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A B S T R A C T   

The seabed of the Antarctic continental shelf hosts most of Antarctica’s known species, including taxa considered 
indicative of vulnerable marine ecosystems (VMEs). Nonetheless, the potential impact of climatic and environ-
mental change, including marine icescape transition, on Antarctic shelf zoobenthos, and their blue carbon- 
associated function, is still poorly characterised. To help narrow knowledge gaps, four continental shelf study 
areas, spanning a southern polar gradient, were investigated for zoobenthic (principally epi-faunal) carbon 
storage (a component of blue carbon), and potential environmental influences, employing a functional group 
approach. Zoobenthic carbon storage was highest at the two southernmost study areas (with a mean estimate of 
41.6 versus 7.2 g C m− 2) and, at each study area, increased with morphotaxa richness, overall faunal density, and 
VME indicator density. Functional group mean carbon content varied with study area, as did each group’s 
percentage contribution to carbon storage and faunal density. Of the environmental variables explored, sea-ice 
cover and primary production, both likely to be strongly impacted by climate change, featured in variable subsets 
most highly correlating with assemblage and carbon storage (by functional groups) structures. The study findings 
can underpin biodiversity- and climate-considerate marine spatial planning and conservation measures in the 
Southern Ocean.   

1. Introduction 

This century sees the tercentenary of the Industrial Revolution, and 
over the corresponding period, atmospheric levels of greenhouse gases 
(GHGs) have been rising. The atmospheric concentration of the most 
ubiquitous GHG, carbon dioxide (CO2), has increased from around 280 
parts per million (ppm) in 1750, i.e., pre-industrial-era, to a 2022 
average of ~417 ppm; this rise being particularly significant in the last 
75 years and mainly from intensities of fossil-fuel combustion, cement 
production, and deforestation, i.e., anthropogenic (Friedlingstein et al., 
2023; IPCC, 2023). The cumulative effect of GHG emissions is global 
climate change, including warming, the impacts of which are increas-
ingly experienced across the world and considered intertwined with the 
biodiversity crisis (IPCC, 2022, 2023; Pörtner et al., 2023; Siegert et al., 
2023). To reduce levels of atmospheric CO2, societal efforts centre on 
minimising emissions at source (i.e., decarbonisation methodologies) 
and large-scale CO2 capture; the captured CO2 later used in further 
processes or potentially placed in long-term geological storage, e.g., 
within depleted oil and gas reservoirs of continental shelves – legacies of 

hydrocarbon extraction (Holloway and Burnard, 2009; Luo et al., 2023). 
In parallel, protection and capacity enhancement of natural carbon 
sinks, including, for example, the living resources/biomass of various 
marine ecosystems such as those present along tropical and temperate 
shorelines (e.g., McLeod et al., 2011; Greiner et al., 2013; Howard et al., 
2014; Song et al., 2023) and on high-latitude/polar continental shelves 
(e.g., Gogarty et al., 2020; Cavanagh et al., 2021; Bax et al., 2022), are 
also being pursued. 

The vast ocean network, constituting >70% of the world’s surface, 
plays a major role in mitigating climate change by helping regulate at-
mospheric levels of CO2, the oceans collectively absorbing ~26% of 
anthropogenic CO2 emissions (Friedlingstein et al., 2023) and the 
Southern Ocean, representing ~10% of the ocean network, dispropor-
tionately accounting for around one-quarter of total oceanic uptake of 
atmospheric CO2 (Arrigo et al., 2008). Marine biodiversity can help 
support this process through “blue carbon”, a component of which can 
be defined as the carbon captured and stored by marine life, i.e., the 
carbon within living marine biomass (Barnes, 2018). Blue carbon is also 
considered a marine ecosystem service benefitting humankind (Grant 
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et al., 2013; Rogers et al., 2020; Cavanagh et al., 2021). Marine primary 
producers, such as phytoplankton and macroalgae, initially capture CO2 
via photosynthesis, and thereafter, carbon is exported/transferred 
within associated and conjugated ecosystems (Cavan and Hill, 2022), 
being stored across the marine food web over diverse timespans and 
spatial scales, eventually leading to its sequestration within seabed 
sediments (Barnes, 2018). 

In the polar regions, biological carbon pathways (and fates) are yet to 
be fully understood (Cartapanis et al., 2016; Henley et al., 2020; Sands 
et al., 2023); however, at high-temperate, sub-polar and polar latitudes, 
marine food webs can be based on macroalgae (e.g., kelp; see Vilas et al., 
2020) and phytoplankton (microalgae), and at the very highest latitudes 
of the Southern Ocean and its constituent seas, phytoplankton dominate 
primary production (Deppeler and Davidson, 2017). In the cold surface 
waters of the Antarctic, where atmospheric CO2 more readily dissolves 
(Arrigo et al., 2008), huge seasonal (austral spring and summer) accu-
mulations (blooms) of phytoplankton capture CO2, incorporating it into 
the biological carbon cycle and initiating pathways for carbon storage in 
the Antarctic marine food web, including in the zoobenthos (sea-
floor-dwelling animals), by which an estimated 12–18% of Southern 
Ocean primary production is consumed (Barnes, 2017, Fi g. 8 in Henley 
et al., 2020). The seafloor is also where the majority of Antarctica’s 
known biodiversity resides (De Broyer et al., 2014) and where taxa 
considered indicative of vulnerable marine ecosystems (VMEs), as 
defined by the Commission for the Conservation of Antarctic Marine 
Living Resources (CCAMLR; CCAMLR, 2009), have been observed 
(CCAMLR, 2019; Lockhart and Hocevar, 2021). The presence of VME 
indicator taxa can strengthen justification for the adoption of proposed 
regional protection frameworks, such as Marine Protected Areas (MPAs) 
(Lockhart and Hocevar, 2021), and some VME indicators, e.g., corals, 
owing to their carbonate skeletons, are particularly proficient at storing 
carbon (and enhancing sequestration, i.e., long-term storage potential) 
(Barnes, 2018) whilst some are also important habitat providers/eco-
system engineers (Miller et al., 2012); hence, can help amplify carbon 
storage through associated inhabitants. 

Similar to terrestrial forests and coastal wetlands (Howard et al., 
2014; Mildrexler et al., 2020), marine biodiversity can be important in 
capturing, storing and facilitating sequestration of carbon. Carbon that 
might otherwise be broken down and recycled by the microbial loop is 
taken up and bound into tissues (and skeletons) of marine biota (Barnes, 
2018). Benthic habitats, including, for example, their bio-
logical/zoobenthic communities (and component assemblages), i.e., the 
fauna living on (epi-faunal) and within (in-faunal) the seabed, can 
function as carbon sinks, accumulating and immobilising carbon (see 
Peck et al., 2010; Alurralde et al., 2019; Barnes et al., 2020). Zoobenthic 
assemblages, in terms of their composition, are known to be shaped by 
various combinations of environmental variables, such as ice cover, 
substratum type and physical/chemical features of the seabed (e.g., 
Domack et al., 2005; Isla et al., 2006; Niemann et al., 2009; Clark et al., 
2017; Post et al., 2017; Ziegler et al., 2017; Almond et al., 2021). Al-
terations in such variables may impact the structure and function 
(including performance) of assemblages. Disentangling bio-physical 
relationships can be helpful for predictions regarding biological re-
sponses to environmental change (Cummings et al., 2018). To discern 
benthic community/assemblage structure epi-zoobenthos (the epifaunal 
component of zoobenthos) can be sampled/surveyed by relatively 
non-destructive means, e.g., via seafloor imaging techniques, whereas 
in-fauna are generally sampled by (more intrusive) sediment cores and 
grabs (Pineda-Metz and Gerdes, 2018). Although in-faunal organisms do 
not fall within the remit of the current study, they can account for ~50% 
of the carbon stored in the benthos (when epifauna and infauna are both 
considered), for example, of Antarctic fjords (Zwerschke et al., 2022). 

Studies assessing high-latitude benthic blue carbon, including within 
the context of ecosystem services and nature-based solutions to 
moderating climate change, are growing yet still relatively rare. 
Furthermore, such studies are primarily conducted within exclusive 

economic zones or performed in consideration of unilateral marine 
protection zones (e.g., Barnes et al., 2019, 2021a; Bax et al., 2022); this 
opposed to, for example, internationally-shared waters or areas beyond 
national jurisdiction. If left undisturbed, these seabed ecosystems may 
continue functioning as carbon sinks and store carbon delivered to them 
through the food web (Sands et al., 2023). However, given ongoing and 
anticipated environmental shifts in high-latitude marine environments 
brought about by climate change and direct human impacts associated 
with the Anthropocene (Steffen et al., 2011), Antarctic seafloor habitats, 
their component communities/assemblages, and their associated func-
tions and services may alter in response or indeed be at risk (Rogers 
et al., 2020; Cavanagh et al., 2021; Gutt et al., 2021). 

