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The sub-Antarctic South Sandwich Islands forms part of one of the largest marine protected areas (MPAs) in the world. Whilst the neighbouring island of South Georgia is known to be a biodiversity hotspot, very little was known about the benthic biodiversity or biogeography of the South Sandwich Islands. Here we present findings from the first biophysical assessment of this polar archipelago. Using open-access datasets, alongside results from a recent UK Government-funder Blue Belt expedition to the region, we assess how the island’s biodiversity is structured spatially and taxonomically and how this is driven by environmental factors. The South Sandwich Islands are shown to be both biologically rich, and biogeographically distinct from their neighbouring provinces. A gradient forest approach was used to map the archipelago’s benthic habitats which, based on the functional composition of benthic fauna and environmental characterisation of the benthic environment, demonstrated a distinct biogeographical north-south divide. This faunal and environmental discontinuity between the South Sandwich Islands and the rest of the MPA and between the different islands of the archipelago itself, highlights the importance of the zoned protection across the South Georgia and South Sandwich Islands Marine Protected Area.
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INTRODUCTION

The South Sandwich Islands (SSI) archipelago forms part of the Scotia Arc, a predominantly submarine ridge that extends from the Terra del Fuego region of South America to the Antarctic Peninsula (Figure 1). The archipelago consists of seven main volcanic islands stretching in a 390 km long island arc on a broadly north–south axis. The water surrounding the islands form part of the South Georgia and South Sandwich Islands Marine Protected Area (SGSSI MPA), covering over 1 million km2 and representing one of the largest MPAs in the world (Collins et al., 2012; Trathan et al., 2014).


[image: image]

FIGURE 1. (A) The geographical and oceanographic setting of South Georgia and South Sandwich Islands marine protected area (SGSSI MPA) (orange polygon) relative to the Polar Front (white line) and the Southern Antarctic Circumpolar Current Front (SACCF) (blue line). (B) The geographical setting of the South Sandwich Islands archipelago using bathymetry data from Leat et al. (2016), classified using 1,000 m depth contours.


Both the SSI and neighbouring South Georgia are internationally important sites for higher predators, hosting some of the largest populations of seabirds and marine mammals on Earth (Convey et al., 1999; Murphy et al., 2007; Clarke et al., 2012; Trathan et al., 2014; Rogers et al., 2015). Furthermore, South Georgia is recognised to be of global importance due to its abundant, diverse and unique benthic fauna (Barnes et al., 2011; Hogg et al., 2011). This diversity is thought to be driven by its proximity to powerful, nutrient rich currents, the age of the continental shelf (45-20 ma), its geographical isolation and large shelf area (Hogg et al., 2011). The SSI zone constitutes over half of the total area of the MPA, yet in contrast to South Georgia, relatively little is known about the benthic biodiversity of the island’s waters. Limited scientific sampling has been carried out as part of wider Antarctic or Scotia research expeditions (e.g., Ramos, 1999, Ramos-Esplá et al., 2005; Howe et al., 2004; Malyutina, 2004; Lockhart and Jones, 2008). Others sampling campaigns have been geographically restricted to individual islands, notably Southern Thule (e.g., Kaiser et al., 2008; Griffiths et al., 2009), or have had a focus on specific benthic communities, for example the chemosynthetic fauna of deep-sea hydrothermal vents (Marsh et al., 2012; Linse et al., 2019). Data from fisheries bycatch data (Collins et al., 2010; Roberts, 2012) has also contributed to the current understanding of the region’s benthic ecosystems. The logistical difficulty in carrying out in situ work at the islands, notably due to the archipelago’s geographical isolation, inhospitable climate and lack of natural harbours, has however resulted in significant gaps in our understanding of the region, and especially the benthic environment.

At less than 5 million years old (Hawkesworth et al., 1977; Thomson, 2004), the islands are, in geological terms, relatively young. The volcanoes that form the SSI developed in situ through the subduction of the South American tectonic plate under the South Sandwich plate (Leat et al., 2016). The continental shelf area around the islands is limited, with steep-sided volcanic slopes resulting in a very narrow band of shallow coastal water. The region is geographically remote; South Georgia is located 550 km to the north-west and the South Orkney Islands, 800 km to the west-south-west. Small, young, and remote, the SSI do not appear predisposed to high benthic diversity. The SSI marine environment is, however, one of extremes. Volcanic activity creates both disturbed environments resulting from volcanic eruptions and lava flows (e.g., Southern Thule; Griffiths et al., 2008; Rogers et al., 2015) and highly productive chemosynthetic environments such as the high-temperature black smokers at Kemp Caldera (Linse et al., 2019). Bathymetrically the waters range from these shallow coastal environments to deep-sea trench (i.e., Meteor Deep–8,266 m). The deep sea is punctuated by seamounts rising relatively near the surface and providing a major source of topographic complexity to the region. The archipelago exhibits pronounced environmental gradients with strong latitudinal trends in seasonal pack ice cover (and thickness), sea-surface temperatures and productivity. Furthermore, the southern boundary of the powerful Antarctic Circumpolar Current (ACC) which flows close to the islands represents a region of ecological importance centred around the upward flux and entrainment of high concentrations of macronutrients (Tynan, 1998). Conversely therefore, this spatial and temporal heterogeneity in habitat across the archipelago coupled with regions of high productivity could act as catalysts of a diverse and distinct fauna.

Understanding the structure and function of biodiversity at this potentially important, yet poorly understood sub-Antarctic archipelago is crucial to understanding the potential ramifications for future environmental change and to ensure the representative nature of protection afforded by the MPA. Furthermore, understanding the differences in communities across the MPA can highlight important or distinctive biogeographical zones, providing a framework to effectively manage the region’s benthic environment.

In this paper we adopt a macroecological approach to spatially analysing all available benthic biodiversity data for the SSI. This is combined with data recently collected as part of UK Government Blue Belt programme (Darby et al., 2021) to create a baseline measure of marine biodiversity at the SSI and thus provide a framework from which to identify ecologically sensitive areas and species, identify conservation priorities and monitor future biogeographical changes. This paper proposes to address five key questions: (1) How is SSI biodiversity structured spatially and taxonomically? (2) What environmental factors drive this structuring? (3) Can we identify priority areas around the SSI that are anomalously rich, vulnerable, or important to investigate due to paucity of knowledge? (4) How does the archipelago fit into its broader biogeographical setting (i.e., is it a distinct biogeographical realm or is its benthos a subset of that of one of its neighbouring regions)? (5) How can this information contribute to marine spatial planning in the region?



METHODOLOGY


Study Area

The greater SSI region, which forms the focus of this paper, is defined here by a bounding box of ∼510 km (32°W to 24°W) by ∼790 km (55°S to 62°S), covering an area of 405,270 km2. The region covers the South Sandwich volcanic arc which includes the SSI and associated seamounts extending from Protector Shoal in the north to the waters south of Herdman and Tyrell Banks in the south (Figure 1). To the east, the region includes the South Sandwich Trench and to the west, the East Scotia Ridge back-arc spreading centre. The study area covers a bathymetric range from the sublittoral to >8,000 m. The rationale for this geographical delimitation was based on the spatial extent of bathymetric datasets compiled for the region (i.e., Leat et al., 2013, 2016).



Biological Data

Biodiversity data were collected as part of the 2019 Blue Belt Programme Expedition on board RRS Discovery (DY99; Darby et al., 2021; see also Downie et al., 2021), which assessed the diversity and distributions of epibenthic macrofaunal communities at the SSI and their vulnerability to fishing impact. During DY99, 28 drop-camera transects, and 12 sampling deployments were undertaken at Zavodovski Island, Saunders Island, Montagu Island, Montagu Bank, and Southern Thule. Camera transects ranged in depth from 200 to 2,150 m and sample deployments at depths ranging from 182 to 843 m. Four sampling deployments used a benthic dredge, and eight employed an Agassiz trawl. For the purposes of this publication, DY99 data from both sampling deployments and camera surveys is presented as presence-only data with taxonomic identifications made conservatively at the highest possible taxonomic resolution. DY99 data were assimilated with data collated from the Global Biodiversity Information Facility open-access database1 (accessed 11th April 2019). This data included materials collected during the Discovery expeditions (1925–1938), Islas Orcadas 575 (1975) and USNS Eltanin (1968–1982), along with more recent research in the region led by the British Antarctic Survey (e.g., BIOPEARL expedition, 2006). This paper reports these data in a standardised format classifying all samples, where reconcilable, to species level, depth at which specimens were recorded, and the geo-reference at which the specimens were found. For gear deployments in which a precise position of collection was unavailable (e.g., trawl samples), the midpoint of latitude and longitude were calculated from the start and end position of the deployment. Inconsistencies in species classification were reconciled using the World Register of Marine Species match taxa tool2 thus avoiding synonymies, which were especially prevalent in some of the older collections.



Environmental Data

Twenty-one environmental data layers were included in the analysis, to characterise physical geomorphology, surface productivity, physical oceanography, and sea ice extent. All input variables are summarised in Supplementary Table 1.

