blue = all remaining stations 
south of the SB.   
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all the CTD station data showed that stations fell broadly into two water 
mass zones (Fig. 3A), with some mixing between them. These water 
mass zones correspond broadly to the cold waters south of the SB (blue 
and orange profiles), and the relatively warmer waters of the ACC (red 
profiles) to the north. Salinity averaged over the mixed layer (ML) 
ranged from 33.6 (station 5 on the south-eastern edge) to 33.9 (station 
12) and was lowest along a band running north from the far south, along 
the eastern edge of the archipelago (Fig. 4B). 

Mixed layer depth (MLD) varied from 33 m to 101 m (mean 65 ± 18 
m) and showed no correlation with mixed layer temperature. There was 
no significant relationship between MLD and any measure of chl-a. Chl-a 
at the chl-maximum ranged from 0.25 to 10.44 μg l− 1 (Fig. 4C). Many 
stations displayed a clear subsurface fluorescence maximum (SFM), the 
depth of which varied between 17 m and 78 m, and which was evident in 
both fluorescence profiles (Fig. 3D) and extracted pigment samples 
(Supplementary Fig. 1). Mean chl-a over the ML, derived from the CTD, 
was well correlated with surface chl-a (R2 = 0.78, p < 0.0001) with one 
outlier corresponding with the SFM at station 14. Integrated chl-a over 
the ML derived from CTD fluorescence ranged from 4.06 to 169.43 μg 
l− 1 and phaeophytin-a over the ML ranged from 2.92 to 178.33 μg l− 1 

(Supplementary Fig. 1). Due to strong collinearity between all measures 
of in-situ chlorophyll (CTD and extracted filters), only integrated CTD 
fluorescence (converted to chl-a) was retained for subsequent statistical 
analyses. 

3.3. Phytoplankton community 

3.3.1. Composition 
Overall, phytoplankton abundances were similar at both 5 m and the 

chl-max throughout the survey region, ranging from <1.5 × 105 to ~2.0 
× 106 cells L− 1 at 5 m and <1.4 × 105 to 2.3 × 106 cells L− 1 at the chl- 
max (Table 1). Proportions of taxonomic groups were also similar at 
both depths: flagellates dominated, ranging from ~5.3 × 104 to 1.7 ×
106 cells L− 1 and 20–88% in each sample. Diatoms were the next most 
abundant, ranging from 1.7 × 104 to 6.0 × 105 cells L− 1 and 7–71% in 
each sample. There was a strong inverse correlation (R2 = 0.91, p <
0.0001) between proportions of flagellates and diatoms, with diatoms 
comprising the majority at stations 8, 10, 13, 14 and 15 and flagellates 
dominating at the other stations. 

Dinoflagellates were most abundant north of the SB and along the 
eastern edge of the SSI, reaching maximum abundances of >7.30 × 104 

cells L− 1 in the chl-max at station 5, and up to 9% total contribution (chl- 
max at station 10). Phaeocystis antarctica was present in <60% samples 
but only contributed a substantial proportion (3–15%) in the chl-max at 
stations 3, 4 and 15. Foraminifera and Acantharia were present in low 
abundances at a small number of stations. 

3.3.2. Community structure 
Multivariate analysis of phytoplankton data identified 4 significant 

clusters (Table 2, Fig. 5) which broadly corresponded to east of the SSI 

Fig. 4. Maps of A) sea surface temperature (SST ◦C), B) salinity over the mixed layer, and C) log chlorophyll-a (μg l− 1) at the chlorophyll maximum, obtained by the 
CTD are shown for each station sampled. Frontal positions are taken from Park and Durand (2019). The grey lines indicate the position of the 2000 m isobath. 
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(A), west of the SSI (B), north of the SB (C), and stations on the periphery 
of the archipelago (D). SIMPER analysis (Supplementary Table 2) 
showed that stations in cluster A had significantly greater proportions of 
large diatoms such as Rhizosolenia spp. and Proboscia spp., and many 
small centric diatoms and dinoflagellates. Phaeocystis antarctica and 

Corethron spp. were substantially more abundant in group B, and in 
group C diatoms of the genera Thalassionema spp., Pseudo-nitzschia spp., 
Fragilariopsis spp. and Chaetoceros spp. were most abundant. Group D 
stations differed most in their much lower abundances of most taxo-
nomic groups. Whilst diatoms were on average more abundant in group 

Table 2 
Average abundances (cells L− 1) and average carbon biomass (pg C) of main phytoplankton groups to each station cluster (left hand columns) and the % contribution of 
each group to the total for each cluster (A-D). Percentages may not total 100% due to rounding. Totals refer to the average total abundance or biomass of cells at the chl- 
max for each station cluster.   

Metric A (east) B (west) C (nSB) D (periphery) Total 

Diatoms abundance 356,726 31% 137,043 14% 376,155 57% 63,271 32% 2,549,970 
biomass 442,029,163 96% 73,253,696 80% 298,122,575 91% 35,890 85% 2,432,237,231 

Dinoflagellates abundance 47,340 4% 21,857 2% 37,184 6% 4285 2% 303,387 
biomass 13,401,588 3% 13,558,769 15% 27,037,656 8% 152,916 13% 180,791,373 

Phaeocystis abundance 7351 1% 51,458 5% 700 0% 4084 2% 198,249 
biomass 24,479 0% 171,356 0% 2331 0% 158,562 0% 660,169 

Planktonic ciliates abundance 4284 0% 2808 0% 740 0% 3180 2% 38,657 
biomass 272,273 0% 58,975 0% 35,010 0% 71,118 0% 1,498,763 

Silicoflagellates (Dictyocha) abundance 3387 0% 2116 0% 2246 0% 3772 2% 39,861 
biomass 176,100 0% 110,053 0% 116,802 0% 180,076 0% 2,072,769 

Flagellates abundance 723,685 63% 752,916 78% 243,815 37% 119,906 60% 5,516,962 
biomass 4,550,013 1% 4,733,796 5% 1,532,933 0% 753,885 1% 34,686,717 

TOTAL abundance 1,143,330 100% 968,199 100% 660,940 100% 198,522 100% 8,649,080 
biomass 460,453,616 100% 91,886,645 100% 326,847,308 100% 68,246,324 100% 2,651,947,021  

Fig. 5. Distribution of station clusters (group average clustering) based on phytoplankton community structure at the chlorophyll maximum.  

