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ABSTRACT

The South Sandwich Islands form the eastern boundary to the highly biologically productive Scotia Sea in the
southwest Atlantic sector of the Southern Ocean and are part of a large Marine Protected Area. The South
Sandwich Islands have a complex marine environment that is influenced by both the Antarctic Circumpolar
Current and the Weddell Gyre, and seasonal sea ice. Here we investigate the local and regional dynamics and
variability of the ocean and sea ice to inform management of the region. Remotely sensed sea surface temper-
ature (SST), sea ice concentration and chlorophyll a data from 2009 to 2021 are used to define the mean seasonal
cycle in the environment and the associated temporal and spatial variability. While sea surface temperature and
sea ice have a clearly defined seasonality, local chlorophyll blooms are irregular in timing, location and
magnitude. Interannual variability in summer SST is strongly positively correlated along the island arc. The
islands experience very different winter sea ice conditions from year to year, with marked variability in sea ice
distribution and duration. Surface chlorophyll blooms develop in most years close to the island arc, but there is
little spatial consistency and there are years where blooms are not observed. The timing and pattern of sea ice
retreat appears to be a key driver in the formation of chlorophyll blooms, with their propagation affected by local
circulation, but additional local processes are also important. Trajectories of near-surface satellite tracked surface
buoys and Argo floats, together with an analysis of sea surface height output from a global reanalysis product,
demonstrate the connectivity of the South Sandwich Islands to the wider regional marine system. Enhanced
current flows around and between the South Sandwich Islands are likely to affect the transport and exchange of
material along the island arc. The South Sandwich Islands are connected with the Scotia and Weddell seas, with
contribution from the different regions varying according to latitude along the island arc. There are also con-
nections with islands downstream including Bouvet, Crozet and Kerguelen Islands and seamounts, with possible
return flow via the Weddell Gyre. Our analyses indicate that accounting for the complexity and variability in the
South Sandwich Islands marine environment will be crucial in the development of conservation and fisheries
management procedures.

1. Introduction

there is a current focus on improving the understanding of the marine
system to contribute to informing the management of the islands and the

The South Sandwich Islands (SSI) are located in the southwest
Atlantic sector of the Southern Ocean, approximately 700 km southeast
of the island of South Georgia. The high biodiversity and biomass of the
South Georgia and SSI region, together with its use by commercial
fisheries, led to the establishment of a Marine Protected Area in 2012
(Handley et al., 2020; Rogers et al., 2015; Trathan et al., 2014). The
inaccessibility of the SSI has made it difficult to carry out studies in this
region, with relatively little information available to date on the marine
environment or the structure and functioning of its ecosystem. However,
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Marine Protected Area (e.g., Hogg et al., 2021; Liszka et al., this issue).
Here we use a range of datasets from remote sensing, autonomous in-
struments and reanalysis products to describe the spatial and temporal
variability in the marine environment of the SSI from 2009 to 2021, to
both complement field surveys that provide information at specific
points in time (Liszka et al., this issue; Tynan et al., 2016; Ward et al.,
2004) and to provide context for projected changes in Southern Ocean
environments in the coming decades that are expected to affect the
distributions of organisms and ecosystem structure and functioning
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(Cavanagh et al., 2021).

The SSI are part of an active volcanic arc that forms the eastern
boundary to the Scotia Sea (Fig. 1). The island group is located between
~56°S and 60°S and consists of 11 small islands and several seamounts
(Leat et al., 2014). The islands are separated by passages of varying
depths and widths. East of, and parallel to, the SSI arc is a deep (>8000
m) trench, a result of tectonic plate subduction. Bounded to the north
and south by the North and South Scotia Ridges respectively, the Scotia
Sea is an area of intense mesoscale activity, mixing and water mass
transformation, and a major route for the export of deep waters formed
near the Antarctic continent (e.g., Naveira Garabato et al., 2002). The
circulation of the Scotia Sea is dominated by the eastward-flowing
Antarctic Circumpolar Current (ACC) which is topographically steered
northwards around the SSI before returning southwards east of the is-
land arc (Orsi et al., 1995). This means that the SSI are situated south of
the ACC, within subpolar waters influenced by the Weddell Gyre, a large
cyclonic gyre mainly driven by wind forcing that extends from the
Antarctic Peninsula in the west to ~30°E and possibly to 50°E (Deacon,
1979; Orsi et al., 1993; Park et al., 2001). The ACC and Weddell Gyre are
separated in the Scotia Sea by the Weddell-Scotia Confluence (WSC), an
area of mixing between the two hydrographic regimes with additional
waters from the continental shelf of the Antarctic Peninsula (Whitworth
et al., 1994). The southern boundary of the ACC (SB) separates the ACC
from the subpolar waters to the south. The boundary between the WSC
and the Weddell Gyre, referred to as the Weddell Front, follows a con-
voluted path aligned with the South Scotia Ridge (Heywood et al.,
2004). The properties of the WSC become less distinct with distance
from the Antarctic Peninsula but signals of the WSC have been observed
to ~22°E (Brandon et al., 2004; Orsi et al., 1993).

Sea ice is another dominant feature of the marine environment of the
SSI. The SSI lie within the seasonal sea ice zone (Fig. 1; Fetterer et al.,
2017); sea ice extends across the island arc in winter in most years,
before retreating far south of the islands in summer. The seasonal cycle
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of sea ice is a key physical driver of ecosystem structure and dynamics in
the Southern Ocean (Arrigo and Thomas, 2004; Constable et al., 2014;
Ducklow et al., 2007; Saba et al., 2014; Smith et al., 2007; Thorpe et al.,
2007) and there is strong interannual variability in both the timing of
the advance and retreat of sea ice and its spatial distribution in the Scotia
Sea and SSI region (Hart and Convey, 2018; Murphy et al., 2014). The
sea ice cycle impacts the local ecosystem through modifying surface
fluxes of heat and freshwater, and hence the stability of the near-surface
water column, and availability of light and nutrients, which can lead to
intense spring phytoplankton blooms as sea ice retreats (e.g., Froneman
et al., 1995; Perissinotto et al., 1992; Tynan et al., 2016).

Large areas of the Southern Ocean are high nutrient-low chlorophyll
regions, where phytoplankton bloom formation is largely limited by
supply of iron (Boyd et al., 2010; de Baar et al., 1995). However, iron
input into the Scotia Sea, predominantly from current interactions with
sediment, makes it one of the most productive regions of the Southern
Ocean (Borrione et al., 2014; Hodson et al., 2017). In coastal regions
around the Antarctic Peninsula and to the northwest of South Georgia,
extensive blooms occur in the same area in most years (Korb et al., 2008,
2012). Over much of the Scotia Sea and the northern Weddell Sea,
however, the magnitude, timing and spatial distribution of blooms is
highly variable (Borrione and Schlitzer, 2013; Nielsdottir et al., 2012;
Park et al., 2010; Whitehouse et al., 2012) and adds to the complex
dynamics of the regional ecosystem. Advection of the blooms down-
stream of the sites of formation by the regional current systems can
enhance productivity further afield (Borrione et al., 2014; Hinz et al.,
2012; Jiang et al., 2019; Sergi et al., 2020).

The seasonal production of the Scotia Sea supports a diverse bio-
logical community with elevated levels of biomass through the food
chain (Atkinson et al., 2001; Murphy et al., 2007; Ward et al., 2004,
2012a, 2012b). The composition of zooplankton communities tends to
be generally similar across the Scotia Sea, although the relative abun-
dance of different groups and species varies (Ward et al., 2004, 2012b).

