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A B S T R A C T

We examined the effect of glacial melt-related retreat environmental conditions on the spatial heterogeneity of
food sources for Antarctic nearshore marine benthic communities of Potter Cove, a representative fjord on King
George Island on the West Antarctic Peninsula. Focusing on Antarctic suspension feeders, we surveyed the
variation of carbon (δ13C) and nitrogen (δ15N) stable isotopes in three different stations with contrasting
characteristics in terms of glacier-sedimentary regimes and distance from the glacier. Bayesian mixing models
were used to estimate the relative contribution of eight potential food sources at the study sites and to the
consumers' diet. The isotopically signatures of suspension feeders displayed a broad range of assimilate available
food sources with distinct contributions at each site. Overall, for most of the suspension feeders analysed,
contributions of suspended particulate matter and macroalgae detritus tended to prevail over the rest of the
potential food sources. Additionally, we confirm the assimilation of krill faeces by benthic organisms reinforcing
its relevance as food source in nearshore Antarctic ecosystems. Mixing models corroborated the influence of
glacier discharge on the spatial distribution of available food sources, since their contribution in the suspension
feeders diet was different and more heterogeneous in the internal stations (ice-proximal zone) than in the ex-
ternal one (ice-distal zone). The analysis of isotopic signatures of primary benthic consumers (suspension fee-
ders) indicated the spatial heterogeneity of food sources and its composition in coastal Antarctic nearshore, as
consequence of the glacial influence on the local environment and hydrology.

1. Introduction

Where an animal gets its food and how energy (carbon) moves
within and among habitat patches are key aspects to understand eco-
system functioning. According to recent Antarctic studies, nearshore
benthic communities don’t rely that much on seasonal phytoplankton
pulses, but on multiple primary food sources (Corbisier et al., 2004;
Norkko et al., 2007; Gillies et al., 2013; Pasotti et al., 2015; Alurralde
et al., 2019; Zenteno et al., 2019). The existence of multiple supplies
would be key for the stability of benthic communities (Lawton, 1994) in
the face of ongoing coastal environmental disturbances (Gutt et al.,
2015; Sahade et al., 2015), nevertheless the community structure is
influenced largely by composition and amount of available energy
sources (Jansen et al., 2018a,b). The focus of those studies, not always
account for the complexity inherent to systems highly influenced by a
wide array of abiotic factors that determine spatial and temporal

variation of energy sources. Thus, the access to various energy sources
might turn Antarctic nearshore benthic communities vulnerable, as the
animals could be spatially segregated from the ultimate autotrophic
source on which they rely (Guest et al., 2004; Zenteno et al., 2019).
Environmental and physico-chemical conditions in Antarctic coastal
waters are strongly shaped by glacier meltwater discharge (Gutt et al.,
2015; Meredith et al., 2018), which influence photosynthetic activity
(Schloss et al., 1997, 2002) and the availability of inorganic carbon and
nitrogen sources (Jerosch et al., 2018). For instance, the retreat of ti-
dewater glaciers and the ice cover in the Western Antarctic Peninsula
(WAP) (Cook et al., 2005; Vaughan, 2006) have set new environmental
features like summer meltwater run-off carrying high particle loads into
the coastal area (Schloss et al., 2012; Bers et al., 2013; Monien et al.,
2017). Variable water retention times and stratification due to the ad-
dition of summer meltwater, combined with the patchy addition of
continental meltwaters and sediment plumes, may dilute the
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availability of food sources or at least, influence the spatial distribution
of it (Corbisier et al., 2004; Norkko et al., 2007; Gillies et al., 2012).
King George Island, the largest of the South Shetland Islands in the
north of the WAP, is strongly affected by ice cover lost (Rückamp et al.,
2011) with high glacial sediment-laden meltwater run-off, reaching the
coastal areas around the island (Meredith et al., 2018). Potter Cove is a
small fjord in the southwestern end of the island that opens into Max-
well Bay and it is surrounded in its northern-east part by the Fourcade
Glacier. Local differences between the inner and outer part of the fjord,
as well as between surface and deeper waters, have become a clear
feature for spring/summer season in the last 20 years as a response to
the influence of the Fourcade Glacier and wind stress (Schloss et al.,
2012; Jerosch et al., 2018). These variables force the structure of the
water column via stabilization (decreasing salinity) and destabilization
(mixing) processes and influence suspended particulate matter (SPM)
concentration in surface waters of the inner cove. Both factors seem to
control phytoplankton biomass accumulation and light limitation for
phytoplankton photosynthesis (Schloss et al., 1997; Schloss et al.,
2002). Furthermore, it has been suggested that different glacier retreat-
related history in the inner part of the fjord, have shaped the isotopic
niches of benthic fauna (Pasotti et al., 2015). The abundant and diverse
benthic communities of Potter Cove (Sahade et al., 2015; Lagger et al.,
2017) would therefore be supported by a diverse array of food sources
(Pasotti et al., 2015; Alurralde et al., 2019). Nevertheless, producers
and consumers in patches under different glacial influence (i.e. sedi-
mentation regimes) are likely to have different food sources as a con-
sequence of environmental heterogeneity. The benthic communities in
Potter Cove are dominated by suspension feeders such as hydrozoans,
corals, glass sponges and ascidians (Sahade et al., 2015). This functional
group gathers a diverse array of marine heterotrophic species that feed
on particles suspended in the water column (Dame et al., 2001),
throughout different feeding modes (Riisgård and Larsen, 2010). Within
suspension feeders, filter feeders denote a specialised set of animals that

