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A B S T R A C T

Retreating glaciers are rapidly transforming fjord ecosystems along the Western Antarctic Peninsula (WAP), yet 
the trophic responses of benthic fauna remain poorly understood. We analysed δ13C, δ15N, δ34S, and C:N ratios in 
two soft-bottom species collected along distance gradients from retreating glaciers in two WAP fjords. The study 
included the deposit-feeding bivalve Nuculana inaequisculpta from Marian Cove (King George Island) and the 
opportunistic-feeding sea anemone Edwardsia sp. from Sheldon Cove (Adelaide Island). Near the land- 
terminating glacier at Marian Cove, bivalves were depleted in 13C, consistent with reduced phytoplankton 
growth under surface meltwater influence. Near the marine-terminating glacier at Sheldon Cove, anemones were 
13C-enriched, in line with enhanced phytoplankton blooms driven by deep meltwater inflow. δ15N, δ34S, and C:N 
ratios showed no fjord-scale trends and appeared governed by local factors. Low δ34S values reflected suboxic 
sediment inputs in both fjords, possibly linked to denitrification and elevated δ15N baselines. When associated 
with blooms, anemones appeared to rely less on sedimentary sources while bivalves showed signs of sediment 
hypoxia. In both species, reliance on suboxic sediments was potentially related to poor nutritional condition. 
Environmental factors linked to submarine sills may have improved bivalve nutritional condition and increased 
anemone trophic level. Overall, benthic δ34S emerged as an excellent indicator in Antarctic marine habitats, and 
δ13C could be a tracer of productivity associated with glacier configuration in Antarctic fjords. Local meltwater 
conditions may limit organic matter flux to the benthos, nuancing the role of newly ice-free areas as carbon sinks 
within a negative climate feedback.

1. Introduction

Antarctic marine ecosystems have historically been among the most 
environmentally constant surface habitats on the planet (Stark et al., 
2019). However, the Western Antarctic Peninsula (WAP) is now 

particularly vulnerable to global physical changes (Klages et al., 2024) 
and among the fastest-warming regions on Earth (Convey and Peck, 
2019; Siegert et al., 2019; Wang et al., 2025). In the WAP, almost 90% of 
glaciers are now retreating, and their retreat rates continue to increase 
as ocean temperatures rise (Cook et al., 2016). When glaciers retreat, 
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they calve icebergs (Holdsworth and Glynn, 1981; Alley et al., 2023). 
This leads to new fjordic habitats, biota colonisation, and potential 
carbon sink areas (Barnes et al., 2020). Eventually, glaciers can lose 
contact with the ocean and transition into land-terminating systems, 
leading to profound changes in the physical and biogeochemical char
acteristics of fjords (Jones et al., 2023). Land-terminating glaciers have 
been proposed to locally reduce primary productivity by forming a 
turbid surface plume that stratifies the water column and limits light 
penetration (Kim et al., 2021; Demidov et al., 2023; Hoshiba et al., 
2024).

Iron is an essential micronutrient for phytoplankton, but it is poorly 
soluble in seawater and represents the main limiting nutrient in the open 
waters of the Southern Ocean (Moore et al., 2013; Ryan-Keogh et al., 
2017). However, retreating glaciers release large amounts of iron 
(Annett et al., 2015; Hodson et al., 2017), promoting strong phyto
plankton blooms at nearshore environments such as fjords (Alderkamp 
et al., 2012; Bown et al., 2017; Bae et al., 2021). In these ecosystems, 
glacial meltwater can provide sufficient iron to overcome its limitation 
on phytoplankton growth. This shifts the main controls on productivity 
to other environmental factors, such as those driven by land-terminating 
glaciers.

Any change in the quantity or quality of organic matter exported to 
the seafloor may affect benthic life (Lee et al., 2025). The Antarctic 
benthos occupies multiple trophic levels (Thrush et al., 2021) and plays 
a key role in benthic-pelagic coupling (Elias-Piera, 2015; Alurralde et al., 
2019; Jędruch et al., 2025). It also contributes to long-term carbon 
sequestration by burying refractory organic matter (Barnes, 2017; 
Barnes and Sands, 2017), a process that creates a negative 
––mitigating–– feedback loop with climate change (Peck et al., 2010; 
Zwerschke et al., 2022). Although fjordic seafloor habitats can be hot
spots of biodiversity and carbon sequestration (Grange and Smith, 2013; 
Smith et al., 2015; Barnes et al., 2020), benthic responses to glacier 
retreat are largely unexplored to date. However, Antarctica's stable 
environment, combined with the typically slow growth of its inhabitants 
and low population turnover rates (Clarke et al., 2007), provides an 
excellent scenario for detecting glacial-driven benthic shifts (Sahade 
et al., 2015).

Stable isotope analysis has become one of the most important ad
vances in trophic ecology in recent decades (Schwartz et al., 2014). 
Since stable isotope ratios in consumer tissues reflect those of their diet, 
they have been widely used as proxies for inferring food sources over 
mid to long-term time periods (Peterson and Fry, 1987; Dalerum and 
Angerbjörn, 2005). Therefore, stable isotopes can help study trophic 
relationships and foraging habitat use in marine ecosystems (Dunton, 
2001; Boecklen et al., 2011; Choy et al., 2011; Amiraux et al., 2023; Iken 
et al., 2023; Oleszczuk et al., 2023). However, stable isotope analysis 
also faces challenges, such as the difficulty in establishing reliable 
reference values from which to assess isotopic enrichment or depletion, 
as baselines fluctuate across space and time (Ortiz et al., 2024). Among 
the most widely used ones, the carbon stable isotope ratio (δ13C) plays a 
crucial role in identifying the primary sources of carbon (Peterson and 
Fry, 1987). The nitrogen stable isotope ratio (δ15N), in turn, is useful for 
evaluating an organism's trophic level (Vander Zanden and Rasmussen, 
1999), while the sulphur stable isotope ratio (δ34S) may serve to detect 
the influence of sedimentary redox processes (Peterson, 1999; Raoult 
et al., 2024). Additional metrics, such as the carbon-to-nitrogen (C:N) 
ratio, can provide complementary ecological insights. The C:N ratio is 
commonly used in marine animals as a proxy for relative lipid content 
because lipids are carbon-rich and nitrogen-poor (Post et al., 2007). 
Accordingly, higher C:N values indicate greater lipidic energy reserves 
and, therefore, better nutritional condition. In this context, nutritional 
condition is defined as the relative amount of lipid-based stored energy 
in the tissues (Bascur et al., 2020). Together, these tools have proven 
valuable for understanding habitat use and nutritional condition in 
marine ecosystems (Mincks et al., 2008; Seyboth et al., 2018; Cani et al., 
2025). Nevertheless, only three recent studies have examined 

glacier-driven isotopic variation in benthic invertebrates from Antarctic 
fjords (Alurralde et al., 2020; Jędruch et al., 2025; Lee et al., 2025). 
These works are restricted to intertidal or shallow subtidal areas, leaving 
deeper fjord habitats (i.e., most of the fjord's space for life) unexplored 
by this technique.

