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Most coastal glaciers on the West Antarctic Peninsula are in retreat. Glacial ice
scouring and lithogenic particle runoff increase turbidity and shape soft sediment
benthic communities. This, in turn, has the potential to induce a shift in these
systems from an autotrophic to a heterotrophic state. In this study, we
investigated the influence of glacial runoff on carbon flows in the soft-
sediment food web of Potter Cove, a well-studied shallow fjord located in the
northern region of the West Antarctic Peninsula. We constructed linear inverse
food web models using a dataset that includes benthic carbon stocks as well as
carbon production and respiration rates. The dataset offers detailed spatial
information across three locations and seasonal variations spanning three
seasons, reflecting different degrees of disturbance from glacial melt runoff. In
these highly resolved food web models, we quantified the carbon flows from
various resource compartments (phytoplankton detritus, macroalgae,
microphytobenthos, sediment detritus) to consumers (ranging from
prokaryotes to various functional groups in meio- and macrofauna). Locations
and seasons characterized by high glacial melt runoff exhibited distinct patterns
of carbon flow compared to those with low glacial melt runoff. This difference
was primarily driven by a less pronounced benthic primary production pathway,
an impaired microbial loop and a lower secondary production of the dominant
bivalve Aequiyoldia eightsii and other infauna in the location close to the glacier.
In contrast, the bivalve Laternula elliptica and meiofauna had the highest
secondary production close to the glacier, where they are exposed to high
glacial melt runoff. This study shows how the effects of glacial melt propagate
from lower to higher trophic levels, thereby affecting the transfer of energy in
the ecosystem.

KEYWORDS

Antarctica coastal ecology, glacial melt runoff, linear inverse model, carbon flow
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1 Introduction

The West Antarctic Peninsula (WAP) is experiencing rapid and
significant warming since the second half of the 20" century
(Turner et al, 2019). In addition to a shortening of the sea ice
season by about 100 days (Stammerjohn et al., 2012; Ducklow et al.,
2013), 87% of coastal glaciers are in retreat (Riickamp et al., 2011;
Cook et al., 2016). The effects of glacial retreat are most pronounced
in coastal ecosystems of the WAP (Henley et al., 2019).

When tide-water glaciers retreat on land, coastal and sub-glacial
runoff of lithogenic particles increase water column turbidity
(Monien et al,, 2017) and reduce photosynthetic active radiation
levels, hampering primary production of phytoplankton (Kim et al.,
2018), macroalgae (Deregibus et al, 2016) and benthic diatoms
(Campana et al., 2018; Hoffmann et al., 2019). Benthic communities
further have to cope with increased ice scour frequency (Smale et al.,
2008), which may lead to benthos mortality (Gutt, 2001; Smale
et al., 2007; Barnes and Souster, 2011), stress for filter feeders due to
sediment resuspension (Torre et al, 2012), and consequently, a
restructuring of benthic assemblages in terms of community
composition (Pasotti et al., 2015a; Sahade et al., 2015) and trophic
interactions (Pasotti et al., 2015b; Alurralde et al., 2020). This results
in a shift in benthic community functioning from being net
autotrophic to net heterotrophic (Braeckman et al., 2021).

The expansion of macroalgal biomass on the newly exposed
hard substrates resulting from retreating glaciers (Quartino et al.,
2013; Amsler et al., 2023; Deregibus et al., 2023) leads to a shift in
the dominance of primary producer communities and adds
substantial amounts of macroalgal detritus to the benthic
compartment (Braeckman et al.,, 2019; Quartino et al., 2020). A
recent study demonstrated the strong microbial degradation of this
macroalgal detritus in shallow Antarctic sediments (Aromokeye
et al, 2021). Alterations in the carbon flow through the food web
can therefore be expected as a result of the increased macroalgal
biomass in the benthic system.

Qualitative networks of food webs in polar marine ecosystems
are increasingly being used to infer information on food web
structure and stability (Gillies et al., 2012; De Santana et al., 2013;
Kortsch et al., 2015; Pasotti et al., 2015b; Marina et al., 2018; Michel
et al., 2019; Rodriguez et al, 2022). However, these networks
primarily remain descriptive in nature, with limited attention
given to quantifying the impact of climate-induced changes to the
cryosphere on the food web (Gillies et al., 2012; Pasotti et al., 2015b;
Michel et al,, 2019; Alurralde et al., 2020). Yet, fluctuations in
composition and magnitude of the organic carbon input from
primary producers and alterations in the composition and stocks
of secondary (and higher order) consumers have been shown to
change food web structure and stability (Forest et al., 2011; Sailley
etal., 2013). For instance, a regional warming-induced stratification
of the water column lead to a shift from diatom to cryptophyte
production (Mendes et al., 2018), potentially explaining the
observed shifts in the krill:salp ratio on the mid-WAP, with
negative feedbacks on higher trophic levels (Moline et al., 2004).