use filtering structures (e.g. mucus nets, setae, rakes) to retain particles
with different efficiency depending on size and shape (Riisgård and
Larsen, 2010). It is possible that the spatial variability in food sources
explain the abundance and high turnover of suspension feeders species
within the fjord. In order to assess food sources nourishing the benthos
and to determine if melt-related retreat environmental conditions de-
fines any spatial heterogeneity of these sources, we used carbon (δ13C)
and nitrogen (δ15N) stable isotopes analysis. We focused on Antarctic
suspension feeders as a functional group but also to filter feeders as a
particular group within it, because they are dominant representatives in
the study site (Sahade et al., 2015; Lagger et al., 2018). Suspension
feeders allow to revealing small-scale spatial isotopic variation, even
within one homogeneous habitat, spread over a few hundred meters
(Dubois et al., 2007; Dubois and Colombo, 2014). They are known to
show no significant interannual differences and mirror well the isotopic
signatures of the water column production (Mincks et al., 2008; Hyndes
et al., 2013). In this work we refer to suspension feeders as animals that
share the same energetic source (food), while filter feeders is limited to
a sub-group of suspension feeders with specific active capture me-
chanisms. This study aimed at characterizing the available summer
food sources for suspension/filter feeders along a glacial influence
gradient in Potter Cove by assessing: (1) spatial patterns, if any, in the
δ13C and the δ15N of suspension feeders subjected to different sedi-
mentation regimes; and (2) how these changes are linked to the relative
importance of run-off inputs from melting glaciers. We assumed that
suspension feeders may vary in their isotopic signatures over small
scales due to the availability of different food sources amongst patches.
Thus, we hypothesised that the isotopic signature of suspension feeders
will vary with respect to a gradient of sediment concentration at dif-
ferent distances from the front of the glacier and as such be good in-
dicators of environmental change.

Fig. 1. Map of the study area showing the different habitats (after Jerosch et al., 2018) and sampling points at Potter Cove.
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2. Methods

2.1. Study site

The study was conducted in Potter Cove (62° 14′ S, 58° 40′ W),
which is a shallow bay located in King George Island/25 de Mayo
(South Shetland Islands). The cove (Fig. 1) covers approximately 8 km2

(Jerosch et al., 2018) with a maximum depth of 100 m (Wölfl et al.,
2014) and is surrounded by the Fourcade Glacier in its north and east
side. During the summer season, several melt water creeks inject high
amounts of meltwater and sediments from the glacier (average max-
imum 284 mg L-1) into the cove (Monien et al., 2017). Retention of the
meltwater plume within the cove by the predominant north-westerly
winds enhances deposition and accumulation of sediments on the
seabed. Thus, the combined environmental and hydrographic condi-
tions, define the existence of three glacial-influenced habitats: melt-
water fjord habitat, fjord and marine habitats (Jerosch et al., 2018).

2.2. Potential organic matter sources (OMS)- food sources

To assess the food sources (Table 1), we used SPM, plankton,
macroalgae detritus and krill faeces collected during summer season of
2013–2014 (see also Alurralde et al., 2019). Samples of SPM were
collected by pumping water directly from the cove. Plankton was col-
lected by towing a net (63 µm mesh size) horizontally in the outer part
of the cove to ensure the predominance of phytoplankton in the sample,
and transferring it to a 60 L tank with filtered (0.1 µm) seawater.
Macroalgae detritus was collected by sieving debris directly from the
water column after stormy days that lead to resuspension of detrital
beds. Detritus was dried (60 °C), ground and sieved through a 50 µm
mesh before diluting them to filtered (0.1 µm) seawater at a final
concentration of 5 mg L-1. Six subsamples of 600 ml from each source
were filtered on pre-combusted and pre-weighted GF/F filter, gently
rinsed with Milli-Q water and stored frozen at −80 °C. Krill faeces were
obtained from different krill incubations, where they were fed on the
previously mentioned sources. Faeces were collected, gently rinsed with
Milli-Q water and stored in eppendorf tubes at −80 °C. All samples
were finally freeze dried (P = 0.1 mbar and T = -80 °C) for 48 h. As
additional food sources, we also included macroalgae, micro-
phytobenthos and sediment data (along with the same sources men-
tioned before) for Potter Cove from Pasotti et al. (2015).

2.3. Suspension/filter feeders

The most representative suspension/filter feeders (Table 2) occur-
ring in a randomly selected square meter patch were selected for stable
isotope analysis. They were taken in the late summer of 2014 (begin-
ning of March), by SCUBA diving between 10 and 15 m depth from
three different stations with contrasting characteristics in terms of
glacier-sedimentary regimes and distance from the glacier, following
Jerosch et al. (2018) (Fig. 1). In the laboratory, animals were starved
for one day in filtered seawater (0.1 μm) to empty their gut. Shells of

molluscs, carbonate skeleton of sea pens and tunics of ascidians were
removed, and their muscle tissue dissected. Then, they were rapidly
frozen in liquid nitrogen and stored at −80 °C (Schaal et al., 2011). All
samples were finally freeze dried (P = 0.1 mbar and T = -80 °C) for
48 h.

2.4. Sample preparation and stable isotope analysis

Carbonates were removed from filter samples (food sources) and
macroalgae detritus with 1 M HCl using the ‘drop-by-drop’ method
recommended by Jacob et al. (2005), Kennedy et al. (2005) and Carabel
et al. (2006).

Freeze-dried tissue samples were ground into a fine, homogeneous
powder using an agate mortar and pestle, cleaning with methanol in
between samples. Since they included no calcified tissues, no HCl
treatment was needed to remove carbonates. Although lipids are de-
pleted in 13C and are thought to introduce bias into 13C stable isotope
analyses, lipid extraction was not applied before SI analysis, since the
effect of it on the nitrogen signature is still under debate (Mintenbeck
et al., 2008; Post et al., 2007). Thus, we used two mathematical nor-
malizations, which use the carbon-to-nitrogen (C:N) ratio of a sample to
normalize δ13C after analysis (Post et al., 2007; Logan et al., 2008). The
first model (M1, Post et al., 2007) is a lipid-correction linear equation
developed for aquatic animals: δ13Clip-corr = δ13C – 3.32 + 0.99 × C:N.
The second model (M2, Logan et al., 2008) is a lipid-correction equa-
tion for aquatic invertebrates: δ13Clip-corr = δ13C + 3.3338 –
((3.388 × 3.314) / C:N).