Bathymetry data was obtained from a 200 m resolution digital elevation model compiled for the region (Leat et al., 2013, 2016) and was used to calculate eight derivative datasets–slope angle, seabed rugosity, topographic position, valley depth, channel network base level, channel network distance, Slope Length and Steepness factor (LS-Factor) and curvature. Slope was calculated using LandSerf (version 2.3) multi-scale analysis. A window of 10 grid cells (2,000 m) was used with an inverse linear distance decay to give greater importance to cells closer to the target cell. The effect of this is to remove finer-scale variation in slope morphology but retain larger topographic features. Topographic position index (TPI) was calculated using Land Facet Corridor Tools extension for ArcGIS. TPI provides a measure of whether a cell is positioned on a peak, in a depression, or in a region of constant gradient (flat or constant slope) relative to the surrounding cells. It can account for local scale topography vs. broader-scale features by changing the size of the window of reference. For this analysis two separate window sizes (10 and 100) were used. Terrain ruggedness index (TRI) was calculated at broad (1,000 m) and fine (200 m) scale using SAGA GIS Terrain Analysis Morphometry tools as a measure of rugosity. TRI is calculated as the square root of the sum of squared difference between the bathymetric value of a cell and its 8 surrounding cells. Profile curvature was calculated using the spatial analyst toolbox in ArcGIS. It is a second derivative index of bathymetry that measures the surface shape of the seabed in the steepest downhill direction, quantifying the rate at which slope gradient changes. Regions with constant gradient return a value at or approaching zero, concave and convex slopes return large negative and positive values, respectively.

The Basic terrain analysis tool in SAGA GIS tools for QGIS (v. 3.2; Conrad et al., 2015) was used to calculate a set of regional terrain variables associated with hydrological properties (Olaya, 2009). They are based on the concept of the Channel Network Base Level, which is an interpolated elevation surface connecting the elevations at the bottom of a network of drainage channels derived from a digital elevation model (DEM) (Boehner and Selige, 2006). Channel Network Distance is calculated as the vertical distance between the DEM elevation and the Channel Network Base Level elevation, and higher values indicate topographic peaks. Valley Depth is calculated as the vertical distance to the lowest elevation of source flow, highlighting topographically enclosed terrain. The LS-factor is a combination of slope length and steepness. In the terrestrial environment it is used to predict erosion potential (Desmet and Govers, 1996) and can similarly be applied in the marine context to indicate potential stability of sediment deposits and hence the likelihood of exposed hard substrata (Kenchington et al., 2020).

Satellite derived primary productivity data (NPP) were accessed through Oregon State University3. Here net primary productivity is defined as a function of chlorophyll, available light, and photosynthetic efficiency. The data are derived from the Vertically Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997), MODIS surface chlorophyll concentrations (Chlsat), MODIS 4-micron sea surface temperature data (SST4), and MODIS cloud-corrected incident daily photosynthetically active radiation (PAR). Euphotic depths are calculated from Chlsat. The data were extracted as monthly means over a 5-year period (2010–2014) with a grid cell resolution of 1/12 degree of latitude (∼9,275 m) by longitude (∼5,465 m). R (version 3.1.2) was used to define the geographic region of interest, create a data matrix of each month’s mean NPP, and transpose this into a raster dataset with the correct geographic projection and each grid cell pixel representing a mean and peak NPP for 5-year of monthly data.

Sea ice data were obtained from the National Snow and Ice Data Centre’s (NSIDC) online resource4. Sea ice cover was calculated as the mean number of days per year that an area is covered in sea ice based on the median extent of sea ice for each day between 1981 and 2010.

Oceanographic data on current velocity, seabed and sea surface temperature and salinity were obtained from the Operational Mercator global ocean analysis and forecast system based on the NEMO ocean model. Accessed through the E.U. Copernicus Marine Service Information. Data was extracted at a resolution of 1/12 degree of latitude (∼9,275 m) by longitude (∼5,465 m).

To standardise the spatial extent and resolution of each input variable, each raster was resampled using nearest neighbour analysis to the same spatial resolution. For oceanographic and satellite primary productivity data which had coarser spatial resolutions (see Supplementary Table 1), data were resampled to 200 m using ArcGIS spatial analyst spline (with barrier) interpolation. Spline with barrier interpolation was selected based on its suitability for environmental variables that change over gradients. The spline barrier used was a polygon of the coastline of the SSI to prevent values being interpolated across the physical boundary of the island.



Biogeographical Analysis

Data management and analysis was undertaken using dplyr (Wickham et al., 2019) and vegan (Oksanen et al., 2019) R packages (R Core Team, 2019) and ArcMap version 10.5.

Species accumulation curves were constructed using the rarefaction method in vegan, calculated over 1,000 permutations. Differentials were calculated to quantify the rate at which novel species discovery was still occurring. To estimate total species richness at the SSI, the vegan package was used to extrapolate the current rate of species accumulation using Chao 1 and Jacknife 2 species richness estimators (Chao, 1987). For comparative analysis between islands, each island was delineated using a 1,500 m depth contour and the South Sandwich Trench was delineated using the 4,000 m depth contour. South Georgia data were obtained from a 2011 assessment of the region’s biodiversity (Hogg et al., 2011) combined with updated GBIF data for both South Georgia and the South Orkney Islands (see text footnote 1; data accessed 13 November 2019). Similarity matrices comparing species composition between each island were computed using the Jaccard similarity index.

Trends in the distribution of species richness throughout the archipelago were investigated over geographical and depth gradients. For geographical comparison, the region was split into 10 km2 grid squares. For depth comparison, the region was split into 250 m depth bins. For a comparative depth analysis residuals from a regression analysis of log-transformed species richness against sampling effort (defined by number of sampling locations) were used to adjust for the uneven sampling effort both over the depth gradient and highlight depth zones where species richness was either higher or lower than expected based on sampling effort.



Gradient Forest Analysis

The statistical approach to Gradient Forest analysis was used to (i) assess the key environmental drivers of faunal composition at the SSI and quantify their degree of influence; (ii) interpret the shape and magnitude of compositional changes in faunal groups along these key environmental gradients; (iii) apply this information to spatially cluster the benthic environment at the SSI; and (iv) characterise these clusters based on environmental and faunal descriptors.

Gradient Forest modelling was undertaken using the R package randomForest (Liaw and Wiener, 2002) and gradientForest (Ellis et al., 2012). The approach was based on mapping protocol discussed and described in detail in Ellis et al. (2012) and Pitcher et al. (2012). Gradient Forests are an extension of Random Forests, a machine learning method that builds a large number of classification or regression trees on random subsets of input data to predict values of a response variable based on a number of independent variables. Gradient Forest produces multiple Random Forests, one for each taxon in a community matrix and uses the multitude of splits derived from the component trees forming the Random Forests to identify where along the gradients of the environmental predictors more taxa than expected by chance show differences in their presence or abundance, hence identifying step changes in assemblage composition. Critical values identified along these gradients corresponding to changes in faunal composition are used to transform the gradients of environmental predictor layers to reflect the rate of taxonomic change. Principal components of the transformed predictors provide a multidimensional representation of variation in combined faunal and environmental composition. K-means clustering of the principal components further allows the apportioning of the variability into discrete classes with similar environmental and faunal attributes. The clusters can be plotted in map form and over the first two PCA axes, to present them in the biologically transformed environmental space. Each individual Random Forest model also assigns an importance statistic (how much the inclusion of the variable improves the model) to each predictor. The Gradient Forest finds the most influential predictor variables over all the Random Forests, weighted by the models’ internal R2 statistic (indicator of model fit), to identify the variables which most influence change in faunal communities along the environmental gradients.

The relative importance of environmental variables to individual functional groups was investigated using the boruta algorithm in the “Boruta” package in R (Kursa and Rudnicki, 2010). Collinearity in environmental variables that were identified as significant for at least one functional group by Boruta was checked using Spearman’s rank-order correlation. For any two variables with a correlation coefficient exceeding 0.7, the one with a higher Boruta importance to more functional groups was retained for analysis. The Variance Inflation Factor (VIF) was calculated for the final selection on predictor variables, to ensure it did not exceed 3 for any variable. The Gradient Forest analysis was done using this subset of the environmental variables and using functional groups, to ensure consistency across the different datasets and sufficient number of observations to train the component Random Forest models. To assign functional trait information to the taxa recorded at the SSI, data were collected on reproductive mode, feeding strategies, type of development (e.g., brooder vs. planktotrophic), mobility, lifestyle, affinity to specific substrata and reef-building capacity of each taxon, as well as whether they were considered habitat forming, whether they were associated with a certain stage of ecological succession and how fragile they are to physical impacts during sessile benthic life stages. A comprehensive description of this methodology is discussed in Hogg et al. (2018). Twenty-one functional groups were assigned based on these ten functional traits, in line with previous research on functional traits at South Georgia (Barnes and Sands, 2017). These groupings are summarised in Table 1.


TABLE 1. Functional group categories modelled using gradient forest analysis.
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RESULTS


Biogeographical Analysis

Marine benthic biodiversity at SSI was rich across taxonomic levels and comparable to the neighbouring biodiversity hotspot of South Georgia in terms of richness in phyla (18), classes (45), and families (447). Species richness was lower (Tables 2, 3), though notably this was based on far fewer records with 2,670 recorded to species level (cf. South Georgia–17,732). In total 4,887 distinct georeferenced records were recorded at 773 sampling stations.