Over the past few decades, carbon storage in polar zoobenthic 
communities has garnered attention in both hemispheres. Several in-
vestigations have now employed blue-carbon-oriented “functional 
groups” – a faunal grouping method in which fauna are grouped based 
on functional traits considered important in benthic blue carbon path-
ways (see Barnes and Sands, 2017). For example, studies in the Barents 
Sea, where carbon storage capacities, also referred to as “carbon 
standing stocks”, of sedimented continental shelf assemblages were 
assessed (Souster et al., 2020, 2024), and in deglaciating fjords of the 
western Antarctic Peninsula, where blue carbon of emerging coastal 
benthic ecosystems was evaluated (Barnes et al., 2020; Zwerschke et al., 
2022). Emergent polar marine habitats experiencing losses of overlying 
ice (e.g., sea ice, glaciers and ice shelves) are, in particular, regarded as 
potentially large-scale negative feedbacks on climate change (Peck et al., 
2010; Morley et al., 2022; Zwerschke et al., 2022; Sands et al., 2023). 

Antarctic seabed biodiversity, having developed in relative con-
stancy of physical conditions and partial isolation due to the presence of 
the Antarctic Circumpolar Current (ACC) (Arntz et al., 1994), is likely 
vulnerable to climate change and associated environmental alterations 
(Rogers et al., 2020; Gutt et al., 2021; Casado et al., 2023). Nevertheless, 
considerable knowledge gaps exist around how high-latitude zoobenthic 
communities, and their carbon storage function, may alter in a warming 
world and as marine icescapes modify (however, see Barnes, 2017; 
Pineda-Metz et al., 2020). In respect, this study aims to discern how 
zoobenthic carbon storage varies across a southern polar gradient and 
examines zoobenthic (principally epi-zoobenthic) assemblages of four 
continental/island shelf study areas, all connected by the Scotia Arc, and 
representative of a transition from cool to seasonally-surface-freezing 
marine waters. The study includes the following objectives: (i) to 
ascertain whether zoobenthic carbon storage variance aligns with 
biodiversity measures (richness) and faunal density; (ii) to determine if 
VME indicator taxa substantially contribute to zoobenthic carbon stor-
age; (iii) to explore functional groups’ contributions to zoobenthic car-
bon storage; and, finally, (iv) to identify potential environmental drivers 
of zoobenthic carbon storage, including whether dropstones, physical 
features of the seabed, exhibit a discernible influence. The wider aims of 
this study include furthering the knowledge base of very high-latitude 
blue carbon estates in a warming world with anticipated marine ice-
scape transformation, and providing an indication of the zoobenthic 
carbon storage capacity of the southern high-latitude/polar region. The 
study is also conducted in view of underpinning marine spatial planning 
and supporting conservation measures, present and future. 

2. Materials and methods 

2.1. Scotia Arc study areas and sites 

Situated in the southern South Atlantic Ocean and Atlantic sector of 
the Southern Ocean, the four study areas, collectively making up the 
“study region”, lie within the latitudinal and longitudinal ranges of 
~53–67◦S and ~37–71◦W, respectively (Fig. 1A; Table 1). The study 
areas are ~760 to 2200 km apart and are connected by the underwater 
ridge and island system of the Scotia Arc, which links the Terra del 
Fuego region of South America to the Antarctic Peninsula and semi- 
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encloses the Scotia Sea. The northernmost study area falls within the 
southern South Atlantic Ocean and is situated on the southeast Pata-
gonian shelf and the western side of the North Scotia Ridge. The most 
easterly study area is the shelf around the island of South Georgia, 
positioned south of the Polar Front, the strongest jet of the ACC, at a cusp 
between sub-Antarctic and Antarctic waters. Following the Scotia Arc 
clockwise from South Georgia toward higher latitudes leads to the third 
study area, Marian Cove (a relatively enclosed fjord basin) of King 
George Island – the largest island of the South Shetland Islands. This 

archipelago is at the southern boundary of the Drake Passage, and the 
study area is separated from the South Scotia Ridge and the Antarctic 
Peninsula by the Bransfield Strait. The fourth and most southerly study 
area is some 760 km from King George Island, situated west of 
Marguerite Bay and Adelaide Island on the outer continental shelf of the 
western Antarctic Peninsula in the Bellingshausen Sea, and falls within 
the Antarctic Circle. The study areas of the Scotia Arc study region are 
herein referred to as SP for southeast Patagonia, SG for South Georgia, 
MC for Marian Cove and WAP for the western Antarctic Peninsula. 

Fig. 1. Southern South Atlantic and Antarctic study areas and respective sites where benthic imagery was captured by the bespoke Shelf Underwater Camera System 
(SUCS). (A) Location of study areas in the wider context of the southern South Atlantic Ocean and Atlantic sector of the Southern Ocean, including the southern 
Patagonian shelf, South Georgia shelf, Marian Cove fjord (of King George Island), and the western Antarctic Peninsula (WAP) outer continental shelf; (B) Southern 
Patagonian shelf sites SP1-3; (C) South Georgia island shelf sites SG1-3; (D) Marian Cove fjord sites MC1-3; and (E) WAP outer continental shelf sites WAP1-3. White 
areas of the main map denote ice shelves, and grey areas of all maps represent land or ice-covered land/grounded ice (as appropriate). The bathymetry data is from 
the International Bathymetry Chart of the Southern Ocean v2 (Dorschel et al., 2022), with 100 m contours. 
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Each Scotia Arc study area was represented by three continental/ 
island shelf sites (Fig. 1B–E; Table 1) with associated field datasets ac-
quired during various ship-based, chiefly Royal Research Ship RRS 
James Clark Ross, scientific expeditions occurring during austral sum-
mers spanning 2009–2020. The southeast Patagonian shelf sites include 
two at the shallow seamount Burdwood Bank (~18,000 km2 in area) 
lying ~200 km south of the Falkland Islands (Islas Malvinas); the sites 
correspond to SP1 and SP2 and are of ~610 and 110 m water depth, 
respectively. The third site, SP3 (~570 m depth), lies south of Beau-
chêne Island – the southernmost and most remote island of the Falkland 
archipelago at >60 km from East Falkland. At South Georgia, two sites 
are situated on the island’s southern shelf, SG1 (at ~170 m depth) mid- 
shelf and SG2 (~240 m depth) at the shelf break, while SG3 (~680 m 
depth) is located on the western shelf of the island. At King George Is-
land, the specific area of focus is Marian Cove fjord, bordered by the 
Weaver and Barton Peninsulas and situated within Maxwell Bay. With 
regard to Marian Cove sites, MC1 (at ~200 m depth) sits just outside the 
fjord (at the entrance), while MC2 (~80 m depth) lies deep within and is 
closest to the glacier terminus, and MC3 (~60 m depth) is located on the 
sill of the cove. On the outer continental shelf of the WAP, all three sites, 
WAP1-3, are situated westward of Marguerite Bay and Adelaide Island, 
with a depth range of ~360–620 m. 

2.2. Environmental data collection 

To determine how study sites and/or areas differed environmentally 
and to help identify environmental variables potentially responsible for 
biological structuring, various environmental datasets, collected in situ 
(during seabed imagery collection campaigns), remotely sensed and 
imagery-analysis-derived, were utilised. 

In situ oceanographical data were acquired for each site (during 
corresponding imagery acquisition efforts) by deploying a Conductivity- 
Temperature-Depth system (CTD) fitted with auxiliary sensors. The CTD 
was cast from the sea surface to within ~10 m of the seabed, obtaining 
near-seafloor temperature (◦C), salinity (Practical Salinity Unit; PSU), 
dissolved oxygen (O2; μmol L− 1), chlorophyll-a (μg L− 1) and turbidity 
(beam transmittance; %) measurements. 

Daily sea-ice concentration (SIC; %) data, spanning October 1978 to 
December 2021, and derived from passive microwave observations, 
were obtained from the US National Snow and Ice Data Center (NSIDC) 
(in conjunction with the US National Oceanic and Atmospheric 
Administration; NOAA). The dataset used was the NOAA/NSIDC 
Climate Data Record of Passive Microwave Sea Ice Concentration, 
Version 4 (G02202) (Meier et al., 2021), with a 25 by 25 km grid cell 

resolution. These records were used to calculate mean SIC for each site 
and area for the 14-year period prior to respective imagery collection 
(see section 2.3 regarding the latter), the period complementing avail-
able primary production data. As per Cummings et al. (2021), a year was 
considered as being from July through to June. In addition, the mean 
number of days sea-ice-covered per year was also computed for each site 
and area for the same period, with ≥85% sea-ice concentration/cover 
considered sea-ice-covered (as per Souster et al., 2020). For the purpose 
of the study, study sites were defined as “sea-ice sites” when the mean 
number of days of sea-ice-covered per year was at least 40. 