2.5. Suspended particulate matter (SPM)

Acidification of samples is a key step as it eliminates carbonates,
which interfere with δ13C measurements. Its effect on δ15N values is still
unclear. Some authors reported that it significantly affects δ15N values
to a degree that may lead to confounding interpretations (Bunn et al.,
1995; Pinnegar and Polunin, 1999), whereas others found only weak
(Jacob et al., 2005) or even no significant effect (Bosley and Wainright,
1999). Overall, significant effects of acidification on δ15N values appear
to be caused by a prolonged (i.e., from 1 to 3 h) incubation in acid
(Carabel et al., 2006), which may induce a loss of dissolved organic
matter during rinsing. Our own incubation times were much shorter
(i.e., typically< 10 min), and we are therefore confident in stating that
our acidification procedure was appropriate for measuring δ15N. Pow-
dered samples were weighed and put into clean tin cups before stable
isotope analysis.

Carbon and nitrogen stable isotopes were analysed using an ele-
mental analyser EA1108 (Carlo Erba Instruments) coupled to a mass-
spectrometer MAT253 (ThermoFinnigan) at the Servizos de Apoio á
Investigación de la Universidade de A Coruña (Spain). Isotopic ratios
were expressed as parts per thousand (‰) deviations from the con-
ventional standards v-PDB (Pee-Dee Belemnite) for carbon and atmo-
spheric N2 for nitrogen. Stable isotope concentrations were expressed in
delta (δ) notation as parts per thousand according to the following
equation:

= − ×δ R R(%) ( / 1) 1000sample s dardtan

where δ (‰) is δ13C or δ15N; Rsample and Rstandard are the proportion
of 13C/12C or 15N/14N of the sample and the standard, respectively.
Internal laboratory standards (acetanilide) with known isotopic com-
position were measured for instrument calibration after every 5th
sample. The stability of the instrumentation, analytical precision, drift
correction and linearity performance were calculated from the re-
petitive analysis of these standards and was ± 0.2‰.

The distances based permutational analysis PERMANOVA
(Anderson, 2001) was used to evaluate the null hypothesis of no sig-
nificant differences between raw δ13C values and those mathematically
corrected for lipids (M1 and M2). The null hypothesis of no significant

Table 1
. δ15N and δ13C values (mean ± standard deviation) of food sources.

Foodsources δ13C δ15N Source

Krill faeces −25.27 ± 1.14 7.61 ± 1.47 This study
Macroalgae detritus −26.79 ± 1.44 2.14 ± 1.23 This study
SPM −26.25 ± 1.42 0.53 ± 1.65 This study
Phytoplankton −24.32 ± 1.23 3.96 ± 0.75 This study
Sediments S1(*) −18.34 ± 1.43 3.56 ± 0.78 Pasotti et al. 2015
Sediments S2(*) −19.77 ± 0.89 3.31 ± 0.48 Pasotti et al. 2015
Microphytobenthos −13.15 ± 0.35 4.90 ± 0.14 Pasotti et al. 2015
Macroalgae −25.03 ± 5.45 3.08 ± 0.85 Pasotti et al. 2015

(*) superficial bottom sediments
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differences of δ13C and δ15N isotopic signatures between the three
stations (S1, S2, S3) was also tested by means of PERMANOVA. The
analyses (with 10,000 permutations) were executed with the PAST
software (Hammer et al., 2001), using the Euclidean distance, so the the
pseudo-F statistic values are equivalent to the ANOVA F (Anderson,
2001).

Bayesian mixing model approach allows incorporating variable
sources in organisms and food source signatures, as well as in trophic
fractionation. The upgrade function simmr (Parnell, 2016) from the
package SIAR (Stable Isotope Analysis within R) (Parnell et al., 2010)
was used to estimate the relative contribution of each food source at the
study sites and to the consumers' diet. Models were built over four
Markov chains with 10,000 steps per chain and a burn-in of 500,000
iterations whereas 50,000 initial iterations were discarded. The in-
formation supplied to the model included the isotopic data of con-
sumers (suspension or filter feeders), the potential food sources and the
trophic enrichment factors. For consumers (suspension and filter fee-
ders) were used the δ13C values corrected according to the M1 model
(Post et al., 2007). Trophic enrichment factors in the Southern Ocean
are still not well understood (Post, 2002; McCutchan et al., 2003; Jia
et al., 2016). For the sake of comparison with other studies (Pasotti
et al., 2015; Jia et al., 2016; Servetto et al., 2017), we used the trophic
enrichment factors proposed by McCutchan et al. (2003) of
2.2 ± 0.3‰ and 0.5 ± 0.13‰, for δ15N and δ13C respectively.

3. Results

Considering all consumers together without taking into account the
feeding mode (suspension vs filter feeder) nor the identity of the spe-
cies, the δ13C composition (Fig. 2) differed significantly between the
three sampling stations from Potter Cove (pseudo-F = 5.77,
p < 0.001, Table 2). Suspension feeders from S2 (halfway to the front
of the glacier) exhibited most enriched values of δ13C (–22.78‰) than

in the other two stations. The most depleted δ13C values (-26.81‰)
were observed in S3 (far from the front of the glacier), followed by the
station closest to the glacier (S1, −25.2‰). The δ15N values (Fig. 2) for
S2 (4.51‰) was significantly different from S3 (3.46‰) and marginally
different from S1 (3.6‰) (pseudo-F = 5.02, p = 0.02, Table 3). When
considering only the filtering species (ascidians and the clam Laternula
elliptica) significant differences in δ13C were observed (Fig. 3) between
the three stations (pseudo-F = 84.54, p = 0.0001) but not for the δ15N
values (pseudo-F = 0.047, p = 0.96) (Fig. 3). Within each station (S1,
S2 or S3), no differences in δ13C were observed (p > 0.05) between
suspension and filter feeders, nor between the different species. How-
ever, the sea pen Malacobelemnon daytoni and the polychaete Per-
kinsiana magalhaensis showed the most enriched values of δ15N
(6.98 ± 0.2‰ and 6.62 ± 0.3‰, respectively) (Fig. 3).