February sea ice
Il September sea ice

Drake
Passage

Weddell Sea

T60°W 50°W 40°W 30°W 20°W

30°W

Fig. 1. Major oceanographic features and bathymetry
of the Scotia Sea and the South Sandwich Island Arc.
A) The Weddell Gyre (dashed blue line) and the mean
location of the major fronts of the Antarctic Circum-
polar Current (ACC; solid blue lines) comprising the
Subantarctic Front (SAF), Polar Front (PF), Southern
ACC Front (SACCF), and southern boundary of the
ACC (SB) (Park and Durand, 2019; Park et al., 2019).
Also shown is the median summer (February) and
winter (September) sea ice extent for 1981-2010
(dark and light blue shading, respectively; Fetterer
et al., 2017), and the South Georgia and South
Sandwich Islands Marine Protected Area (hatched
area). B) Bathymetry (m) of the Scotia Sea (GEBCO
Compilation Group, 2020). Additional oceanographic
features marked are the Weddell Front (WF; Heywood
et al., 2004) and the Weddell-Scotia Confluence
(WSC). Geographic and bathymetric features are
labelled: Antarctic Peninsula (AP), Burdwood Bank
(BB), South Georgia (SG), South Orkney Islands (SOI),
South Sandwich Islands (SSI), South Sandwich Frac-
ture Zone (SSFZ), and South Sandwich Trench (SSTr).
C) Islands (I) and bathymetric features of the South
Sandwich Island Arc: Protector Shoal (P), Zavadovski
1. (Z), Leskov 1. (L), Visokoi I. (V), Candelmas I. (C),
Vindication 1. (Vi), Saunders 1. (S), Montagu 1. (M),
Bristol 1. (Br), Southern Thule (T) comprising Bel-
lingshausen, Thule and Cook islands, Kemp sea-
mounts (K) and Tyrell Bank (TB). The 2000 m and
3000 m isobaths are marked (thin black line). Three
study regions used for analyses are shown (thick

black outlines), referred to in the text as the northern,
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At the SSI, information on the distribution and abundance of organisms
and the structure of the ecosystem and environmental relationships is
limited. Analyses of phytoplankton and zooplankton community struc-
ture and development (Liszka et al., this issue; Ward et al., 2004) and the
distributions of fish and higher predator species along the island arc
(Hart and Convey, 2018; Hollyman et al., this issue; Roberts et al., 2011)
have suggested relationships with the large-scale ocean and sea ice
environment of the SSI region. Furthermore, a recent macrobenthic
assessment of the SSI also found the benthic biodiversity to be driven by
environmental factors (Hogg et al., 2021).

Understanding marine ecosystems requires knowledge of both the
local conditions and the wider regional connectivity of the ecosystem.
Advection is a key component of Southern Ocean ecosystems that affects
community structure, including that of the Scotia Sea (e.g., Hofmann
and Murphy, 2004; Hunt et al., 2016; Murphy et al., 2016; Murphy et al.,
2007). Observations and modelling studies have demonstrated connec-
tions across the Scotia Sea to the SSI, from areas including the southern
ACC and northwestern Weddell Sea (e.g., Murphy et al., 2004; Renner
etal., 2012; Robinson et al., 2017; Thompson and Youngs, 2013; Thorpe
et al., 2007), but more detail is needed on the connectivity, both locally
around the islands and within the wider Southern Ocean, to fully un-
derstand the operation of the ecosystem.

In this paper, we characterise the spatial and temporal variability of
the marine environment of the SSI and its local and regional connec-
tivity to improve understanding of the major drivers of the ecosystem
structure and functioning in this region. We begin by describing the local
water mass distribution along the SSI arc using data from the World
Ocean Atlas 2018, a compilation of historical in situ data, and Argo float
profile data. We then focus on key properties of the marine environment
of the SSI, namely ocean temperature, seasonal ice cover, and surface
chlorophyll concentrations, from the last decade which covers the
operation of the Marine Protected Area and the period just prior to its
establishment. Trajectories from near-surface satellite-tracked surface
drifting buoys and Argo floats together with velocity fields and sea
surface height data from a global reanalysis are used to extend current
knowledge of the connectivity within the island arc and with the wider
Southern Ocean.

2. Materials and methods

To investigate the marine environment of the SSI, we used a number
of open access datasets. These provide data at high resolution for
multiyear periods and permit characterisation of both the spatial and
temporal variability in the region. All analyses and data visualisation
were performed in Matlab R2020b, with use of the Climate Data Toolbox
(Greene et al., 2019) and the M_map mapping package (Pawlowicz,
2020), using the cmocean (Thyng et al., 2016) and ColorBrewer (www.
colorbrewer2.org) colour maps for visualisation.

2.1. Water mass properties and distribution

We used objectively analysed annual mean temperature and salinity
data for the period 2005-2017 from the World Ocean Atlas 2018 (Boyer
et al., 2018; Locarnini et al., 2019; Zweng et al., 2019) to describe the
long-term mean water mass structure of the region. The World Ocean
Atlas is a gridded dataset of quality controlled historical profile and
surface data, including from ship-deployed, mooring, float and
animal-mounted sensors, gridded at 1/4° resolution on 102 depth levels
from the surface to 5500 m. Temperature and salinity data from Argo
float profiles (see Section 2.3) were used to depict seasonal and temporal
variability.

2.2. Surface temperature, sea ice and chlorophyll a

To characterise spatial variability in the pelagic and upper ocean
environment of the SSI arc, we examined sea surface temperature (SST),
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sea ice concentration and surface chlorophyll a concentration from
remotely sensed datasets for the period 2009 to 2020 or 2021,
depending on dataset (see below). We defined three study regions of 1°
latitude x 2° longitude aligned along the SSI arc to describe the northern,
central and southern areas of the arc, spanning 56-57°S, 28-26°W;
57.5-58.5°S, 27.5-25.5°W; and 59-60°S, 28-26°W respectively
(Fig. 1C). For each region, we calculated area-weighted monthly mean
values of SST, sea ice concentration and chlorophyll a.

We used daily gap-filled fields of SST (at 20 cm depth) and sea ice
concentration at 0.05° spatial resolution for the period 2009-2021 from
the European Space Agency Sea Surface Temperature Climate Change
Initiative (ESA CCI) and Copernicus Climate Change Service (C3S)
reprocessed SST analyses v2.0 (Good et al., 2019, 2020; Merchant et al.,
2019), made available by Copernicus Marine Service. Production of the
ESA CCI and C3S SST fields uses sea ice concentration data from the
Ocean and Sea Ice Satellite Application Facility (OSI-SAF; Lavergne
et al., 2019) to mask areas of sea ice cover, and the sea ice data are
provided with the SST data at the same temporal and spatial resolution.

We used monthly mean chlorophyll a fields at 4 km resolution from
the reprocessed Copernicus GlobColour level 4 dataset, made available
through the Copernicus Marine Service (Garnesson et al., 2019; Global
Monitoring and Forecasting Center, 2021). In order to provide a product
that is consistent over time, and thus suitable for time series studies such
as ours, the GlobColour product merges ocean colour data from a suite of
sensors. At high latitudes, ocean colour measurement is limited by low
solar insolation in winter, and coverage can be restricted in other
months due to cloud and sea ice cover. For the regional chlorophyll a
time series, we retained only data points where at least 50% of the
contributing grid cells had chlorophyll a data.

2.3. Float trajectories

To determine connectivity to the SSI, we used quality-controlled
trajectories from near-surface satellite tracked drifting buoys (drifters)
and Argo floats. The former are drogued at 15 m to track upper ocean
current flows. All data are made available by the NOAA Global Drifter
Program (Lumpkin and Centurioni, 2019). As part of quality control
procedures, the drifter positions are optimally interpolated onto 6
hourly positions and the point of drogue detachment is determined
(Lumpkin et al., 2017; Lumpkin and Pazos, 2007). We used trajectories
of drifters that passed through 60.5-55.5°S, 29-25°W (N = 37), dis-
carding any data from drifters where their drogue was no longer
attached. Drifter trajectories spanned the period 1995-2020.

Delayed mode Argo float trajectory and temperature and salinity
profile data for floats that passed through the same area as for the drifter
analyses were obtained from the Argo Global Data Center (Argo, 2000).
Argo floats are autonomous, free-floating instruments that drift at a
parking depth of ~1000 m and every 10 days profile the water column
from depths of up to 2000 m to the surface, either as they ascend to or
descend from the surface. Data are quality controlled by regional data
centres and profile data are interpolated onto fixed pressure levels. We
used only data that had quality control flags of ‘good’, excluding data
from float trajectories which had interpolated locations, due, for
example, to sea ice cover. An additional float that travelled from the
southern Weddell Sea to close to the SSI was included to demonstrate
transport connections between the two regions. In total, 30 Argo floats
were used, covering the period 2003-2021.