Among Antarctic benthic invertebrates, the present study focuses on 
two ecologically relevant soft-bottom infaunal species from different 
phyla and with different trophic strategies. Both are highly abundant in 
Antarctic fjords and play a role in carbon pathways to sequestration 
(Lovell and Trego, 2003). As secondary producers, both are also valu
able indicators of shifts at the base of food webs in glacier-influenced 
systems. The bivalve mollusc Nuculana inaequisculpta (Lamy, 1906) 
(Nuculanida: Nuculanidae) is a small protobranch (up to 17 mm of shell 
length) with a patchy circumantarctic distribution, recorded at depths 
down to 810 m (Cattaneo-Vietti et al., 2000; Gordillo et al., 2017). It 
inhabits muddy benthic environments and feeds on sedimentary organic 
matter (Zardus, 2002). The second study species is an anthozoan 
cnidarian from the genus Edwardsia (Quatrefages, 1842) (Actiniaria: 
Edwardsiidae). This is a diverse group that includes 64 described species 
distributed worldwide (Rodríguez et al., 2025), of which three are 
present in Antarctica (Sanamyan et al., 2015). Edwardsiid sea anemones 
are opportunistic feeders, ranging from carnivory to suspension feeding. 
They burrow in the soft sediment and extend their tentacle crown into 
the water column to capture suspended organic particles or prey (Daly 
et al., 2012; Rodríguez et al., 2014). Our focal species thus provide 
complementary perspectives for evaluating marine benthic trophic re
sponses to glacier retreat.

In the present work, we measured δ13C, δ15N, δ34S, and C:N ratios of 
these species from Antarctic shallow-shelf (86–500 m) soft-bottom fjord 
transects affected by glacier retreat. The study was conducted in two 
distinct WAP systems: Marian Cove, influenced by a land-terminating 
glacier, and Sheldon Cove, influenced by a marine-terminating glacier. 
We also integrated measurements of fluorescence (as a proxy of chlo
rophyll a) and dissolved oxygen availability along the fjords, providing 
additional context on environmental conditions. Furthermore, we ana
lysed the local effects of seabed morphology on the ecology and nutri
tional condition of both study species. Through this approach, we aimed 
to assess how glacier retreat-driven environmental gradients and seabed 
features shape the trophic ecology of two benthic invertebrates in Ant
arctic soft-bottom fjords under rapid environmental change.

2. Materials and methods

2.1. Sample collection

This study used specimens collected during the ICEBERGS II research 
cruise in December 2018 (JR18003; British Antarctic Survey) on the RRS 
James Clark Ross along the WAP (Fig. 1A). Samples were obtained from 
the sedimentary fjords Marian Cove (King George Island, South Shetland 
Islands, 62.2 ◦S; Fig. 1B) and Sheldon Cove (Adelaide Island, 67.3 ◦S; 
Fig. 1C), at five stations within each fjord. These two systems differ in 
glacier configuration. Although at the time of sampling the glacier in 
Marian Cove still had a small area terminating in the sea, most of its 
surface already ended on land. Therefore, we consider Marian Cove as 
influenced by a land-terminating glacier (Jones et al., 2023). Mean
while, Sheldon Cove is fully influenced by a marine-terminating glacier. 
Each target species was analysed within the fjord where it was collected, 
in order to assess stable isotope variation along the gradient associated 
with glacier retreat within each fjord. The specimens of the bivalve 
Nuculana inaequisculpta were obtained from Marian Cove, and those of 
the sea anemone Edwardsia sp. were collected from Sheldon Cove.

The sampled stations followed a gradient of glacial influence, 
including shallow-shelf areas from the fjord mouth (free of ice since the 
beginning of records) to the glacier terminus (recently ice-free). 
Therefore, the stations represent a continuum of historical glacier 
coverage, ranging from areas that have been uncovered since the last 
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glacial maximum to others that became ice-free during the last decades 
(Zwerschke et al., 2022). Sampling stations ranged from 86 to 111 m 
depth in Marian Cove (MC1–MC5) and from 175 to 500 m in Sheldon 
Cove (SC1–SC5; Table S1). The transects encompassed prominent sub
marine sills identified by onboard bathymetric surveys at ca. 107 m 
depth in Marian Cove (at MC3) and ca. 175 m in Sheldon Cove (at SC2; 
Sands et al., 2018). Note that the station referred to as SC6 in the cruise 
report (Sands et al., 2018) is designated here as SC5 for clarity.

At each station, five replicate samples were obtained using a Hamon 
grab (20 × 40 × 40 cm bucket). Once each successful grab arrived at the 
vessel deck, it was rinsed over a 1 mm sieve with natural seawater to 
remove the sediment. When samples were free of sediment, they were 
sorted into large taxonomic units (e.g., class) and independently stored 
in pre-labelled bottles with absolute ethanol in the vessel laboratory. All 
samples were stored at − 20 ◦C until analysis.

Fluorescence (as a proxy of chlorophyll a concentration) and dis
solved oxygen data were obtained at each sampling station (Table S2) 
using a SeaBird 911plus CTD (www.seabird.com) installed on the RRS 
James Clark Ross. Raw profiles were processed with Sea-Bird Data 
Processing and subsequently averaged at nominal 2 dbar (ca. 2 m) depth 
bins, following the standard protocol described in the cruise report 
(Sands et al., 2018). For fluorescence, we identified the peak value 
within each station profile and selected the set of binned values span
ning the 10 m depth window containing the peak, yielding six values per 
station (n = 6). Peak depths ranged from 5 to 15 m in Marian Cove and 
from 21 to 36 m in Sheldon Cove. For dissolved oxygen, we extracted the 
deepest 10 m of each profile, yielding six binned values per station 
(n = 6) representative of near-bottom conditions in the vicinity of bio
logical collections. Dissolved oxygen concentrations were originally 

obtained in μmol kg− 1 and subsequently converted to mg L− 1 using the 
molar mass of O2 and seawater density estimated from temperature and 
salinity.

2.2. Study species identification

Specimens of N. inaequisculpta were identified based on external 
morphological characteristics and the help of relevant literature (Engl, 
2012; Zettler and Bick, 2025). Regarding Edwardsia sp. individuals, they 
were identified to the genus level after examination of external and in
ternal traits. These Edwardsia sp. specimens belong to a species new to 
science, and some individuals were preserved for taxonomic description, 
which will be published in a forthcoming study.

Although cryptic diversity has been reported in several Antarctic 
bivalves (e.g., Linse et al., 2007; Levicoy et al., 2021), N. inaequisculpta 
individuals from Marian Cove belong to a single genetic population 
(Muñoz-Ramírez et al., 2021). Therefore, in this case, a potential bias 
arising from comparing unknown different species is minimal. Similarly, 
the anemone specimens were rigorously morphologically examined, and 
species-level consistency across samples was ensured. This homogeneity 
is in line with the relatively recent colonisation of the inner fjords by the 
populations from the fjord mouth (Zwerschke et al., 2022).

2.3. Specimen dissection and tissue encapsulation

Once at the Universitat de Barcelona, ten specimens per station and 
species were selected and dissected to extract a specific tissue for sub
sequent stable isotope analysis (except for SC1, where only five anem
ones were found). This step was necessary because isotopic signals may 

Fig. 1. Location of the study areas and sampling stations in Marian Cove and Sheldon Cove (WAP). Map of the Western Antarctic Peninsula (A), showing the location 
of Marian Cove in King George Island (B) and Sheldon Cove in Adelaide Island (C). Maps (B) and (C) show the sampling stations (MC1–MC5 and SC1–SC5, 
respectively) and the estimated historical glacier retreat lines (unpublished data from the Mapping and Geographic Information Centre, British Antarctic Survey). 
Basemap in (A) was generated in QGIS (v3.44.2; www.qgis.org) using the Quantarctica package (v3.2). (B) and (C) use Sentinel-2 basemaps from the Copernicus Open 
Access Hub, taken on 13 October 2019 and 18 January 2020, respectively. All maps were annotated using QGIS.
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vary across tissues within the same organism (e.g., Yakovis et al., 2012).
The foot tissue of bivalves was selected and isolated for analysis. 