The distribution of isotopic signatures of consumers falls within the
polygon defined by the considered food sources (Fig. 4), thus, the
mixing model was consistent and no important food sources were
missed in the present study. The assimilation of δ13C and δ15N derived
from the considered food sources differed among stations in Potter Cove
(Fig. 5). Overall, the SIAR output indicated that, for most of the con-
sumers analysed, contributions of SPM and macroalgae detritus tended
to prevail over the rest of the potential food sources (Fig. 5). Food
sources contribution was similar in S1 and S2. However, values in S3
differed as macroalgae detritus was found to be the main source of
organic carbon (Fig. 5). Krill faeces came up thirdly as food source
(Fig. 5) in S3 although their contribution was similar in all three sta-
tions, with an average mode of 16.69% (± 0.68). Although macroalgae
detritus contribution in the diet was higher in S3 than in the other
stations, its contribution to the S3 consumers diet represented a smaller
proportion (mode: 10.68%) in relation to the inner stations S1 (mode:
14.77%) and S2 (mode: 13.05%) (Fig. 5). The contribution of micro-
phytobenthos and superficial bottom sediments was low or absent in
S3, but had greater contribution in the inner stations (S1 and S2)

Table 2
Mean values of δ13C (raw and lipid corrected) of suspension feeders in the three studied stations (S1, S2, S3) in Potter Cove. The values of C: N and δ15N are included
as reference.

Station Species n C:N δ 13C (‰) Lipids correction δ 15N (‰ Feeding mode

M1a M2b

1 Molgula pedunculata 2 3.46 −25.89 −25.78 −25.80 3.21 Filter feeder
1 Molgula pedunculata 3.41 −25.97 −25.91 −25.92 3.17 Filter feeder
1 Cnemidocarpa verrucosa 2 3.75 −25.41 −25.02 −25.07 3.64 Filter feeder
1 Cnemidocarpa verrucosa 3.95 −25.44 −24.85 −24.95 3.77 Filter feeder
1 Ascidia challengeri 2 3.67 −24.75 −24.43 −24.47 4.16 Filter feeder
1 Ascidia challengeri 3.93 −25.85 −25.28 −25.37 3.68 Filter feeder
1 Perkinsiana magalhaensis 2 3.68 −22.55 −22.22 −22.26 4.63 Suspension/filter feeder
1 Perkinsiana magalhaensis 3.66 −22.95 −22.65 −22.69 4.71 Suspension/filter feeder

2 Malacobelemnon daytoni 2 4.33 −25.19 −22.78 −24.01 6.77 Suspension feeder
2 Malacobelemnon daytoni 4.35 −24.83 −23.84 −24.08 7.05 Suspension feeder
2 Laternula elliptica 2 4 −23.06 −22.42 −22.53 3.09 Filter feeder
2 Laternula elliptica 4.14 −22.87 −22.09 −22.25 3.67 Filter feeder

3 Ascidia challengeri 1 3.99 −26.43 −25.80 −25.91 4.73 Filter feeder
3 Corella antarctica 3 4.55 −28.50 −27.31 −27.63 3.12 Filter feeder
3 Corella antarctica 4.39 −27.20 −26.17 −26.42 3.79 Filter feeder
3 Corella antarctica 4.53 −28.41 −27.25 −27.56 3.71 Filter feeder
3 Molgula pedunculata 3 3.83 −27.34 −26.87 −26.94 1.84 Filter feeder
3 Molgula pedunculata 4.01 −27.56 −26.91 −27.03 2.15 Filter feeder
3 Molgula pedunculata 3.85 −27.36 −26.87 −26.94 1.69 Filter feeder
3 Pyura bouvetensis 3 4.21 −28.21 −27.36 −27.54 4.57 Filter feeder
3 Pyura bouvetensis 4.37 −27.96 −26.96 −27.20 4.50 Filter feeder
3 Pyura bouvetensis 4.59 −27.80 −26.58 −26.92 4.23 Filter feeder
3 Pyura setosa 1 4.14 −27.80 −27.02 −27.18 4.46 Filter feeder
3 Synoicum adareanum 1 4.97 −28.28 −26.68 −27.20 4.04 Filter feeder
3 Perkinsiana magalhaensis 1 4.2 −23.21 −22.37 −22.55 6.91 Suspension/filter feeder

a Model 1 (Post et al., 2007): δ13Clip-corr = δ13C – 3.32 + 0.99 × C:N.
b Model 2 (Logan et al., 2008): δ13Clip-corr = δ13C + 3.3338 – ((3.388 × 3.314) / C:N).
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although not in the same way. Only a significant contribution of mi-
crophytobenthos was found in S2 (mode: 16.07%). Likewise, the con-
tribution of superficial bottom sediments was between two and three
times higher in the diet of consumers in S2 (Sed-S1 mode: 15%, Sed-S2
mode: 11.71%) than in S1 (Sed-S1 mode: 3%; Sed-S2 mode: 6.4%) al-
though the IC95 values were similar in all cases. Phytoplankton con-
tribution was notably higher (up to five times) in the internal stations
(S1 mode: 15.53%, S2 mode: 14.26%) than in S3, where the propor-
tional contribution was almost negligible (mode: 3%).