TABLE 2. Estimation of species richness for the South Sandwich Islands region extrapolated using Chao 1 and Jacknife 2.
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TABLE 3. Estimation of species richness for key phyla extrapolated using Chao 1 and Jacknife 2.
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Structured by depth, both species richness and sampling effort (Figure 2) were highest in shallower waters, with 58.3% of all records (2,849) collected between 0 and 500 m and 88% of SSI species (777) represented in this depth range. Whist record counts dropped at depths greater than 1,000 m, there was a secondary peak in record counts between 2,000 and 3,500 m which accounted for 22.2% of records. This depth band had an even more pronounced peak in species with 30.8% (272) represented in this bathymetric zone. A distinct shallow-deep discontinuity was observed in species composition, with only 69 species shared between the 0–500 m and 2,000–3,500 m depth ranges. Beyond 3,500 m, record counts, and to a slightly lesser degree species richness, tapered to a maximum sampling depth of ∼8,000 m.
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FIGURE 2. Density plot of (A) record counts and (B) species richness by depth. Species richness is calculated as number of distinct species per 250 m depth bin. The species richness plot includes residuals for each 250 m depth bin derived from the linear regression of log transform species and station counts shown in panel (C). Blue bars in panel (B) denote negative residuals (relative species paucity), and red bars denote positive residuals (relative species richness). The light green shared zone between 700 and 2,250 m denote the depth range open to licenced long-line fishing. In panel (C) the regression line is shown in solid black (r2 = 0.84), the 95% regression confidence interval as grey ribbon and the 95% prediction line as a dashed black line. Log transformed data was tested for normality (Shapiro–Wilk P > 0.05).


Non-structured sampling by depth at the SSI makes it difficult to interpret depth trends in benthic diversity. Firstly, sampling effort, calculated in terms of number of distinct sample gear deployments, varies with depth. Secondly, sampling methodology is not standardised and often not explicitly recorded from historic surveys. Regression analysis on log-transformed species and station counts (Figure 2C) provided a crude means of adjusting for the confounding influence of variance in sampling effort across depth. Analysis of regression residuals calculated in 250 m depth bins between 0 and 8,000 m (Figure 2B) identified positive residuals in shallower water (<750 m) indicating high species richness relative to sampling effort. The licenced fishing zone (700–2,250 m) recorded largely negative residuals (i.e., low adjusted species richness). Over the entire 8,000 m depth range there were no other obvious discontinuities in standardised species richness.

Subdivision of the SSI region into 10 km2 grid squares demonstrates a geographically uneven distribution of sampling effort in terms of number of distinct sampling stations per grid cell (x̄ = 20.6; σ = 39.8). Sampling has focussed primarily around the seven main islands, with sampling much reduced in offshore, deep-water regions. Most sampling has occurred at the northern-most islands of Zavodovski and Candlemas and the southern-most island of Southern Thule. Sampling effort across the rest of the archipelago is notably lower, especially at Montagu Island, Montagu Bank and Bristol Island. Species richness was similarly uneven across the region (x̄ = 9.9; σ = 19.8). Higher species richness corresponded with higher sampling effort in the northerly islands, but notably not at Southern Thule, where despite high sampling effort, species richness was comparatively low. Family level richness was also shown to be uneven across the region (x̄ = 10.1; σ = 15.6).

Taxonomically, arthropods were the dominant taxa constituting 27.5% of species and 31.9% of records (Table 3). 75.9% of species and 78.3% of records were recorded from the 4 most species rich phyla (arthropods, echinoderms, annelids, and molluscs). At species level no single species was dominant, with the top 25 species accounting for 17.3% of records and the top 100 species for 42.6%. Most species were rare, recorded only once or twice (46.4 and 23.3%, respectively). Only 49 species (<1%) were recorded more than ten times. The ten most common species represented ∼10% of total records.

General taxonomic trends were shared across the archipelago, with arthropods and echinoderms representing the dominant taxa. Notable exceptions to this were a dominance of molluscs and echinoderms on Bristol Island; a notably larger proportion of corals on Saunders and both corals and sponges (key VME taxa) on Montagu Bank. The South Sandwich Trench was a clear outlier to the group with arthropods being significantly more dominant constituent in catches. At Southern Thule, the proportion of annelid worms was significantly higher than elsewhere.



Species Accumulation

Rarefaction curves of all benthic species data (Figure 3) showed the rate of novel species discovery remains high across the region, with 0.75 new species recorded per new sample site. Novel species discovery was highest around the islands themselves (<1,500 m depth) with species differentials ranging from 2.57 new species per new site at Saunders Island to 1.68 at Bristol Island (Table 2). Assessment of individual islands in the archipelago demonstrated significant variance in sampling effort and species richness along the archipelago (Figure 3 and Table 2). At the most northernly islands of Zavodovski and Candlemas the curves did not reach an asymptote with novel species discovery remaining high. In contrast, the southerly island of Southern Thule recorded lower total species richness and a lower rate of novel species discovery, despite similar sampling effort. At Saunders Island sampling has been lower, corresponding to fewer species records, but species discovery was amongst the highest in the region. The islands and banks that form the centre of the island chain (Bristol Island, Montagu Island, and Montagu Bank) have few reported species but have also had very low sampling effort (at least sampling that has resolved specimens to species-level). The rarefaction curve for the South Sandwich Trench is shown to be levelling-off and reaching an asymptote (Figure 3). With lower recorded species richness and lower species differential (0.62), it is likely the Trench region is not as speciose as the shallower waters of the neighbouring islands.
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FIGURE 3. Rarefaction curve showing (A) the rate of species accumulation with increasing sampling effort for each of the South Sandwich Islands, and (B) the rate of species accumulation with increasing sampling effort across nine major phyla (chordates excludes fish). Islands are delineated by 1,500 m depth contours. Zavodovski Island includes Protector shoal; Candlemas includes Visokoi Island and Southern Thule includes the Adventure and Kemp Caldera. Sample effort is defined by number of sampling sites. Green ribbons (for islands) and blue ribbons (for phyla) denote standard deviation over 1,000 permutations. The “All Islands” plot (red ribbon) shows species accumulation across the entire study region.


Species accumulation curves for key taxa across the region (Figure 3) demonstrated high rates of species discovery with no phylum reaching an asymptote. Novel species discovery was highest in byozoans (0.9) and as such represents the phyla for which current biodiversity estimates are poorest. There was little variance in novel species accumulation between all other key taxa (x̄ = 0.47; σ = 0.07). Two species richness extrapolations using Chao 1 and Jacknife 2 species richness estimators indicate that across the eight major phyla summarised in Table 3, 67.1 and 68.7% of probable species present at the SSI are currently represented in our sampling. Extrapolations based on these eight phyla (representative of 97.1% of total species) place total SSI species richness at between 1,317 (Chao 1) and 1,286 (Jacknife 2). Relative variance in biodiversity between the major phyla remained relatively constant between observed and predicted richness estimates with rank order species richness remaining broadly unchanged.



Regional Setting

A large proportion of species (∼58.2%) at SSI were not shared across the other Scotia Arc islands (Table 4). SSI exhibits a stronger biogeographical link with South Georgia (sharing ∼16.7% of SSI Species) than the South Orkney Islands (8.9% of SSI species). 16.2% are considered cosmopolitan across the whole Scotia region.


TABLE 4. Faunal similarity between South Georgia (SG), South Orkney Islands (SOI) and the South Sandwich Islands (SSI).
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The proportion of species recorded only from the SSI varied by phylum (x̄ = 56.2%; σ = 10.6%). Considering just the major phyla (here defined as those with >30 species), annelids, molluscs and ascidians had the highest proportion of species not recorded across the rest of the region (71.6, 62.5, and 60.6%, respectively). Bryozoan species, conversely, were least likely to be restricted just to the SSI (36.2%).

Subdivision of each of the SSI into distinct biogeographic zones (delineated by 1,500 m depth contours) demonstrated low species-level similarity between individual islands and between the continental shelf regions of South Georgia and the South Orkney Islands (Figure 4). Highest similarity was recorded between neighbouring Zavodovski and Candlemas/Visokoi Islands. This was followed by Saunders and Candlemas Islands and to a lesser degree Zavodovski Island and Saunders Island. There was low similarity between Saunders Island and any islands to the south. The South Sandwich Trench demonstrated high dissimilarity to all regions. Outside the SSI, the highest similarity (albeit still low) was seen between South Georgia and South Orkney Islands.
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FIGURE 4. Jaccard dissimilarity matrix of the benthic faunal composition of (A) families and (B) species across the Scotia Arc. Islands are ordered from south (South Orkney Islands) to north (Shag Rocks). Islands are delineated by 1,500 m depth contours. Zavodovski Island includes Protector shoal; Candlemas includes Visokoi Island and Southern Thule includes the Adventure and Kemp Caldera. Montagu Bank and Bristol Island were excluded from the analysis due to limited samples. The South Sandwich trench was delineated by the 4,000 m depth contour. South Georgia data were obtained from a biogeographic analysis by Hogg et al. (2011). South Orkney Islands data were sourced from GBIF (GBIF.org; accessed 11th April 2019).


At family level there was very little similarity between South Georgia, Shag Rocks and the South Orkney Islands. At the SSI similarity appears a function of geographical proximity, with highest similarity between neighbouring islands (e.g., Southern Thule and Montagu or Zavodovski and Candlemas/Visokoi Islands). And similarity reducing between more distant islands (e.g., Zavodovski and Southern Thule).