Muscle tissue is commonly used in animal stable isotope studies 
(Boecklen et al., 2011) and in bivalves (Yakovis et al., 2012). Although 
whole-body homogenates are more frequently used (Yakovis et al., 
2012), foot tissue avoids contamination from gut contents. Adductor 
muscles were excluded, as Yakovis et al. (2012) demonstrated that their 
isotopic composition can differ from that of the foot in the bivalve 
Modiolus modiolus. Moreover, as N. inaequisculpta is a very small animal, 
the adductor muscles could not be used alone due to their low biomass in 
individual specimens (ca. 0.3 mg mean), which was insufficient to 
support the three different isotopic analyses (2.6 mg was needed). Since 
the foot contained the pedal ganglia and part of the digestive system, 
these structures were carefully removed from all specimens to avoid 
contamination and ensure foot tissue homogeneity. The shell length of 
the analysed specimens ranged from 8.1 mm to 12.8 mm, with no sta
tistically significant differences among individuals from different sam
pling stations (one-way ANOVA: F4,45 = 2.21, p = 0.083; Table S3).

For the anemones, the body wall was dissected because it may be less 
prone to digestive contamination. Both internal and external sides of the 
body wall were carefully scraped with the non-cutting edge of a scalpel 
to prevent isotopic contamination from non-assimilated organic mate
rial and sediment resulting from the species’ burrowing behaviour. As 
with bivalve specimens, medium-sized individuals (3.0–9.4 cm) were 
deliberately selected to minimise potential size-related variability in 
isotopic composition. However, no strict statistical procedure was 
applied to define the size range in this case, as the measured lengths are 
typically not representative of the specimens' actual living dimensions 
due to contraction upon collection.

The cleaned foot of each bivalve (N = 50) and a 1 cm2 section of the 
body wall from each anemone (N = 45) were dried at 60 ◦C in an oven 
for 24 h and kept dry in a desiccator containing silica gel until encap
sulation. For δ13C and δ15N analyses, 0.3 mg of tissue per sample was 
weighed, while δ34S ones required 2 mg. Tin capsules of 3.3 × 5 mm 
(Lüdi Swiss; www.ludiswiss.com) were used for carbon and nitrogen 
measurements, and 5 × 8 mm capsules (Elemental Microanalysis; www. 
elementalmicroanalysis.com) were used for sulphur ones. A Mettler 
Toledo MX5 (www.mt.com) microbalance, with a sensitivity of 
0.001 mg, was used for this purpose.

2.4. Stable isotope analysis

All tin capsules for δ13C and δ15N measurements were combusted at 
900 ◦C and analysed using a continuous-flow isotope-ratio mass spec
trometer (Delta V Advantage coupled to FLASH IRMS, Thermo Scienti
fic; www.thermofisher.com) at the Centres Científics i Tecnològics of the 
Universitat de Barcelona (CCiT-UB). Their values were calibrated with a 
precision of ±0.3‰ using reference materials certified by the Interna
tional Atomic Energy Agency (IAEA; www.iaea.org) in Vienna (Austria) 
and by the United States Geological Survey (USGS; www.usgs.gov), 
along with additional internal standards. For δ13C measurements, these 
included polyethylene (IAEA-CH7, δ13C = − 32.15‰), caffeine (IAEA- 
600, δ13C = − 27.77‰; USGS62, δ13C = − 27.70‰), animal hair 
(UCGEMA-P, δ13C = − 21.08‰), shark collagen (UCGEMA-SC, 
δ13C = − 13.21‰), and fructose (δ13C = − 10.80‰). Similarly, δ15N 
values were calibrated using ammonium sulphate (IAEA-N1, δ15N =
+0.43‰), caffeine (IAEA-600, δ15N = +1.00‰; USGS62, δ15N =
+20.17‰), potassium nitrate (USGS34, δ15N = − 1.80‰), ammonium 
sulphate (USGS25, δ15N = − 30.41‰), animal hair (UCGEMA-P, δ15N =
+7.60‰), and shark collagen (UCGEMA-SC, δ15N = +12.40‰). All 
standards were used at the analyses’ beginning and end, and one of them 
was also included after every 12 to 16 samples to recalibrate the system 
and correct for instrumental drift. Acetanilide was added to each stan
dard run to control for elemental composition, enabling accurate 
calculation of the molar C:N ratio.

Regarding the δ34S measurements, tin capsules were combusted at 

1030 ◦C and analysed using another continuous-flow isotope-ratio mass 
spectrometer (Carlo Erba 1108 coupled to IRMS Delta Plus XP, Thermo 
Finnigan; www.thermofisher.com), also at the CCiT-UB. δ34S calibra
tion, with a precision of ±0.1‰, was based on an in-house barium sul
phate standard (YCEM, δ34S = +12.8‰), along with certified reference 
materials by IAEA: silver sulphide (IAEA-S2, δ34S = +22.7‰) and 
barium sulphate (IAEA-SO-5, δ34S = +0.5‰; IAEA-SO-6, 
δ34S = − 34.1‰). Vanadium pentoxide (V2O5) was added to each sam
ple to ensure the complete oxidation of sulphur compounds during 
combustion. It acts as a catalytic oxidising agent that facilitates the 
quantitative conversion of sulphur to sulphur dioxide for isotopic 
analysis. In this case, all standards were used after every 12 samples.

Raw isotopic values were corrected using linear regression models 
based on reference materials with known isotopic compositions 
(Skrzypek, 2013), allowing normalisation to international reference 
scales. Stable isotope abundances are expressed in δ notation (‰), rep
resenting the relative difference in isotope ratios between a sample and a 
standard (Vienna Pee Dee Belemnite for carbon; atmospheric N2 for 
nitrogen; and Vienna Canyon Diablo Troilite for sulphur), as follows: 

δjX (‰) =

[
(

jX/iX
)

sample
(

jX/iX
)

standard

− 1

]

× 1000 

where jX is the heavier isotope and iX is the lighter one in both the 
sample and the international reference standard (Bond and Hobson, 
2012).

Because lipids are depleted in 13C compared to proteins and carbo
hydrates, high lipid content can heterogeneously bias bulk δ13C values 
towards lower values (Bas and Cardona, 2018). Most C:N ratios in 
samples of both species exceeded the 3.5 threshold, which is considered 
indicative of substantial lipid content in tissues (Post et al., 2007). 
Therefore, the mathematical correction for aquatic organisms proposed 
by Post et al. (2007) was applied to all our δ13C data to estimate the 
lipid-normalised δ13C value for each sample on the basis of its C:N ratio, 
according to the following equation: 

δ13Cnormalised = δ13Cuntreated − 3.32 + 0.99 × C : N 

Specimens were stored in ethanol before stable isotope analysis, so 
possible preservation effects were considered. Ethanol storage has been 
reported to have negligible effects on δ15N and δ34S values of animal 
tissues, although it may occasionally slightly increase δ13C values 
(Javornik et al., 2019; Le Bourg et al., 2019). Given the small magnitude 
of this potential offset, no correction for ethanol preservation was 
applied. Nevertheless, δ13C comparisons with literature values should be 
interpreted with caution.

2.5. Data analysis

All statistical analyses were conducted using the free software 
package R (v4.5.1; R Core Team, 2025) with a significance level of 
α = 0.05 (Zar, 2010). No values were excluded from the analyses, as our 
dataset did not contain implausible measurements and we had no evi
dence of analytical errors.