Fig. 6. Maps showing A) the number of taxa per sample for stations around the South Sandwich Islands, with colours representing stations where diversity was above 
(red) or below (blue) the median (55 taxa); B) the zooplankton abundance (individuals m− 3) for stations around the South Sandwich Islands. For both maps, values 
are indicated by the size of the bubble. Data include mesozooplankton, macrozooplankton and nekton. 
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C north of the SB, they were mostly small. Group A also had high 
abundances of small diatoms (not significantly different to Group C), but 
in addition, groups A and B both had substantially higher numbers of 
large diatoms present (Supplementary Fig. 2). 

3.4. Zooplankton community 

3.4.1. Composition 
In total, 160 taxa were identified, 107 of which were found in RMT1 

nets (nominally mesozooplankton) and 72 in RMT8 nets (nominally 
macrozooplankton/nekton). Abundances ranged from <1 individual 
m− 3 to >73 inds m− 3 (Table 1, Fig. 6B). Number of species per sample 
ranged from 40 to 76 (median 55) and increased from west to east 
(Fig. 6A), with all stations on the western side of the archipelago below 
the median. There was also a diurnal component with generally lower 
numbers of species at stations sampled during the day (Table 1). 

Biomass (mg m− 3) ranged from 1.9 mg m− 3 to 26.0 mg m− 3 (median 
8.2 mg m− 3; Table 1). Total biomass was dominated by the macro-
zooplankton/nekton but this varied with station: macrozooplankton/ 
nekton comprised between 23 and 93% of total biomass (mean 72%); 
and mesozooplankton between 7 and 77% (mean 28%) of total biomass. 
There was a strong diurnal influence, with significantly higher biomass 
found at night-time stations (mean 17.0 ± 5.6 mg m− 3) compared to 
those sampled during the day (mean 6.9 ± 3.4 mg m− 3). This was driven 
by the effect of vertically migrating macrozooplankton/nekton, princi-
pally euphausiids and myctophids (Table 3B). 

Calanoid copepods dominated the mesozooplankton biomass (>55% 
with 55 unique taxa identified), followed by euphausiids (32%), 

polychaetes (6%), amphipods (3%), siphonophores (3%) and copepod 
nauplii (1%) (Fig. 8, Supplementary Table 3). Within this, five species 
(Rhincalanus gigas, Calanoides acutus, Calanus propinquus, C. simillimus 
and Metridia gerlachei) accounted for >70% of the copepods; Thysanoessa 
spp. was the dominant euphausiid (38% of euphausiid biomass) and the 
larval stages of euphausiids (nauplii, calyptopis and furcilia) comprised 
9% of total euphausiid biomass (Table 3A). 

Macrozooplankton/nekton was dominated by euphausiids (32%), 
followed by siphonophores (24%), myctophid fish (16%) and salps (7%) 
(Fig. 8, Supplementary Table 3). Thysanoessa spp. was the dominant 
euphausiid, contributing 70% to the total, with Euphausia superba, 
E. triacantha and E. frigida contributing 18%, 6% and 4% respectively. 
Within the myctophids, >87% were comprised of Gymnoscopelus braueri 
and Electrona antarctica (Table 3B). See Supplementary Fig. 3 for maps 
showing the distribution of key taxa. 

3.4.2. Mesozooplankton community structure 
Cluster analysis revealed that stations formed three clear groups 

corresponding spatially to stations to the north of the Southern Bound-
ary (nSB, Group C), the majority of stations south of the SB (sSB, Group 
B) and stations 4 and 15 that we term ‘far south’ (Group A; Fig. 7 and 
Supplementary Fig. 4, top panel). Dissimilarities between the groups 
based on SIMPER analysis ranged from 57.2 to 77.7% dissimilarity 
(Supplementary Table 4). Group A (far south) differed from Groups B 
and C principally in lower biomasses of all taxa, particularly calanoid 
copepods such as R. gigas, Calanoides acutus, Calanus simillimus and 
C. propinquus; larval euphausiids; and polychaetes; as well as a near 
absence of the euphausiid Thysanoessa spp. Group B (nSB) was 

Table 3 
Average biomass (mg m− 3) of the dominant taxa per cluster group (where groups correspond to those in Fig. 7); the % contribution of each taxon to the total biomass; 
and the % contribution of each taxon to the biomass of its higher taxonomic group for A) mesozooplankton and B) macrozooplankton and nekton (night-time stations 
only).  