Environmental Drivers of Biogeography

The continental shelf around the SSI is limited, with steep-sided volcanic slopes dropping away to depths in excess of 3,000 m within 10 km of the coastline (Figure 5). As such the area of seabed under 1,000 m depth is restricted to 13,270 km2. Islands in the chain exhibit differing degrees of bathymetric connectivity with their neighbours. All are separated by regions of deeper water, typically between ∼1,000 and 1,500 m. Saunders Island is the most bathymetrically isolated of the archipelago, separated by Candlemas Island to the North and Montagu Island to the South by water depths of ∼2,500 m (See Supplementary Figure 1). Slope, rugosity and topographic position (i.e., whether a site is on a topographic peak or in a trough) were all associated with the volcanic slopes of the islands and the tectonic spreading zone in deep water to the west of the island chain. Slope angles generally peaked at ∼25° on steeper topographic features with gradients of 10° more generally associated with the flanks of the volcanoes.
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FIGURE 5. Summary of regional environmental datasets: (A) depth, (B) slope, (C) sea ice, (D) mean primary productivity, (E) peak primary productivity, (F) current speed, (G) sea surface temperature, (H) seabed temperature, and (I) seabed salinity. Panels (D–I) show mean summer conditions. A full description of all the data including data sources are summarised in Supplementary Table 1.


Positioned broadly on a north–south axis, the SSI exhibit a strong latitudinal sea surface temperature gradient. During the summer months the region experiences a range of −1.4 to 2.2°C, dropping to between −1.85 and 0°C in Winter. The temperature range around the islands themselves is more constrained, ranging from 1°C at Protector Shoal to −0.8°C at Southern Thule in summer. In winter sea-surface temperatures are more homogenous with a range of −1.4 and −1.7°C across the island arc. Seabed temperature demonstrates collinearity with depth and little annual variance. The coldest region is the South Sandwich Trench with an annually stable temperature of ∼ 0.6°C which changes little with latitude. Seabed temperature around the islands ranges from 1°C (0.9°C winter) at Zavodovski to 0.6°C (0.45°C winter) at Southern Thule. Seabed salinity is also linked to depth with lower salinity in proximity to the islands (Figure 5).

Sea ice conditions varied considerably throughout the year and across the latitudinal gradient of the islands. In the north, Protector Shoal and Zavodovski Island experienced little or no sea ice, even during the height of winter. In contrast the southern-most island of Southern Thule had on average ∼ 200 sea-ice coverage days per year. Mean sea-surface productivity demonstrated a distinct east-west discontinuity. Waters at and to the east of the island chain demonstrate higher productivity with a marked drop-off west of the islands. Highest mean productivity was recorded in the water to the east of Zavodovski, Visokoi, and Candlemas Islands and on Montagu Bank. A second discontinuity was seen at Bristol Island, with all islands and Banks to the south demonstrating very low mean primary productivity. Peak primary productivity identified productivity hotspots at Zavodovski, Visokoi and the seamount chain extending to Leskov Island. A localised area of peak productivity occurred at Montagu Bank. All other islands showed no peaks in productivity. Regions of higher current velocities (peak average ∼ 0.2 m/s) appear linked to the topography of the lower flanks of the South Sandwich Trench (6,000 m depth). Areas of higher current velocity were also seen along the eastern flank of Zavodovski and Saunders Islands and in deeper water (∼2,500 m) bisecting between Saunders and Montagu Island. All other islands in the arc including Protector Shoal, Southern Thule, Bristol Island, and Montagu Island demonstrated low current velocities.



Gradient Forest Analysis

Spearman’s correlation was used to remove highly colinear environmental variables reducing predictor variables from 19 to 15. Those variables excluded were mean productivity (which correlated strongly with peak productivity), annual temperature range (which correlated with both bathymetry and bottom temperature), rugosity with a 5-cell neighbourhood (which correlated with slope angle and the standard measure of rugosity) and relative slope position (which correlated with channel network distance). The influence of each of the 15 environmental predictor variables on faunal communities along the environmental gradients was assessed using R2 statistic as an indicator of model fit.

The most important predictors for functional group distribution at SSI were depth, seabed temperature, channel network base level and latitude (see Supplementary Figure 2). Salinity and areas of peak primary productivity were of intermediate importance, as were measures of seabed topography such as slope angle, rugosity, and broad scale topographic position (i.e., location of topographic peaks and troughs). Fine-scale topographic position and current velocity were of least importance.

The frequency distributions of the locations of individual split nodes of all component decision trees over the range of values of predictor variables (Figure 6) show that changes in the composition of functional groups (summarised in Table 1) along environmental gradients were non-uniform. Along the depth gradient, a large number of splits occurred in the range 0–1,000 m, indicating that shallower waters were very heterogenous, with large changes in functional group composition. In contrast, across the rest of the bathymetric range (1,000–8,000 m) samples splits had low importance, indicating relatively little compositional faunal change. Sampling at the SSI has been higher in shallower waters (see Figure 6 red line). To account for this bias, the ratio of densities (blue line) plots the expected density of splits had depth been sampled with uniform density. The ratio of densities plots supports the assertion that large changes in functional group composition are seen between 0 and 1,000 m depth.
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FIGURE 6. Kernel density plot of random forest tree splits across environmental gradients for the four most important predictors–depth, bottom temperature, channel network base level (CNBL), and latitude. A high density of splits indicates relatively large changes in functional group composition. Split density is denoted by the histogram and black line. Density of sampling is shown in red. The ratio of splits standardised by the sampling density is shown in blue, with ratios >1 (horizontal dashed line) indicating locations of relatively greater change in composition.


Along a gradient of sea bottom temperature, high relative rates of faunal assemblage change were seen in a bimodal distribution with peaks at ∼0.9 and 0.6°C. A series of distinct peaks in faunal assemblage change were shown along a latitudinal gradient, most notably at ∼ 56.2°S, where highest compositional change corresponded with Zavodovski Island. Smaller peaks were seen at Saunders Island (57.7°S), Montagu Island (58.4°S) and Southern Thule (59.5°S). In contrast, Candlemas Island (57°S) and Bristol Island (59.1°S) demonstrated little change in functional structure. A further two peaks were shown south of 60°S, these could correspond with sampling on and between Tyrell and Herdman Banks.

The Gradient Forest maps show these distinct environmental and faunal discontinuities (Figure 7) in geographical space. The most obvious divide was between shallow (Figure 7; Clusters 8 and 10) and deep environments (all other clusters). The two shallow clusters were then split along a latitudinal gradient with Cluster 8 covering the northern regions of Protector Shoal, Zavodovski Island, Candlemas and Visokoi Island and Cluster 10 covering the southern regions of Herdman and Tyrell Banks, Southern Thule, Bristol Island, Montagu Island and Bank and Saunders Island. The boundary between these two gradient forest clusters occurred at Candlemas Island. Cluster 8 was characterised by low latitude, low sea ice cover and high maximum productivity (see Supplementary Figure 3). Conversely Cluster 10 was characterised by high latitude and high sea ice cover. Functional group composition between clusters also differed (Supplementary Figure 4). The lower-latitude Cluster 8 representing the northernly islands of the archipelago demonstrated a higher dominance of soft-bodied sessile active and passive filter feeders such as Alcyonacea (soft corals), sea pens, anemones, and hydroids. The higher-latitude Cluster 10 was notable for its high ratio of presences across all functional groupings including the presence of climax communities.
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FIGURE 7. Gradient forest mapping clusters combining transformed environmental variables with benthic functional group data. Clusters represent the expected continuous patterns of composition for seabed biodiversity at the South Sandwich Islands with similarity in composition denoted by similarity in colour. The biplot shows the first two principal dimensions of the biologically transformed environment space with vectors indicating the direction and magnitude of major environmental drivers and colours corresponding to mapping clusters. Mapping clusters are numbered and correspond with clustering classes shown in Supplementary Figures 3, 4.


This marked latitudinal discontinuity in fauna and environment was not restricted to shallow waters. The deep-sea environment, which covers much of the study region, was not a homogenous region but was sub-divided by the Gradient Forest analysis into ten environmentally and faunistically divergent clusters transitioning over both topographic and latitudinal gradients. In contrast to the shallow water clusters, the changes in the deep-water clusters are more graduated. This is demonstrated in Figure 7 by the similarity in colours between neighbouring clusters denoting relatedness. The deep-sea clusters transitioned over gradients of sea ice cover, latitude, and productivity. Faunistically, the northern-most deep-sea cluster (Cluster 5) was characterised by infaunal and epifaunal deposit feeders and mobile, jointed legged predators or scavengers such as sea spiders and decapod crustaceans. Further south Cluster 3 demonstrated representation across all functional groupings, though universally these were with low occurrences. In the deep sea surrounding Saunders Island, Cluster 3 transitioned to Cluster 4, which was characterised by grazing species, infaunal deposit feeders and mobile predators. The most southerly cluster (12) was similar in faunal composition to Cluster 4 with the addition of hard sessile species such as cup corals and whip corals. Other notable clusters included the South Sandwich Trench system (Clusters 1 and 2). Cluster 1 was dominated by mobile predators and infaunal species. In contrast the upper flanks of the trench (Cluster 2) had a higher proportion of climax communities (e.g., sponges) and sessile soft bodied active and passive filter feeders such as soft corals.




DISCUSSION


Biogeographical Setting of the SSI Archipelago

Here we present the SSI as a biogeographically distinct archipelago, linked by limited shared benthic species to South Georgia, and to an even lesser extent, the South Orkney Islands. Relatively few species were recorded as cosmopolitan across the Scotia Arc and there was near universal dissimilarity in the composition of benthic species and families between the three main island groups.