To assess trends along the distance-to-glacier gradient, linear models 
were fitted separately for each fjord and species, using biological mea
surements (δ13C, δ15N, δ34S, and C:N ratios) as response variables, and 
distance from the current glacier terminus as a continuous fixed effect. 
The number of years since ice cover was excluded because it was 
collinear with distance from the glaciers, which better represents envi
ronmental gradients and thus aligns more closely with our objective 
regarding overall fjord trends. Shapiro-Wilk tests (Shapiro and Wilk, 
1965) and quantile-quantile (Q-Q) plots on residuals were used to test 
normality. Linearity was assessed using component-plus-residual plots 
(Fox, 1991), the inclusion of quadratic terms, and comparisons with 
generalised additive models. To evaluate potential intra-group 
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dependence, we calculated intraclass correlation coefficients (Shrout 
and Fleiss, 1979; Nakagawa and Schielzeth, 2010) and performed like
lihood ratio tests (LRT; Self and Liang, 1987) comparing models with 
and without random intercepts. When these tests indicated significant 
dependence, we fitted linear mixed-effects (LME) models with random 
intercepts for sampling station (Laird and Ware, 1982; Pinheiro and 
Bates, 2000). Homoscedasticity was evaluated using the Breusch-Pagan 
test (Breusch and Pagan, 1979) and visual inspection of residuals (Zuur 
et al., 2009). When heteroscedasticity across stations was detected, 
generalised least squares (GLS) were used, or variance structures were 
incorporated into LME models. Model selection was based on the cor
rected Akaike's Information Criterion (AICc; Burnham and Anderson, 
2004), selecting the one with the lowest AICc values (Zuur et al., 2009). 
This protocol was also followed for the examination of pairwise re
lationships among stable isotope and C:N ratios. For basic linear re
gressions, the coefficient of determination (R2) was calculated to assess 
model fit (Zar, 2010). The analyses were conducted with the packages 
nlme (Pinheiro and Bates, 2025), lmerTest (Kuznetsova et al., 2020), mgcv 
(Wood, 2025), performance (Lüdecke et al., 2025), car (Fox et al., 2024), 
and lmtest (Hothorn et al., 2022).

For all response variables, except δ13C in the bivalve, the models did 
not yield statistically significant distance effects. Thus, we further 
explored potential local spatial differences among stations using a cat
egorical approach. These analyses were conducted separately for each 

fjord and species, using the sampling station as the categorical factor (e. 
g., MC1–MC5) and biological variables (i.e., δ13C, δ15N, δ34S, and C:N 
ratios) as response factors. Specifically, one-way ANOVA was conducted 
when the assumptions of normality and homogeneity of variances were 
met (Zuur et al., 2010). In this case, homogeneity of variances among 
stations was tested using Levene's test (Gastwirth et al., 2009) and the 
residuals-versus-fitted-values plot (Zuur et al., 2009). When hetero
scedasticity was detected, Welch's ANOVA was applied instead, as it 
adjusts the F-test to account for differences in group variances (Welch, 
1951). Post-hoc pairwise comparisons were conducted to evaluate dif
ferences between groups, using Tukey's Honest Significant Difference 
(HSD) test (Tukey, 1949), or the Games-Howell test for heteroscedastic 
data (Games and Howell, 1976). These post-hoc comparisons also 
assessed the local influence of seabed morphology on the ecology and 
nutritional condition of the study species. The environmental data 
(fluorescence and dissolved oxygen) were also analysed using this 
approach, considering the sampling station as a categorical factor and 
each environmental variable as a response factor. Additionally, the ef
fect of depth on δ15N was evaluated separately for each species within 
each fjord using linear models, but no significant results were found. All 
these analyses were performed using the rstatix package (Kassambara, 
2025). No statistical comparisons were performed between fjords or 
between species at any stage of the analyses.

Fig. 2. Fluorescence and dissolved oxygen across Marian Cove and Sheldon Cove (WAP). Mean (±SE) values showing spatial variation in fluorescence (mg m− 3; A) 
and dissolved oxygen (mg L− 1; B) in Marian Cove, and fluorescence (C) and dissolved oxygen (D) in Sheldon Cove. Sampling stations (n = 6 per station) are ordered 
from the fjord mouth on the left (MC1/SC1) towards the glacier edge on the right (MC5/SC5), with the location of the submarine sills indicated (MC3/SC2). Different 
letters denote significant differences among stations. Y-axis scales differ among panels to allow clearer visualisation of spatial variation within each fjord.

P. Bardi-Puigdefàbregas et al.                                                                                                                                                                                                                Marine Environmental Research 220 (2026) 108123 

5 



3. Results

3.1. Fluorescence and dissolved oxygen variation within each fjord

In the land-terminating glacier regime of Marian Cove, fluorescence 
and dissolved oxygen both differed across stations (p < 0.001; Fig. 2A 
and B; Table S4), increasing away from the glacier. For example, fluo
rescence was significantly lower at the innermost station (MC5) than at 
all other stations. Dissolved oxygen showed lower concentrations at the 
inner stations (MC3–MC5) than at the outer stations (MC1–MC2).

Within the marine-terminating glacier regime of Sheldon Cove, 
fluorescence varied significantly as well (p < 0.001; Fig. 2C; Table S4), 
but in the opposite direction to that in Marian Cove. Values increased 
from the outermost to the innermost stations, indicating a progressive 
increase in fluorescence from the fjord mouth. Oxygen concentrations 
also differed markedly across stations (p < 0.001; Fig. 2D), reaching a 
maximum at the sill and being relatively elevated towards the glacier 
front.

3.2. Stable isotope and C:N ratios variation within each fjord

In Marian Cove, δ13C values in the bivalve (− 21.24‰ to − 18.70‰; 
Table 1) increased significantly with distance from the glacier 
(β = 0.145 km− 1, p = 0.001; Fig. S1), as indicated by a GLS model. This 
means that δ13C values progressively decreased towards the closest 
station to the glacier terminus. Despite overall variability being modest, 
station-wise differences were also significant (p = 0.025; Fig. 3A; 
Table S5), with MC3 being 13C-depleted compared to the outermost 
station (MC1). δ15N (6.29‰ to 9.68‰; Table 1) also varied across sta
tions (p < 0.001; Fig. 3B), without a clear pattern along the gradient. 
There were lower δ15N values at MC5 compared to MC1 and MC3 (sill), 
and higher values at the sill than at MC2. The mean at the sill was 
marginally higher than the heterogeneous MC4 (p = 0.062). δ34S values 
spanned a wide range (3.61‰ to 14.79‰; Table 1) and station-wise 
differences were also significant (p < 0.001; Fig. 3C), as bivalves at 
the sill and at MC5 were 34S-enriched compared to MC2. Finally, C:N 
ratios (3.41 to 4.29; Table 1) differed significantly among stations as 
well (p = 0.002; Fig. 3D), with higher values at the sill than at MC2 or 
MC4.

In Sheldon Cove, δ13C values in the sea anemone (− 20.33‰ to 
− 17.30‰; Table 1) varied markedly among stations (p < 0.001; Fig. 4A; 
Table S6), with higher values near the glacier front. Individuals at the 
innermost station (SC5) were significantly 13C-enriched compared to all 
other stations. SC2 (sill) showed higher δ13C values compared to SC3 
and SC4. δ15N values (9.00‰ to 12.85‰; Table 1) also showed spatial 
structuring (p < 0.001; Fig. 4B). Enrichment in 15N occurred at the sill 
relative to SC3, SC4, and SC5, while SC4 values were lower than SC1. 
δ34S ranged from 12.72‰ to 20.30‰ (Table 1) and differed across sta
tions as well (p = 0.025; Fig. 4C), with 34S enrichment at SC5 relative to 
SC3. Finally, C:N ratios (3.56 to 4.54; Table 1) showed no significant 
spatial variation (p = 0.755; Fig. 4D).