The quantification of trophic interactions in a food web is needed
to evaluate the magnitude of the energy flows between food web
compartments, but these studies are often limited by a lack of data.
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For example, the first attempt to quantify energy flows within an
Antarctic benthic food web associated with macroalgal beds was
presented in a preliminary trophic model, but lacked incorporation of
an important resource (benthic primary production by
microphytobenthos) and focused on austral summer only (Ortiz
et al,, 2016). Linear inverse modelling (van Oevelen et al., 2010) is a
technique that addresses this lack of data challenge resolving the
carbon (C) flows in a food web using various sources of quantitative
data (e.g. biomass, respiration rates, physiological rates) and a
topological flow network (Veézina and Platt, 1988). Network indices
calculated based on the quantified food web allow to capture aspects
of food web functioning, such as total system throughput (sum of all
C flows in the food web) and Finn’s cycling index (proportion of
recycled C in the system, reflecting efficiency of C usage) (KKones et al.,
2009). The technique has been successfully applied to investigate the
impact of stressors on food webs, e.g. the regional warming-induced
shift from multivorous to microbial pelagic food webs with impact on
Adelie penguin populations on the WAP (Sailley et al., 2013).
Additionally, its application in investigating the effect of sediment
disturbance on deep-sea benthos (De Jonge et al., 2020) showed a
reduced C cycling and cycling efficiency in the benthic food web in
response to sediment disturbance and resuspension by deepsea
trawling. This reduction was related to a lower microbial loop
strength (both lower prokaryotic biomass and C production).
Similarly, the ice scouring in the vicinity of glacier fronts in shallow
Antarctic fjords can therefore be expected to influence C cycling and
cycling efficiency in the sediment.

Here, we investigate the influence of glacial melt on carbon
flows in the benthic food web of Potter Cove, a well-studied fjord in
the North-WAP. The qualitative structure of the Potter Cove food
web has been extensively described in earlier works: An analysis of
binary predator-prey relationships in this shallow fjord, including
hard substrate fauna and flora, pelagic food sources and fish,
characterized the food web as relatively low in complexity (i.e.
low linkage density, low connectance) (Marina et al., 2018),
comparable to other polar food webs (De Santana et al.,, 2013).
The food web has further been evaluated as relatively stable, with a
high degree of omnivory (Rodriguez et al., 2022), and showing no
clear risk of collapse upon simulated species loss (Cordone et al.,
2020, 2018). Moreover, a qualitative study on the effect of glacial
melt disturbance and availability of new substrate after glacial
retreat on benthic trophic interactions in Potter Cove, described
the benthic food web transfer at the oldest ice-free site Creek as
more compact (in terms of isotopic niches) and more efficient in
terms of biomass transfer. In contrast, the food web was wider (i.e.
broader diet) at the new ice-free site close to the glacier Isla D
(Pasotti et al., 2015b).

In this study, we use a dataset on benthic carbon (C) stocks, C
production and respiration rates with detailed spatial and seasonal
resolution (3 locations x 3 seasons) reflecting different degrees of
glacial melt (Braeckman et al., 2021) to construct nine food web
models. The hypothesized changes in the benthic food web
characteristics with respect to glacial melt disturbance are:

(1) Reduced benthic primary production pathway, as reflected
by lower C flows mediated by microphytobenthos,
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(2) Altered contribution of the microbial loop, as reflected in
changes in C flows within the microbial loop in high glacial
melt runoff zones/times,

(3) Reduced secondary productivity across different

trophic groups,

(4) Reduced C cycling and recycling efficiency, reflected by a

reduced total system throughput (T..) and Finn’s cycling

index (FCI), respectively, and

(5) Increased C burial owing to higher sediment deposition.

2 Methods
2.1 Study site

We constructed nine benthic food webs for Potter Cove, a ~3
km long and 1.2 km wide, shallow, fjord-like bay situated in the
south-west of King George Island/Isla 25 de Mayo, an island located
at the tip of the Antarctic Peninsula (Figure 1). The Cove receives
freshwater from the Fourcade Glacier (Riickamp et al., 2011) and
from seasonal meltwater discharge as a consequence of permafrost
and snow melt. Sediment accumulation from turbid meltwater

Antarctic Peninsula

Drake Passage
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plumes discharging in Potter Cove (Schloss et al., 2012) has
almost tripled since the 1940s (< 0.15 g cm™ yr' to 0.15-0.45 g

> yr™') (Monien et al., 2011), during the Fourcade Glacier

cm
transition from a tidewater to a land-terminated glacier (Monien
et al,, 2017). A dominant clock-wise circulation, with an average
current speed of 0.03 m s (Lim, 2014), transports suspended
matter out of the Cove. In the shallowest areas of Potter Cove, water
column turbidity is further sustained through wind- or wave-
induced sediment resuspension (Kim et al, 2018). The three
locations included in the present study (6-9 m water depth,
Figure 1; Supplementary Table 1) are located in the inner part of
the Cove, mainly characterized by the presence of a soft sediment
bottom (Wolfl et al., 2014; Pasotti et al., 2015a).