This analysis identified that the proportion of species recorded from the SSI, but not across the rest of the Scotia region, varies considerably across the eight major phyla. Previous research has suggested that amongst mobile fauna, biodiversity in known to be at least partially shared across the Scotia region (Roberts and Agnew, 2008). The highest levels of South Sandwich exclusivity were seen in annelid worms and molluscs, whilst bryozoans were shown to be the phyla most likely to be cosmopolitan in distribution. This biogeographical characterisation support previous descriptions of South Georgia’s fauna which reported 25–30% similarity in mollusc species between South Georgia, South Orkney Islands and the SSI (Linse et al., 2006) and high similarity in bryozoans (∼40%) between South Georgia and the SSI (Barnes and Griffiths, 2008). Where connectivity between regions is restricted (e.g., by deep water and strong currents), this is often reflected in the biogeography of the region’s benthic fauna. Some taxa, such as bryozoans for example, exhibit predominantly benthic larval stages. This limits their ability to proliferate into neighbouring regions and as such restricts their geographical distribution (Griffiths et al., 2009). There is also significant evidence to suggest however that even taxa with non-pelagic larvae such as bryozoans are known to disperse widely through biofouling of transport vectors such as macroalgae, plastics and volcanic pumice (e.g., Watts et al., 1998; Barnes, 2002; Smith, 2002; Bryan et al., 2012). Such dispersal has been shown to occur across major oceanographic boundaries such as the ACC (e.g., Fraser et al., 2016; Figuerola et al., 2017). The observation that bryozoans in the Scotia Arc seem to be amongst the most cosmopolitan of phyla implies that it may not be limited connectivity that restricts or fundamentally determines distribution, rather the suitability of habitats in geographically neighbouring, but environmentally dissimilar regions.

Comparing sea temperature as an example, South Georgia exhibits an annual range of ~5°C, with sea-surface temperatures ranging between 0 and −1°C in winter and between 3 and 4°C in summer. Seabed temperatures of South Georgia’s Circumpolar Deep Water (>150 m) range from 1 to 3°C. South Georgia is therefore amongst the warmest (Barnes et al., 2006), and most variable (Holeton et al., 2005) water masses south of the Polar Front. This wide range of environmental conditions, coupled with its geographical position as the most northerly continental shelf area within the Polar Front, result in an island characterised by strong biogeographical links between both Antarctica and South America (Hogg et al., 2011). In contrast, the South Orkney Islands and the SSI are both environmentally Antarctic in character with colder, more seasonally stable water masses and the presence of seasonal sea ice (Barnes et al., 2009; Rogers et al., 2015). The surface waters around the SSI themselves range from −1.7°C at the south of the archipelago in winter to ∼1°C at the north of the archipelago in summer, with a maximum local-annual range of ∼2.4°C. Seabed temperatures are even more constrained, ranging from a maximum of ∼1°C in the north during summer months to 0.45°C in the south during winter. At the South Orkney Islands water temperatures vary between −1.86 and 1.6°C at shallow depths (Clarke and Leakey, 1996).

If it is environment rather than connectivity that principally drives faunal discontinuity between the islands of the Scotia Arc, then based solely on temperature gradients, one might expect that in terms of benthic fauna, the higher latitude archipelagos of South Orkney and SSI to share more in common at the exclusion of the relatively warm waters of South Georgia. In contrast however, our analysis reports higher South Orkney Island–South Georgia species similarity (24.7% of South Orkney Island species shared) than South Orkney Island–SSI similarity (9.2% of South Orkney Island species shared).

The explanation for this is likely multifaceted, encompassing environmental suitability for species, oceanographic connectivity and geological factors such as island age, size and provenance. The SSI represents a steep-flanked, geologically young volcanic archipelago making it geomorphically distinct from any other landmass in the Southern Ocean (O’Brien et al., 2009). In contrast, the South Orkney Islands and South Georgia represent geologically older regions that once formed part of the same landmass (Livermore et al., 2007), and now represent topographically similar island groups with large continental shelf areas (Dickens et al., 2014; Hogg et al., 2016). In this context, South Georgia and the South Orkney Islands are more alike than either is to the SSI. Furthermore, the SSI are more oceanographically disconnected from the Scotia group with the clockwise flow of the ACC more directly connecting the South Orkney Islands to “down-stream” South Georgia, but with the SSI somewhat offset away from the currents northward flow (see Figure 1). Indeed, considering regional currents more broadly, it is possible that the SSI exhibits stronger links with the Weddell Sea province, linked through the outer edge of the Weddell Gyre. There is evidence for such as link, for example, in some fish species (Gon and Heemstra, 1990).

General taxonomic observations from prior research suggest invertebrate faunal composition at the northern end of the SSI archipelago closely resembled that seen in similar depths at South Georgia (Lockhart and Jones, 2008). Fauna on comparable soft sediments have also been reported as similar between the South Orkney Islands, South Georgia and the SSI (Lockhart and Jones, 2008; Brasier et al., 2018; Downie et al., 2021). In assessing similarity in species and family level composition between each of the SSI and the wider region, higher similarity was observed between neighbouring islands in the archipelago. This, however, this did not extend to the wider region. For example, northernmost Zavodovski Island was not notably more similar to its closest neighbour South Georgia than any of the other SSI. Similarly, the southern-most island, Southern Thule, was not more or less similar to the South Orkney Islands than any other island. Southern Thule was notably the most faunally similar island (at family level) to the South Sandwich Trench. This could be on account of the highly sediment-laden environment reported from Southern Thule (Downie et al., 2021) and lower seabed temperatures being environmental most similar to the trench environment.

The established paradigm of the Southern Ocean is one of an isolated system (Longhurst, 1998), with the ACC representing both a biogeographical discontinuity, greatly limiting the exchange of epipelagic and benthic fauna (Clarke et al., 2005), and acting as a homogenising influence on Antarctic marine fauna (Chown et al., 2015). With very few barriers to dispersal across a single Antarctic province (Griffiths et al., 2009), the SSI have typically been considered part of a “connected” High Antarctic or Extended Scotia Arc biogeographical region (Knox, 1960; Hedgpeth, 1969). South Georgia, with its high documented proportion of endemic species (Hogg et al., 2011), is often considered an exception to this, and classed as a distinct biogeographical province. Regional studies of littoral ascidians (Ramos-Esplá et al., 2005) supports a bioregional delineation between South Georgia, the South Orkney Islands and the Antarctic Peninsula. Where the SSI aligned with these regions was however unclear and appeared to be a transition zone between the sub-Antarctic islands and the Antarctic. Given the combination of distinct benthic fauna and distinct environmental conditions at the SSI, this bio-physical analysis supports the case for the archipelago to also be considered a distinct biogeographic province. This assessment is supported by previous attempts at ecoregionalisation in the Southern Ocean using environmental-based clustering, which have delineated South Georgia and SSI as separate biogeographical provinces. These ecoregions were shown to align strongly with the environmental structuring of the ACC (Longhurst, 1998; Grant et al., 2006). Furthermore, Spalding et al. (2007) using spatial analysis undertaken predominantly on molluscs (Linse et al., 2006), identified three distinct biogeographical sub-provinces in the Scotia Arc.



How Is Biodiversity Structured Spatially and Taxonomically?

The SSI are a biologically rich archipelago. Here we report comparable biodiversity to the neighbouring biodiversity hotspot of South Georgia across taxonomic levels from phylum to family (Hogg et al., 2011). At species level, richness is lower than at South Georgia with 883 species currently recorded from the South Sandwich Archipelago (cf. 1,445 species from the South Georgia shelf region). SSI species richness is nonetheless notably high based on sampling effort, sampling focus and sampling area.

Sampling effort, in terms of the number of sampling sites and records has been lower at the SSI than neighbouring regions. This is largely on account of the absence of local research bases at the SSI, compared to King Edward Point and Bird Island at South Georgia, and Orcadas Base and Signy station at the South Orkney Islands, which act as regional logistical hubs for research vessel to operate from.

There has been far less focus on certain species-rich, yet typically underreported taxa such as nematodes which were the second richest phyla reported from South Georgia (Hogg et al., 2011), but for which only 21 observations (8 species) have been recorded at the SSI. Furthermore, in contrast to both South Georgia and the South Orkney Islands, there has been no known sampling undertaken in intertidal communities (see Barnes et al., 2009; Hogg et al., 2011). These taxonomic and spatial gaps in the SSI dataset considered, our analysis likely represents a significant under-reporting of regional diversity across the SSI Archipelago. For the regions and taxa that have been sampled, we projected regional species count of between 1,286 and 1,317 based on the current rate of novel species discovery (cf. between 1,627 and 1,760 species at South Georgia).

Finally, unlike its neighbouring islands, the South Sandwich archipelago does not have a broad continental shelf area. Instead, the benthic environment consists of the flanks of steep-sided volcanic islands and submarine seamounts with a limited, relatively shallow-water zone restricted to narrow bands around the islands and the tops of the seamounts. Based on a richness-area relationship, in which as shelf area increases, so to do the number of species (Rosenzweig, 1995), species richness is high at the SSI considering only 13,270 km2 of its seabed is shallower than 1,000 m. To place this in a regional context, this is roughly 25% the shelf area of South Georgia (Hogg et al., 2011) or the South Orkney Islands (Dickens et al., 2014).