3.3. Bivariate relationships among biological variables in each species

In the bivalve, δ34S decreased with δ13C and showed a significant 
concave-down quadratic relationship (β1 = − 1.673, p1 < 0.001; 
β2 = − 0.637, p2 = 0.002; Fig. 5A). Additionally, δ15N increased with 
δ34S (LME: β = 0.192, p < 0.001). C:N ratios were positively associated 
with both δ15N (β = 0.083, p < 0.001, R2 = 0.22) and δ34S (GLS: 
β = 0.031, p < 0.001; Fig. 5B). In the anemone, δ15N increased with δ13C 
(GLS: β = 0.220, p = 0.005). δ34S increased both with δ13C (β = 0.777, 
p = 0.013, R2 = 0.13; Fig. 5C) and C:N ratios (β = 0.046, p = 0.010, 
R2 = 0.13; Fig. 5D). No other significant relationships among biological 
variables were detected in either species.

4. Discussion

Antarctic fjords show strong gradients in biota–environment in
teractions (e.g., see Zwerschke et al., 2022; Simmons et al., 2025). Here, 
we provide new evidence of stable isotope and C:N ratio variation in 
shallow-shelf soft-bottom invertebrates within Antarctic 
glacier-influenced fjords. In Marian Cove, the decreasing pattern in δ13C 
that we found in the bivalve Nuculana inaequisculpta towards the glacier 
terminus may reflect environmental conditions associated with surface 
meltwater discharge. Such run-off from a land-terminating glacier could 
reduce primary production near the glacier front (Kim et al., 2021). In 
Sheldon Cove, the sea anemone Edwardsia sp. displayed the highest δ13C 
values near the glacier terminus. This trend may be linked to subsurface 
meltwater input from the marine-terminating glacier, which could 
promote phytoplankton growth in the inner fjord (Jones et al., 2023). 
Thus, glacier configuration may indirectly shape isotopic responses by 
influencing where meltwater enters the fjord and where primary pro
duction is enhanced. By contrast, δ15N, δ34S, and C:N ratios appear to be 
driven by the feeding strategy and local conditions such as seabed 
morphology.

4.1. Stable isotope comparison in an Antarctic context

Station MC4 served as our reference in Marian Cove, as it lies far 
from direct bloom and sill influence and is not adjacent to the glacier. 
There, Nuculana inaequisculpta exhibited intermediate δ13C and C:N ra
tios compared with previous data of Antarctic bivalves (Dunton, 2001; 
Corbisier et al., 2004; Mincks et al., 2008, Table 2). Its δ15N values were 
similar to those of the protobranch Aequiyoldia eightsii (Corbisier et al., 
2010; Pasotti et al., 2015b), and both were higher than those typically 
reported for Antarctic non-protobranch bivalves (Mincks et al., 2008; 
Michel et al., 2019; Alurralde et al., 2020). This likely reflects the 
deposit-feeding strategy of protobranchs, as sedimentary organic matter 
has undergone microbial processing, resulting in higher δ15N values 
than those of the fresh phytoplankton used by suspension-feeding bi
valves (Iken et al., 2001). An elevated δ15N baseline in Marian Cove 
(discussed below) may have also contributed to the observed mean. δ34S 
values of N. inaequisculpta were lower than those reported in the only 

Table 1 
Mean (±SD) stable isotope and C:N ratios from each of the five sampling stations (n = 10) along Marian Cove (MC) and Sheldon Cove (SC), WAP. MC1/ 
SC1 = outermost; MC5/SC5 = innermost.

Species Station δ13C (‰) δ15N (‰) δ34S (‰) C:N ratio

Nuculana inaequisculpta MC1 − 19.59 ± 0.30 8.35 ± 1.05 9.36 ± 3.53 3.90 ± 0.20
MC2 − 19.84 ± 0.18 7.52 ± 0.57 5.78 ± 0.40 3.74 ± 0.06
MC3 − 20.02 ± 0.23 8.94 ± 0.67 10.84 ± 1.54 4.02 ± 0.15
MC4 − 19.87 ± 0.68 7.94 ± 1.02 9.33 ± 4.29 3.80 ± 0.18
MC5 − 20.13 ± 0.65 7.28 ± 0.64 9.96 ± 0.96 3.84 ± 0.12

Edwardsia sp. SC1 − 19.47 ± 0.55 11.06 ± 0.66 16.38 ± 2.92 4.07 ± 0.30
SC2 − 19.34 ± 0.40 11.72 ± 1.03 17.38 ± 0.69 4.03 ± 0.22
SC3 − 20.00 ± 0.29 10.07 ± 0.60 15.29 ± 1.39 4.01 ± 0.16
SC4 − 19.92 ± 0.23 9.97 ± 0.61 17.20 ± 1.89 4.11 ± 0.15
SC5 − 18.00 ± 0.49 10.60 ± 0.28 17.52 ± 1.52 3.99 ± 0.28
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other δ34S study available for Antarctic non-protobranch bivalves 
(Michel et al., 2019). The low δ34S observed is consistent with its 
deposit-feeding habit and the contribution of suboxic sedimentary 
sources (see below).

The outermost station of Sheldon Cove served as our reference for 
Edwardsia sp., being far from direct bloom, sill and glacier influence. 
There, its δ13C and C:N ratios fell within the variability reported for 
other Antarctic anthozoans (Dunton, 2001; Mincks et al., 2008; Gillies 
et al., 2012, Table 3). Edwardsia sp. exhibited relatively high δ15N values 
(Mincks et al., 2008; Gillies et al., 2013), which may be linked to the 
high nitrogen baseline expected in glacier-influenced fjords (see below). 
To the best of our knowledge, this study provides the second δ34S record 
for Antarctic anthozoans, the previous one being lower (Michel et al., 
2019). These relatively low δ34S values are consistent with sulphur 
sources linked to the water column (Silva and Vargas, 2014; Björk et al., 
2017). Edwardsia sp. typically feeds on material derived from the water 
column, where the sulphur pool is more oxidised and enriched in 34S 
(Daly et al., 2012; Szpak and Buckley, 2020).

4.2. Ecological trends across glacier-influence gradients

In Marian Cove, the lower fluorescence observed near the glacier 
front and the increasing trend toward the outer stations are consistent 
with the physical and biogeochemical characteristics of a land- 
terminating glacier system. Here, meltwater is discharged directly at 
the surface, producing a highly turbid plume that stratifies the water 

column, limits light penetration, and dilutes surface nutrient concen
trations, thereby constraining phytoplankton growth near the glacier 
(Holding et al., 2019; Kim et al., 2021; Demidov et al., 2023; Jones et al., 
2023; Hoshiba et al., 2024). In Sheldon Cove, fluorescence was highest 
near the glacier, where meltwater inflow occurs at depth rather than at 
the surface. This deep input entrains nutrient-rich waters upward, 
alleviating nutrient limitation and stimulating phytoplankton growth 
near the glacier front (Jones et al., 2023).