2.4. Velocity fields and sea surface height

We used monthly mean velocity and sea surface height output from
the Copernicus Marine Service global ocean eddy-resolving reanalysis,
GLORYS12V1 (Global Monitoring and Forecasting Center, 2018).
GLORYS12 provides an estimate of the state of the ocean by assimilating
observations of sea level anomaly, sea surface temperature, sea ice
concentration, and vertical profiles of in situ temperature and salinity
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with a 1/12° horizontal resolution version of the Nucleus for European
Modelling of the Ocean (NEMO) platform that is forced at the surface
with European Center for Medium-Range Weather Forecasts
ERA-Interim and ERAS reanalysis data. GLORYS12 has been shown to
reproduce the velocity field of the ACC well in Drake Passage (Artana
et al., 2021), and we therefore assume that it also reproduces the ve-
locity fields well through the Scotia Sea extending to the SSI region.

We calculated climatological mean velocity fields from GLOR-
YS12V1 output for the period 2010-2019. The GLORYS12V1 sea surface
height data were used to examine potential variability in circulation,
and hence connections, to and from the SSI. Sea surface height data have
frequently been used to describe the circulation of the ACC and Weddell
Gyre (e.g., Armitage et al., 2018; Kim and Orsi, 2014; Sokolov and
Rintoul, 2009) and Reeve et al. (2019) have shown that the circulation
of the Weddell Gyre derived from satellite data compares well with that
constructed from Argo float data. Satellite-measured sea surface height
is limited to sea ice-free regions, and although current research is
focussed on estimating sea surface height from areas of sea ice cover (see
Armitage et al., 2018 for an overview), the availability of such products
is presently limited in time. Hence, we use sea surface height output
from GLORYS12 to cover the period of interest in our study, with the
caveat that sea surface height provided for ice-covered regions will be
less robust than for the open ocean given the lack of data assimilation in
these areas.

For each of the three study regions along the SSI arc (cf. Fig. 1C), we
calculated the area-weighted mean sea surface height for each month for
the period 2010-2019 (Fig. S1). We then extracted the monthly
streamlines corresponding to the area-weighted values, by contouring
the monthly mean sea surface height fields, to provide an indication of
monthly mean flow pathways to and from the three study regions. All
locations of the monthly streamlines were gridded to produce a fre-
quency distribution field as a preliminary analysis of potential vari-
ability in the surface pathways to and from the SSI. To test the sensitivity
of the results, we repeated the analysis using the minimum and
maximum values of mean sea surface height for each study region rather
than the mean value. We also repeated the analysis using mean sea
surface height from summer only data (December-February) to confirm
that there was no seasonal bias in the results from including the winter
sea surface height fields.

3. Results

The results are described in two overarching sections: i) physical and
biological oceanographic conditions including water mass properties
(Fig. 2), sea ice (Fig. 3), and chlorophyll a fields (Fig. 4), and their
seasonal and interannual variability (Fig. 5); and ii) local and regional
oceanic connectivity to the SSI as determined from velocity fields
(Fig. 6), drifter and Argo float trajectories (Fig. 7, Fig. 8), and the sea
surface height analyses (Fig. 9).

3.1. Water mass structure and sea surface temperature

A meridional transect along 27°W extracted from the World Ocean
Atlas 2018 illustrates the climatological mean water mass structure
along the SSI arc and the distinction between the ACC and Weddell Gyre-
influenced waters in the region (Fig. 2A). The SB, defined as the
southern extent of Upper Circumpolar Deep Water, is located at
~55.25°S from the terminus of the subsurface 1 °C isotherm (e.g.,
Venables et al., 2012) and coincides with the northward limit of winter
sea ice extent (Fig. 3A). Cold Antarctic Surface Water (AASW) occupies
the upper 100-150 m of the water column along the section, with Winter
Water (WW), a remnant of AASW identified as a subsurface temperature
minimum, beneath this. North of the SB, within the ACC, Circumpolar
Deep Water (CDW) is found below the WW. At the northern end of the
section, the warm core of Upper Circumpolar Deep Water, at approxi-
mately 400 m depth, has temperatures >2 °C which decrease towards
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Fig. 2. Annual mean in situ temperature (°C) for 2005-2017 from the World
Ocean Atlas 2018. A) Vertical section of in situ temperature vs latitude for a
north-south transect along 27°W, marked on B. White areas indicate bathym-
etry. Note the change in vertical scale at 1000 m. B) Surface temperature. C)
Temperature at 100 m for the region around the South Sandwich Islands. D) As
C but for 200 m. E) As C but for 1500 m. The 1500 m isobath is plotted in grey
on B-E. In all panels, the 0 °C isotherm is marked in white. Note the different
temperature scale for panel B.

the SB. Beneath Upper CDW is Lower CDW, identified from its higher
salinity core. South of the SB, Warm Deep Water (WDW) underlies the
AASW and WW. CDW enters the Weddell Gyre at its eastern end and is
modified during cyclonic transport in the gyre to become WDW (Orsi
et al., 1993). Orsi et al. (1993) defined the northern limb of the WG as
having WDW temperature maximum >0.5 °C, with colder water in the
central gyre. Along the section at 27°W, this transition occurs at
~60.5°S. The WDW north of this latitude has a reduced salinity (S <
34.68; not shown) compared with WDW to the south, an indicator of the
WSC (Orsi et al., 1993). Hence, the SSI arc is an area of transition be-
tween the interior WG waters to the south of the island arc and the ACC
to the north. Beneath the WDW and CDW, Weddell Sea Deep Water
(WSDW) has temperatures <0 °C. WSDW occupies the lower 3000 m of
the water column in the south of the section and decreases in volume
northwards, entering the Scotia Sea through the Georgia Passage north
of the SSI arc (Locarnini et al., 1993). The outflow of WSDW through sills
and passages is constrained by its density and along the temperature
section presented here, WSDW is only observed along the SSI arc in the
deepest passages found north and south of Saunders Island that have
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Fig. 3. Sea ice distribution in the Scotia Sea. A) Mean
July-September sea ice concentration for 2009-2020.
B) Mean number of days per year with sea ice con-
centration >15%, calculated from mid-February to
mid-February for 2009/2010-2020/2021. C) Mean
number of days of sea ice (solid blue line, sea ice
concentration >15%), pack ice (dashed blue line, sea
ice concentration >80%) and mean July-September
sea ice concentration vs latitude (red line) for a north-
south transect along 27°W, marked in A. The latitude

60°W 40°W

40°W

of Southern Thule (T), Montagu (M), Saunders (S) and
Zavadovski (Z) islands are indicated with dashed

15 20 20 40 50 60 70 B0 00 0% [ 28?3 """" ;gg ..... 2812 zglg lines. D) Sea ice edge (15% sea ice concentration) on
° PR v G— 2014 ——— 2017 2020 15 September 2009-2020. E) As D) but for 15

December 2009-2020. F) Range (difference between

maximum and minimum) of number of days of sea ice
cover per year for 2009/2010-2020/2021. The 1500
m isobath is marked in grey in the map panels. Sea ice
data from ESA CCI and C3S (see text for details).
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depths >2500 m, with coldest temperatures south of 58°S. The water
mass structure along the island arc means that bottom temperature
varies with depth. Onshelf, the less dense, warmer waters of WDW
penetrate and temperatures are >0 °C. Offshelf, where the seafloor is
deeper, temperatures are sub-zero.

The northeastward deflection of the ACC across the Scotia Sea and its
return south to the east of the SSI, and the northward extension of the
Weddell Gyre-influenced waters across the SSI arc, are apparent in the
horizontal temperature fields (Fig. 2B-D). At the surface, annual mean
temperatures range from approximately O °C at Protector Shoal at the
northern end of the SSI to < -1 °C in the northern limb of the Weddell
Gyre (Fig. 2B). At 100 m, in the WW layer, temperatures are < -0.5 °C at
the north of the island arc, decreasing to < -1 °C from Saunders Island to
the south (Fig. 2C). Below the AASW and WW layer, temperatures in-
crease in the CDW and WDW, with a smaller range in temperature along
the SSI than at shallower depths. Above and below the temperature
maximum layer of the CDW and WDW, temperatures are similar at 200
m and 1500 m (Fig. 2D and E). There is a large zonal temperature
gradient across the island arc caused by the deflection of the ACC, with
warmer waters to the west and east of the islands. The gradients appear
strongest in the 100 m and 200 m fields, with a sharp eastward incursion
of warmer water towards Saunders Island evident at 200 m. Because of
the water mass distribution, horizontal temperature gradients are
greater longitudinally across the island arc than latitudinally along the
arc.