Although the δ13C values of consumers presented a wide range of
variation (-27.36 to −13.22‰), the overall pattern observed for the

Fig. 2. Comparison of the measured (raw) and δ13C lipid corrected values of macrobenthic consumers in Potter Cove. δ13C O represent the measured values for the
carbon isotope (uncorrected); δ13C M1, the corrected values according to the model of Post et al. (2007); δ13C M2, the corrected values, according to the model of
Logan et al. (2008). Different colors indicate different species. Species present in more than one station, show a wide dispersion on the x-axis, while the closest points
come from the same station (note for example Molgula pedunculata (gray points), grouping close to −27‰ (S3) and −26‰ (S1)). (S): suspension feeder; (F): filter
feeder.

Table 3
PERMANOVA pairs comparisons (over 10,000 permutations) for the variation
of δ13C and δ15N between the three sampling stations (S1, S2, S3) in Potter
Cove. Values above the main diagonal indicate the significance level (p); bold
values indicate significant values (p < 0.05). Values below the main diagonal
indicate pseudo-F values for each comparison.

δ13C S1 S2 S3 δ15N S1 S2 S3

S1 – 0.04 0.0005 S1 – 0.06 0.94
S2 3.09 – 0.008 S2 5.58 – 0.02
S3 11.75 7.98 – S3 0.006 7.03 –

Fig. 3. Spatial isotopic characterisation of Potter Cove. Comparison of the stable isotopes δ13C (‰) corrected (M1) and δ15N (‰) measured for: a) all suspension (M.
daytoni and P. littoralis) and b) filter feeders (A. challengeri, C. verrucosa, C. antarctica, M. pedunculata, P. bouvetensis, P. setosa, S. adareanum and L. elliptica) present in
each season. The box-plot represents the median (in green), the second and third quartiles (upper and lower limit, respectively). The whiskers express the maximum
value defined as the interquartile range multiplied by the factor 1.5.
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analysis of food sources per station was mirrored by the consumers in
each station, showing about the same food sources contribution (Fig. 6),
independent of the species identity. However, the sea pen Malacobe-
lemnon daytoni and the polychaete Perkinsiana magalhaensis, showed
some differences in the food contribution estimation for S2 (Fig. 6).
Krill faeces and microphytobenthos resulted to contribute more to the
diet of those species, respectively (Fig. 6).

4. Discussion

4.1. Food sources

While δ15N values have a wide range of variation among food
sources (i.e. SPM < detritus < phytoplankton < krill faeces), the
overlapping of depleted δ13C signatures of SPM, phytoplankton, det-
ritus and krill faeces indicates that the benthic suspension feeders of

Potter Cove are sustained by a mixing of fresh and detrital food sources.
Isotopic signatures of SPM and phytoplankton, coincides with those
previously reported for Potter Cove (Pasotti et al., 2015) and Martel
Inlet (Corbisier et al., 2004), but they are higher than those recently
reported for Fildes Bay (Zenteno et al., 2019). The δ13C values of
phytoplankton, although impoverished compared to those reported for
oceanic waters (Wada et al., 1987), are coincident with the signatures
observed in the Bransfield Strait area (Khim et al., 2005). Carbon im-
poverishment in coastal Antarctic phytoplankton might be a con-
sequence of the fractionation process during carbon fixation, as high
levels of pCO2 on the sea surface along with a low growth rate in low
light intensity conditions are linked to more negative values of δ13C
(Wada et al., 1987). This could explain the values obtained for Potter
Cove, considering that the development of phytoplankton during the
summer (Schloss et al., 2014) occurs in reduced light conditions, due to
the turbidity generated by sediment washed by meltwater runoff
(Schloss et al., 2012; Deregibus et al., 2016). In addition, pCO2 in
Antarctic coastal areas tends to be elevated during the summer (Tortell
et al., 2014; Kapsenberg et al., 2015).

Macroalgae detritus and krill faeces are carbon depleted in com-
parison to fresh macroalgae and phytoplankton in Potter Cove. Fisher
and Wiencke (1992) noticed an impoverishment in decaying macro-
algae fragments, which is coincident with the detritus’ δ13C in Potter
Cove. In addition, the low values of δ13C are attributable to Desmar-
estiales (Fisher and Wiencke, 1992). The latter is among the most
conspicuous macroalgae group reaching high abundances (up to 80% of
the biomass) in the study area (Quartino and Boraso de Zaixso, 2008;
Quartino et al., 2013). On the other hand, krill faeces usually shows
more enriched δ13C values (~2‰) than phytoplankton, although it may
not occur when derived from specific diets (Fisher, 1991) as was done
in the present study. Indeed, krill faeces were carbon depleted in re-
lation to phytoplankton, but a bit more enriched (~1‰) than SPM. This
carbon enrichment seems to be a consequence of the selectivity for the
light isotope δ12C during faeces production throughout the krill’s di-
gestion process (Rau et al., 1983). Given that the faeces used in the
present study were obtained from krill incubations under natural seston
conditions (Alurralde et al., 2019) and considering the enrichment ratio
regarding to SPM, it is probable that the provided food in the krill in-
cubation had a higher proportion of macroalgae detritus than phyto-
plankton.

Superficial bottom sediments were δ13C enriched (7‰) in relation
to pelagic SPM, even when the shallow depth in Potter Cove would

Fig. 4. δ13C (‰) and δ15N (‰) ratios for suspension-feeders and their potential
food sources from Potter Cove, . Bivariate graph constructed using the Bayesian
SIAR mixing model (Parnell et al., 2010). The error bars represent the 95%
confidence intervals and incorporate the standard deviation in the sources
isotopic signatures and the fractionation factors (2.2‰±0.3 for δ15N and
0.5‰±0.13 for δ13C). SPM: suspended particulate matter, S1: station 1 (close
to the glacier, high sedimentation), S2: station 2 (intermediate distance and
sedimentation), S3: station 3 (away from the glacier, low or no sedimentation).