Biogeographic distribution patterns are difficult to constrain at the SSI because–(i) historic sampling effort has been both non-uniform and patchy (see Figures 2, 3); and (ii) most SSI species were rare–67.7% of species recorded only once or twice. Whilst this is not necessarily problematic when considering broad-scale ecosystem level comparisons, such as between the SSI and other polar archipelagos, it does limit our understanding of how biodiversity is structured spatially across the South Sandwich region.

Biodiversity was shown to vary across the region. Sampling decreased as a function of distance from the archipelago’s islands. As such, paucity in sampling was too high away from islands to formulate an informative overview of distribution patterns. Around the islands, species rarefaction curves (Figure 3) and species richness estimators (Table 2) projected highest species-level diversity at Zavodovski and Candlemas Islands. Conversely, lower biodiversity was recorded predominantly toward the southern end of the island chain at Bristol Island, Montagu Island, and Southern Thule. Sampling at Bristol Island and Montagu Island has however been low (Figure 3), so there is a higher degree of uncertainty with this assessment. Southern Thule, in contrast, has received relatively higher rates of sampling and reports relatively low rates of species accumulation. This assessment of the southernmost island of the archipelago is supported by previous observations which report the island to be species poor (Griffiths et al., 2008).

Previous research has highlighted that abundances recorded in samples were heavily depth dependent, with a marked decline from 200 to 500 m in demersal trawl samples (Griffiths et al., 2008) and from 300 to 1,500 m in epibenthic sledge samples (Kaiser et al., 2008). Rogers et al. (2015) also reported seamount summits as covered in large abundances of brittlestars, with scattered sea pens, large anemones and the seastar Labidiaster sp. In deeper waters around the seamount Rogers et al. reported an abundance of octocorals and brachiopods. Our analysis also demonstrated a depth gradient in species diversity, though as with spatial assessment it was difficult to account for the confounding influence of non-structured sampling across depth. Highest levels of sampling have occurred in waters shallower than 500 m (58% of sampling). Within these waters, 88% of species recorded at SSI are represented. A secondary peak in species richness and sampling records between 2,000 and 3,500 m revealed a change in species composition over depth, with few shared species between samples collected in waters shallower than 500 m samples and samples collected deeper than 2,000 m. Peaks in species richness at shallow (<500 m) and intermediate depths (2,000–3,500 m) were also apparent when sampling effort was adjusted for Figure 2. The zone between 1,000 and 2,000 m demonstrated the lowest adjusted species richness.

The SSI are unique in a Southern Ocean context in that they represent a long chain of islands extending almost 400 km on a north–south axis. As such, they traverse a broad gradient of environmental conditions. Whilst Lockhart and Jones (2008) and Roberts (2012) reported differences in the dominant phyla between the islands, this analysis is the first to attempt to assess changes in faunal composition across the archipelago. As mentioned, most species recorded in the region are rare and subsequently species (and family) composition is highly dissimilar between islands (Figure 4). Similarity was, however, shown to correspond to geographical proximity with highest species and family level similarity recorded between neighbouring islands (e.g., Zavodovski and Visokoi and Candlemas Islands) and similarity reducing as a function of distance. A potential discontinuity in species-level faunal composition was identified at Saunders Island which demonstrated little similarity with any of the islands to the south (Figure 4). In contrast Zavodovski, Visokoi-Candlemas and Saunders Islands demonstrate relatively higher species similarities. This divide between north and south, centred on Saunders Island has also been reported in Toothfish species and bycatch invertebrate species (Roberts, 2012). Roberts demonstrated an abrupt transition between an “Antarctic” and “sub-Antarctic” bioregions around Saunders Island, characterising these two bioregions by differences in sea temperature with depth, hydrographic characteristics, and biological productivity.



Environmental Drivers of Biogeography

Environmental conditions at the SSI are predominantly linked to latitudinal gradients (e.g., sea ice, temperature, and productivity) and depth gradients (e.g., temperature and salinity). Sea-surface productivity also demonstrated an east-west divide. Saunders Island was identified as the most bathymetrically isolated island of the archipelago (see Supplementary Figure 2), separated by deep water (2,500 m) with oceanographic currents bisecting the water between Saunders Island and Montagu Island to the south (Figure 5).

The topography of the archipelago’s islands shows evidence of mass- wasting and slope instability (Leat et al., 2010, Leat et al., 2016). Collapse scars, slump structures, embayments and erosional gully systems can be seen on all the volcanic island flanks. Wave-like structures, particularly on the eastern, trench-facing side of the islands, are thought to be formed by down-slope, mass-flow transport of volcanic sediments (Leat et al., 2010). The instability of the archipelago’s slopes with significant down-slope sediment flows creates what is likely a heavily perturbed benthic environment. This will influence fauna that colonises these environments potentially selecting against slow growing, sessile communities in favour of faster-growing, pioneer communities (e.g., encrusting bryozoans and ascidians) or mobile scavengers and predators. It also seems logical to expect a discontinuity in faunal composition between the more stable environment of the shallow shelves around the islands and the slope. To the west of the island chain is a large plain at a relatively uniform 3,000 m depth. Here large amounts of volcaniclastic sediment, transported down-slope, have formed a thick (up to 1 km) layer of turbidite overlaying the bedrock (Leat et al., 2016). Though there has been limited benthic sampling (204 records) of this environment, what has been recorded is limited to infaunal and mobile epifaunal deposit feeders or scavengers such as polychaete worms and holothurians. This region transitions into the tectonic spreading zone and East Scotia Ridge, an area characterised by tectonically uplifted regions of topographic complexity. These hard-rock islands in the deep sea may represent “oases” for sessile suspension feeding communities, though connectivity across a vast plain of turbidite mud may limit this diversity. Running 100 km to the east and parallel to the Islands, the South Sandwich Trench reaches depths of over 8,000 m, with water depths commonly >7,000 m.

Given most species were recorded rarely at the SSI, it is difficult to assess how environmental conditions drive species-level composition. In this analysis we categorised the regions benthic fauna into 21 functional groups based predominantly on mobility, feeding strategies and lifestyle and then subdivided again based on taxonomy (see Table 1). These functional grouping provided a means of categorising benthic fauna in an ecologically meaningful way, whilst retaining enough sampling records per grouping to allow statistical significance when assessing their correlation with environmental covariates.

Depth, bottom temperature, channel network base level (CNBL) and latitude were identified as the most important drivers of benthic functional group composition. Spatial variation in marine biodiversity over gradients of latitude, depth, and temperature are well documented (Gaston and Spicer, 2013), with depth and temperature commonly cited as environmental drivers in habitat mapping models (reviewed in Harris and Baker, 2012). The CNBL represents a derivative bathymetry layer with local-scale elevations removed. Its importance therefore, as a driver of benthic functional composition, highlights the significance of larger landscape units such as large basins, continental shelf areas and deep troughs in classifying functional-relevant spatial units. Seemingly of less importance in our study region were measures of geomorphology (e.g., slope angle, rugosity, and topography) and variance in oceanographic current velocities. Measure of slope and topography are often useful predictors of faunal composition, notably with measures of geomorphology often employed as surrogates of hard substrate communities (Harris and Baker, 2012). One explanation for their lack of importance here could be that the resolution at which they were gridded (200 m) did not correspond with faunal compositional change. This mismatch in spatial scale may be even more pronounced in modelled oceanographic data for the region, representing only very broad-scale oceanographic currents (∼9,275 m by ∼5,465 m).



Gradient Forest Classifications

Some features of the marine environment are characterised by sharp discontinuities in environmental conditions (e.g., coral reefs, canyons, and continental shelf breaks). Most marine habitats, however, depending on the spatial scale at which they are observed, are not clearly delineated by abrupt boundaries. Instead, the environmental conditions that define habitats, change over gradients, transitioning with a degree of biological turnover between regions. As such, there is a fundamental inconsistency between this environmental and faunal continuum and categorical habitat classification systems, which make analysis and mapping of marine habitats problematic (e.g., see Hogg et al., 2018).

Gradient forest provides a non-linear and flexible methodology in constraining, quantifying, and interpreting compositional changes in fauna along environmental gradients. It is particularly applicable to datasets such as at the SSI, because its use of dimensionless R2 to quantify change allows analysis of amalgamated datasets, even if such data include disparate sampling methodologies (Pitcher et al., 2012).

Of the four most important drivers of faunal composition, latitude and depth proved the most spatially informative (Figures 6, 7). The largest changes in functional group composition occurred along a latitudinal gradient and coincided with specific islands in the archipelago. These changes occurred independently of sampling effort (Figure 6). The most notable threshold changes in faunal composition happened at Zavodovski Island, and to a lesser extent Saunders Island, Montagu Island and Southern Thule. The maps based on Gradient forest cluster groups, representing environmentally and biologically consistent regions, demonstrated clear latitudinal delineations in environment and fauna. Most notable was a north-south divide in shallow-water environments. This bio-physical classification of the SSI supports previous interpretations of distinct northern and southern bioregions at the archipelago (Roberts, 2012). The analysis by Roberts identified a clear discontinuity in toothfish species with Patagonian toothfish (Dissostichus eleginoides) reported north of Saunders Island and Antarctic toothfish (Dissostichus mawsoni) reported to the south. This distinct biogeographical cut-off in finfish was suggested to relate to temperature as the key range-limiting factor (Roberts, 2012). In this case Saunders Island represented a discontinuity because it exhibited the most northerly location at which mean winter surface temperatures dropped below −1°C. This is of physiological significance in toothfish because it represents the freezing point of blood plasma and so tolerance requires physiological adaptations (i.e., antifreeze proteins) which are only present in certain specialist Antarctic species (Roberts, 2012).