Data from such research cruises provide only a limited snapshot of 
fluorescence, whereas the isotopic signal in the study species offers a 
more reliable, time-integrated record, since their tissues' turnover may 
occur over weeks to months (Vander Zanden et al., 2015). Within each 
fjord, δ13C variation aligned with the local productivity pattern 
observed along the transect. In Marian Cove, the bivalve exhibited an 
increase in δ13C values toward the fjord mouth, where the fluorescence 
was maximum. Lee et al. (2025) also worked in Marian Cove but re
ported a 13C enrichment near the glacier based on intertidal samples, 
possibly reflecting depth-related differences in food availability. In 
Sheldon Cove, the sea anemone showed the highest δ13C values at the 
innermost site, adjacent to the glacier front. This also aligns with the 
higher fluorescence concentrations near the glacier edge. Therefore, 
these high δ13C values were likely driven by the strong phytoplankton 
blooms. Rapid CO2 uptake can cause 13C local depletion, driving 
phytoplankton to use bicarbonate (HCO3

− ) instead, which is 
13C-enriched (Rau et al., 1989). This shift raises δ13C values in primary 
producers and, consequently, in benthic consumers (Bae et al., 2021; Lee 

Fig. 3. Stable isotope and C:N ratios of the bivalve Nuculana inaequisculpta across the land-terminating glacier of Marian Cove (WAP). Violin plots with embedded 
boxplots and means (points) show spatial variation in δ13C (A), δ15N (B), δ34S (C), and C:N ratios (D) across five sampling stations (n = 10). These stations were 
arranged along a glacier-influence gradient, from MC1 (furthest from the glacier) on the left to MC5 (closest to the glacier) on the right, including MC3 (near a 
submarine sill). Different letters indicate significant differences among stations. * For δ13C, a GLS model revealed a significant positive relationship with distance 
from the glacier front (β = 0.145, p = 0.001).
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et al., 2025).
The low δ13C values near the glacier front in our studied bivalve 

species from Marian Cove are contrary to the pattern found so far in 
Antarctic fjords (Alurralde et al., 2020; Jędruch et al., 2025; Lee et al., 
2025). Reduced primary productivity driven by sediment-laden runoff 
from melting land-terminating glaciers along the WAP may counteract 
the negative climate feedback associated with the formation of new 
ice-free habitats (Alurralde et al., 2019). Together, our results suggest 
that the environmental setting associated with the glacier configuration 
may influence the spatial patterns of phytoplankton biomass and, 
consequently, the carbon sources supporting benthic food webs within 
each fjord. Spatial δ13C variability in benthic fauna within 
glacier-influenced fjords is here suggested to result from phytoplankton 
primary production rather than solely from a spatial gradient linked to 
glacier proximity.

Bottom-water dissolved oxygen provides additional context for 
interpreting the benthic isotopic signals. In Marian Cove, lower oxygen 
values near the land-terminating glacier are consistent with a more 
stratified, meltwater-influenced environment, where surface freshwater 
input limits vertical exchange (Kim et al., 2021; Jones et al., 2023). In 
Sheldon Cove, bottom-water dissolved oxygen was relatively elevated 
towards the marine-terminating glacier, likely because subsurface 
meltwater discharge drives buoyant plume circulation near the glacier 
face (Straneo and Cenedese, 2015; Jones et al., 2023) and active 
phytoplankton blooms supply oxygen to surface waters.

The lack of a consistent pattern in the nitrogen stable isotope ratio 
with distance from the glaciers aligns with previous findings (Alurralde 

et al., 2020; Lee et al., 2025). Jędruch et al. (2025) documented higher 
δ15N values from glacier-adjacent stations, but attributed the enrich
ment to the influence of nearby penguin rookeries in Admiralty Bay 
(King George Island, South Shetland Islands, WAP). Trophic levels may 
have varied due to local factors such as the presence of submarine sills, 
as we discuss later. There was also no consistent trend in δ34S values 
along the distance gradients from the glacier edges, which is also in 
agreement with previous reports (Jędruch et al., 2025). In fjords, sub
oxic conditions are pervasive throughout the sedimentary environment 
(Silva and Vargas, 2014; Björk et al., 2017). Moreover, δ34S values could 
have been influenced by individuals' reliance on sedimentary food 
sources. Consequently, a spatially heterogeneous pattern emerges, 
driven by local and individual variations in these factors. Similarly, no 
clear trends were detected in C:N ratios (Jędruch et al., 2025), as the 
nutritional condition was partially constrained by the reliance on 
feeding sources from the suboxic sediment (see below).

4.3. Patterns of δ15N and δ34S for trophic complexity and environmental 
features

Before interpreting δ15N variability as evidence of trophic differ
ences, it is important to consider that δ15N values may also reflect 
variation in the isotopic baseline. The δ15N composition of 
phytoplankton-derived food sources can vary according to the nitrogen 
source assimilated by phytoplankton, because nitrate and ammonium 
uptake involve different isotope effects (Waser et al., 1998). This is 
particularly relevant in Southern Ocean systems, where phytoplankton 

Fig. 4. Stable isotope and C:N ratios of the sea anemone Edwardsia sp. across the marine-terminating glacier of Sheldon Cove (WAP). Violin plots with embedded 
boxplots and means (points) show spatial variation in δ13C (A), δ15N (B), δ34S (C), and C:N ratios (D) across five sampling stations (n = 10). These stations were 
arranged along a glacier-influence gradient, from SC1 (furthest from the glacier) on the left to SC5 (closest to the glacier) on the right, including SC2 (near a 
submarine sill). Different letters indicate significant differences among stations.
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nitrogen uptake can shift from nitrate-based to ammonium-based pro
duction and ammonium may become an important nitrogen source even 
when nitrate remains available (Goeyens et al., 1995). Such baseline 

differences may propagate through the food web, influencing δ15N 
values in benthic consumers.

N. inaequisculpta showed substantial δ15N variability both within 

Fig. 5. Stable isotope and C:N ratio relationships in the study species. Quadratic relationship between δ34S and δ13C (A) and linear relationship between C:N ratio 
and δ34S (B) in the bivalve Nuculana inaequisculpta from the land-terminating glacier of Marian Cove (N = 50). Linear relationship between δ34S and δ13C (C) and 
between C:N ratio and δ34S (D) in the sea anemone Edwardsia sp. from the marine-terminating glacier of Sheldon Cove (N = 45). Each point represents an individual. 
Black lines indicate model fits and shaded areas denote 95% confidence intervals.

Table 2 
Mean stable isotope and C:N ratios reported in Antarctic bivalve species. EA: East Antarctica; KGI: King George Island; WAP: Western Antarctic Peninsula.

Species Location δ13C (‰) δ15N (‰) δ34S (‰) C:N ratio Reference

Aequiyoldia eightsii (Protobranchia) KGI, WAP − 10.0 7.0 ​ ​ Corbisier et al. (2010)
KGI, WAP − 12.3 7.5 ​ ​ Corbisier et al. (2010)
KGI, WAP − 11.8 ± 0.8 8.8 ± 0.4 ​ ​ Pasotti et al. (2015b)
KGI, WAP − 18.0 ± 2.9 ​ ​ ​ Corbisier et al. (2004)
Anvers Island, WAP − 17.5 ± 0.7 6.7 ± 0.2 ​ 4.6 Dunton (2001)

Nuculana inaequisculpta(Protobranchia) KGI, WAP − 19.9 ± 0.7 7.9 ± 1.0 9.3 ± 4.3 3.8 ± 0.2 This study (MC4)
Adamussium colbecki Adélie Land, EA − 19.5 ± 0.6 4.5 ± 0.3 14.6 ± 0.9 ​ Michel et al. (2019)

Princess Elizabeth Land, EA − 19.7 ± 0.2 6.8 ± 0.3 ​ ​ Gillies et al. (2013)
Wilkes Land, EA − 17.7 ± 0.3 5.9 ± 0.2 ​ ​ Gillies et al. (2012)