120

150 180 366 days

Smaller scale and seasonal variability in water mass properties in the
SSI region is evident from Argo profile data (Fig. S2). The Argo floats
provide good coverage of the northern part of the SSI in particular, with
profiles taken in all seasons. Surface temperatures range from freezing
point to >2.5 °C and surface salinity from 33.4 to >34.6 (Figs. S2A-C),
with surface properties modified seasonally and interannually by sea ice
distribution and air-sea fluxes. The depth of the subsurface temperature
minimum, which corresponds to WW, indicates the depth of mixing in
the previous winter (Fig. S2D), and ranges from ~50 m around the
islands to 200 m in the ACC waters northeast of the SSI. The properties of
the WW change across the region, with colder and fresher WW found
near the central SSI (Saunders Island to Visokoi Island) (Figs. S2A-C).
Below the WW, the differences in the temperature of the temperature
maximum illustrate the influence of ACC and Weddell Gyre waters.
WDW is coldest in the shelf areas along the island chain. Although still
cold, the temperature maximum southeast of the islands is warmer than
along the island chain, suggesting waters from the central Weddell Gyre
region. Warmer temperatures (>1 °C) associated with Upper CDW are
observed to the west of the island arc and in the northeastern profiles
where temperature approaches 2 °C, indicative of the presence of the
Southern ACC Front. At 1500 m (Fig. S2B), the zonal gradient in tem-
perature noted in the climatology is clear with coldest temperatures
around the island chain and temperature increasing away from the
islands to the west and east, with warmest temperatures in the northeast
of the region and coldest waters in the southeast.
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Fig. 4. Surface chlorophyll a concentration (chl a; mg m-3) overlaid with iso-
lines of sea surface height (m). The sea surface height isolines indicate circu-
lation streamlines; flow is parallel to the contours with lowest values of sea
surface height to the right of the flow in the Southern Hemisphere and steep
gradients in the contours indicating stronger flow. A) Climatological summer
mean chl a (December-February) for 2009-2020. B) Monthly mean chl a for
December 2015 (left), January 2016 (middle) and February 2016 (right). Also
marked on B is the sea ice edge (15% concentration) on the first and last day of
the month (solid and dashed blue lines respectively). Sea ice has retreated from
the region before the end of January 2016. Note the different colour scales for A
and B. Chl a data from GlobColour, sea surface height data from GLORYS12V1,
sea ice data from ESA CCI and C3S (see text for details).

The seasonal cycle in sea surface temperature (SST) along the SSI arc
is well defined, with maximum temperatures in February and minimum
temperatures in August to September (Fig. 5A). In summer, median
temperatures decrease southwards from 1 °C in the northern region to
0.5 °C in the south, with an interannual range of ~1 °C across all re-
gions. In winter, the median SST is < -1.5 °C in all regions, with less
variability than observed in summer. Removing the seasonal cycle in the
SST time series allows us to understand the relationship in interannual
variability across the SSI arc. The de-seasonalised SST fluctuations are
strongly positively correlated between the three regions (R > 0.78, p <
0.001). Years when summer temperatures were warmer than normal in
all regions (2009/10, 2010/11, 2016/17 and 2019/20) coincide with
the sea ice being south of the island arc in those summers (Fig. 3E,
Fig. 5B). There is also additional spatial variability in the difference in
temperatures across the regions within years, with a smaller difference
in temperature between the three regions in some years (e.g. summers of
2009/10, 2013/14 and 2020/21) than in other years (e.g. summers of
2011/12 and 2015/16). This suggests that local processes, in addition to
the larger scale circulation, strongly influence SST across the SSI.

3.2. Seaice

The seasonal sea ice cycle exerts a strong seasonality on the SSI, with
winter sea ice extending on average across the SSI arc (Fig. 3). Mean
July-September sea ice concentration decreases northwards from pack
ice (sea ice concentration >80%; Stroeve et al., 2016) in the northern
Weddell Sea to mean concentration <20% at the northern end of the SSI
arc (Fig. 3A). The timing of advance and retreat of the sea ice across the
island chain causes a large north-south difference in annual sea ice cover
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along the island arc, with an average of 30-60 days of sea ice cover in the
north compared with >180 days in the south (Fig. 3B). As a result, each
of the islands of the SSI arc experiences a different pattern of seasonal
sea ice dynamics (Fig. 3c, Fig. 5B). In the south, the sea ice season is
long, typically from June to December, with earlier northward advance
and later retreat in this region than further north along the island arc.
From June to November, average sea ice concentration exceeds 50%
with pack ice present from July to October (Fig. 5B). The Southern Thule
group has ~7 months of sea ice cover with on average ~3 months of
dense pack ice cover, with an average winter concentration of ~80%
(Fig. 3C). In the central SSI region, which includes Saunders and Mon-
tagu islands, the sea ice season is shorter than further south, generally
lasting from July to November, with peak sea ice cover occurring in
August and median winter sea ice concentration of ~70%, with ~1
month where median sea ice concentration exceeds 80%. In the northern
region of the SSI, around Zavadovski and Visokoi islands, sea ice is
typically present only for ~2 months in August-September, with median
winter sea ice concentration <40%.

Associated with the mean seasonal cycle in sea ice is large interan-
nual variability, with considerable differences in the timing of the sea ice
advance and retreat, and its distribution between years (Fig. 3D and E,
Fig. 5B). This variability results in a difference in maximum and mini-
mum annual days of sea ice cover of 60 to >120 days across much of the
island arc (Fig. 3F). The northern and central islands of the SSI are to-
wards the northward limit of sea ice extent, and as a result there is a
large range in winter sea ice extent and concentration (see also Fig. 5B,
Fig. S3). For example, September sea ice extent was further north than
usual in 2014 and 2020, resulting in years of above average sea ice
concentration around the northern SSI (Fig. 3D and E, Fig. 5B). In 2017
and 2018, the sea ice only extended to Montagu Island in mid-
September, so the northern and central islands had less sea ice cover
than usual. In the southern region of the SSI, the lowest winter sea ice
concentration occurred in September 2017 following the early retreat of
the sea ice that year. There is large variability in the timing and rate of
sea ice advance, particularly during May and June, which results in
autumn/early winter sea ice concentration ranging from no sea ice
(2011, 2013, 2018, 2019, 2020) to >80% concentration (2014, 2016) in
the southern region of the SSI. Likewise, the relationship between late
winter and early summer sea ice extent is not straightforward, with
complexity in the rate and direction of sea ice retreat. In December, the
northern islands are ice-free in all years considered here, but there is
considerable variability around the central and southern islands with
the summer ice edge varying from north of Saunders Island in some
years (2015 and 2020) to south of the island arc in 2010 which impacts
the duration of the sea ice season in these regions.

As expected, the seasonal sea ice cycle is inverse to that of SST with
maximum sea ice cover in the three regions in July to September and
minimum cover in the austral summer (Fig. 5A and B). While SST and
sea ice concentration are linked on short time-scales, there does not
appear to be a straightforward relationship between SST and sea ice
concentration in consecutive years. In some years, reduced sea ice
concentration follows a warm summer. For example, there was less sea
ice in the northern region in the winters of 2011, 2017 and 2018 after
higher than usual summer temperatures. Yet, in winter 2020, sea ice
concentration in both the northern and central regions was relatively
high despite the summer of 2019/20 being anomalously warm. Like-
wise, more extensive sea ice cover in winter does not necessarily lead to
cooler surface temperature the following summer.

3.3. Chlorophyll a concentration

Mean summer chlorophyll a concentration illustrates the generally
high productivity of the Scotia Sea (Fig. 4A) with intense blooms around
South Georgia and increased productivity within the area of winter sea
ice cover (cf. Fig. 3) in the southern ACC and the Weddell Sea in
agreement with earlier studies. Elevated levels of chlorophyll a occur at
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Fig. 5. Seasonal cycle and interannual variability in monthly mean properties for the northern, central and southern regions of the South Sandwich Islands (marked
on Fig. 1C). A) Sea surface temperature (SST; °C). B) Sea ice concentration (%). C) Surface chlorophyll a concentration (chl a; mg m>). Only data for months with
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(see text for details).

the tip of the Antarctic Peninsula, on the South Orkney Plateau and in
the northern Weddell Sea, and a band of relatively high chlorophyll a
(>1 mg m~>) extends along the SSI arc, continuing to the east and then
south. Comparison of the chlorophyll a field with the current streamlines
illustrates the connection between the spatial extent of the chlorophyll
blooms and the regional currents, as previously described for the South
Georgia bloom (e.g., Borrione and Schlitzer, 2013; Venables et al.,
2012). The southward deflection of the ACC east of the SSI appears to
bound the distribution of increased chlorophyll around the island chain,
with lower chlorophyll to the east of the strong flow.