A) Mesozooplankton taxon A (far south) B (nSB) C (sSB) % contribution to total % contribution to taxonomic group Taxonomic group 

Hyperiid amphipods 0.04 0.03 0.10 2.4 81.8 Amphipoda 
Themisto gaudichaudii 0.00 0.06 0.00 0.5 16.6 Amphipoda 
Rhincalanus gigas 0.01 2.84 0.21 23.6 42.9 Calanoida 
Calanoides acutus 0.04 0.35 0.39 11.1 20.0 Calanoida 
unidentified calanoid copepods* 0.02 1.11 0.06 8.8 16.0 Calanoida 
Euchaetidae 0.03 0.19 0.06 2.6 4.8 Calanoida 
Calanus propinquus 0.00 0.15 0.02 1.5 2.7 Calanoida 
Metridia gerlachei 0.00 0.08 0.04 1.4 2.6 Calanoida 
Calanus simillimus 0.00 0.16 0.00 1.1 1.9 Calanoida 
Paraeuchaeta 0.00 0.03 0.02 0.8 1.5 Calanoida 
Euchirella 0.00 0.11 0.00 0.8 1.4 Calanoida 
Metridia lucens 0.00 0.09 0.00 0.6 1.2 Calanoida 
unidentified Euphausiacea 0.00 0.00 0.03 13.5 42.0 Euphausiacea 
Thysanoessa 0.00 0.11 0.37 12.2 37.8 Euphausiacea 
larval euphausiids** 0.01 0.39 0.01 3 9.0 Euphausiacea 
Euphausia frigida 0.00 0.08 0.10 2.7 8.5 Euphausiacea 
Euphausia triacantha 0.00 0.01 0.01 0.2 0.6 Euphausiacea 
Euphausia superba 0.00 0.00 0.00 0.01 0.2 Euphausiacea 
Polychaeta 0.01 0.28 0.16 5.4 97.1 Polychaeta 
Siphonophora 0.02 0.04 0.10 2.5 100.0 Siphonophora  

B) Macrozooplankton & nekton taxon A (west) B (stn. 79) C (nSB) D (east) % contribution to total % contribution to group Group 

Thysanoessa 0.42 9.52 2.07 0.57 18.9 70 Euphausiacea 
Euphausia superba 1.40 0.59 0.03 0.66 4.7 17.5 Euphausiacea 
Euphausia triacantha 0.12 0.55 0.69 0.03 1.5 5.5 Euphausiacea 
unidentified euphausiids 0.32 0.00 0.24 0.28 1.2 4.4 Euphausiacea 
Euphausia frigida 0.07 0.09 0.25 0.09 0.7 2.6 Euphausiacea 
Gymnoscopelus braueri 0.63 0.87 1.94 1.60 10 61.2 Myctophidae 
Electrona antarctica 0.18 0.42 0.81 0.85 4.3 26.2 Myctophidae 
Gymnoscopelus nicholsi 0.00 0.00 0.00 0.28 0.6 3.4 Myctophidae 
Electrona carlsbergi 0.00 0.00 0.42 0.00 0.5 3.3 Myctophidae 
Salpa thompsonii 0.00 1.25 0.14 2.42 6.3 90.9 Salpida 
other unidentified salps 0.01 0.00 0.00 0.00 0.6 9.1 Salpida 
Siphonophora 2.39 0.10 0.00 3.78 14.5 60.3 Siphonophora 
Diphyes spp. 0.56 0.71 0.14 1.61 8.5 35.4 Siphonophora 

* includes all developmental stages. 
* includes nauplii, calyptopis and furcilia stages. 
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differentiated from the other groups by having significantly higher 
biomasses of calanoid copepods, particularly R. gigas, C. simillimus and 
C. propinquus and relatively high biomass of larval euphausiids, the 
latter of which were almost entirely absent in Group C (sSB). The 
copepod C. simillimus was a strong contributor to biomass in Group B but 
entirely absent in Groups A and C. Group C on the other hand had much 
higher biomasses of euphausiids, particularly Thysanoessa spp. but a 
near absence of larval euphausiid stages. Biomass of C. acutus was 

highest in Group C although this was most marked in comparison to 
Group A. 

3.4.3. Macrozooplankton/nekton community structure 
A significant difference between daytime and night-time biomass 

was found for macrozooplankton/nekton (ANOSIM, p = 0.01), which 
was not apparent in mesozooplankton (ANOSIM, p = 0.1). These data 
were therefore split and analysed as daytime and night-time subsets. 

Fig. 7. Map illustrating the spatial distribution of station clusters based on A) mesozooplankton species biomass and B) night-time macrozooplankton and nekton 
species biomass. For macrozooplankton and nekton, day-time stations are shaded grey for clarity but are excluded from the clustering as they showed no discernible 
structure. Overlain on both plots are the positions of the phytoplankton clusters (A, east = orange, B, west = blue, C, nSB = purple, D, peripheral = green; see Fig. 5). 

Fig. 8. Average proportion (%) of main taxonomic groups to total station biomass by cluster group for A) mesozooplankton and B) macrozooplankton and nekton. 
For macrozooplankton and nekton, cluster groups only include night-time stations. 
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Daytime samples had no apparent structure, with all stations except for 
station 4 forming one single cluster. Station 4 was characterised more by 
polychaetes, chaetognaths, gelatinous taxa such as siphonophores and 
the highest and second highest biomasses of the pteropods Clione lima-
cina antarctica and Clio pyramidata, respectively. Night-time stations 
formed three main groups: Group A on the western side of the archi-
pelago, Group C containing stations north of the SB, and Group D on the 
eastern side; along with Group B which comprised station 2 alone 
(Supplementary Fig. 4, bottom panel). 