Fig. 5. Relative contribution of the most probable food sources in the diet of suspension-feeders of each station in Potter Cove, according to the SIAR mixing model
(simmr). Box-plots represent 95% credible interval of each food source assimilate in the diet of suspension-feeders present at S1 (high sedimentation), S2 (inter-
mediate sedimentation) and S3 (low sedimentation). The box is built around the 25th and 75th quartiles, thereby representing 50% of the solutions; the centerline in
the box indicate the median of all solutions.
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Fig. 6. Relative contribution of the most probable food sources in the diet of the species at each station in Potter Cove, according to the SIAR mixing model (simmr).
Box-plots represent 95% credible interval of each food source assimilate in the diet of each species. The box is built around the 25th and 75th quartiles, thereby
representing 50% of the solutions; the centerline in the box indicate the median of all solutions.
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favor a faster particulate matter sinking and therefore, similar isotopic
signatures between pelagic and seabed particles were found. In Fildes
Bay, the same pattern was recently reported (Zenteno et al., 2019). It is
probable that this signature has resulted from the presence of micro-
phytobenthos, once it has more enriched values (~5‰) than superficial
bottom sediments and SPM (> 10‰) (Pasotti et al., 2015; Ha et al.,
2019). Microphytobenthos with colonial formation over soft sediments
was observed in experimental conditions (Alurralde and Campana,
2017) and in recent colonisation experiments in the upper subtidal of
Potter Cove (Campana et al., 2018), indicating that its development is
especially relevant in the inner cove (in our study S1 and S2). In ad-
dition, there are reports of large mats development in the inner part of
Potter Cove (Hoffmann et al., 2018, 2019) and in the adjacent fjord
Marian Cove (Ahn et al., 2016) where it seems to be an important food
source for benthic suspension feeders (Ha et al., 2019). Since superficial
bottom sediments integrate several sources and its value would reflect
(like the pelagic SPM) an average of the whole set of sources, it is not
surprising that the δ13C values of the sediment are intermediate be-
tween the microphytobenthos and pelagic SPM. Furthermore, these
values are similar to those reported by Corbisier et al. (2004) and
Zenteno et al. (2019) for other coastal areas of King George Island and
for other sub-Antarctic coastal areas in the Strait of Magellan (Aracena
et al., 2011; Andrade et al., 2016).

The considered food sources varied ~ 2‰ in their δ15N composi-
tion. This isotope composition depends mainly on the dynamics of the
different sources of inorganic nitrogen (nitrates, ammonium and N2) in
the water column (Altabet, 1988) and the fractionation during assim-
ilation processes (Montoya and McCarthy, 1995). Low values of δ15N in
SPM are common in polar environments and have been attributed to the
incorporation of recycled ammonium (Probyn and Painting, 1985;
Smith and Nelson, 1990; Trull et al., 2014) during the development of
phytoplankton in low light conditions when nitrate is not a limiting
substrate (Koike et al., 1986; Morales et al., 2014). The SPM used in this
study was collected in the inner part of Potter Cove, where despite the
absence of nitrate limitations, photosynthesis is limited by high levels of
turbidity (Schloss et al., 2002; Deregibus et al., 2016; Campana et al.,
2018; Hoffmann et al., 2019). This SPM presented the most im-
poverished value of all sources and was within the ranges normally
reported for Antarctic waters (Mincks et al., 2008; Choy et al., 2011; Jia
et al., 2016). Phytoplankton, on the other hand, was collected in the
outer part of Potter Cove, under more oceanic conditions to avoid
contamination with detrital material and to obtain a 'pure' phyto-
plankton signal (Schaal et al., 2008). This is perhaps the reason for the
enriched δ15N value in phytoplankton relative to SPM (Gillies et al.,
2012; Jia et al., 2016). On the other hand, microphytobenthos had even
more enriched values than phytoplankton, possibly linked to the use of
nitrates as substrate (Nedwell and Walker, 1995), especially coming
from the high amount of decaying macroalgae detritus in the sediments
of Potter Cove (Braeckman et al., 2019). Antarctic macroalgae species
are known to show great variability in δ15N (Dunton, 2001). The value
presented in the present study comes from Pasotti et al. (2015) based on
a mixture of seven representative species from Potter Cove that were
not further detailed in that study. However, both isotope compositions
(δ15N and δ13C) coincided with species such as Desmarestia anceps, D.
menziesii, Himantothallus grandifolius and Palmaria decipiens from other
Antarctic regions (Dunton, 2001), that are the most abundant species in
Potter Cove (Quartino and Boraso de Zaixso, 2008; Quartino et al.,
2013). A possible bacterial activity could explain the great enrichment
observed in the faeces (Arístegui et al., 2014; Morata and Seuthe,
2014).

4.2. Spatial variation along a sedimentation gradient

A single set of food sources was considered for Potter Cove, but
differences were observed along the fjord in the δ13C and the δ15N
ratios of suspension feeders subjected to different sedimentation

regimes related to the influence of glacier discharge. The mixing models
corroborate that resources are spatially segregated, once their con-
tribution to suspension feeders diet was different between the internal
stations (S1 and S2) and the external one (S3), estimating a more het-
erogeneous availability in the first two. The discharge of meltwater
with sediment has been also associated as a controlling factor of food
variability in Arctic fjords (Zajączkowski et al., 2010). This adds to a
recently discussion introduced by Zenteno et al. (2019) who argued
that spatial variability in food source in hydrographically complex areas
(Barnes and Clarke, 1995; Tu et al., 2015), as nearshore Antarctic
systems, constitute a relevant confounding factor to be considered in
the study of trophic pathways.