Laternula elliptica KGI, WAP − 23.9 2.7 ​ ​ Corbisier et al. (2010)
KGI, WAP − 23.4 3.3 ​ ​ Corbisier et al. (2010)
KGI, WAP − 23.0 ± 0.1 3.4 ± 0.4 ​ 4.1 ± 0.1 Alurralde et al. (2020)
KGI, WAP − 26.7 ± 0.1 ​ ​ ​ Corbisier et al. (2004)
Anvers Island, WAP − 23.2 ± 0.8 5.7 ± 0.6 ​ 5.6 ± 0.4 Dunton (2001)
Adélie Land, EA − 22.4 ± 1.5 4.4 ± 0.5 15.4 ± 0.6 ​ Michel et al. (2019)
Princess Elizabeth Land, EA − 19.7 ± 0.4 6.8 ± 0.3 ​ ​ Gillies et al. (2013)
Wilkes Land, EA − 16.6 ± 0.2 6.4 ± 0.2 ​ ​ Gillies et al. (2012)

Limopsis marionensis Anvers Island, WAP − 21.9 ± 0.1 10.1 ± 0.1 ​ 3.3 ± 0.0 Mincks et al. (2008)
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stations and along the Marian Cove transect. Although variability in the 
δ15N values of N. inaequisculpta might result from differences in baseline, 
the heterogeneity reported here within the same population suggests the 
presence of two distinct trophic strategies. Although most protobranchs 
have been traditionally considered deposit feeders, Zardus (2002) pro
posed that specialised gill function in nuculanaceans may enable a 
greater reliance on filter feeding compared to other protobranchs. This 
hypothesis is further supported by the high δ34S variability observed 
within Marian Cove stations, as the filter-feeding strategy of some in
dividuals would facilitate the incorporation of sulphur from the water 
column, thereby avoiding sedimentary sources in fjord suboxic condi
tions. A. eightsii is another protobranch known for its flexible feeding 
strategy, typically using deposit feeding but facultatively switching to 
filter feeding when phytoplankton becomes more available in the water 
column (Davenport, 1988). N. inaequisculpta may also adopt a flexible 
strategy, depending on local food availability, that involves both deposit 
and filter feeding. That versatility could be ecologically advantageous in 
Antarctic glacier-influenced environments, where sedimentation and 
phytoplankton inputs are pivotal biological drivers (Alderkamp et al., 
2012).

In the studied fjord environments, δ34S values were markedly lower 
than the typical marine sulphate signature (ca. 21‰; Markovic et al., 
2015). This suggests sediment-intense dissimilatory sulphate reduction 
and suboxic conditions (Fry et al., 1986; Raoult et al., 2024). There, the 
accumulation of glacially derived and other fjord sediments, along with 
phytoplanktonic debris, could increase oxygen demand (Silva and Var
gas, 2014; Björk et al., 2017). Together with the deep depths, strong 
stratification, low bioturbation, and the restricted water exchange 
typical of semi-enclosed environments, these conditions may contribute 
to suboxia in both fjords (Silva and Vargas, 2014; Björk et al., 2017). 
Their seabed is thus consistent with the activity of sulphate-reducing 
bacteria (SRB), which typically inhabit suboxic to anoxic and organi
cally enriched sediments (Muyzer and Stams, 2008). These SRB prefer
entially reduce 32S and their anaerobic respiration results in the 
production of 34S-depleted hydrogen sulphide (H2S; Canfield, 2001). 
Importantly, bottom-water dissolved oxygen reflects water-column 
ventilation and does not necessarily indicate the redox state of the un
derlying sediments, where oxygen demand from organic matter degra
dation can produce suboxic conditions even beneath well-oxygenated 
water.

Suboxic conditions at the bottom of the water column and in the 
sediments may have contributed to elevated baseline δ15N values in 
these glacier-influenced fjords. High δ15N baselines are typically asso
ciated with intense nitrogen recycling processes (Hoefs, 2021; Fraser 
et al., 2024). Here, the sedimentary accumulation of H2S and low oxy
gen conditions favour denitrifying bacteria (Pratihary et al., 2023). 

Denitrification preferentially removes the lighter nitrogen isotope (14N), 
leading to the accumulation of 15N in the remaining nitrate pool 
(Altabet, 2007). Although denitrification occurs under suboxic condi
tions in the water column and the benthos, vertical mixing redistributes 
the enriched nitrate throughout the system. Consequently, new super
ficial primary producers incorporate nitrate that is already enriched in 
15N, increasing nitrogen stable isotope ratios at the base of the food web. 
This mechanism is consistent with previous findings, as phytoplankton 
15N values in glacier-influenced fjords (ca. 6‰; Lee et al., 2025) are 
notably higher than those in non-glacial areas such as Fildes Bay (King 
George Island; ca. 2‰; Cardona et al., 2021).

4.4. Individual-level relationships between biological variables

δ13C–δ34S relationships at the individual level provided additional 
insights into how different glacier-driven changes in primary production 
may affect benthic organisms. In the bivalve, the concave-down 
δ13C–δ34S trend suggests higher sedimentary suboxia at stations 
closest to the influence of the phytoplankton bloom. The observed 
pattern likely indicates that only strong phytoplankton blooms are suf
ficient to change the sediment suboxic conditions. Moderate phyto
plankton inputs may lead to 13C enrichment without strongly affecting 
sulphur cycling, but intense blooms can deplete oxygen, stimulate SRB 
activity, and yield isotopically lighter sulphur in deposit feeders 
(Canfield, 2001).

In the anemone, the positive δ13C–δ34S relationship suggests reduced 
reliance on suboxic sedimentary food and greater use of water-column 
prey near glacier blooms. Thus, anemones may benefit from bloom- 
driven food pulses by directly capturing pelagic material, avoiding 
suboxic sediments (Daly et al., 2012). Such flexibility highlights their 
ability as suspension feeders to exploit transient pelagic inputs gener
ated by glacier-driven blooms. These results suggest that resilience to 
climate-driven changes in fjord productivity and oxygen dynamics may 
depend, at least in part, on the main feeding strategy of each benthic 
species. This interpretation is further reinforced by the positive 
δ13C–δ15N relationship found in the anemone, indicating that in
dividuals feeding near the bloom also occupy higher trophic positions.

Moreover, the positive relationship between δ34S and C:N ratios at 
the individual level in both taxa suggests that higher carbon content was 
associated with a lower reliance on sediment organic matter and a 
greater contribution from water-column sources. Beyond sediment 
suboxia coupled with oxygen consumption by SRB, an additional 
mechanism explaining this strong linkage may involve competition for 
organic matter between SRB and benthic invertebrates when they feed 
on sediment. SRB also produce sulphide, a compound highly toxic to 
animals (Levin et al., 2009; Vaquer-Sunyer and Duarte, 2010). In 

Table 3 
Mean stable isotope and C:N ratios reported in Antarctic anthozoan species. EA: East Antarctica; KGI: King George Island; WAP: Western Antarctic Peninsula.