Group A was distinguished by lower biomasses of macro-
zooplankton/nekton compared to other groups (mean 6.6 mg m− 3 vs 
14.3 mg m− 3 for the other night-time stations), an absence of Salpa 
thompsoni, relatively higher biomasses of siphonophores, and the highest 
E. superba biomass overall (2.7 mg m− 3 at station 18) (Supplementary 
Table 5). Group C (nSB) was distinct in having much higher biomass of 
Themisto gaudichaudii than all groups, very low E. superba, comparatively 
higher E. triacantha biomass, and a complete absence of siphonophores. 
Group D was differentiated largely by having a higher biomass of 
S. thompsoni than all other groups, and more of the mesopelagic fish 
E. antarctica, G. braueri and Bathylagus spp. than groups A and B. Group B 
differed from other groups most clearly in the extremely high biomass of 
Thysanoessa spp. compared to any other group, and more S. thompsoni 
than all but Group D (to which it was comparable). 

3.5. Environmental correlates of zooplankton 

BIOENV identified SST to be the best single variable explaining the 
structure of the mesozooplankton over the top 200 m (corr = 0.518, p =
0.01, Supplementary Table 6). However, the inclusion of additional 
variables improved the model fit. The best explanatory model was 
produced with four variables: SST, in-situ integrated chl-a, distance to 
the ice-edge and water mass zone (corr = 0.650, p = 0.01). For mac-
rozooplankton/nekton, the BIOENV analysis was run on the night-time 
stations only. The best single variable explaining the structure of mac-
rozooplankton/nekton in the top 200 m during night was distance to the 
ice-edge (corr = 0.534, p = 0.01). Again, model fits improved with 
additional variables, and the best model included three variables: dis-
tance to the ice-edge; satellite chlorophyll for the month prior to the 
study period; and distance to the shelf-break (corr = 0.798, p = 0.01). 

3.6. Spatial congruence between phytoplankton and zooplankton 
community structure 

To examine any spatial congruence between phytoplankton, meso-
zooplankton and macrozooplankton/nekton community structure, we 
overlaid the phytoplankton cluster map (Fig. 5) onto the meso- and 
macrozooplankton/nekton station clusters (Fig. 7). The region where all 
three groups showed greatest congruence was north of the SB, where 
there was a distinct cluster in each of the three groups. Congruence 
between the three groups was less evident south of the SB. There, 
mesozooplankton formed one large cluster (cluster C, Fig. 7A) and a 
second small one (cluster A, Fig. 7A) which straddled phytoplankton 
clusters B and D (Fig. 5). Spatial congruence was not particularly evident 
between macrozooplankton/nekton and mesozooplankton, but it was 
more apparent between macrozooplankton/nekton and phytoplankton. 
In particular, macrozooplankton/nekton cluster D (Fig. 7B) encom-
passed stations on the eastern edge of the archipelago and overlapped 
with the phytoplankton eastern cluster A (Fig. 5). Similarly, macro-
zooplankton/nekton clusters A and B (Fig. 7B) showed elements of 
congruence with the phytoplankton peripheral cluster D, and western 
cluster B (Fig. 5) although it must be noted that there was only one 
macrozooplankton/nekton station in cluster B. The relationship be-
tween the two was not so strong at the eastern edge of the archipelago. 

4. Discussion 

Across the South Sandwich Island (SSI) region, we found distinct 
community plankton structure at the mesoscale level, with four spatially 
delimited groups of phytoplankton and macrozooplankton/nekton taxa, 
and three groups of mesozooplankton taxa. These groups were charac-
terised by a relatively small number of dominant taxa that varied pre-
dominantly in their relative abundances or biomasses, although a small 
number of taxa were confined to one group alone. This structure was 
strongly related to environmental conditions, particularly to sea surface 
temperature, surface chlorophyll-a and sea-ice. There was some spatial 
congruence between phytoplankton and the two zooplankton groups, 
particularly with regards to the influence of the Southern Boundary of 
the ACC (SB) on respective community structure. 

4.1. SSI phytoplankton bloom development 

Our study took place during austral summer 2019, when the sea-ice 
had retreated far south of 60 ◦S and the islands were in open water. Two 
principal water mass zones were detected, reflected by their θ-S prop-
erties. These corresponded to distinct surface water mass properties, 
with generally warmer and more saline waters north of the SB and 
colder and more variable salinity south of the SB. Differences in the 
subsurface water masses were also evident with both the temperature 
minimum and temperature maximum layers colder and generally more 
saline south of the SB. Based on the locations of these stations, the SB 
seemed to be positioned slightly further south than the mean position of 
Park and Durand (2019), as also suggested from climatological data 
(Thorpe and Murphy, this issue). 

At the time of our study (late January-early February), a phyto-
plankton bloom had developed along the eastern edge of the archipel-
ago, with extremely high (up to >10 μg l− 1) subsurface fluorescence 
values. Integrated chl-a over the mixed layer depth (MLD) averaged 142 
± 10 μg l− 1 over the three stations located along this eastern band (5, 13 
and 14) and were the highest chl-a values observed across the region. 
Satellite imagery from the two months prior to our study indicate that 
bloom onset occurred at the south-eastern edge of the archipelago in 
November, with the bloom propagating northwards, along the eastern 
edge, over a period of approximately 2.5 months and limited to the east 
by mesoscale features related to the SB. 

The bloom is evident within the group of stations south of the SB as a 
sub-group of stations with very high chl-a concentration, which coin-
cided with significantly lower salinities within the mixed layer. Sea-ice 
retreat is one possible explanation for both lower salinity and elevated 
chl-a. However, during the previous winter, sea-ice covered almost the 
entire archipelago, and since nearby stations on the western side did not 
share this characteristic of elevated chl-a, we suggest that this is unlikely 
to be due to ice-edge retreat alone but to a combination of factors, 
including local water column properties and nutrient availability. In a 
previous study, Perissinotto et al. (1992) hypothesised that bloom for-
mation was due to the stabilisation of the water column as a result of 
glacial run-off, resulting in the coincidence of lower salinities, shallower 
MLDs and elevated chl-a across the SSI shelf. However, their study did 
not incorporate the eastern side of the archipelago. It is likely that 
nutrient input from both the iron-enriched waters originating upstream 
of the SSI and local interaction with the complex bathymetry of the SSI 
arc, in connection with the timing of the sea ice retreat, is an important 
driver of phytoplankton blooms around the SSI (e.g. Jiang et al., 2019; 
Thorpe and Murphy, this issue; Tynan et al., 2016). 