Daily net primary production (NPP; mg C m− 2 day− 1) data, spanning 
September 1997 to July 2019, were generated following the methods of 
Arrigo et al. (2008, 2015). From such data, mean daily NPP and mean 
peak NPP were calculated for each site and area for the 14-year period 
prior to respective imagery collection. 

Daily sea surface temperature (SST; ◦C) data, spanning September 
1981 to March 2022, were obtained from NOAA. The dataset used was 
the NOAA 1/4◦ Daily Optimum Interpolation Sea Surface Temperature 
dataset (Huang et al., 2020). From such data, mean daily SST was 
calculated for each site and area for the 14-year period prior to 
respective imagery collection, again the period complementing avail-
able primary production data. 

Substratum type and rugosity of each image were determined during 
seafloor imagery analysis (section 2.4), and corresponding (mode- 
based) assignments assigned to each site. 

2.3. Continental shelf imagery collection 

Seabed imagery (for example images see Fig. S1) was acquired for 
each study site using the Shelf Underwater Camera System (SUCS; 
developed by the British Antarctic Survey Antarctic Marine Engineering 
Team). SUCS comprises a high-resolution still camera, lights, and a real- 
time ultra-short baseline positioning beacon, all mounted on a tethered 
(fibre-optic multimode cable) tripod, which can adjust for slope (see 
Barnes et al., 2020; Zwerschke et al., 2022). The camera was positioned 
perpendicular to the seabed at the same pre-set distance to capture 
images with a known field of view (area), enabling faunal density cal-
culations. Images were captured when the tripod was at rest and spaced 
~5 m apart to avoid spatial overlap. Typically, 20 images (replicates) 
were taken per site; hence, 60 per study area and ~240 across the Scotia 
Arc region. 

2.4. Imagery analysis and functional group and VME indicator 
assignments 

Each seafloor image collected was analysed for discernible zoo-
benthic macro- and mega-fauna using the web-based imagery annota-
tion software BIIGLE 2.0 (www.biigle.de; Langenkämper et al., 2017). 
For each image, the number of different morphotaxa (morphotaxa 
richness) was recorded, and counts of individual functional groups (see 
Table 2; adapted from Barnes and Sands, 2017; Frinault et al., 2022) 
were conducted; hence, functional group richness was also recorded. 
Functional groups were based on mobility, feeding strategy and skeletal 
support (see Barnes and Sands, 2017) and included three 
suspension-feeding groups, three deposit-feeding groups, a flexible 
feeding strategy group (typified in the study by ophiuroids), a grazing 
group and five predating/scavenging groups. The number of taxa 
considered indicative of VMEs, as per CCAMLR (2009), was also deter-
mined (referred to herein as VME indicator taxa or simply VME taxa). As 
the area of each image was known, taxonomic group, functional group, 
and VME taxa counts could be converted into corresponding densities, i. 
e., individuals per m2 (ind. m− 2) – standardisation permitting direct 
comparisons. 

Additionally, for each image, substratum type was categorised as 
mud/fine sand, coarse sand, fine pebbles, coarse pebbles, cobbles, 
boulders/bedrock, or biogenic. The seven categories (principally of 

Table 1 
Southern South Atlantic and Antarctic study areas and sites, including latitude 
(◦S), longitude (◦W) and water depth (m) (all means across associated benthic 
imagery), and habitat type.  

Study area Site Latitudea Longitudea Deptha Habitat 
type 

Southern 
Patagonian shelf 

SP1 − 54.4949 − 55.5205 610 Shelf 
bank SP2 − 54.4997 − 56.7649 109 

SP3 − 53.1558 − 58.8065 572 

South Georgia shelf SG1 − 54.8735 − 36.5875 166 Shelf 
bank SG2 − 55.0314 − 37.1792 236 

SG3 − 53.7746 − 40.6700 678 

Marian Cove (of 
King George 
Island) 

MC1 − 62.2200 − 58.8159 205 Fjord 
MC2 − 62.2031 − 58.7313 83 
MC3 − 62.2174 − 58.8065 62 

WAP outer 
continental shelf 

WAP1 − 66.9342 − 71.0422 479 Trough 
WAP2 − 66.7882 − 70.4847 620 
WAP3 − 66.6648 − 69.9220 358  

a Recorded during collection of benthic imagery by an underwater acoustic 
positioning system – all depths fall within the depth range of the Antarctic 
continental shelf (Clarke et al., 2004). 
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increasing sediment grain size) were based on the modified Udden- 
Wentworth sediment classification scheme (Blair and McPherson, 
1999) and categorisations by Barnes et al. (2019) and Souster et al. 
(2020). Further to substratum categorisation, an image was also defined 
as a “dropstone image” if a dropstone or boulder was present at least 
three sediment-size classes larger than proximate substrata (for more 
information regarding glacial dropstones, see Ziegler et al., 2017; Post 
et al., 2020) in order to assess if such features had any influence on 
zoobenthic carbon storage and other biological variables in the study 
region. Finally, rugosity, the small-scale roughness of the seabed, was 
graded by measuring the “shadow length” of substrata (again following 
Barnes et al., 2019; Souster et al., 2020). The seven categories (of 
increasing rugosity) included <1 mm (i.e., smooth), 1–10 mm, >10–20 
mm, >20–30 mm, >30–40 mm, >40–50 mm and ≥50 mm (i.e., rough). 

2.5. Zoobenthos – acquisition and carbon content analysis, and 
zoobenthic carbon storage estimations 

Zoobenthic specimens were collected in the vicinity of SUCS de-
ployments (and oceanographical data collections) using Agassiz or mini- 
Agassiz trawls. Specimens were washed and morphologically-identified 
prior to storage, with the carbon contents of identified taxa later 
determined and used to calculate the mean carbon content of each 
functional group for each study area. The total number of specimens 
used in such calculations varied from 84 to 102 per study area. For three 
study areas, zoobenthic carbon content data of associated specimens 
were acquired from previous studies, which employed identical meth-
odologies (Barnes, 2017; Barnes and Sands, 2017; Bax, pers. comms.), 
and for Marian Cove, the carbon content of respective zoobenthos was 
determined as part of this study, with associated methods reported 
below. 

The carbon content of Marian Cove zoobenthic specimens was 
determined following standardised methods (see Barnes, 2017; Barnes 
and Sands, 2017; Barnes et al., 2019; Souster et al., 2020), facilitating 
direct comparability. Specimens were first washed with deionised water 
(Millipore Elix® Type 2) and placed into pre-etched and pre-weighed 
aluminium weighing boats for the duration of the analysis; a specimen 
was divided between more boats as necessary. Specimens were then 
dried for 12–24 h in a drying oven (Genlab OV/125/F/DIG) at 70 ◦C 
until constant mass achieved and subsequently incinerated for 12 h in a 

muffle furnace (Carbolite ESF 12/10) at 480 ◦C and reweighed – the 
tissue mass, equivalent to ash-free dry mass (AFDM), having been burnt 
off and skeletal mass isolated. The organic carbon content of a specimen, 
Corg, was calculated as 50% of AFDM, while the inorganic carbon con-
tent, Cinorg, was computed as 12% of the residual skeletal mass; how-
ever, if a specimen was siliceous (e.g., a Hexactinellid sponge), Cinorg 
was calculated as 1% of the residual skeletal mass (as per Barnes and 
Sands, 2017). A specimen’s total carbon content, Ctot, i.e., g of C held, 
was obtained by summing the corresponding values of Corg and Cinorg. 

Using Ctot of all corresponding specimens, the mean Ctot of each 
functional group was computed for each study area – note, the mean Ctot 
a functional group will be influenced by which specimens are (able to 
be) collected. To estimate zoobenthic carbon storage per m2 (Czoo; g C 
m− 2), functional group densities, determined during section 2.4 pro-
cedures, were multiplied by respective values for mean Ctot. Around 20 
separate Czoo values were generated per study site, thus 60 for each 
study area. 

2.6. Statistical analyses 

Differences in Czoo and faunal density among study areas were tested 
using non-parametric (Kruskal Wallis) tests (with Dunn’s post-hoc tests) 
as associated data did not meet the assumptions of Analysis of Variance 
(ANOVA), even after transformation. The relationship between Czoo and 
various biological variables (i.e., richness and density) was explored via 
linear regression. 