While the mean summer data show generally increased chlorophyll a
around the SSI, the available monthly mean chlorophyll a data illustrate
the spatial and temporal variability in surface productivity in the SSI
region (Fig. 5C, Fig. S3). Peak chlorophyll a concentrations typically
occur in December to March, but location, spatial extent and magnitude
of the blooms vary and timing is not consistent between regions or from

year to year. Maximum area-weighted monthly mean values > 2 mg m ™3
were observed in December 2009 and December 2019 in the southern
region, and in January 2016 in the central region, while chlorophyll a
concentrations remained relatively low in all regions in 2014/15, 2016/
17 and 2018/19.

Monthly mean chlorophyll a fields for 2010-2020 show that primary
productivity can respond rapidly to the retreat of the sea ice with blooms
frequently occurring within the same month that sea ice retreats, with
variability in the sea ice field contributing to the variability observed in
the surface chlorophyll (Fig. S3). In summer 2015/16, for example, an
intense localised bloom in the central Scotia Sea region followed later-
than-usual sea ice retreat (Fig. 4B). Sea ice remained anomalously far
north in November 2015 and, at the start of December, the sea ice edge
was north of Saunders Island. During December, the sea ice retreated to
the southern end of the island arc, and a bloom formed east of Saunders
and Montagu islands. Comparison of the chlorophyll a concentration
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field in January 2016 with surface current streamlines suggests that the
bloom was advected northwards by the current flows along the SSI and
then southwards in the return flow east of the island arc. Elevated
chlorophyll a concentrations remained in February 2016 with the main
area of the bloom located southeast of the SSI. A close relationship be-
tween bloom propagation and the surface circulation can be seen in the
development of the surface blooms through the time series (Fig. S3).

3.4. Connectivity

3.4.1. Local circulation and connectivity

High resolution current fields from the GLORYS12 reanalysis illus-
trate the spatial complexity of the circulation around the SSI (Fig. 6, cf.
Fig. 1C). At 200 m, strong flows approach the islands from the west and
split into several branches, steered by the bathymetry and channelled
through passages between the islands (Fig. 6A). A northern branch that
enters the region at ~57°S follows a southward loop towards Saunders
Island before retroflecting northwards along the western side of the is-
land arc. Further south, currents diverge at ~58°S to the west of the
channel between Saunders and Montagu islands and separate into
northward and southward branches. A strong northeastward current
between Zavadovski and Visokoi islands results from the northward flow
being steered eastwards by Leskov Island. Eastward flows are also
evident through the passage south of Montagu Island, and through those
north and south of Saunders Island where the seamounts west of Saun-
ders Island appear to be important for bathymetric steering. These latter
passages are the deepest passages between the islands with depths
>2000 m (cf Fig. 1C). East of the island chain, there is again divergence
in the flow fields, with northwards flow along the eastern continental
shelves of Saunders Island and the islands north, and southward flow
from Montagu Island and around Tyrell Bank at the southern end of
island arc before northward deflection. Further offshore to the east, the
circulation links to the southward current jet associated with the SB.

The currents at 1000 m are generally slower than at 200 m, although
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the northward flow along the eastern side of Saunders Island has
strengthened with depth so that the currents are faster than at 200 m
(Fig. 6B). This stronger band of northward currents is deflected away
from the northern islands at 57°S, suggesting there may be little
connection between the southern and northern islands at this depth. The
eastward flow between Zavadovski and Visokoi islands, although still
present at 1000 m, has weakened relative to 200 m and the currents
along the eastern shelf of Montagu Island and the southern islands are
slower than observed at 200 m. Offshore of the southern islands, the
flow is concentrated into a relatively broad zone of northward flow
along the western edge of the South Sandwich Trench. This current
retroflects at ~57.5°S to continue southwards along the eastern side of
the trench, as indicated in the surface current streamlines (Fig. 4). The
current fields indicate some westward flow from this jet towards Saun-
ders Island at ~58°S around the northern side of Montagu Bank to the
east of Montagu Island, which is then deflected north by the bathymetry.
Currents along the eastern side of the northern islands are steered
eastwards and join the southward flow along the trench.

The passages north and south of Saunders Island are the only loca-
tions where water at 2000 m can cross the SSI arc, and there is only weak
flow through these in the climatological velocity field at 2000 m
(Fig. 6C). The northward flow along the western edge of the South
Sandwich Trench remains strong at this depth with the westward
connection towards Saunders Island and then northwards onto Visokoi
and Candlemas islands still apparent. The currents are deflected away
from Zavadovski Island by the bathymetry to the east of the island and
join the southward flow along the trench. One other feature of note is an
area of cyclonic recirculation at the northern end of the trench which
increases in strength with depth. This is located close to the deepest
point of the trench.

Local pathways of transport within the SSI arc are further illustrated
by the near-surface drifter and float trajectories (Fig. 7). Near-surface
drifters show northward transport from the southern islands, travel-
ling from Southern Thule via Montagu and Saunders islands before
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Fig. 6. Annual mean currents (m s~ 1) for 2010-2019 around the South Sandwich Islands at A) 200 m, B) 1000 m and C) 2000 m. Current speed is shaded and vectors
show direction. 1500 m and 6000 m isobaths are marked on all panels (grey lines). Current data from GLORYS12V1 reanalysis (see text for details).
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Fig. 7. Trajectories of selected A) near-surface drifters (15 m depth) and B)
Argo floats (~1000 m depth) around the South Sandwich Islands. Deployment
locations are marked with a circle and time intervals from deployment are
indicated by symbols: 10 days (downwards triangle), 30 days (square), 60 days
(diamond), 90 days (star), 180 days (upwards triangle) and 270 days (plus),
coloured according to individual trajectories. Note that 10 day markers are only
plotted in A. The 1500 m isobath is marked (grey lines) and the median winter
sea ice extent for 1981-2010 is shaded as per Fig. 1A.

being deflected to the east, away from Vindication and Candlemas
islands, at 57°S. Transport from Southern Thule to Montagu Island takes
20-30 days, and 10 days from Montagu Island to Saunders Island. At the
northern islands, transport to the east is rapid, with transport from west
of Zavadovski Island to east of the island arc taking 10 days. Areas of
retention are also illustrated by the drifter trajectories. In the southern
region, east of Tyrell Bank, a drifter was retained by an eddy for
approximately 30 days before travelling north along the island arc. High
frequency variability in the circulation between Bristol and Montagu
islands also increases retention with a drifter retained in the local area
for approximately 20 days.

The Argo float pathways correspond to the dominant features
observed in the velocity fields and illustrate the slower transport times at
depth as compared with the near-surface circulation (Fig. 7B). One float
was advected northwards from Tyrell Bank to Saunders Island, following
the flow along the western side of the trench and its westward deflec-
tion, before joining the southward flow of the SB east of Zavadovski
Island after approximately six months. Floats on the western side of the
island arc were transported northwards, with one float travelling
through the passage north of Saunders Island and continuing along the
eastern shelf of Visokoi and the Candlemas islands group, and another
following the western side of the arc to reach Visokoi Island. For both
floats, the corresponding travel time was 2-3 months. Areas of retention
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are also related to the local bathymetry. One float was retained around
the seamounts west of Saunders Island for approximately two months
and again around Zavadovski Island for another three months.

3.4.2. Regional connectivity to the South Sandwich Islands

Near-surface connectivity to the SSI from the southern ACC through
Drake Passage and from the northern Weddell Sea is illustrated with
drifter trajectories (Fig. 8A). Transport pathways exist from the Ant-
arctic Peninsula, South Orkney Islands, eastern South Scotia Ridge and
South Georgia to the SSI on timescales of 1 to >9 months. Several of the
drifters that reach the SSI have come from areas that could be under sea
ice during winter.