The Southern Ocean (SO) is the largest high nutrient, low chloro-
phyll (HNLC) oceanic province, and iron is a key limiting micronutrient 
(de Baar et al., 1995; Martin, 1990). Interactions between oceanography 
and bathymetry that generate iron inputs are responsible for large and 
persistent phytoplankton blooms in other parts of the SO, including 
around South Georgia, the Crozet Plateau and the Kerguelen Islands (e.g. 
Bakker et al., 2007; Korb et al., 2005; Poulton et al., 2007). However, 
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whilst blooms tend to occur downstream of these other island groups as 
a result of the interaction between the prevailing current and shoaling 
bathymetry (the ‘island mass effect’), it is not clear that the same is true 
of the SSI. Whilst the SB is constrained along the eastern bathymetry of 
the South Sandwich Islands arc, bloom formation and magnitude are 
variable both in time and space (Thorpe and Murphy, this issue). The 
bloom observed during our survey appeared to propagate northwards, 
suggesting that bloom dynamics around the SSI may be more complex 
than in other regions. Furthermore, in addition to iron, it has been 
suggested that manganese co-limits the growth of phytoplankton, with 
volcanic events a potential source for the relief of both iron and man-
ganese limitation (Achterberg et al., 2013; Browning et al., 2014). The 
SSI is an active tectonic region and an eruption on Saunders Island was 
ongoing during the study period. Whilst we were unable to test it 
directly, it is possible that the bloom was enhanced not only by the input 
of micronutrients of lithogenic origin but also those of a volcanic origin. 

4.2. Phytoplankton community structure 

In terms of phytoplankton structure, stations clustered into four 
geographically defined groups, corresponding to north of the Southern 
Boundary (nSB, Group C), east of the archipelago (Group A), west of the 
archipelago (Group B), and stations around the periphery of the islands 
(Group D). Excluding flagellates, diatoms were the dominant group in all 
station groupings, although they contributed substantially less to group 
B where Phaeocystis antarctica comprised a greater proportion of the 
phytoplankton. Where diatoms dominated, composition varied consid-
erably between groups. Both Groups C (nSB) and D (periphery) were 
dominated by the weakly silicified diatom Chaetoceros spp. which is 
considered typical of naturally iron-fertilised regions (Korb et al., 2005, 
2012; Lasbleiz et al., 2016) and has been experimentally shown to be 
limited by iron (e.g. Pausch et al., 2019; Petrou et al., 2014). However, 
within Group D stations, both total abundance and diatom abundance 
was significantly lower, and, relative to diatoms, there were greater 
proportions of both flagellates and Phaeocystis antarctica, which can be 
suggestive of lower productivity and lower export waters. In Group C 
stations, higher chl-a maximum concentrations (2.18 μg l− 1) were 
mirrored by greater phytoplankton species richness and abundance, and 
the diatom community comprised moderate abundances of Fragilariopsis 
spp., Nitzschia/Pseudonitzschia spp. and Thalassionema spp. (ranging 
from >21,000 cells l− 1 to >74,000 cells l− 1 respectively), along with the 
larger Guinardia spp. which was only found in substantial numbers in 
this group. Stations in this group were situated at the northern end of the 
South Sandwich Trench in deep water, so iron input due to interaction 
with SSI bathymetry seems unlikely. Satellite chl-a was also elevated, 
and appeared connected by the SACCF to the bloom region around South 
Georgia, thus potentially seeding the bloom north of the SSI (White-
house et al., 2008). 

The eastern group on the other hand was dominated by the small, 
weakly silicified diatom Thalassiosira spp. that also responds to iron- 
enrichment and dominates blooms around the Kerguelen Islands (Las-
bleiz et al., 2016) and South Georgia (Korb et al., 2012). In an earlier 
investigation of waters south of the SB and overlying the South Scotia 
Ridge, Thalassiosira spp. also dominated and was coincident with 
elevated chl-a (Korb et al., 2005), putatively a response to increased 
light availability and iron enrichment following ice-edge retreat. Due to 
its rapid build-up and aggregation of biomass, blooms of Thalassiosira 
spp. can be responsible for the export of large amounts of carbon (Korb 
et al., 2012). This group also had much higher proportions of large di-
atoms, particularly the large and heavily silicified Rhizosolenia spp. and 
Proboscia spp. which, whilst not specific to the SO, are commonly found 
in the waters of the Weddell Sea (Scott and Marchant, 2005) and in SO 
sea-floor sediments (Armand and Zielinski, 2001), and have been 
implicated in the upward transport of nitrate from depth (Singler and 
Villareal, 2005; Villareal et al., 2014). 