In slight contrast to Roberts (2012), here we show a transition in bioregion at Candlemas Island, with Saunders Island representing the most northernly island solely within the southern bioregion. In our assessment, the latitudinal discontinuity is less clear as there are no obvious abrupt clines in environmental gradients at either Candlemas or Saunders Island (Figures 5, 6). Instead it seems likely to result from the composite influence of a variety of physical and biological factors. There is, for example, a clear general differentiation in environmental characterisation between the islands of the north of the archipelago and the south. North of Saunders island there is a much steeper drop-off in terms of number of sea ice days (reducing to almost zero at Zavodovski Island) than there in from Saunders southward (Figure 5). This is aligned with a change in seabed temperature, with the northerly Cluster 8 characterised by temperatures ∼1°C, and the southerly islands forming Cluster 10 characterised by temperatures ∼0.5°C (see the first two temperature peaks in Figure 6). Furthermore, maximum productivity and surface temperature, also demonstrated higher values at Candlemas, Visokoi and Zavodovski Island and notably lower values especially at Southern Thule and Bristol Island.

Higher surface temperature, productivity and shorter sea ice duration toward the north of the archipelago have been proposed as possible drivers of a north-south divide in fauna (Perissinotto et al., 1992) and are all likely to result in greater fluxes in food availability at the seabed. A relatively nutrient-rich seabed environment at the north of the archipelago could, in part, account for the high species richness and high novel species discovery recorded at Zavodovski and Candlemas, and the higher abundances in benthic fauna observed by Downie et al. (2021) at Zavodovski Island. Biodiversity patterns are likely to also be shaped by environmental variables not accounted for in this study, for example seafloor substrate (see Roberts, 2012). Substrate type is a key driver of both diversity and functional composition of benthic environments. The higher frequency of consolidated hard-rock environments reported from Zavodovski Island (Downie et al., 2021) compared to the considerably more sediment-laden and disturbed environment at Southern Thule (Griffiths et al., 2009; Rogers et al., 2015; Downie et al., 2021) corresponded with clear differences in faunal diversity and faunal classes (Downie et al., 2021).

Geographically, the deep sea represents the largest environment mapped in this analysis. With depth, most compositional changes in fauna were shown to occur in relatively shallow waters (depth <500 m). This corresponded with the restricted shelf areas of the islands. Beyond this depth, turnover in functional composition was not marked by definitive thresholds (Figure 6). Analysis of channel network base level, which picks out broader-scale bathymetric features, (CNBL–Figure 6) did however identify secondary peaks in composition change at ∼8,000 and ∼6,000 m, representing the bottom of the South Sandwich Trench (Cluster 1) and flank of the trench (Cluster 2), respectively. Given the Antarctic deep-sea environment is known to be highly distinct, reporting both rare and potentially endemic species (Brandt et al., 2007), distinct biogeographical clustering, driven in part by a distinct faunal composition, seems logical. Conversely however, the non-trench, abyssal environment, notably between ∼3,000 and 5,000 m, did not exhibit the same level of differentiation. This may be accounted for by greater uniformity in environmental conditions such as seabed temperature at this depth which allows for a more homogenous eurybathic fauna (as described in Brandt et al., 2007).

Understanding of faunal distribution patterns at the SSI, especially in the deep sea, is limited by both paucity in samples and the predominance of rare species. The creation of functional groups in this study was therefore limited by the formulation of groups with enough samples for which functional information was available. As such, the resulting groups were relatively broad and so were limited in their ability to resolve more subtle faunistic differences between clusters. This likely resulted in the observed degree of cross-over between the observed functional composition of each of the 12 gradient forest clusters (see Supplementary Figure 4). That said, there were broad functional trends in our analysis, particularly over depth gradients, that align with previous research across the Antarctic. This included a higher prevalence to sessile suspension feeding taxa on the shelf environment, likely because of the more frequent instances of hard substrate in the form of exposed bedrock, coarse marine sediments and glacial dropstones (Clarke, 1996). In the deep sea, observed prevalence of mobile scavengers such as pycnogonids, amphipods and other peracarid crustaceans in the South Sandwich abyssal and trench clusters has been observed in the Antarctic deep-sea more broadly (Brandt and Hilbig, 2004; Brandt et al., 2007). Furthermore, many of the deep-water clusters also recorded higher prevalence of soft-bodied infaunal and epifaunal scavengers guilds such as polychaetes, nemerteans, and holothurians which have previously been documented to be a dominant taxa on the Antarctic continental slope and at abyssal depths (Brandt et al., 2007).



Marine Protection in a Changing Climate

With SSI fauna linked to latitudinal gradients in temperature, sea ice and productivity, temporal changes in the marine environment resulting from climate change are of fundamental importance in understanding possible ramifications for future trends in diversity and distribution. Positioned south of the South Antarctic Circumpolar Current Front (Figure 1), environmentally the SSI are distinctly Antarctic in character. Consequently, the regions benthic fauna is expected to be characterised by slow growth rates, increased longevity, and deferred sexual maturity (Peck, 2002). As such, many species may have poor ability to cope or adapt to warming oceans compared to species at lower latitudes (Convey and Peck, 2019).

The Southern Ocean has undergone substantial warming since the 1930s (Gille, 2008; Swart et al., 2018) and is forecast to continue this trend (Turner et al., 2016). Regionally, observations at South Georgia demonstrate an average sea-surface (0–150 m) warming of 2.3°C over 81 years (Whitehouse et al., 2008). This warming exhibited intra-annual variation, with warming twice as strong during the winter months. Furthermore, the waters of the ACC have, since the 1960s, also demonstrated more significant warming than the Southern Ocean as a whole (Turner et al., 2013). Most notably, the Circumpolar Deep Water (150–500 m) on the southern edge of the ACC has demonstrated decadal increases up to 0.17°C (Gille, 2002; Böning et al., 2008). Model projections suggest above average future changes near the ACC (Sokolov and Rintoul, 2009), with poleward displacement of the ACC frontal features combined with a strengthening and/or warming of the southernmost jet (Turner et al., 2013).

These changes have significant implications on the capacity of the SSI’s fauna to adapt to, or tolerate, a future marine environment. Sea ice is known to be important to the structure and dynamics of SSI marine ecosystems (Rogers et al., 2015). In spring, melting sea ice is associated with the release of algae and iron incorporated into ice as it formed (Massom and Stammerjohn, 2010). Ice-edge spring melting corresponds with seasonal phytoplankton blooms which form the basis of higher predator food chains (Murphy et al., 2007). Climate-driven changes to sea ice distribution and duration will likely impact the onset and duration of seasonal plankton blooms and productivity fluxes. Furthermore, it could lead to potentially greater seabed disturbance from earlier and more extensive sea ice breakup and iceberg scouring (Barnes, 2017), impinging on the survivorship of benthic communities (Barnes and Souster, 2011).

Given our assessment of latitudinal and temperature gradients in bioregions and a north-south discontinuity in environment and faunal character, changing climate is a key consideration in future-proofing MPA design through assessing potential range-shifts in benthic fauna under different climate scenarios. Furthermore, given the regions unique setting in the Southern Ocean (i.e., an island chain extending across latitude), the islands provide a good natural laboratory in which to assess biogeographical changes in relation to climate change in the Southern Ocean more broadly.




CONCLUSION

The analysis presented here represents the first attempt to bio-physically describe this region, providing biogeographical context to the South Georgia and South Sandwich Islands Marine Protected Area. The SSI is both diverse in benthic fauna and biogeographically distinct from neighbouring islands in the Scotia Arc. This is particularly notable given the islands small shelf area and its young geological age and the fact that novel species discovery remains high. The composition of benthic fauna changed from north to south across the archipelago. This was manifest in distinct north and south bioregions in both shallow and deep water.

The SSI are typical of many Southern Ocean locations where, due to their isolation and the associated logistical and financial limitations of access, there remains significant paucity in our understanding of the region. We recognise that compilations of diversity data, like reported here, are ultimately limited by the fact that they have been assimilated from different sources. As such, though the data may be presented in the same format, the means by which the data has been collected varies considerably. An improved understanding of the SSI biogeography must therefore ultimately come from the kind of structured sampling effort presented by the research undertaken during the 2019 Blue Belt DY99 sampling campaign.

In terms of spatial protection, our analysis supports the need to conserve the SSI marine environment as distinctly different in physical and faunistic character from the rest of the SGSSI MPA. Protection along the full latitudinal range is important as there is evidence for distinct north-south differences. Based on our current understanding of the region’s benthic environment, the MPA covers a “representative” range of benthic habitats.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analysed in this study. This data can be found here: https://ramadda.data.bas.ac.uk/repository/entry/show/?entryid=b8143952-421c-4544-8437-58f339253d30; https://www.gbif.org/; http://www.science.oregonstate.edu/ocean.productivity/; https://nsidc.org/data/seaice_index/archives/; and https://marine.copernicus.eu/. The source material and datasets collected on DY99 and the summary report are in the process of being made publicly available. Queries regarding access can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

OH conducted the statistical analysis, wrote the manuscript text, and prepared the figures. A-LD led gradient forest analysis, provided conceptual and analytical assistance, and was involved in the DY99 research expedition data collection. RV provided conceptual assistance and was involved in the DY99 research expedition data collection. CD was scientific lead on the South Georgia and South Sandwich Islands Blue Belt Programme and led the DY99 research expedition. All authors reviewed the manuscript.