There is broad regional connectivity to the SSI at depth (Fig. 8B).
Some of the Argo float trajectories correspond to those of the near-
surface drifters, with transport connections from the tip of the Antarc-
tic Peninsula, the eastern South Scotia Ridge and South Georgia, but
there is also transport from further north in Drake Passage and Burd-
wood Bank, from north of South Georgia and from the southern Weddell
Sea. The floats that travel around the South Georgia shelf, or come from
the north of South Georgia, are advected past the northern end of the SSI
arc and southward in the flow along the eastern island arc. Floats take
approximately 18-24 months from the central and southern Scotia Sea
and 12 months from the northwest Weddell Sea to reach the SSI, with
transport from O°E in the southern Weddell Sea taking >5 years
(Fig. 8E). Local features in the circulation can modify the transport
times. The float deployed on the eastern South Scotia Ridge, for
instance, was retained for almost four years in recirculation associated
with a Taylor column, a columnar feature generated from interaction of
flow with a bathymetric obstacle (Meredith et al., 2015). As with the
drifters, the Argo floats also demonstrate potential connections from
areas of winter sea ice cover to the SSI.

3.4.3. Regional connectivity from the South Sandwich Islands

Downstream of the SSI, the near-surface drifter trajectories initially
demonstrate two main branches of onward transport (Fig. 8C): a
northern branch that takes drifters directly east, and a second branch
associated with the southward flow of the SB east of the SSI arc. Drifters
caught in this latter current flow were then advected east in the flow
along the South Sandwich Fracture Zone. Downstream of 0°E, the tra-
jectories of two drifters that initially followed the southern branch of
flow diverged, with one drifter remaining south and the other taken past
the Crozet Islands, indicating that there is the possibility of transport
from the seasonal sea ice zone to that region.

The two main transport pathways exiting the SSI region are also
evident in the Argo float trajectories (Fig. 8D). Both datasets demon-
strate connection from the SSI to islands downstream and back into
areas of winter sea ice cover. Near-surface drifters that passed close to
the SSI reached Bouvet and Crozet Islands in timescales of <6 months
and >12-18 months respectively. Argo floats from the SSI passed Bou-
vet, Marion and Prince Edward Islands, and Kerguelen Islands after
approximately 1, 2 and >6 years respectively, connecting areas of
deeper bathymetry en route. The float trajectories are also consistent
with the southward return loop at the eastern end of the Weddell Gyre
(e.g. Orsi et al., 1993), with a float taken directly south at 25°E, and
illustrate additional areas of retention in the local circulation. At ~52°S,
40°E, a float was caught for approximately a year near Ob’ Seamount
and Conrad Rise, contributing to a transport time to 50°E of approxi-
mately 5 years.
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Fig. 8. Trajectories of near-surface drifters and Argo
floats around the South Sandwich Islands (SSI). A)
Near-surface drifters (15 m depth; grey lines) that
travel through the SSI region (shaded in dark blue).
Grey circles indicate deployment locations and col-
oured symbols mark the travel time (months) to the
SSI region, according to the legend. B) As A but for
Argo floats (~1000 m depth). C) Near-surface drifters
that exit the SSI region. Coloured symbols indicate
transport time (months) from leaving the SSI region,
as per the legend. D) As C but for Argo floats. E) Argo
float 7900078 that travelled from the southern Wed-
dell Sea to the SSI. Note that not all time markers are
shown in each panel. Median winter sea ice extent for

1981-2010 is shaded as per earlier figures and the

1500 m isobath is plotted in grey. Islands marked on
C are Bouvet Island (B), Prince Edward and Marion
Islands (PEI), Crozet Islands (CI) and Kerguelen
Islands (K).
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3.4.4. Variability in connectivity

Using streamlines generated from the mean value of sea surface
height from the three study regions along the SSI (Fig. 1C) permits a
visualisation of the broad distribution of surface transport pathways to
the SSI arc (Fig. 9). The sensitivity test using streamlines derived from
the minimum and maximum sea surface height values from each study
region provides support for the overall conclusions from using the mean

10

values, while demonstrating the range in potential connections to each
region (Fig. S4). Connections from South Georgia, for example, are
indicated to be to the northern part of the SSI arc, in agreement with the
drifter and float trajectories.

Streamlines to the northern region of the SSI tend to be from the
western side of the Antarctic Peninsula and north of the South Orkney
Plateau, with increased variability in the eastern Scotia Sea (Fig. 9A, D).
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Fig. 9. Sea surface height variability as a proxy for connectivity to the South
Sandwich Islands (SSI) calculated from monthly mean sea surface height data
for 2010-2019. A) Northern SSI region. B) Central region. C) Southern region.
Shading indicates frequency of pathways to each of the study regions (boxes
marked on each panel, also see Fig. 1C), gridded at 0.25° horizontal resolution.
The median winter sea ice extent for 1981-2010 is shaded as per earlier figures
and the 1500 m isobath is plotted in grey. D) Latitudinal transect of frequency
of pathways to each of the study regions along 48°W (black line in A). Sea
surface height data from GLORYS12V1 (see text for details).
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Pathways to the central SSI tend to be from southern areas towards the
South Scotia Ridge, with potentially less input from the Western Ant-
arctic Peninsula. One of the key transport routes to the central region is
still to the north of the South Orkney Plateau, but there is more frequent
input from the South Orkney Plateau and along its southern edge
(Fig. 9B, D). There is a stronger connection from the Weddell Sea to the
southern SSI region (Fig. 9C and D), although some connection from the
Bransfield Strait along the northern Antarctic Peninsula and the south-
ern ACC remains. Transport pathways appear to be more closely centred
on the South Scotia Ridge east of the South Orkney Islands for this
region.

The flow pathways from the three study regions defined along the SSI
also vary on the eastern side of the SSI arc. From the northern region
(Fig. 9A), the dominant transport route is southwards in the currents
associated with the SB, whereas transport from the central and southern
regions is initially northwards along the eastern side of the island arc
before turning southwards (Fig. 9B and C). These results agree with the
drifter trajectories (Figs. 7 and 8). At the southern end of the South
Sandwich Trench, the circulation is strongly constrained along the west-
east aligned South Sandwich Fracture Zone.

Extending the analyses to include the Weddell Gyre (Fig. S5) shows
that the streamline analysis does not fully capture the transport path-
ways illustrated by the near-surface drifters, which are subject to addi-
tional surface forcing and smaller-scale processes than will be resolved
in the GLORYS12v1 reanalysis product. Nevertheless, the results suggest
that return flow in the Weddell Gyre is possible from all three of the SSI
study regions. Connectivity from the SSI to the seamount of Maud Rise
(~65°S, 3°E) occurs from all regions, but the probability of transport
from Maud Rise appears to be greater for the southern region of the SSI.
There are additional areas of sensitivity within the connectivity bounds,
with increased possibility of eastward connection to East Antarctica
from the northern region than from further south.

4. Discussion

We have examined the spatial and temporal variability and con-
nectivity of the marine environment of the SSI. This quantified charac-
terisation provides a framework for understanding how the environment
influences the structure and functioning of ecosystems along the island
arc. In the following sections we consider the spatial and temporal
variability of the environment and the role of connectivity. We conclude
by considering the ecological implications, including the potential im-
pacts of change, and priorities for future research.

4.1. Spatial and temporal variability

The marine environment of the SSI arc is spatially complex. The SSI
arc is one of the main barriers to the circumpolar flow of the ACC away
from the Antarctic continent and the bathymetry of the island arc
dominates the large-scale ocean circulation by deflecting the ACC to the
north. This results in the SB occurring at its maximum northward extent
in the Southern Ocean; there are only two locations where the SB is
north of ~55°S: at the SSI and south of the Agulhas Basin (Orsi et al.,
1993; Park and Durand, 2019). The northward deflection of the SB by
the SSI permits northward penetration of Weddell Gyre waters into the
SSIregion, creating a strong thermal gradient between the island arc and
the ACC waters present to the west and east. This occurs over a very
narrow longitudinal range of ~5-10°, equivalent to ~300-600 km. ACC
waters are brought close to the western side of the island arc, particu-
larly at intermediate depths where the ACC appears to extend further
east. There is also a smaller north-south temperature gradient along the
SSI with temperature decreasing to the south with closer proximity to
more central Weddell Gyre waters (Orsi et al., 1993). At depth, the
complicated bathymetry of the island arc controls the pathways of the
deep waters. We found indications that WSDW can enter the deep pas-
sages in the SSI arc, notably that south of Saunders Island, as proposed
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by Naveira Garabato et al. (2002), but note that additional in situ ob-
servations are required to corroborate this. The local distribution and
transport routes of WSDW around the SSI are uncertain but it would be
useful to define these in more detail to better understand its potential
influence on the ecosystem structure of the SSI, including, for example,
how resultant temperature gradients affect the deep water community
structure (e.g. Clarke et al., 2009; Hollyman et al., this issue; Roberts
et al., 2011).