In contrast, the western side of the archipelago was characterised by 

greater abundances of Phaeocystis antarctica. This is a common SO spe-
cies and can form blooms in its own right (Tagliabue and Arrigo, 2003), 
and the greater light sensitivity of Phaeocystis spp. can allow it to exploit 
low irradiances at the start of austral spring, often leading to early 
blooms during spring and a temporal succession to diatoms (Nissen and 
Vogt, 2021). However, Phaeocystis spp. can also be an indicator of 
transition to later stages, or decline, of the bloom (Poulton et al., 2007). 
Satellite imagery does not suggest the presence of bloom conditions on 
the western side of the islands in the months prior to our study. How-
ever, these data only represent surface conditions and we observed 
subsurface fluorescence maxima (SFMs) which are common across the 
SO (Baldry et al., 2020), with values far in excess of satellite-estimated 
surface values. Relying on satellite imagery alone may therefore not 
capture the full magnitude of bloom dynamics (Whitehouse et al., 2008). 
A better understanding of the processes controlling productivity and 
bloom dynamics is therefore essential, both in order to understand the 
spatial variability of phytoplankton and how this is linked to variables 
such as ice-retreat, bathymetry and hydrography, as well as potential 
implications for nutrient cycling. 

4.3. Zooplankton and nekton community structure 

A preliminary analysis of the combined (RMT1 + RMT8) datasets 
showed that stations clustered strongly on the basis of whether they 
were taken during day or night and that this was almost entirely driven 
by a small number of macrozooplankton/nekton taxa. The most domi-
nant of these were euphausiids, specifically Euphausia triacantha, 
E. frigida and E. superba; mesopelagic fish, particularly Gymnoscopelus 
braueri and Electrona antarctica; and the salp, Salpa thompsoni. These 
species are known to carry out extensive DVMs and to have deep vertical 
distributions during both day and night (Lancraft et al., 1989; Liszka 
et al., 2021; Piatkowski, 1985; Piatkowski et al., 1994) or to be able to 
avoid net capture in the upper 200 m during daylight (e.g. Collins et al., 
2012); thus, over the 200 m depth of our sampling range, we probably 
did not capture the full geographical distribution of these organisms 
around the SSI. Splitting the macrozooplankton/nekton analysis by day 
and night showed that, during daytime, the top 200 m showed no 
discernible structure and was relatively homogeneous across the whole 
area, with biomass dominated by Thysanoessa spp., Themisto gau-
dichaudii and siphonophores. Night-time stations however revealed 
more spatial structure, which we attribute largely to the migration of 
many of these biomass dominant taxa into (or out of) the upper 200 m. 
Three main groups plus one single station emerged, which broadly 
corresponded to stations north of the SB, stations on the eastern edge of 
the archipelago and stations on the west. 

No such day-night structure was found in the mesozooplankton, and 
although there was some evidence of DVM by a few taxa (e.g., copepods 
Calanus simillimus, Gaetanus spp., Metridia spp. and Scolecithricella spp.; 
and euphausiids E. triacantha and Thysanoessa spp.), no significant 
diurnal shifts occurred to bias the analysis or obscure the clear spatial 
structure. Larger species tend to have deeper migratory amplitudes than 
smaller species (Atkinson et al., 1992b; Ward et al., 1995), and the bulk 
DVM movement for key copepod taxa e.g., C. acutus, C. simillimus and 
C. propinquus is often observed within the top 200 m (Atkinson et al., 
1992a). Thus our 200 m integrated net hauls effectively circumvented 
any potential day-night bias and accurately reflected the meso-
zooplankton distribution across the SSI. In terms of structure in the 
mesozooplankton community, stations formed three clusters which 
corresponded to those north of the SB, two stations at the far south of the 
archipelago, and the remainder of stations south of the SB and encom-
passing the main archipelago. 

For both meso- and macrozooplankton/nekton, there was a clear 
difference in community between the waters north (nSB) and south 
(sSB) of the SB. As for other parts of the SO, differences between groups 
were often defined by relatively small numbers of common taxa. nSB 
macrozooplankton/nekton was dominated by myctophids (principally 
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G. braueri, E. antarctica and E. carlsbergi), euphausiids, and the 
amphipod, Themisto gaudichaudii. Although Thysanoessa spp. dominated 
the euphausiids, biomass was lower here in comparison to that in the 
sSB, whereas the highest biomass of the more sub-Antarctic euphausiid, 
E. triacantha, occurred in this group. This is consistent with what appears 
to be a warmer water community, with the mesozooplankton commu-
nity composition also demonstrating a greater degree of similarity to the 
waters around South Georgia, in the northern part of the Scotia Sea. 
Here, calanoid copepods were the overwhelmingly dominant group, 
comprising >75% of the mesozooplankton biomass, with the sub- 
Antarctic R. gigas the greatest contributor and C. simillimus only found 
in this northern group (Atkinson, 1991). 

sSB mesozooplankton biomass was generally more evenly distrib-
uted between calanoid copepods (44%) and euphausiids (37%). The 
composition was more indicative of a colder water community, with 
R. gigas and C. simillimus much reduced or absent respectively, and 
instead the highest biomass of C. acutus. In terms of euphausiids, Thy-
sanoessa spp. dominated, and the highest biomass of E. frigida also 
occurred in this group. Wallis et al. (2020) found C. acutus to be a key 
determinant of the abundance of T. macrura in the southern Kerguelen 
region, where they are thought to be a major food resource for higher 
predators around the region. Associations in the timing of lipid accu-
mulation and composition between T. macrura and C. acutus also lend 
support to the idea that C. acutus are a major prey item for T. macrura 
(Atkinson, 1998; Hagen and Kattner, 1998; Wallis et al., 2020). A 
number of taxa (for example Aetididae, C. propinquus, Ctenocalanus spp., 
Oithona spp., Oncaea spp., Scolecithricella minor, and fish larvae) were 
observed in relatively higher abundances at the stations on the eastern 
edge of the archipelago (corresponding to the position of the bloom), but 
either these differences were not sufficiently strong, or sufficiently 
distinct, to be reflected in the overall structure. On the other hand, a 
difference in community composition between east and west of the ar-
chipelago was apparent in the macrozooplankton/nekton structure. 
Stations on the eastern edge had a much higher occurrence of 
S. thompsoni (13% of total biomass) and myctophids, and the lowest 
biomass of euphausiids. This contrasted with the western side where 
siphonophores were the biggest contributor to the biomass, and eu-
phausiids, particularly E. superba, were a relatively much greater 
contributor (>37% total biomass vs <12%). It is worth noting that, since 
the mesozooplankton was sampled with a 300 μm mesh net, some un-
derestimation of biomass of the smaller copepods and their copepodite 
or naupliar stages is likely (Dubischar et al., 2002; Fransz and Gonzalez, 
1997; Gallienne and Robins, 2001). For cyclopoids such as Oithona spp. 
and Oncaea spp., a mesh size of 100 μm is considered best practice 
(Fransz and Gonzalez, 1997), and Gallienne and Robins (2001) estimate 
that a 200 μm mesh WP2 net may underestimate biomass of this smaller 
fraction by one third. However, smaller mesh sizes also present greater 
risk of clogging and not quantitatively sampling the larger fraction. 
Since the same mesh size was used at all stations, we consider that the 
relative differences in composition between stations are consistent and 
do not change the overall patterns observed. 