In advance of multivariate analyses, performed in PRIMER v7 
(Clarke and Gorley, 2015) with PERMANOVA + add-on (Anderson et al., 
2008), and following established procedures (Clarke et al., 2014; Clarke 
and Gorley, 2015), all environmental/abiotic variables were assessed for 
collinearity (via Draftsman plots and an accompanying correlation 
matrix). For variables exhibiting a high correlation coefficient, r ≥ 95%, 
a single variable was retained as a proxy for the other (Table S1); the 
remaining variables were then normalised onto a common dimension-
less scale for analysis. Biological data, i.e., functional group densities 
(assemblage structure) and Czoo values split by functional group (carbon 
storage structure), were fourth-root transformed, permitting rarer/less 
numerically dominant groups to have some influence in subsequent 
similarity calculations (Clarke and Green, 1988). 

The similarity between study sites’ biological structuring was 
investigated using the Bray-Curtis similarity coefficient (which gener-
ates a resemblance matrix; Bray and Curtis, 1957), followed by hierar-
chical agglomerative cluster (HAC) analysis (based on the resemblance 
matrix; Everitt, 1980), with a similarity profile (SIMPROF) test (Clarke 
et al., 2008), and the similarity percentages (SIMPER) procedure (see 
Clarke, 1993). 

The BEST (Bio-Env) routine, employing the Spearman’s rank corre-
lation coefficient, was used to identify which subset of environmental 
variables (Table S1) best matched, or “explained”, the biological struc-
turing observed, accompanied by a global BEST test (999 random per-
mutations) to determine the statistical significance of the match (Clarke 
et al., 2008; Clarke and Ainsworth, 1993). The BEST routine uses bio-
logical resemblance and normalised-environmental data matrices (and 
applies Euclidean distance to the latter during the process). Total Czoo 
was also explored as a single response variable, with the corresponding 
resemblance matrix being based on Euclidean distance (Clarke and 
Gorley, 2015). 

In addition, Wilcoxon matched-pair signed-rank tests were used to 
compare the means of several biological variables of dropstone images 
and randomly-selected non-dropstone images (paired from the same 
study site). 

Table 2 
Functional groups based on Barnes and Sands (2017) and Frinault et al. (2022), 
with example taxa discerned in this study.  

Functional group Example taxa 

Pioneer sessile suspension 
feeders 

Ascidians, encrusting bryozoans, some tubicolous 
polychaetes 

Climax sessile suspension 
feeders 

Brachiopods, some erect bryozoans, poriferans (of 
classes Demospongiae and Hexactinellida) 

Sedentary/mobile 
suspension feeders 

Crinoids, some holothurians 

Crawling (epi-faunal) 
deposit feeders 

Holothurians 

Soft (in-faunal) deposit 
feeders 

Echiurans, some polychaetes, sipunculans 

Hard (burrowing) deposit 
feeders 

Bivalves, irregular echinoids, scaphopods 

Flexible strategists Ophiuroids 
Grazers Regular echinoids, gastropods 
Soft sessile predator/ 

scavengers 
Actiniarians, hydroids, pennatulaceans, soft corals, 
staurozoans 

Hard sessile predator/ 
scavengers 

Calcaxonian whips, hydrocorals, scleractinians 

Soft mobile predator/ 
scavengers 

Octopi, nemerteans, nudibranchs 

Hard mobile predator/ 
scavengers 

Asteroids, fish, some gastropods 

Arthropod predator/ 
scavengers 

Amphipods, decapod shrimps, pycnogonids  
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3. Results 

3.1. Environmental differences of study areas 

In terms of CTD-derived environmental (i.e., in situ oceanographical) 
differences, and for SP, SG, MC and WAP collectively, mean (±1 SD) 
near-seafloor temperature (◦C) ranged from 0.1 (±0.2) to 7.4 (±0.1); 
salinity (PSU) from 33.4 (±1.2) to 34.7 (±0.0); dissolved oxygen (μmol 
L− 1) from 177.8 (±6.3) to 346.6 (±19.8); chlorophyll-a (μg L− 1) from 
0.02 (±<0.1) to 0.21 (±0.1); and turbidity (beam transmittance; %) 
from 93.8 (±2.3) to 97.9 (±0.3). 

From remotely-sensed data, it was found that mean (±1 SD) SIC (%) 
for the 14-year period prior to respective imagery collection ranged from 
0 (for SP) and 39.8 (±1.4) (for WAP). The mean (±1 SD) number of days 
per annum sea-ice-covered (days) varied from 0 (for SP and SG) to 117.4 
(±7.4) (for WAP). 

Mean daily and peak NPP for the 14-year period prior to respective 
imagery collection were highest at WAP and SP, respectively. For SP, SG, 
MC and WAP collectively, mean (±1 SD) daily NPP values (mg C m− 2 

d− 1) ranged from 300.3 (±0.2) to 389.3 (±36.5), and mean (±1 SD) 
peak NPP values (mg C m− 2 d− 1) from 520.4 (±0.9) to 1126.8 (±548.4). 

Mean (±1 SD) sea surface temperature (◦C) for the 14-year period 
prior to respective imagery collection ranged from 5.8 (±0.4) (for SP) to 
− 0.8 (±0.0) (for WAP). 

Study area-specific means of environmental data can be found in 
Table S2. 

Regarding imagery-informed environmental differences, the finest 
sedimented (i.e., mud/fine sand) and smoothest seabed (i.e., lowest 
rugosity) was observed at sites MC2, WAP2 and WAP3. The site with the 
coarsest sediment (largest grain size) and highest rugosity was SP3, 
which featured boulders. Coarse pebbles were observed at SG3 and 
WAP3. 

3.2. Zoobenthos of the Scotia Arc imagery 

Over 9400 individual fauna were detected across the Scotia Arc 
imagery, with all functional groups (Table 2) being represented. Overall, 
images were dominated by pioneer sessile suspension feeders (e.g., as-
cidians and encrusting bryozoans) and mobile flexible-feeding ophiu-
roids. Specifically, 39.4% of individuals belonged to the pioneer sessile 
suspension feeder group, 25.7% to the flexible feeding strategy group, 
11.9% to the climax sessile suspension feeder group, which included, for 
example, demosponges, and 7.3% to the soft sessile predator/scavenger 
group (exemplified by sea anemones and hydroids) – the remaining 
individuals were distributed across the nine other functional groups. In 
addition, 46.8% of all zoobenthic taxa observed were classified as VME 
taxa, i.e., >4400 individuals. 

3.3. Zoobenthic carbon storage across study areas 

A zoobenthic specimen of the Scotia Arc study region held, on 
average, 0.3 g of carbon (with a standard deviation of ±0.6). When 
looking at the mean (±1 SD) Ctot of individual functional groups across 
all study areas, 0.001 (±0.0007) g was the lowest value calculated (the 
responsible functional group type being crawling deposit feeders – i.e., 
holothurians) and 2.1 (±2.3) g the highest (the responsible functional 
group types being soft mobile predator/scavengers) (see Fig. S2). The 
mean Ctot of a particular functional group varied between the four study 
areas. Considering all respective specimens, mean Ctot was lowest for SG 
(which bisects the ACC), followed by SP and MC, and highest for WAP. 

At site level, means (plus standard deviations) for zoobenthic carbon 
storage ranged from 2.4 (±2.5) g C m− 2 at SP1 to 76.0 (±39.4) g C m− 2 

at WAP3. At study area level, means for zoobenthic carbon storage were 
8.2 (±8.9), 6.2 (±5.1), 38.6 (±28.8), and 44.6 (±57.9) g C m− 2 for SP, 
SG, MC, and WAP, respectively, i.e., the two polar study areas south of 
the ACC exhibited higher mean carbon storage values compared to the 

other two areas, collectively averaging 41.6 (±45.6) and 7.2 (±7.3) g C 
m− 2, respectively. Kruskal Wallis tests indicated that all study areas 
significantly differed in terms of carbon storage except the two lower- 
latitude areas, SP and SG (Table 3). 

3.4. Zoobenthic carbon storage and morphotaxa and functional group 
richness 

An objective of the current study was to investigate relationships 
between marine biological carbon storage and biodiversity measures 
(morphotaxa and functional group richness). For all study areas, sta-
tistically significant positive relationships were found between zoo-
benthic carbon storage and morphotaxa richness; however, some 
relationships appeared stronger than others, in particular, those of SP 
and WAP (see Fig. 2A) – the most northerly and southerly areas, 
respectively. Thus, it appeared that greater carbon storage function, 
within the study region, generally aligned with higher biodiversity 
(richness). In addition, the carbon-morphotaxa richness relationships of 
the study areas were all statistically significantly different. 

Significant positive relationships were also found between Czoo and 
functional group richness (Fig. 2B); however, these relationships were 
not as strong as those observed for Czoo and morphotaxa richness. WAP 
exhibited the strongest relationship of all areas. Nonetheless, almost all 
carbon-functional group richness relationships were statistically signif-
icantly different, with the relationship of SP and SG the exception (i.e., 
not significantly different). 