The mean locations of the circumpolar ACC fronts have recently been
updated based on altimetry data (Park and Durand, 2019, Fig. 1), and
depict the SB extending north of 54°S at the longitude of the SSI arc. This
is in contrast to our results based on World Ocean Atlas and Argo float
profile data. We found the SB to lie south of 55°S, closer to the northern
end of the SSI arc (cf. Brandon et al., 2004; Liszka et al., this issue;
Venables et al., 2012) and to approach more closely the western side of
the island arc, indicating that the SSI will be influenced by water masses
of the southern ACC as well as the Weddell Gyre. To the east of the SSI,
climatological mean locations of the SB suggest the possibility of two
eastward branches in the SB, one at ~57.5°S (Park and Durand, 2019,
Fig. 1) and one further south at ~61°S (Orsi et al., 1995), coincident
with the South Sandwich Fracture Zone. The velocity fields and drifter
and float trajectories suggest both major pathways exist with flow
converging downstream of 0°E.

Local interactions between the ocean circulation and bathymetry of
the island arc introduce additional complexity to the environment. The
bathymetry of the island arc is complex, with steep submarine slopes to
the islands, narrow continental shelves <10 km wide that are typically
<200 m deep although not all have been well surveyed, passages of
varying depth and width between the closely spaced islands, and a
number of seamounts and submarine banks (Leat et al., 2016). These
interactions generate mesoscale and sub-mesocale features in the ocean
circulation and areas of intense mixing (Jiang et al., 2019), as well as
local retention through bathymetrically driven features including Taylor
columns (Meredith et al., 2015). The sharp retroflection in ACC flow on
the periphery of the island arc will also impact local dynamics, pro-
ducing additional mixing. There are also local physical processes that
will add to the local dynamics including heat and nutrient flux from
ongoing volcanic activity and glacial freshwater input, particularly from
the more heavily glaciated islands in the south (Leat et al., 2014); the
impact of these require further investigation.

Our analyses have demonstrated that temporal and spatial vari-
ability is a fundamental feature of the SSI marine environment. On top of
the seasonal cycle in SST and the general north-south gradient along the
island arc, there is interannual variability in surface temperatures,
particularly in summer. A strong north-south gradient in the duration
and density of sea ice also exists along the islands, with little sea ice and
short sea-ice duration in the north, and heavy sea ice and a longer sea ice
duration in the south. However, sea ice distribution, concentration and
the timing and rate of advance and retreat were not consistent during
our ~10 year study period, and there was substantial variability in the
number of ice-free days experienced along the island arc. While at sea-
sonal and shorter timescales the variability in SST and sea ice conditions
within regions of the island arc are directly linked, the relationships
between the regions within seasons and over longer timescales do not
appear to be simple. The physical environment of this region is affected
by local and large scale atmospheric drivers of variability, including the
Southern Annular Mode (SAM) and El Nino Southern Oscillation
(ENSO), which affect the upper ocean and the advance, retreat and drift
of sea ice and lead to large scale temperature and sea ice anomalies
across the region (e.g., Meredith et al., 2005; Murphy et al., 2014;
Murphy et al., 2007; Stammerjohn et al., 2008). Understanding the
impact of these drivers on the variability in this region is a key next step
for future research.

We found the location and timing of surface phytoplankton bloom
formation and development to be highly temporally and spatially vari-
able around the SSI, in agreement with previous studies (Park et al.,
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2010; Tynan et al., 2016). While iron is a limiting nutrient in much of the
Southern Ocean (Boyd et al., 2010; de Baar et al., 1995), this is unlikely
to be the case for the SSI where iron concentrations are likely to be
enhanced through terrestrial iron input from the Weddell Sea and local
shelf areas of the Antarctic Peninsula and South Scotia Ridge (Jiang
et al., 2019; Kahru et al., 2007; Prend et al., 2019), and enhanced ver-
tical mixing over the bathymetry of the SSI arc (Jiang et al., 2019).
Instead, bloom formation is linked, at least in part, to sea ice retreat (e.
g.,Tynan et al., 2016) and our results suggest that the variability in the
extent of sea ice and the timing of its retreat, which affect water column
stability, the seasonal light climate, local nutrient fluxes and the seeding
of phytoplankton blooms (see review by Deppler and Davidson, 2017,
and references therein), is an important driver in the heterogeneity of
blooms in this region. The spatial development of phytoplankton blooms
also shows a strong relationship with the current flows, particularly in
areas to the east of the islands. This indicates that mesoscale effects of
enhanced nutrient supply and dispersal associated with areas of strong
current flows are important in bloom development and propagation in
the region. However, the spatial complexity in bloom formation,
development and magnitude suggests that the exact mechanisms
determining productivity and bloom development are likely to be
complex and highly variable across the regions. We further note that
subsurface chlorophyll maxima are a typical feature of the region (Bal-
dry et al., 2020; Liszka et al., this issue) which have not been accounted
for in our study. The observed variability emphasizes that field-based
analyses of phytoplankton dynamics and carbon budgets around the
SSI will require integration of seasonal and spatial variability.

4.2. Connectivity of the South Sandwich Islands system

Connectivity is a key part of the Scotia Sea ecosystem, with dispersal
and retention contributing to the distribution of biota including Ant-
arctic krill and fish (Murphy et al., 2007; Young et al., 2018). Ocean
circulation connects the SSI with areas of known habitat importance in
the Scotia Sea, including the Antarctic Peninsula, South Orkney Islands
and South Georgia, and the Weddell Sea on relatively short timescales.
Our results suggest that the southern part of the SSI arc is connected with
the South Scotia Ridge and northern Weddell Sea, with the central and
northern regions having broader connectivity with the Scotia Sea,
including from the western Antarctic Peninsula. Transport from South
Georgia can bring material to the northern end of the SSI arc. On larger
scales, there is also evidence of connectivity between high latitudes in
the Weddell Gyre and the SSI region. Downstream, the SSI arc is con-
nected with other island groups, including Bouvet, Prince Edward and
Marion, Crozet and Kerguelen Islands, and seamounts, with southward
connection back into the eastern limb of the Weddell Gyre. These
pathways and timescales of transport support the suggested role of
oceanic connectivity in fish populations between the SSI and Bouvet
Island (Jones et al., 2008) and also indicate that organisms for which
winter sea ice is an important habitat, such as Antarctic krill, can return
to sea ice covered regions downstream of the SSI and through the
southward flow of the eastern limb of the Weddell Gyre, where in-
teractions with the different advective habitats of the sea ice and ocean
will affect their distribution (e.g. Thorpe et al., 2007).

Our preliminary analysis of variability in regional scale connectivity
indicates that the connectivity to the SSI is spatially and temporally
variable. From a study of near-surface drifters released in the northwest
Weddell Sea and chlorophyll a distribution, Thompson and Youngs
(2013) found that changes in the structure and position of the boundary
currents of the Weddell Gyre and in the position of the ACC fronts
affected water mass exchange between the Weddell and Scotia seas.
Variability in the circulation of the ACC and Weddell Gyre is linked to
their physical drivers, particularly wind forcing (see reviews by Morley
etal., 2020 and Vernet et al., 2019). Armitage et al. (2018), for example,
found that the speed of the Antarctic Slope Current that flows westward
close to the Antarctic coast doubles in autumn, linked to changes in the
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wind field and this will impact transport times from the Weddell Sea.
Model analyses of particle advection from the northwestern Weddell Sea
demonstrated a relationship between transport pathways into the Scotia
Sea and the wind field, with greater transport across the Scotia Sea with
stronger westerly winds (Renner et al., 2012), and Youngs et al. (2015)
also found a relationship between wind stress curl and transport into the
Scotia Sea from the Weddell Sea. Strengthening and a southward shift of
the westerly wind system is one outcome of the trend in increasing SAM
and this is likely to impact connectivity to the SSI by affecting the ocean
currents and sea ice distribution (Meijers et al., 2012; Wang, 2013).