Within the macrozooplankton/nekton, myctophids were one of the 
three dominant groups. Many species such as E. carlsbergi, G. fraseri, 
G. nicholsi, Protomyctophum tensioni and Krefftichthys anderssoni were 
found in high abundances at only one or two stations, with no clear 
geographic or oceanographic association. On the other hand, 
E. antarctica and G. braueri were found to co-occur at all night-time 
stations, although abundances were greater on the eastern side of the 
archipelago, and to be absent from daytime nets, likely due to a com-
bination of DVM and net avoidance (Collins et al., 2012). In the wider 
SO, myctophids are the most abundant mesopelagic fish and a key 
component of the SO food web, linking zooplankton and higher preda-
tors (Saunders et al., 2015a). Many have broad circumpolar distribu-
tions (Collins et al., 2012) and high genetic connectivity (Van de Putte 
et al., 2012). Both E. antarctica and G. braueri are also amongst the most 
abundant and ubiquitous myctophid species in the SO (Saunders et al., 

2014, 2015b) supporting the fact that they are found fairly abundantly 
across the SSI region. In terms of trophic linkages, myctophids are 
known to predate upon Thysanoessa spp., consuming ~12% of its daily 
production (Saunders et al., 2015a). Thysanoessa spp. was found ubiq-
uitously throughout our survey area, in contrast to E. superba which had 
a lower and much more patchy distribution. T. macrura is a highly 
abundant SO euphausiid (Nordhausen, 1992), often comparable with, 
yet more widely dispersed than, the swarm-forming E. superba. Its wide 
thermal tolerance, short developmental period, and high dietary plas-
ticity (Wallis et al., 2020), allow it to occupy a different ecological niche 
to E. superba, whilst its high lipid content (Hagen and Kattner, 1998) 
provides an energy-rich resource for higher predators such as penguins, 
birds and whales. We therefore suggest that the off-shelf SSI community 
provides a good example of a krill-independent trophic pathway (Mur-
phy et al., 2007; Saunders et al., 2015a, 2019) and that Thysanoessa spp. 
and myctophids in this region are important conduits of energy between 
lower and higher trophic levels. 

4.4. Drivers of structure and spatial congruence across plankton and 
nekton groups 

There was some spatial congruence between phytoplankton, 
zooplankton and macrozooplankton/nekton clusters, but also some 
areas of spatial or trophic mismatch. The region with greatest congru-
ence was nSB where, for all three faunal groups, communities formed 
one distinct cluster separated from the rest by the frontal boundary. 
Where environmental gradients are strong, differences between com-
munities are often clearer, and greater similarity between trophic levels 
occupying the same niche may also be apparent (Karakassis et al., 2006). 
The SB intersected our study area, separating warmer and colder water 
mass zones and influencing the development of the bloom. SST 
explained the majority of the variance in mesozooplankton whilst dis-
tance to the ice-edge was a key response variable for both meso- and 
macrozooplankton/nekton. The latter was highly correlated to primary 
productivity (PP) for the month of December, indicating a link between 
past phytoplankton productivity and zooplankton community estab-
lishment, whilst the strong correlation between satellite-derived chl-a 
and PP also indicates that satellite-derived chl-a is a reasonable proxy for 
PP in the area. That both SST and surface chl-a north of the SB were more 
stable than to the south over the preceding two months may also help 
explain the observed spatial congruence between the three trophic 
levels, essentially smoothing out the effects that processes occurring at 
different temporal and spatial scales have on community turnover. Such 
patterns are consistent with previous studies of plankton ecology in the 
SO, with the mesozooplankton community around South Georgia known 
to be coincident with water mass zones (Ward et al., 2003), and to 
demonstrate close spatial association to phytoplankton community 
structure (Ward et al., 2005, 2007). Ward et al. (2003) demonstrated the 
close relationship between physics and biology when they found mes-
ozooplankton community structure over four consecutive austral sum-
mers to be consistently associated with the different TS properties of the 
Sub-Antarctic Zone (SAZ), Polar Frontal Zone (PFZ) and Antarctic Zone 
(AAZ) respectively. Whilst some taxa such as Oithona similis and Cteno-
calanus spp. were found in all water masses, C. simillimus and Limicina 
helicina were more typical in the PFZ, and C. acutus and R. gigas differ-
entiated the more southerly waters of the AAZ. In the waters sur-
rounding SG, the mesozooplankton has also shown a close association to 
phytoplankton, with stations forming similar spatial groupings corre-
sponding broadly to shelf, western and eastern regions, and for this 
relationship to be largely driven by the size distribution of the phyto-
plankton rather than absolute phytoplankton biomass (Ward et al., 
2005). 