3.5. Faunal density and zoobenthic carbon storage 

In terms of seabed macro- and mega-faunal densities, WAP exhibited 
the highest image level faunal density value, 484.9 ind. m− 2, and also 
the highest estimated zoobenthic carbon storage value, 297.5 g C m− 2 

(Fig. 3). When examining lowest faunal densities, some images had no 
discernible fauna, i.e., faunal densities of zero (including imagery of 
sites SG2, WAP1 and WAP2). The lowest density greater than zero was 
observed in an SP1 image at 2.5 ind. m− 2. At site level, the highest mean 
faunal density was 255.1 (±88.4) ind. m− 2 at WAP3, and the lowest was 
12.8 (±2.4) ind. m− 2 at SP1 – the former aligning with the highest 
average for carbon storage and the latter aligning with the lowest 
average for carbon storage (see 3.3). Kruskal Wallis tests indicated that 
SP statistically significantly differed from all other study areas in terms 
of faunal density, while SG and MC, SG and WAP, and MC and WAP did 
not significantly differ (see bottom row of Table 3). 

For all study areas, significant positive relationships were found 
between zoobenthic carbon storage and faunal density, and carbon- 
faunal density relationships were all statistically significantly different 
(Fig. 3). Generally, Czoo exhibited a stronger relationship with faunal 
density than with morphotaxa and functional group richness; the 
exception being WAP, where the carbon-morphotaxa richness relation-
ship appeared the strongest of the relationships examined. 

3.6. VME taxa and zoobenthic carbon storage 

VME taxa contributed at least 53% to zoobenthic carbon storage at 
eight (out of 12) study sites. In the SP study area, VME taxa contributed 
81, 87 and 31% at sites SP1-3, respectively; hence, VME taxa contri-
bution to zoobenthic carbon storage was highest at the two Burdwood 
Bank sites, corresponding with previous observations (Bax, pers. 
comms.). For the SG study area, SG3 (situated on the western shelf) 
exhibited the highest VME taxa contribution at 56%, while contributions 
at SG1 and SG2 (both on the southern shelf) were lower at 23 and 7%, 
respectively. In MC, VME taxa contributions to zoobenthic carbon 
storage were high across study sites at 53, 82 and 66% for MC1-3, 
respectively. Finally, VME taxa contributed 86, 31 and 64% at WAP1- 
3, respectively. Overall, WAP1 (the southernmost site of the study) 
displayed the highest site-level VME taxa contribution to zoobenthic 
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carbon storage of all sites, and SG2 the lowest. 
In addition, the relationship between zoobenthic carbon storage and 

VME taxa density was also examined for each study area (Fig. 4). All 
carbon-VME density relationships were positive and significant and 
significantly differed from one another. Compared to carbon and com-
plete faunal density relationships (Fig. 3), the carbon-VME density re-
lationships displayed slightly lower R2 and less significant p-values for 
SP and MC, and a much lower R2 and less significant p-value for SG; 
however, a higher R2 and more significant p-value for WAP. 

3.7. Functional group contributions to zoobenthic carbon storage and 
faunal density 

Overall, nine functional groups were found to be substantial con-
tributors (i.e., ≥10%) to zoobenthic carbon storage at site level (Fig. 5), 
the exceptions being sedentary/mobile suspension feeders and all 
deposit-feeding groups. At area level, six functional groups were sub-
stantial contributors (see Fig. S3), including pioneer sessile suspension 
feeders, climax sessile suspension feeders, grazers, soft and hard sessile 
predator/scavengers, and flexible strategists. No individual functional 
group was found to be a substantial contributor to zoobenthic carbon 
storage at all 12 sites, and similarly, no individual group was found to be 
a major contributor in all four study areas. 

Functional groups which contributed most substantially to the zoo-
benthic carbon stored at each study area (Fig. S3) included climax sessile 
suspension feeders at both SP and WAP (49.0 and 50.5%, respectively), 

Table 3 
P-values (with Bonferroni correction) resulting from Kruskal-Wallis tests between Scotia Arc study areas for zoobenthic carbon storage (Czoo; g C m− 2) and faunal 
density (ind. m− 2). Regarding continental/island shelf study areas: SP = South Patagonia (specifically the shelf of the Falkland Islands/Islas Malvinas); SG = South 
Georgia; MC = Marian Cove (of King George Island); and WAP = western Antarctic Peninsula (westward of Marguerite Bay and Adelaide Island). Significant p-values 
are shown in bold and asterisked.   

SP vs SG SP vs MC SP vs WAP SG vs MC SG vs WAP MC vs WAP 

Czoo p > 0.05 p < 0.001** p < 0.001** p < 0.001** p < 0.001** p ¼ 0.049* 
Faunal density p < 0.001** p < 0.001** p < 0.001** p > 0.05 p > 0.05 p > 0.05  

Fig. 2. Carbon storage by zoobenthos (Czoo; g C m− 2) versus faunal richness for 
(A) morphotaxa richness and (B) functional group richness. R2 for (A): SP =
0.82; SG = 0.42; MC = 0.35; and WAP = 0.82. R2 for (B): SP = 0.19; SG = 0.21; 
MC = 0.19; and WAP = 0.53. Regarding continental/island shelf study areas: SP 
= South Patagonia (specifically the shelf of the Falkland Islands/Islas 
Malvinas); SG = South Georgia; MC = Marian Cove (of King George Island); and 
WAP = western Antarctic Peninsula (westward of Marguerite Bay and Adelaide 
Island). For Czoo versus morphotaxa richness, all slopes were statistically 
significantly different (p-values all <0.001). For Czoo versus functional group 
richness, all slopes were significantly different (p-values all <0.001, bar SP 
versus MC, where the p-value was 0.004) except for SP versus SG, where the p- 
value was non-significant. Regression-associated ANOVA results for Czoo versus 
morphotaxa richness: F = 258.33, 39.85, 31.69, and 267.30 for SP, SG, MC, and 
WAP, respectively, and p-values all <0.001, and for Czoo versus functional 
group richness: F = 12.84, 13.33, 15.76, and 78.87 for SP, SG, MC, and WAP, 
respectively, and p-values all <0.001. 

Fig. 3. Carbon storage by zoobenthos (Czoo; g C m− 2) versus faunal density 
(ind. m− 2). R2: SP = 0.97; SG = 0.92; MC = 0.92; and WAP = 0.75. Regarding 
continental/island shelf study areas: SP = South Patagonia (specifically the 
shelf of the Falkland Islands/Islas Malvinas); SG = South Georgia; MC = Marian 
Cove (of King George Island); and WAP = western Antarctic Peninsula (west-
ward of Marguerite Bay and Adelaide Island). All slopes were statistically 
significantly different (p-values all <0.001). Regression-associated ANOVA re-
sults for Czoo versus fauna density: F = 1874.79, 672.35, 639.96, and 172.68 for 
SP, SG, MC, and WAP, respectively, and p-values all <0.001. 
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flexible strategists (i.e., ophiuroids) at SG (54.9%), and pioneer sessile 
suspensions feeders at MC (80.7%). Other substantial contributors to 
zoobenthic carbon storage included hard sessile predator/scavengers 
and grazers at SP, climax sessile suspension feeders and pioneer sessile 
suspension feeders at SG, flexible strategists at MC, and pioneer sessile 
suspension feeders and soft sessile predator/scavengers at WAP. The 
“mixed” group, which included functional groups that individually 
contributed <10% to zoobenthic carbon storage, also substantially 
contributed in three out of four study areas (ranging from 13.1 to 
20.8%), the exception being MC (at 6.4%). 