Our study indicates that the benthos in Potter Cove has access to a
heterogeneous pool of food sources, whose contribution varies spatially
related to the distance from the front of the Fourcade Glacier. The
consumers showed different δ13C and δ15N signatures in the three sta-
tions (S1, S2 and S3), although the greatest differences were given by
δ13C composition. The low variation in δ15N is not unexpected since the
studied organisms occupy the same trophic level (Pasotti et al., 2015).
The δ13C followed the same variation among stations, in spite of the
differences observed when considering all suspension feeders as a
whole or only the filter feeders. However, species composition at each
station may have exerted some bias on the signature of both stable
isotopes. Suspension feeders constitute a functional unit (Dame et al.,
2001) exhibiting several feeding modes with different capacities and
selective efficiencies (Riisgård and Larsen, 2010). Some species are
even able to change their feeding strategies depending on the avail-
ability of food, such as Perkinsiana littoralis, which can alternate be-
tween detritivore or filter feeder (Gambi et al., 1997, Kröger and
Rowden, 2008), or Malacobelemnon daytoni, which can incorporate
sources of animal origin (Servetto et al., 2017). This was evident in the
mixing models output and explain the amplitude of the δ15N signals,
since considering a trophic enrichment factor of 2.2‰ (McCutchan
et al., 2003), the sea pen should occupy a different trophic level (Fry
2006). While ascidians do not exert any sort of selection on the material
they filter (Petersen, 2007), Laternula elliptica might selectively filter
phytoplankton and reject inorganic material (Ahn, 1993). However, the
δ13C values do not support any food selection, but an opportunistic
assimilation of the available food sources at each station (Coma et al.,
2001). The constrained number of organisms in our analysis would be
arguable of leading to biased conclusions. However, the consistency
between the isotopic signatures of suspension and filter feeders within
each station allows to support the idea of spatial segregation of food
sources in Potter Cove.

Macroalgae detritus and SPM were the dominant food sources in the
inner part of Potter Cove, confirming previous experimental findings
(Alurralde et al., 2019; Braeckman et al., 2019). The same is reported
for benthic suspension feeders of Fildes Bay (Zenteno et al., 2019), al-
though the analysis in that study was done on the filter feeders L. el-
liptica and Kidderia bicolor. Macroalgae in Potter Cove are represented
by a very abundant, complex and diverse community that represent
97.8% of the fjord summer production (Quartino and Boraso de Zaixso,
2008). Although the highest biomass of macroalgae occurs in the ex-
ternal zone (Klöser et al., 1996; Quartino et al., 2005), they have been
able to colonise newly free-ice areas in the inner part of Potter Cove
(Quartino et al., 2013; Lagger et al., 2017; Campana et al., 2018). Fresh
material of Desmarestiales is apparently unpalatable for some species
(Amsler et al., 2005), so its contribution to suspension feeders’ diet
would be restricted. Nevertheless, macroalgal carbon can enters the
coastal food web after algal tissues die and begin to decompose (Amsler
et al., 2012; Braeckman et al., 2019). Thus probably Desmarestia carbon
is indirectly available for suspension feeders after bacteria and micro-
phytobenthos recycling (Braeckman et al., 2019). Indeed, two of the
most abundant suspension feeders in Potter Cove, the ascidian C. ver-
rucosa and the sea pen M. daytoni, are known to feed on and assimilate
macroalgae detritus (Tatián et al., 2008; Servetto et al., 2017; Alurralde
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et al., 2019).
On the other hand, krill faeces is a frequently occurring and highly

abundant component of the summer downward particle flux (Alurralde,
2018). By incorporating this item as a potential food source in the
trophic analysis, our study also indicates that krill faeces is part of the
carbon assimilated during the summer in Potter Cove. Even though krill
is not a permanent resident in Potter Cove (Fuentes, 2006; Garcia et al.,
2016), krill schools frequently enter the fjord driven by currents and
find high levels of suspended sediment in the inner part. Once krill
starts to feed in this turbid water, the ingestion of inorganic particles
triggers a higher faeces production rate (Fuentes et al., 2016; Alurralde
et al., 2019), which favors a high provision of this food source
(Alurralde et al., 2019). This particular finding, highlights that would
be worthy to widening the assessment of carbon assimilation including
further potential primary food sources (e.g. allochthonous material,
filamentous algae, bacterio and microplankton), as we did here with
krill faeces. This would allow to build more robust generalisations of
trophic pathways within coastal Antarctic ecosystems. It further un-
derlines the importance of a tight bentho-pelagic coupling as the
benthic feeders largely depend on the input from the water column.

4.3. Environmental drivers of food sources in Potter Cove

In Arctic fjords the quality and quantity of food sources for the
benthos are controlled by a complex interaction between environ-
mental factors (e.g. hydrography, ice cover, bathymetry, bottom mor-
phology, sedimentology) and biological factors (e.g. primary producers,
productivity, grazing efficiency, bacterial activity) acting at different
scales (Wassmann et al., 2006; Zajączkowski et al., 2010; Anderson and
Macdonald, 2015; Zaborska et al., 2016). Similarly, in our study system
some of them can be involved as drivers of the observed spatial dis-
tribution of food sources. In Potter Cove, circulation is caused by a
cyclonic gyre that enters through the north coast (Roese and Drabble,
1998), where it develops one of the most important macroalgae com-
munities (Quartino et al., 2005) and where sampling station S3 is lo-
cated. In addition to this circulation, a strong erosive energy (produced
by the variation of the tidal height) impacts mainly the bedrock that
characterizes the north coast of Potter Cove (Wölfl et al., 2014). This
erosive force would be greater in shallow areas (Wölfl et al., 2014) and
could favour the abrasion of macroalgae thallus, generating fragments
susceptible of being colonized by bacteria (Quartino et al., 2015) and
later enter the detritus pool. Once they became free-driving, water
circulation driven by westerly winds can transport this debris to the
inner part of Potter Cove (Schloss et al., 1997). The mixing model
outcome indicated that macroalgae have a lower contribution as food
source in S2, although this station should receive material from S3
considering the circulation system in Potter Cove. Once easterly winds
drive changes in the upper circulation, pushing surface water out of
Potter Cove, it will prevent the displacement of macroalgae towards the
interior of the fjord (Schloss et al., 1997, 2012, Wölfl et al., 2014). On
the other hand, the slightly higher contribution in S1 could be due to
the seasonal input of perennial algae (Desmarestiales), which colonize
the newly ice-free inner areas (Quartino et al., 2013). Despite the
mixing models suggesting a potential contribution of macroalgae to the
diet of benthic suspension feeders in Potter Cove, it is not conclusive
due to the limited confidence intervals estimated by the models.