In contrast, congruence between the three faunal groups was less 
clear for the sSB stations and a degree of spatial and trophic mismatch 
was apparent. In particular, there was greater agreement between 
phytoplankton clusters and macrozooplankton/nekton clusters than 
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there was between mesozooplankton and either phytoplankton or 
macrozooplankton/nekton. Phytoplankton structure on the eastern edge 
of the archipelago indicated a clear response to the bloom, and this was 
mirrored to some degree by a similar cluster in the macrozooplankton/ 
nekton. There was also some overlap between phytoplankton and 
macrozooplankton/nekton in groups on the western side of the archi-
pelago, with a distinction between stations that were closer to the 
islands and those that were further off-shelf, which may reflect some 
overlap in their responses to environmental factors. Mesozooplankton 
on the other hand showed little spatial congruence with phytoplankton, 
with one primary cluster containing all but two of the stations. Turnover 
time is slower in mesozooplankton than phytoplankton, and the colder 
temperatures of the sSB mean that the mesozooplankton are more likely 
to be in earlier stages of development. Hence, a temporal mismatch may 
not be surprising. Alternatively, this mismatch may be the result of top- 
down control, with macrozooplankton or nekton predators exerting 
grazing pressure on the intermediate trophic level as it responds to 
elevated local productivity through their greater ability to migrate into 
such regions (McGinty et al., 2014). Nevertheless, direct evidence of 
such top-down control requires much greater resolution of predation 
rates, which are presently lacking. 

4.5. Antarctic krill within the SSI plankton community 

Historically, Antarctic krill (Euphausia superba) fishery catches at the 
SSI (CCAMLR Area 48.4) have been low or non-existent (CCAMLR, 
2021), with the fishery preferring to focus efforts on Areas 48.1–48.3 
(Western Antarctic Peninsula, South Orkneys and South Georgia). Dur-
ing the time of our survey, E. superba biomass was generally found to be 
low with a median biomass of 0.04 mg m− 3 and reaching a maximum of 
2.68 mg m− 3 within our stratified nets. This is equivalent to a median of 
<0.01 g m− 2 and a maximum of 0.54 g m− 2 when integrated over the top 
200 m sampling depth. The fisheries acoustic component of this survey 
estimated mean Antarctic krill biomass density to be 25.9 g m− 2 (Krafft 
et al., 2021), using a swarms-based identification analysis. The swarm-
ing behaviour of Antarctic krill makes their distribution extremely pat-
chy, and the detection and quantification of these swarms is best 
achieved by a mesoscale survey involving continuous monitoring (i.e. 
fisheries acoustics). The low probability of encountering an Antarctic 
krill swarm through the point sampling approach of nets makes this a 
non-ideal approach within the context of the spatial and temporal lim-
itations of the present survey. In fact, no swarms of Antarctic krill were 
captured by our stratified net sampling campaign, making the mismatch 
between acoustic and net estimates of Antarctic krill biomass unsur-
prising. Indeed, in terms of other krill species, Thysanoessa spp. was the 
more dominant and ubiquitous euphausiid in this region during the time 
of our sampling (median 0.14 g m− 2, maximum 1.9 g m− 2). It is worth 
noting that in other parts of the Scotia Sea, Antarctic krill densities are 
often highest over shelf or shelf-break areas, and lower or more patchy 
in the open ocean (e.g. Atkinson et al., 2008; Murphy et al., 1997; Silk 
et al., 2016). Due to the steep shoaling of the SSI archipelago, the 
shallowest station sampled was >1000 m deep. Furthermore, with the 
exception of three stations, all our sampling locations were >50 km from 
the shelf-break. Therefore, the specific spatial design of the present net 
sampling study is unlikely to have sampled all potential habitats of 
Antarctic krill biomass in the vicinity of the SSI and thus underrepre-
sented true levels of its biomass in this region. 

4.6. Concluding remarks 

This represents the first comprehensive description of the off-shelf 
plankton community structure across the South Sandwich Islands, and 
links between phytoplankton, zooplankton and nekton, and prevailing 
environmental conditions in this region. We find that the onset and 
development of a large phytoplankton bloom on the southern and 
eastern sides of the archipelago is related to physical variables, with sea- 

ice retreat, hydrography and interaction with the bathymetry of the 
nearby islands all likely to be influential. The phytoplankton community 
structure is strongly related to oceanographic features, particularly the 
position of the SB of the ACC and bloom dynamics, with communities 
numerically dominated by diatoms, particularly on the eastern and 
northern sides of the archipelago, and a more heterogenous community 
with a greater contribution from Phaeocystis spp. on the western side. 
The mesozooplankton community is structured primarily on the basis of 
water mass properties, which differ to the north and south of the SB, but 
is also related to preceding primary productivity linked to sea-ice 
retreat, and in-situ chl-a. A warmer water community dominated by 
copepods characterised the group to the north of the SB, and a colder 
water community dominated approximately equally by copepods and 
euphausiids characterised the southern group. The macrozooplankton/ 
nekton community is similarly responsive to regional primary produc-
tivity and chl-a patterns but our understanding of this community is to 
some degree limited by the depth of our sampling regime, which limits 
our interpretation to night-time stations. We find that Thysanoessa spp. is 
the dominant euphausiid in this region and that, based on our stratified 
net sampling strategy, E. superba was only a minor contributor to the off- 
shelf community biomass. Furthermore, myctophids appear widespread 
and may provide an alternative prey source for communities of higher 
predators on the SSI. 
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