At a more granular level (i.e., site level; Fig. 5), different combina-
tions of functional groups substantially contributed to zoobenthic car-
bon storage. For example, functional groups substantially contributing 
at SP sites included hard sessile predator/scavengers at SP1-3 (53.6, 
21.7, and 29.8%, respectively), climax sessile suspension feeders at SP1 
and SP2 (25.9 and 63.7%, respectively), and grazers (made up of grazing 
gastropod molluscs), rather than climax sessile suspension feeders, at 
SP3 (56.7%). At SG1, flexible strategists (64.3%) and climax sessile 
suspension feeders (11.1%) were substantial contributors, as well as the 
mixed group (24.6%). At SG2, flexible strategists were the dominant 
carbon storage contributors (84.8%), the remaining contributors all 
within the mixed group (15.2%). At SG3, four individual functional 
groups substantially contributed to zoobenthic carbon storage: flexible 
strategists (22.5%; as observed at SG1 and SG2), climax sessile suspen-
sion feeders (33.2%; and consistent with SG1), and, in addition, hard 
sessile predator/scavengers (19.8%) and pioneer sessile suspension 
feeders (15.7%). The most considerable contribution to zoobenthic 
carbon storage at MC1-3 was from the pioneer sessile suspension feeders 
functional group (with a percentage contribution range of 69.7–94.2%), 
and, at MC1 and MC3, a substantial contribution was also observed from 
flexible strategists (21.8 and 16.0%, respectively). The mixed group did 
not contribute substantially at any MC site (all ≤8.5%). At both WAP1 
and WAP3, climax sessile suspension feeders were the major contributor 
to carbon storage (at 58.0 and 48.9%, respectively), although not at 

WAP2. Site WAP2 appeared to be the most complex with respect to 
major contributor make-up, with five functional groups substantially 
contributing to zoobenthic carbon; groups included soft sessile pred-
ator/scavengers (in common with WAP1), pioneer sessile suspension 
feeders (in common with WAP3) and, additionally (and contrary to 
WAP1 and WAP3), soft mobile predator/scavengers (27.9%), arthropod 
predator/scavengers (17.5%), and hard mobile predator/scavengers 
(12.4%). 

Across the study region, at both study area and site level, functional 
group (percentage) contributions to zoobenthic carbon storage differed 
from respective contributions to faunal density (see Fig. 5 and S3, 
respectively). For example, at area level, some functional groups had 
greater contributions to Czoo than density, e.g., climax sessile suspension 
feeders at SP, SG and WAP, grazers and hard sessile predator/scavengers 
at SP, flexible strategists at SG, pioneer sessile suspension feeders at MC, 
and soft sessile predator/scavengers at WAP. Conversely, some func-
tional groups had smaller contributions to Czoo than density, including 
pioneer sessile suspension feeders at SP, SG, and WAP, soft sessile 
predator/scavengers at SG, and hard sessile predator/scavengers at MC 
and WAP (the two south of 60◦S polar areas). This observation was 
similarly the case for site-level functional group percentage contribu-
tions (Fig. 5), where some functional groups contributed greatly to Czoo 
and not faunal density, and vice versa. 

Fig. 4. Zoobenthic carbon storage (Czoo; g C m− 2) versus density of Vulnerable 
Marine Ecosystem (VME) indicator taxa (ind. m− 2). R2: SP = 0.96; SG = 0.40; 
MC = 0.90; and WAP = 0.87. Regarding continental/island shelf areas: SP =
South Patagonia (specifically the shelf of the Falkland Islands/Islas Malvinas); 
SG = South Georgia; MC = Marian Cove (of King George Island); and WAP =
western Antarctic Peninsula (westward of Marguerite Bay and Adelaide Island). 
All slopes were statistically significantly different (p-values all <0.001). 
Regression-associated ANOVA results for Czoo versus VME taxa density: F =
1289.91, 37.17, 498.79, and 404.72 for SP, SG, MC, and WAP, respectively, and 
p-values all <0.001. 

Fig. 5. Average functional group contribution (%) to zoobenthic carbon stor-
age (Czoo; g C m− 2) and faunal density (ind. m− 2) for continental/island shelf 
study sites of (A) South Patagonia (specifically the shelf of the Falkland Islands/ 
Islas Malvinas), (B) South Georgia, (C) Marian Cove (of King George Island), 
and (D) the western Antarctic Peninsula (westward of Marguerite Bay and 
Adelaide Island). Individual functional groups are shown where their contri-
bution was ≥10%. Otherwise, groups were pooled with others whose contri-
butions were also <10% and designated as the “mixed” group. 
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3.8. Assemblage and zoobenthic carbon storage structures and potential 
environmental drivers 

With regard to assemblage structure (by functional groups), HAC 
analysis (with SIMPROF) identified four distinct groupings among the 
12 sites (Fig. S4A). WAP2, MC2 and SP3 were each compositionally 
distinct (hence, each their own group), while the remaining nine sites 
formed one group (with an average similarity of 75.6% and with pioneer 
sessile suspension feeders, flexible strategists and climax sessile sus-
pension feeders being the top functional groups contributing to simi-
larity [according to SIMPER]). WAP2 and the group comprising the nine 
sites were the most compositionally dissimilar (with an average 
dissimilarity of >44% – principally due to an abundance of crawling 
deposit feeders and a lack of climax sessile suspension feeders and hard 
sessile predator/scavengers at WAP2). For more details, see Table S3. 

Regarding carbon storage (by functional group) structure, HAC 
analysis (with SIMPROF) identified six distinct groupings among sites 
(Fig. S4B). MC2 and WAP2 constituted one group, which had the lowest 
average similarity at 59.7%, SP3 was compositionally distinct in its own 
right (hence, its own group), WAP1 and WAP3 formed another group, 
SP1 and SP2 another, and SG1-3, MC1 and MC3 the final group (with an 
average similarity of 74.2%). The MC2 and WAP2 group (both polar 
sites) and the SP1-2 group (the northernmost sites) were the most 
compositionally dissimilar (with an average dissimilarity of 54.7%). For 
the SP1-2 group and the MC2 and WAP2 group, dissimilarities were 
principally driven by hard sessile predator/scavengers, climax sessile 
suspensions feeders, pioneer sessile suspension feeders, and in-faunal 
deposit feeders. For more details, see Table S4. 

BEST analyses indicated that a subset of four environmental vari-
ables most highly correlated with the variation in faunal assemblage 
structure (by functional groups) (Rho correlation = 0.34, p-value 
<0.01). The subset comprised sea-ice cover, peak NPP, turbidity, and 
substratum. 

For the carbon storage by functional group data, a subset of three 
environmental variables was identified as the most highly correlating 
(Rho correlation = 0.41, p-value <0.01). The subset included sea-ice 
cover, peak NPP, and temperature. 

Sea-ice cover was the single variable with the highest correlation 
with assemblage and carbon storage by functional groups structures 
(Rho correlations all >0.32), and sea-ice cover and peak NPP were 
encompassed in all optimal subsets of environmental variables. The 
subsets, therefore, included a mixture of remotely sensed and local-scale 
environmental variables. 

Additionally, when examining zoobenthic carbon storage as a single 
response variable, sea-ice cover was both the single variable with the 
highest correlation and the optimal subset (Rho correlation = 0.26, p- 
value <0.01). 

3.9. Influence of dropstones 

The influence of dropstones and boulders (relatively raised physical 
seabed features) on zoobenthic carbon storage and other biological 
variables was also examined. All dropstones observed were of boulder 
grain sizes (i.e., >256 mm; Blair and McPherson, 1999). Dropstone 
images, although relatively rare, representing just 3% of the Scotia Arc 
imagery analysed, displayed higher values (means) than non-dropstone 
images for all biological variables explored, i.e., morphotaxa and func-
tional group richness, zoobenthic carbon storage and faunal density; 
however, Wilcoxon matched-pair signed-rank tests revealed these dif-
ferences to be statistically non-significant (Table 4) – perhaps due to the 
limited sample size. SP1, SP2, SG3, MC1-3, and WAP3 each presented 
paired samples. 

4. Discussion 

The Scotia Arc study region, which encompasses the southern South 

Atlantic Ocean and Atlantic sector of the Southern Ocean, is a collective 
hotspot of climate change, high-latitude biodiversity, and ecosystem 
services; however, not, as of yet, protection (Rogers et al., 2020; Cav-
anagh et al., 2021). Much of the study region falls within a proposed 
network of marine protected areas (MPAs under consideration by 
CCAMLR (Brooks et al., 2020). Building evidence bases, such as those 
concerning biodiversity and blue carbon (as an ecosystem service), and 
VME taxa presence and their contributions to the former, is vital in 
supporting MPA designations; the current study contributes to such 
evidence bases. Additionally a recent review, supported by the Inter-
governmental Panel on Climate Change, has recommended a synergistic 
approach to alleviating the biodiversity and climate crises (i.e., Pörtner 
et al., 2023). Although such an approach is seemingly yet to be imple-
mented in polar waters, evidence is building, including from this study, 
with regard to high-latitude benthic biodiversity supporting carbon 
storage, and potentially climate change mitigation (Morley et al., 2022; 
Zwerschke et al., 2022; Sands et al., 2023). 