The complex hydrographical settings in Potter Cove might lead to
spatial variability in advection processes, or increased deposition af-
fecting also the assimilation of food sources by consumers (Tu et al.,
2015). The bottom topography of Potter Cove and the loss of erosive
energy towards the inner fjord, determine two depocenters of particu-
late matter and sediments (Wölfl et al., 2014). One is allocated in the
inner cove, where there is also an internal gyre that increases the water
residence time and therefore, of the particles that accumulate there.
The second depocenter develops on the central axis of the fjord and
extends towards the south coast of Potter Cove (Wölfl et al., 2014).

These elements allow us to suppose that the hydrographic conditions
that generate the first depocenter would be involved in the provision of
almost all food sources estimated for S1. Meanwhile, the provision of
macroalgae detritus to S3 could be explained by the partial exchange at
the fjord mouth, where incoming and outgoing water masses are found
(Roese and Drabble, 1998). In the same way, the contribution of sedi-
ments and microphytobenthos was circumscribed to the internal sta-
tions (S1 and S2), which is not surprising (Campana et al., 2018;
Hoffmann et al., 2018, 2019). Although resuspension events are fre-
quent in the inner cove (Schloss et al., 2012), hydrological conditions
favor a sedimentation gradient of finer particles towards the glacier
front (Wölfl et al,. 2014; Monien et al., 2017). There, the erosive en-
ergy, the low wave action and tidal height restrict the movement of
sedimentary material confined to the inner area of Potter Cove (Wölfl
et al., 2014). It would be through such resuspension events that mi-
crophytobenthos and sediments become available to the suspension
feeders (Ha et al., 2019).

4.4. Methodological remarks

Lipids have impoverished values of δ13C (more negative) than any
other biochemical component (Post et al., 2007; Logan et al., 2008), so
they are usually removed prior to analysis. However, up to now, a
standardised and reliable method based on a clear consensus has not
been developed yet as it is known to have consequences on the δ15N
composition (Jacob et al., 2005; Post et al., 2007; Logan et al., 2008;
Mintenbeck et al., 2008). Chloroform-methanol extraction is often used
for lipids remotion, requiring duplicate samples and being highly time
and effort consuming. Alternatively, the use of mathematical correc-
tions after isotopes measurements seems more convenient and cost-
benefit and yielding reliable results (Logan et al., 2008).

Although both models for lipids correction (M1 and M2), had a si-
milar performance (increase of of δ13C values), M1 was adopted (Post
et al., 2007) because M2 (Logan et al., 2008) showed more conservative
values for species with C:N ratio, close to 5. The same was observed for
zooplankton species from East Antarctica (Jia et al., 2016) and for M.
daytoni in Potter Cove (Servetto et al., 2017). According to Logan et al.
(2008) specific models should be selected for each species; however
there are only few available, such as for krill (Logan et al., 2008). It
should be noted that the application of different correction models
could lead to different ecological interpretations if they are not properly
evaluated before their election (Jia et al., 2016). As long as there is no
general consensus model, it is important to report the raw δ13C values
in order to be able to compare results with other studies (Jia et al.,
2016).

4.5. Future perspectives

Several species-specific biological processes shape ecosystem func-
tioning (Barnes and Sands, 2017), like M. daytoni or P. littoralis that
alternate between trophic levels, increasing the trophic complexity of
the system; or ascidians that are able to feed on detritus promoting the
incorporation and mobilization throughout the food web of macro-
algae's carbon and nitrogen. Nevertheless, in Potter Cove, the de-
termined spatial patterns in the isotopic composition of suspension
feeders suggest that regional warming (Vaughan et al., 2003; Cook
et al., 2016; Spence et al., 2017), is capable of altering the quantity and
possibly, the quality of the food sources that nourish the benthos. After
fifteen years of monitoring of the macrobenthos in Potter Cove (Sahade
et al., 2015), the increase in density/percentage cover relationship in
the inner fjord (coincident with our S1) corroborated a decrease in the
size of suspension feeders. More recently, it was estimated a highly
negative energy balance in suspension feeders promoted by the low
quality food available at S1 (especially due to the presence of sus-
pended sediments), that would eventually compromise the last benthic
secondary production (somatic growth) (Alurralde et al., 2019). Thus,
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as the abundance and distribution of benthic suspension feeders rely on
the characteristics of food supply (Gardner, 2000; Rossi et al., 2015;
Jansen et al., 2018a,b), the injection of sediment from the runoff of
land-terminating glaciers might reshape the carbon dynamics with
drastic repercussions on the trophic web and hence in the whole eco-
system. As a result of local variations in biological and environmental
conditions, climate change effects on the marine ecosystem can vary
between different fjord systems (Wassmann et al., 2006; Anderson and
Macdonald, 2015; Zaborska et al., 2016). However, glacial fjords have a
paramount role in the global carbon cycle (Smith et al., 2015). Potter
Cove is a representative fjord on King George Island and this study give
insights into the consequences of glacial melting over food supply.
Furthermore, extensive fjordic areas are following the same landward
deglaciating trend, so it is likely that such systems will face similar
conditions to those reported here.

5. Conclusions

To sum up, our study confirms the hypothesis that multiple primary
food sources are assimilated by lower trophic levels and that they are
spatially segregated mainly due to glacial melt-related retreat en-
vironmental conditions. Additionally, this is the first attempt to apply
quantitative Bayesian approach to address the effect of run-off inputs
from melting glaciers on food sources and its spatial variation within
the nearshore benthic community in Potter Cove. This certainly re-
presents a step forward on the knowledge of Antarctic coastal eco-
system functioning in the face of ongoing environmental disturbances.
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