At the regional scale of the SSI arc, there are connections into the
island arc from the south, west and north. Near-surface drifter trajec-
tories suggest that the southern islands are strongly connected by
northwards flow which is deflected to the east near the Candlemas Is-
land group. Flow into the northern end of the island chain seems to come
from a broader area, with more limited exchange with the southern
areas. The local circulation is steered by the bathymetric features of the
island arc. Leskov Island and the seamounts to the west of Saunders
Island appear to channel flow through the passages between the islands
and these locally intense, deep-reaching currents may form barriers to
connectivity around the island arc and act to retain material in other
locations. High resolution modelling of transport around South Georgia
and the South Shetland Islands has shown the potential for locally
intense flows to affect the concentration of prey around islands and it is
likely that similar processes will affect the SSI ecosystem (Trathan et al.,
2022; Young et al., 2014).

4.3. Ecological implications and summary comments

The complex environment of the SSI region is a major influence on
primary productivity and phytoplankton and zooplankton community
structure (Section 4.1; Liszka et al., this issue; Tynan et al., 2016) with
the northward flow of waters from the WSC and Weddell Sea bringing
more polar species into the southern areas of the SSI arc (Liszka et al.,
this issue; Ward et al., 2004). There is also likely to be some mixing of
plankton communities as a result of transfers from the ACC in the west
and north. Although the composition of zooplankton communities tends
to be similar across the Scotia Sea, the relative abundance of different
groups and species varies (Ward et al., 2004). Liszka et al. (this issue)
found distinct mesoscale structure within the plankton community
around the SSI linked to the physical oceanography. With the later
retreat of sea ice in the south, plankton productivity, population and
community development will tend to occur later than in lower latitude
regions further north (Ward et al., 2004). The variability in ocean and
ice conditions and productivity will affect the development of
zooplankton populations, the dynamics of planktonic communities and
food web processes, resulting in marked differences in seasonal dy-
namics between years and different areas.

The differing connectivities imply that planktonic communities in
the SSI region can be influenced by different input regions, with varying
exposure to open ocean and sea ice conditions during transport which
can affect seasonal development (e.g., Fach et al., 2002; Meyer et al.,
2017; Ward et al., 2004). Planktonic communities in the northern region
of the SSI area are likely to be more strongly influenced by influx of
planktonic organisms from the western Antarctic Peninsula and south-
ern Scotia Sea. Those organisms are more likely to have experienced
open water conditions for longer in areas of earlier ice retreat and hence
better conditions for growth and development. In contrast, the most
southerly areas of the SSI will be influenced by planktonic communities
from the northern Weddell Sea, and are likely to be in an earlier stage of
seasonal development (Ward et al., 2004). How pelagic organisms
interact with ocean currents and sea ice during different stages of their
life histories is crucial in determining dispersal and connectivity in the
Southern Ocean (Meyer et al., 2017; Murphy et al., 2004; Thorpe et al.,
2007; Young et al., 2018). Along the SSI arc, north-south differences in
the distribution of lower trophic level organisms and higher trophic
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level species, including fish and higher predators (Fitzcharles et al.,
2021; Hart and Convey, 2018; Hollyman et al., this issue; Roberts et al.,
2011), indicate spatial variability in the environmental conditions and
connectivity.

Recent studies have furthered understanding of the biogeography
and benthic biodiversity of the SSI arc (Downie et al., 2021; Hogg et al.,
2021; Hollyman et al., this issue). There will be additional environ-
mental and biological factors driving benthic community composition
and distribution to those in the pelagic, with the degree of connectivity
of populations and communities a result of mechanisms including
deeper current flows and interactions with bathymetric features,
life-history strategy including mode of reproduction (e.g. whether
broadcast or brood spawners) and duration of pelagic larval stages, and
availability of suitable settlement habitats (e.g. Roterman et al., 2016;
Downie et al., 2021). At the regional scale, there is a marked distinction
in the composition of the benthic community around the SSI compared
to the South Orkney Islands and South Georgia (Hogg et al., 2021),
potentially indicating little connectivity and exchange between these
areas. The separation of the SSI and South Georgia communities is
generally consistent with expectations based on the drifter and model
analyses presented in our study, which illustrate relatively low likeli-
hood of transfer across the southern ACC and SB between these regions.
However, the model and drifter results indicate a high likelihood of
transfer from the South Orkney Islands to the SSI region which contrasts
with the lack of similarity between the benthic communities of these
regions. Although we would expect a Weddell Sea influence in the
southern areas of the SSI and areas to the east, the areas of the southern
Scotia arc are also potential source regions for the SSI if life-history
strategies permit successful transport between these regions.

The strong latitudinal variation along the SSI arc, with a greater ACC
influence in the north to a more polar, Weddell Sea, influence in the
south indicates that the local pelagic environments around the various
SSI may be quite different. The high spatial and temporal variability is
also likely to generate further differentiation between local areas. In the
relatively short time series we considered, there was no signal of long
term change but interannual variability and longer term trends in water
mass properties, circulation and sea ice have been reported for the Scotia
and Weddell seas, linked to atmospheric variation associated with
Southern Hemisphere climate modes (SAM and ENSO; see reviews by
Morley et al., 2020 and Vernet et al., 2019). Even without long term
change, the large variability in environmental conditions, which im-
pacts plankton distributions, productivity and zooplankton develop-
ment, will generate major differences in food web structure and
functioning between years and in different areas. This suggests that the
development of spatial planning for conservation and management
based on a view of the South Georgia SSI Marine Protected Area as a
single homogeneous system may not be appropriate (cf. Hogg et al.,
2021). Instead, a smaller scale approach may be required that considers
the local marine system along the SSI arc. It will be important to improve
knowledge of local oceanographic conditions around the islands and the
local and regional oceanographic connectivity to assess the degree to
which local habitats are distinct and need to be considered separately in
developing plans for spatial management. Improving understanding of
life history processes of organisms in the SSI and surrounding regions
will be important for developing analyses of dispersal and connectivity.
Combining such analyses with genetic studies provides a particularly
powerful methodology for resolving levels of connectivity, which will be
valuable in the complex SSI region. Such information will be critical for
developing conservation and fisheries management procedures along
the SSI arc, where the degree of population and genetic connectivity will
need to be explicitly considered in decision making.

The SSI arc is located directly in the pathway of the eastward flowing
ACC, which is deflected northwards, and influenced by currents from
areas of the southern Scotia arc to the west, and the Weddell Sea to the
south. The marine environment reflects, therefore, these multiple in-
fluences, generating a complex and variable system, where areas of
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favourable conditions shift between years and there are marked differ-
ences in timing of seasonal development of the planktonic ecosystem
and food web. Areas of more intense current flow through and around
the islands may act as partial barriers to north-south exchanges or
movements of organisms between the islands. At the regional scale,
there are clear latitudinal differences in the environmental conditions
and potential routes of connectivity transporting nutrients and organ-
isms into the region, with stronger influences from the ACC in the north
and the Weddell Gyre in the south. Improving understanding of the
factors determining the structure and functioning of ecosystems across
the island arc requires more information on the physical and biogeo-
chemical environment at regional and local scales, both with seasonal
data from observation systems and autonomous platforms such as Argo
floats, and through the development of fine scale ocean-sea ice models
that can resolve the small-scale bathymetry and processes operating in
the region. The expected warming of northern waters and possible re-
ductions of sea ice over the coming decades (Meredith et al., 2019) may
result in changes in productivity, for example in timing and distribution
of primary productivity (Deppler and Davidson, 2017), and habitats in
northern regions becoming more favourable for sub-Antarctic species
and less favourable for polar species (e.g. Cavanagh et al., 2021;
Constable et al., 2014; Rintoul et al., 2018). We note, however, that
regional projections of future climate change are highly uncertain at
present, and robust estimates of likely outcomes will be particularly
difficult to obtain in this area where the spatial and temporal scales of
key physical processes are considerably smaller than presently resolved
in the current suite of global climate models (Murphy et al., 2018;
Johnston et al., 2022). The strong regional and local influence of
sub-polar waters along the island arc is likely to be important in deter-
mining the resilience of local ecosystems. Accounting for the complexity
and variability in the marine environment will be crucial in the devel-
opment of conservation and fisheries management procedures for the
SSI region and for ensuring, as far as possible, that ecosystem resilience
is maintained as Southern Ocean environments change in the future.
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