4.1. Variation in zoobenthic carbon storage 

Reflecting the complex and patchy nature of southern high-latitude 
continental/island shelf habitats, zoobenthic carbon storage was here 
found to vary within and between study sites and study areas – i.e., over 
different spatial scales. Nonetheless, when comparing the combined 
average for carbon storage by zoobenthic assemblages of the two 
southernmost study areas with that of the two northernmost areas, the 
former was six times greater than that of the latter. This considerable 
difference in ecosystem function could be for several reasons, including, 
for example, the two areas south of the ACC being comparatively less 
disturbed, naturally and/or anthropogenically; both areas experience 
periods of sea-ice cover, which can afford protection from various 
physical disturbances such as iceberg scouring (Smale et al., 2008; Clark 
et al., 2017). In addition, some sites, such as WAP1-2 of the Belling-
shausen Sea, are also situated at depths beyond the reach of many 
modern iceberg keels (Dowdeswell and Bamber, 2007); thus, should 
evade most ice scouring. This attribute, however, is not shared by WAP3 
(the respective site exhibiting the highest zoobenthic carbon storage and 
faunal density values), which is at a depth of 358 m, and hence, at 
greater risk of experiencing iceberg-mediated disturbance. Nevertheless, 
areas with more constant environmental conditions (e.g., deprived of or 
with minimal disturbance) could promote the development/advance-
ment of benthic communities to later (more complex) successional 
stages (Teixidó et al., 2007) with potentially positive implications for 
carbon storage capacity (Barnes et al., 2020). Furthermore, in (season-
ally) sea-ice covered areas, sympagic (ice-affiliated) primary production 
can also be taking place, with the organic matter produced principally 
reaching and consumed by the benthos (Cautain et al., 2022). 

Table 4 
Results of Wilcoxon matched-pair signed-rank tests for various biological vari-
ables of dropstone images and non-dropstone images of Scotia Arc continental/ 
island shelf study areas. “N” indicates sample size (i.e., number of images) and 
the biological variables examined included morphotaxa and functional group 
richness, zoobenthic carbon storage (Czoo; g C m− 2), and faunal density (ind. 
m− 2).   

Dropstone 
images x (±1 
SD) 
N = 7 

Non-dropstone 
images x (±1 SD) 
N = 7 

Wilcoxon 
matched-pair test 
results 

Morphotaxa 
richness 

18.9 (±7.5) 11.3 (±5.3) p ¼ 0.06 

Functional group 
richness 

6.0 (±1.3) 5.0 (±1.3) p ¼ 0.07 

Zoobenthic 
carbon storage 

61.1 (±66.1) 30.1 (±44.1) p ¼ 0.06 

Faunal density 191.8 (±190.3) 84.1 (±94.0) p ¼ 0.09  
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4.2. Extrapolating zoobenthic carbon storage to the antarctic continental 
shelf 

In blue carbon studies, findings are occasionally extrapolated to a 
wider region/environment (e.g., Barnes et al., 2019, 2020; Sands et al., 
2023). For the current study, an extrapolation is made for the Antarctic 
continental shelf, which is deep (up to 1000 m) and extensive, consti-
tuting an area of 4.6 million km2 (Clarke and Johnston, 2003). However, 
as around one-third of the Antarctic continental shelf is overlain by ice 
shelves, floating seaward extensions of the Antarctic Ice Sheet, and very 
little is known about or documented for the benthic assemblages 
residing beneath ice shelves, for example, compositional, functional or 
behavioural traits (see Barnes et al., 2021b; Griffiths et al., 2021; Fri-
nault et al., 2023), this study’s extrapolation extends the ice-shelf-free 
continental shelf only. Based on mean zoobenthic carbon storage from 
MC and WAP data (south of the ACC), it is therefore estimated that ~125 
million tonnes of carbon could be stored on the open-water continental 
shelf by epi-zoobenthic assemblages alone. This estimate, although 
conjectural, is equivalent to a CO2 drawdown of 458 million tonnes, 
which, for contextualisation purposes only, is a greater amount than the 
CO2 (including equivalents) estimated to have been emitted by the 
United Kingdom in 2022 (DESNZ, 2023). If in-faunal benthic carbon 
storage were to be included in the appraisal, the amount of carbon 
stored in Antarctic open shelf benthos, and equivalent GHG drawdown, 
is potentially considerably higher (e.g., see Zwerschke et al., 2022). Such 
extrapolations should, nonetheless, be treated with caution, especially 
in Antarctica, given the innate heterogeneous and patchy nature of its 
seabed habitats and communities – some areas of the continental shelf 
appear depauperate while others are highly abundant and biodiverse 
(Post et al., 2017; Almond et al., 2021; Brasier et al., 2021). Although, in 
this study, the highest latitude areas of interest already displayed the 
highest estimated zoobenthic carbon storage values per unit area, it is 
thought that the capacity of Antarctica’s continental shelf to store car-
bon will, in the absence of disturbance, e.g., from fishery activities, in-
crease with loss of ice cover – potentially acting as a negative feedback 
on climate change (Peck et al., 2010; Barnes et al., 2020; Morley et al., 
2022; Zwerschke et al., 2022; Sands et al., 2023). 

4.3. Zoobenthic carbon storage aligns with richness and faunal density 

The climate change crisis is considered intertwined with the dilapi-
dation of ecosystems, and the ongoing biodiversity crisis, hence, the 
degradation or forfeiture of associated functions (IPCC, 2022, 2023; 
Pörtner et al., 2023; Siegert et al., 2023). Marine ecosystems that can be 
identified as assisting with moderating climate change (e.g., through 
their carbon storage capacity), by virtue of hosting diverse biological 
communities, could be prioritised for protection in marine spatial 
planning to help address these entangled issues. A key objective of the 
current study, therefore, was to ascertain whether zoobenthic carbon 
storage variance aligns with biodiversity measures (richness), and also 
faunal density. For all study areas, zoobenthic carbon storage increased 
with richness (biodiversity), particularly morphotaxa richness. Thus, 
species-rich or carbon-rich areas could be priority areas for protection 
(permitting both bio/ecological elements to be protected simulta-
neously). For each area, zoobenthic carbon storage also exhibited a 
particularly strong relationship with density. Such an alignment has 
been observed elsewhere, including in the Barents Sea, in the northern 
hemisphere (Souster et al., 2020), and on the South Georgia shelf (see 
Fig. 2 of Barnes and Sands, 2017), and potentially indicates that 
ecosystem monitoring and MPA efficacy evaluations could be supported 
by higher-level data. 

4.4. VME taxa prevalent and major contributors to zoobenthic carbon 
storage 

In the Southern Ocean, seabed conservation and management tools 

include an array of benthic taxa classified by CCAMLR as VME indicators 
(CCAMLR, 2009; FAO, 2009). While the approach can be important for 
decision-making, e.g., regarding CCAMLR MPA design and designation, 
it is not yet fully known whether all such taxa indicate VMEs or, indeed, 
are vulnerable themselves (see Dayton et al., 2013, 2016; Fillinger et al., 
2013). However, advances are being made to better characterise the 
vulnerability of these taxa based on morphology (Gros et al., 2023). The 
current study importantly has shown that VME indicator taxa are both 
prevalent components of benthic assemblages observed, particularly 
those assemblages of Burdwood Bank (and polar site WAP1), and major 
contributors to zoobenthic carbon storage in all study areas explored 
(although not uniformly so). This finding is of further interest as VME 
taxa are also often habitat formers/providers (correspondingly termed 
ecosystem engineers); hence, a co-benefit resulting from their presence 
(and protection) is the elevation of biodiversity levels and attendant 
functions (Buhl-Mortensen et al., 2010). In addition, as VME 
density-carbon relationships were similar to faunal density-carbon re-
lationships, this may be potentially useful information for CCAMLR (or 
other regional management organisations) which exclusively (or 
particularly) monitor VME taxa. Such findings concerning VME taxa 
could be leveraged in marine spatial planning and protection prioriti-
sation decisions in (and beyond) the study region. 

4.5. A functional group approach for benthic assemblage analysis under 
environmental change 

Several investigations, across both hemispheres, have employed a 
functional group approach to characterising benthic community struc-
tures and functions, for example, via grouping taxa by feeding mode (e. 
g., Jansen et al., 2020; Thyrring and Peck, 2021). A functional group 
approach has varied advantages, such as enabling the functionality of 
biodiversity to be examined and vastly reducing imagery appraisal times 
– the latter a renowned bottleneck between the acquisition of seabed 
images/video and desired outputs (Bowden et al., 2020), and ever more 
critical given the rate of environmental change, particularly, for 
example, in West Antarctica. Notably, in this study, different and mul-
tiple functional groups were major contributors to zoobenthic carbon 
storage across study areas (and sites). This finding indicates that, as at 
South Georgia (Barnes and Sands, 2017), all functional groups should be 
considered in view of protecting the carbon storage function of the 
benthos and benthic habitats. When comparing which groups majorly 
contributed at sites, MC1 and MC3 were the most similar – of all the 
sites, these sites were the closest in distance (<1 km) and situated within 
a relatively enclosed fjord basin. 