Species Location δ13C (‰) δ15N (‰) δ34S (‰) C:N ratio Reference

Artemidactis victrix (Actiniaria) Princess Elizabeth Land, EA − 16.0 ± 0.5 12.0 ± 0.7 ​ ​ Gillies et al. (2013)
Edwardsia sp. (Actiniaria) KGI, WAP − 19.5 ± 0.6 11.1 ± 0.7 16.4 ± 2.9 4.1 ± 0.3 This study (outermost station)
Hormathia lacunifera(Actiniaria) Anvers Island, WAP − 22.2 ± 0.2 8.9 ± 0.2 ​ 3.1 ± 0.3 Mincks et al. (2008)
Isosicyonis alba (Actiniaria) Anvers Island, WAP − 26.5 ± 0.5 8.3 ± 0.4 ​ 4.5 ± 0.2 Mincks et al. (2008)
Isotealia antarctica (Actiniaria) Princess Elizabeth Land, EA − 17.1 12.8 ​ ​ Gillies et al. (2013)

Adélie Land, EA − 16.2 ± 1.2 10.7 ± 0.8 − 11.8 ± 1.5 ​ Michel et al. (2019)
Stomphia selaginella (Actiniaria) Princess Elizabeth Land, EA − 17.2 ± 1.0 11.6 ± 0.9 ​ ​ Gillies et al. (2013)
Urticinopsis antarctica (Actiniaria) Princess Elizabeth Land, EA − 15.6 ± 1.4 11.5 ± 1.0 ​ ​ Gillies et al. (2013)

Wilkes Land, EA − 15.1 ± 0.4 10.6 ± 0.1 ​ ​ Gillies et al. (2012)
Not specified (Actiniaria) KGI, WAP − 26.5 ​ ​ ​ Corbisier et al. (2004)
Anthomastus bathyproctus KGI, WAP − 23.8 ± 0.6 4.2 ± 0.3 ​ ​ Elias-Piera (2015)
Malacobelemnon daytoni KGI, WAP − 22.6 ± 0.3 7.1 ± 0.2 ​ ​ Pasotti et al. (2015b)

KGI, WAP − 25.0 ± 0.3 6.9 ± 0.2 ​ 4.3 ± 0.0 Alurralde et al. (2020)
Pennatulacea sp. Princess Elizabeth Land, EA − 20.8 ± 0.4 8.8 ± 0.6 ​ ​ Gillies et al. (2013)
Primnoisis sp. KGI, WAP − 17.9 9.5 ​ ​ Elias-Piera (2015)
Not specified Bransfield Strait − 26.3 5.8 ​ ​ Elias-Piera (2015)

Anvers Island, WAP − 24.5 ± 0.3 6.0 ± 0.1 ​ 5.8 Dunton (2001)
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parallel, for the bivalve, δ15N is positively related to both δ34S and C:N 
ratios, indicating that lower sediment reliance and higher nutritional 
condition is associated with a higher trophic level.

4.5. Influence of seabed morphology on ecology and nutritional condition

Spatial variability in δ15N, δ34S, and C:N ratios appears to be pri
marily driven by local habitat conditions, with seabed morphology as 
one possible factor. Bathymetric surveys revealed prominent underwa
ter sills within the fjord transects in both Marian Cove and Sheldon Cove 
(Sands et al., 2018), located at 107 m and 175 m depth, respectively. In 
the case of the bivalve, the sill-associated station in Marian Cove (MC3) 
exhibited higher C:N ratios compared to both adjacent stations. In 
addition, δ15N and δ34S values were higher than in one neighbouring 
station, although not relative to the other, where these isotopic variables 
were highly heterogeneous (in the case of δ15N, there was a marginal 
difference). The δ34S pattern suggests that the sill enhances water 
renewal and, therefore, promotes the filter-feeding strategy in the 
bivalve. The elevated δ15N values further indicate that bivalve in
dividuals at this location might be exploiting prey at a higher trophic 
level. Those differences are unlikely to result from differences in the 
baseline, since all the stations are below the photic zone and therefore 
do not integrate primary production generated locally at the benthic 
sampling sites. Moreover, Antarctic phytoplankton aggregates and 
zooplankton faecal pellets sink rapidly (Asper and Smith, 2003; Pauli 
et al., 2021). Given the relatively shallow depth of the sills, 
phytoplankton-derived organic matter could reach the benthos within 
hours to less than a day, making substantial δ15N alteration during 
vertical transit unlikely. Both shifts may partially explain the observed 
improvement in nutritional condition. Supporting this, Bascur et al. 
(2020) reported that N. inaequisculpta individuals of similar size at the 
sill station had nearly twice the soft tissue biomass compared to the 
others, and indicated that the sill could also act as a food retainer.

In Sheldon Cove, the sill at SC2 increased the δ15N values in the 
anemone compared with those at a neighbouring station. Notably, SC2 
also corresponds to the peak of dissolved oxygen concentrations within 
the fjord, suggesting relatively more ventilated near-bottom conditions 
at the sill. However, the trophic shift did not appear to translate into 
improved nutritional condition, as indicated by the constancy of C:N 
ratios. These findings indicate that the ecological effects of seabed 
morphology are context-dependent and could be shaped by local envi
ronmental conditions and species-specific biology.

4.6. Limitations of the study and future perspectives

This study has some limitations to consider when interpreting the 
results. First, potential food sources were not directly sampled, limiting 
our ability to explicitly link consumer isotopic signals with those of their 
potential prey. Second, the number of specimens per station was limited. 
Considering our sampling depths and the benthic patchy distribution 
observed in WAP glacier-influenced fjords (Pasotti et al., 2015a), ana
lysing a larger sampling size of the same species across the entire fjord 
transect would be highly challenging. Despite this constraint, the 
number of specimens we used was sufficient to detect strong patterns 
and achieve the objectives.

Our work provides a baseline linking 13C enrichment in polar benthic 
invertebrates to phytoplankton blooms in glacier-influenced fjords. 
Further analyses across other fjords along the WAP, encompassing 
additional taxa and feeding strategies, would provide valuable 
comparative insights. From this baseline, more integrative food-web 
studies could be conducted to elucidate how these species interact in 
recently deglaciated habitats. Future work could also aim to establish 
temporal isotopic datasets to track ecological responses over time. Such 
long-term observations would strengthen our ability to evaluate 
ecosystem trajectories and detect gradual shifts in benthic functioning as 
Antarctic glaciers continue to retreat. Additionally, reproductive traits 

in benthic invertebrates (e.g., gonad development, fecundity, egg size; 
Lau et al., 2018) could be studied across glacier-influenced fjords. Such 
approaches may help to determine whether the likely food scarcity near 
glacier fronts (e.g., in Marian Cove) limits reproductive output.

5. Conclusion

This study provides some of the first evidence of stable isotope 
variation in benthic fauna along Antarctic glacier-influenced fjords. δ13C 
tracked local phytoplankton productivity rather than simple proximity 
to the glacier within each fjord studied, pointing to primary production 
(and the environmental conditions that govern it) as the proximate 
driver of carbon signals in benthic consumers. δ15N, δ34S and C:N ratios 
responded instead to finer-scale heterogeneity. Among local modulators, 
submarine sills stood out as geomorphological features associated with 
shifts in nutritional condition in the bivalve and in trophic level in the 
anemone. Low δ34S values in both species further indicate that suboxic 
sediments are a pervasive feature of these glacier-influenced fjords, with 
potential consequences for baseline δ15N and for consumer nutritional 
condition.

Beyond the specific patterns, two broader implications emerge. First, 
our results challenge the assumption that newly deglaciated fjord areas 
act as straightforward contributors to a negative climate change feed
back in Antarctic benthic systems. Where surface meltwater suppresses 
primary production, the delivery of organic matter to the seafloor may 
be reduced, as reflected in the δ13C signal of the bivalve near the land- 
terminating glacier at Marian Cove. Thus, the role of newly ice-free 
areas as carbon sinks likely depends on glacier configuration and asso
ciated meltwater dynamics. Second, δ34S proves to be a particularly 
informative tracer in Antarctic benthic habitats, valuable both as a proxy 
for comparing sediment redox conditions and as a marker of baseline 
shifts affecting other isotopes. Future studies could also explore food 
webs, long-term variability, and reproductive effects, thereby com
plementing our work on how benthic invertebrates are influenced by 
modified ecosystem functioning under continued Antarctic glacier 
retreat.
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Pienkowski, A., Retallick, K., Román-González, A., Scourse, J.D., Sheen, K., 
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