FUNDING

This work was funded by the UK Government through the Blue Belt Programme (https://www.gov.uk/government/publications/the-blue-belt-programme). RV was supported by a Darwin Plus Award (DPLUS089).



ACKNOWLEDGMENTS

This manuscript is based on content which first appeared in the UK Government report: Benthic biodiversity in the South Sandwich Islands: Results from the Blue Belt Programme RRS Discovery Expedition DY99 (Darby et al., 2021). For help cataloguing taxa specific functional traits the authors would like to thank David Barnes (BAS), Angelika Brandt (Senckenberg), Rachel Downey (Australian National University), Marc Eléaume (Muséum National d’Histoire Naturelle, Paris), Anne-Nina Lörz (University of Hamburg), Melanie Mackenzie (Museum Victoria), Camille Moreau (Université Libre de Bruxelles), Estefania Rodriguez (American Museum of Natural History), Chester Sands (BAS), and Thomas Saucède (Université de Bourgogne).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.650241/full#supplementary-material
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Supplementary Figure 4 | Faunal characterisation of the 12 mapping clusters shown in Figure 7. Plots show the ratio of presences (black) to absences (grey) of 21 functional groups (Table 1) for each mapping cluster.
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Species” were recorded as cosmopolitan across the Scotia Arc. Numbers in
brackets indicate actual counts of species in each category.
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Species column represents actual records of distinct species for each location;
Differential column represents the number of new species recorded per future
sample site; bracketed numbers represent standard error associated with each
species estimation.





OPS/images/fmars-08-650241-t001.jpg
Functional group

10A
10B
11A
11B
11C
11D
12A
12B
12C

Record count

109
141
38
76
191
185
222
207
109
109
173
56
125
118
321
236
203
68
280
178
353

Description

Climax sessile suspension feeders

Climax sessile suspension feeders

Sedentary suspension feeders

Mobile suspension feeders

Epifaunal deposit feeders

Epifaunal deposit feeders

Infaunal soft-bodied deposit feeders

Infaunal shelled deposit feeders

Grazers

Soft-bodied, sessile active and passive filter feeders
Soft-bodied, sessile active and passive filter feeders
Hard-bodied, sessile active and passive filter feeders
Soft-bodied mobile scavenger or predator
Soft-bodied mobile scavenger or predator
Hard-bodied mobile scavenger/predator
Hard-bodied mobile scavenger/predator
Hard-bodied mobile scavenger/predator
Hard-bodied mobile scavenger/predator

Jointed legged, mobile scavenger or predator
Jointed legged, mobile scavenger or predator
Jointed legged, mobile scavenger or predator

Example taxa

Brachiopods, some bryozoans
Demosponges, glass sponges

Basket stars, valviferan isopods, some polychaetes
Some brittle stars, crinoids

Sea cucumbers

Some polychaetes

Echiurans, sipunculans, some polychaetes
Bivalves, irregular sea urchins

Regular sea urchins, limpets

Alcyonacea (soft corals)

Sea pens, anemones, hydroids

Cup corals, whip corals, hydrocorals
Some polychaetes, priapulids, nemerteans
Octopus, nudibranchs

Some brittlestars

Sea stars

Gastropods

Isopods

Amphipods

Other peracarida

Pycnogonids, decapods
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OPS/images/cover.jpg
, frontiers
in Marine Science










OPS/images/fmars-08-650241-g002.jpg
Depth (m)

In Species Richness

2000

-4000

-6000

-8000

[n Number of Sampling Sites





OPS/images/fmars-08-650241-g001.jpg
S

- Antarctica

South Orkne
Islands

Weqdell Sea

40°S

50°S

60°S

T
80°S

T
80°S

T
70°S

Candlemas Is. f

”l

d

2,

{‘q ( " Southern
‘ Thule  £8°%

|
VRALL “ ey
PO W 2

S

Ao R 40 4 80 120km

w(‘%\k AN | E‘\k

Montagu Is,

(.»J
Bl ki

? >
y .ok ¢
*° Saunders Is.

&

N3
&

1~

W Bristol Is. -
i @

o Visokoils.

\y

Montagx) [
- Bank?/

'ﬁrB






OPS/images/fmars-08-650241-g004.jpg
Shag Rocks

South Georgia

Zavodovski Is

Candlemas Is.

Saunders Is

Montagu

Southemn Thule

South Sandwich Trench

South Orkney Is.

Candlemas Is

Saunders Is

Southem Thule

South Sandwich Trench

South Orkney Is





OPS/images/fmars-08-650241-g003.jpg
Species Richness

Species Richness

200 300 O 100 200 300 O 100 200 300

100

200 0

200

100

200

100

30

100

Zavodovski Is.

Montagu Is.

Southern Thule

60

90 0

Annelids

Bryozoans

Echinoderms /

200

300 0

Candlemas Is.

Montagu Bank

Sampling Effort

-

Arthropods

Chordates

100 200

Sampling Effort

Molluscs

300 0

e

250 500 750

T

P

200

100

Saunders Is.

Bristol Is.

All Islands

400 600

Brachiopods

Cnidaria

Porifera

200 300





OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-08-650241-g006.jpg
Density

0

4.0e-05

2.0e-05

2.0e-05

1.0e-05

= Density of splits
— Density of data
= Ratio of densities
------------ Ratio=1
,\/\\M/ Depth
8000 6000 4000 2000 0
/\
|/ i
M CNBL
8000 6000 4000 2000 0

0

0.004

0

0.06 0.08

0.02 0.04

0.012

0.008

)

|

Bottom Temperature

-0.5 0 0.5

1.0

/ i /
AT
Latitude

-62 -6‘1 -66 -5I9 -SS -5‘7 -5 6 -55






OPS/images/fmars-08-650241-g005.jpg
&£ N
C Protector 0065 A
Shoal &£
0’9
(7
Q,/.
%
Zavodovskil. © 2
S,
<
O
Visokoi I. Candlemas I.
8 Saunders I.
50 Days
75 Days
100 Days Montagul. )
125 Days Bristol I.
145 Days
Kemp Caldera ao SouthernThule
165 Days
"’7
Adventure
) Caldera
,ﬁv 190 Days
Slope Angle (°)
T i s % 56 220 Days
£ i« § £ o 3|
%0 & G
50" 100 .wsaﬁm% 0 Annual Sea Ice 0 50 100 150 km
b s ) ) | A T § Cover (Days) [P S
IR T R
A N N
» L ) 6)8 # S
D i E \ /. Protecto F Prat A
{ ‘ W &7 &hoal. 9 Shoal
{ 7 { Dy : 7
{ g L¢8
j )
i Zavodovski I. A Zavodovski l. 9 & ),«:Q
(6] N LN &
| - K 4 > (o,
BB Visokoi . " Candlem gsclols e
o * r v
Wl
Vi )
‘Saundersl. A3 Saunders |.
fa
! [
Montagu I. Montagu I. » ] W Montagu I. ¥ )
)
Bristol I. ‘ Bristol I. Bristol I. ‘
\ ¥l
KempCaldera . . southernThule ‘ e, KempCaldera . . southernThule Kemp Caldera .. southernThule
| A
! N Adventure AR Sk A NI 4 Adventure Adventure 1
{ Caldera ) AN ) \ Caldera Caldera |8 1
s\ §\_\ \ 7 !// . y e ‘.x\ 3 ) & \ A a1 "M
£ ‘v’ . i 5 Sy G s §3 (- n i
: o e el S e
Mean Productivity oy : ’ Max Productivity Current Speed
(mg C/m2/day) Brddsin, S EREE L, (mg C/m2/day) &8 s ¢ & (m/s)
1 390 LA = 1085 R R AT, oy 0.2 z.
; 25 0" 507" 100, 150'km ) : 39 0 = 50" 100 150 km ] 0 0 50 100 150 km'
b i | 0 | S (1 A ol A O | | _ o i e O S |
P i N
l Protector o%’ A
S Shoal & @
o Wi 5,
%,
%
>
Zavodovski I. © ),-;)
%
®,
Visokoi I. 4 Candlemasi!.
»F
‘ § Saunders I. (3 Saunders|.
l'* %
Montagu l. » " ] Montagu I. ¢ Montagu |.3 [ ;
i i
4 ‘ Bristol I. I L Bristol I. Bristol I.
]‘ <) i TR »
g iy
{ \ % JARMLATIGALL /4 /
Kemp Caldera . SouthernThule ™ ¢ K%mpca'dem SouthernThule KempCaldera .. . southernThule
4 8¢ IR\ /WS | ‘ ,
a7 Fl Vit N
Adventure } i Adventure
Caldera J » Caldera
it : N
p S ¥ AR p
Sea Surface Seabed Seabed
Temperature (°C) | Temperature (°C) Sy Salinity (PSU)
- 2.2 - 1.05 34.7
-1.38 ‘ 0 = 50/ 100 150 km -0.78 ‘ 0 - 50" 100, 150 km " 338 ; 0 = 50/ 100 150 km
P e | O (WASTRS 7 SRS | Tl






OPS/images/fmars-08-650241-g007.jpg
24°W
1

32°W
1
) e
?g bt
g
A
g'g bt
A
3
=
24°W

32°W

60°S

62°S