4.6. Biological patterns and their environmental context, including sea-ice 
incidence 

Consideration of the environment in which organisms live and 
habitats persist provides the opportunity to detect bio-environmental 
relationships (e.g., Cummings et al., 2018; Gutt et al., 2019) – helpful 
for understanding and predicting the effects of environmental change. In 
the current study, environmental data, of various spatial and temporal 
scales, were derived from in situ measurements, remote sensing and 
imagery, providing a contemporary environmental context to biological 
observations in the Scotia Arc study region. However, some of the 
environmental variables considered, and found to be coincident with 
zoobenthic carbon storage, are expected to be modified by climate 
change (Rogers et al., 2020), for example, long-projected sea-ice decline 
(Fox-Kemper et al., 2021). In the polar seas, sea-ice cover, including 
concentration, extent, timing and duration (the latter two features also 
referred to as “seasonality”), is regarded as a key environmental influ-
encer of seabed habitat biodiversity and functionality (Lohrer et al., 
2013; Clark et al., 2017; Pineda-Metz et al., 2020). Nonetheless, sea-ice 
cover (as well as other types of ice cover, e.g., ice shelf; Gilbert and 
Kittel, 2021) will likely be reduced due to the impacts of climate change 
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(depending on timescale, and societal action to mitigate [Pörtner et al., 
2023]), with implications for marine community structuring and asso-
ciated ecosystem services (Rogers et al., 2020; Cavanagh et al., 2021). 
Given the current climatic situation, it is particularly notable when 
environmental variables likely to modify with climate change are 
identified as potential drivers of contemporary biological patterns. 

Greater zoobenthic carbon storage might be expected in areas void of 
extensive sea-ice cover, given potentially greater access by benthic 
fauna to primary-production-derived food, hence, for example, higher 
faunal densities (Smith et al., 2006; Lohrer et al., 2013). In this study, 
however, the opposite was observed (for both carbon storage and faunal 
density). Furthermore, when comparing southern (this study) and 
northern (Arctic; Souster et al., 2020) high-latitude study regions, Czoo 
significantly differed between sea-ice-covered and non-sea-ice-covered 
sites (Fig. 6). For both of the polar regions, sites that experience 
sea-ice cover exhibited higher Czoo values on average than sites that do 
not; however, for both sea-ice-cover conditions, the Antarctic study re-
gion had greater zoobenthic carbon storage means than the Arctic 
(though with large standard deviations). Again, this finding could be 
related to disparities in disturbance regime, where sites covered by sea 
ice are more shielded from disturbance than those that are not. This 
observation is similar to that of Frinault et al. (2022) at the Larsen C Ice 
Shelf front, in that biological variations (faunal densities) did not meet 
expectations based on ice-cover regime. The Antarctic observations are 
further interesting as the Bellingshausen Sea (where the sea-ice sites of 
the current study are situated) is considered a warm polar sea region, 
and the Weddell Sea (which hosts the Larsen C) is a cold polar sea region 
(of significance for bottom water formation; Meredith, 2013; Zhou et al., 
2023). Thus, irrespective of being a warm or cold southern high-latitude 
marine region, similar unexpected density relationships appeared with 
sea-ice incidence. Whether the findings are related to sea ice in terms of 
sympagic primary production, and affiliated food-falls to the benthos, 
may also be important to determine (see Cautain et al., 2022). 

4.7. Dropstones as potential islands of zoobenthic carbon storage 

Dropstones are considered important physical seabed features, 
sometimes referred to as “islands”, offering hard substrata/surfaces for 
benthic colonisation across swathes of soft/fine sediment (Ziegler et al., 
2017), as well as providing platforms for elevation of suspension-feeding 
fauna into passing bottom currents in search of sustenance, as exem-
plified below the Filchner-Ronne Ice Shelf, southern Weddell Sea 

(Griffiths et al., 2021). In the present study, dropstones were relatively 
rare, constituting just a few percent of the seabed surface analysed, 
echoing findings of Post et al. (2020) for the Sabrina continental shelf, 
East Antarctica, where dropstones (in particular) accounted for <1% of 
the seafloor surface examined. Similar to results of Ziegler et al. (2017), 
for fjords of the western Antarctic Peninsula, the current study also 
found that dropstones generally supported higher morphotaxa richness 
and faunal densities and, in addition, zoobenthic carbon storage. 
Although in this study (as observed in others), dropstones were of low 
occurrence, given their association with ice-rafted debris, including of 
supraglacial provenance, it may be anticipated that dropstones will 
become more prevalent as icescapes transform in a warming world, 
especially in areas undergoing ice-shelf retreat and experiencing 
increased iceberg generation and transit. In consequence, respective 
areas may also eventually experience enhanced biodiversity (richness) 
and faunal densities, and, potentially, increased zoobenthic carbon 
storage, although other environmental factors (and changes to them) 
will also shape benthic community structure and function (Rogers et al., 
2020). 

4.8. Protection of benthic biodiversity aligns with safeguarding of 
zoobenthic carbon storage 

Antarctica, its surrounding seas, and hence marine ecosystems and 
associated components, are currently under the protection of the Ant-
arctic Treaty (due for renegotiation by 2048; Rogers et al., 2020) and 
attendant conventions, including those prohibiting mineral exploration 
(and exploitation), whaling and sealing, and restricting fishing activ-
ities, including pertaining to Antarctic krill, Euphausia superba – a key 
species of the Southern Ocean food web (Trathan and Hill, 2016; Rogers 
et al., 2020). Nonetheless, no convention presently exists directly 
addressing the safeguarding of Antarctic benthos (which includes most 
of Antarctica’s known species), thus related functions. Nevertheless, as 
climate change intensifies and further ice-cover loss is experienced, the 
Southern Ocean and the Antarctic continental shelf will become more 
accessible; thus, novel challenges may be presented regarding the pro-
tection and endurance of benthic blue carbon estates of this southern 
high-latitude region. Further protections could be placed on blue carbon 
and possibly in a way that benefits international stakeholders – for 
example, via sharing the value of carbon stored by benthic or other 
marine habitats of the region between Antarctic Treaty nations, e.g., for 
incorporation into corresponding nationally determined contributions 
(as appropriate, and as per the 2015 Paris Agreement; UNFCCC, 2023). 
Given that benthic carbon storage and biodiversity have been shown to 
align, protecting blue carbon habitats and ecosystems could support 
both climate change mitigation and the safeguarding of biodiversity, 
and hence contribute to alleviating the associated crises. 

5. Conclusions 

Exploring four distinct continental shelf areas, all connected by the 
Scotia Arc, has provided an indication of how zoobenthic carbon storage 
capacity can vary along a southern polar gradient, with seabed habitats 
of the southernmost areas, i.e., those south of the ACC, currently sup-
porting greater carbon storage (with a sixfold higher storage average 
presented). This exploration has also revealed that high-latitude zoo-
benthic carbon storage consistently aligned with faunal richness and 
density, as well as density of VME indicator taxa – the former finding 
supporting that the protection of benthic biodiversity could be com-
plementary to the protection of benthic blue carbon (and vice versa), 
and the lattermost finding confirming that VME indicators can be 
important contributors to benthic blue carbon. Functional group con-
tributions to carbon storage were also found to vary within and between 
study areas, advocating the notion of “collective protection” of high- 
latitude and polar benthic assemblages to best support their carbon 
storage function. In addition, and although other variables are likely 

Fig. 6. Mean zoobenthic carbon storage (Czoo; g C m− 2) of non-sea-ice and sea- 
ice sites for Antarctic and Arctic regions. Sea-ice sites correspond to those with a 
mean annual sea-ice cover of >10%. Data for the Antarctic are from this study, 
and for the Barents Sea (Arctic), from Souster et al. (2020). A black star in-
dicates a statistically significant difference between non-sea-ice and sea-ice sites 
(t = − 3.480 and − 4.225 for the Antarctic and Arctic, respectively, with both 
p-values <0.001). 
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influential, zoobenthic blue carbon, in the confines of this study, 
appeared coincident with sea-ice cover – an environmental variable 
sensitive to ocean and atmospheric warming. 

The current study has provided contemporary estimates of benthic 
blue carbon in terms of principally (epi-)zoobenthic carbon storage, as 
well as ecological and environmental baselines, and supports the pro-
tection of the benthos as a whole when considering, by example, the 
protection and endurance of their carbon storage function. Furthermore, 
findings may also contribute to evidence bases supporting high-latitude 
marine conservation measures and climate-considerate marine spatial 
planning. 
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Gruber, N., Gürses, Ö., Harris, I., Hefner, M., Heinke, J., Houghton, R.A., Hurtt, G.C., 
Iida, Y., Ilyina, T., Jacobson, A.R., Jain, A., Jarníková, T., Jersild, A., Jiang, F., 
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