The locations (Faro, Isla D and Creek) are all glacial ice-free
(Riickamp et al., 2011), but are regularly covered by sea ice during
winter (Schloss et al., 2012). All investigated sites can be classified as
meltwater fjord habitats (Jerosch et al., 2018) but owing to their
location and the current system in Potter Cove, they are permanently
and naturally exposed to contrasting intensities of disturbance, a
consequence of the turbidity and the sediment accumulation regime
(Pasotti et al., 2015a; Deregibus et al., 2016). The amount of
suspended particulate matter in the water column is highest at Isla
D and Creek and lowest at Faro (Monien et al., 2017). As a result,

King George Island/
Isla 25 de Mayo
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Study site. Potter Cove study locations Faro, Creek, and Isla D (positions are marked with a cross). The curved, bright blue line marks the front of the
Fourcade Glacier. The bright blue arrows indicate river runoffs from the creeks, supplied mainly by melting glacier, permafrost and snow. The dashed
blue arrows indicate the direction of the main current in Potter Cove. Satellite picture from Potter Cove taken on 3 November 2013 from Digital

Globe (Digital Globe, 2014).
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sediment accumulation is highest at Isla D, intermediate at Creek and
lowest at Faro (Pasotti et al., 2015a; Seefeldt et al., 2017).

Samples were collected at the Argentinian Carlini scientific
research station during the austral summer and spring of 2015
and in the spring of 2016. These seasons are characterized by
strongly different glacial melt conditions. Glacial melt is typically
highest during the summer (Falk et al., 2018). However, following a
warm and rainy winter in 2016, glacial melt was exceptionally high
in the following spring, approximately 4.5 times higher than the
maxima recorded from 2010 to 2015. This resulted in a Suspended
Particulate Matter (SPM) peak in the water column during the
spring of 2016 that was more than twice as large as the peak
observed in the spring 2015 (characterized by a cold winter)
(Braeckman et al., 2021) ( Supplementary Table 2).

Data from each location - season combination (9 combinations in
total) was used to construct 9 food web models. Data was retrieved
from the literature as location-specific as possible. Through long-
standing European-Argentinean scientific collaborations, Potter Cove

10.3389/fmars.2024.1359597

has one of the most comprehensive datasets on complementary aspects
of the marine ecosystem along the WAP. These include carbon stocks
in different benthic compartments, meio- and macrofauna community
composition, sedimentary chl a and total organic carbon content
(Figure 2; Supplementary Table 3), sediment respiration and
microphytobenthos production (Table 1), which in this study were
considered for the three study sites in three mentioned seasons,
representing both spatial and temporal variability in glacial melt
runoff (Braeckman et al., 2021). Data on nematode trophic
community structure from the three study sites are available for
summer 2011 (Pasotti et al., 2015a), while 13C data from consumers
and food sources from several locations in Potter Cove for summer
2012 (Pasotti et al., 2015b) and summer 2015 (Braeckman et al., 2019).
Maximum organic carbon deposition rates were estimated from
deposition rates based on sediment trap data between 2009 and 2012
(Monien et al., 2017), and the particulate organic carbon in the water
column, for several periods (Schloss et al., 1999, 2012). The resulting
average organic carbon deposition estimates were: 89 (Faro), 395 (Isla

Summer 2015 Spring 2015 Spring 2016

w
o

N
(=]

—
o

Contributions to C stocks [mol C m ‘2]

Faro Isla D Creek Faro Isla D Creek Faro Isla D Creek
Station
M Bacteria B Macroalgae on sediment Ml Macrofauna L. elliptica
Il Microphytobenthos ' Meiofauna I A eightsii M Detritus

FIGURE 2

Overview of average measured carbon stocks at each study site and season. Largest carbon stocks are detritus pools in the sediment and stocks of

the large bivalve species Laternula elliptica and Aequiyoldia eightsii.

TABLE 1 Data on carbon fluxes (mmol C m d™!) that were fed into the model as inequalities [minimum, maximum].

Total Net production Gross production

Season Station C mineralization of microphytobenthos of microphytobenthos

Summer 2015 Faro [21, 38] [-26.18, 20.57] -2.81 +23.38
Isla D [14, 19] [0.17, 6.59] 338 £321
Creek [25, 47] [-17.55, 19.27] 0.86 + 18.41

Spring 2015 Faro [28, 39] [44.57, 57.17) 50.87 + 6.30
Isla D [13, 31] [15.89, 37.83] 26.86 + 10.97
Creek [21, 22] [31.93, 38.27] 35.10 + 3.17

Spring 2016 Faro [20, 22] [5.01, 39.25] 2213 +7.12
Isla D [13, 14] [-1.74, 4.18] 1.22 +2.96
Creek [28, 31] [-6.18, 32.92] 13.37 £ 19.55

Data from Braeckman et al. (2021).
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D) and 318 (Creek) mmol C m? d'. This complementary dataset
makes the site highly suitable for quantitative estimates of carbon flows
in the benthic food web through linear inverse models.

2.2 Food web structure

Organic carbon input into Potter Cove arises from various
sources in both the water column and the sediment. In the water
column, labile detritus (IDet_w), semi-labile detritus (sDet_w) and
macroalgal fragments (Malg_wc) originating from the macroalgae
beds on the rocky shore (Malg_hs) are deposited onto the seafloor
as detritus (Malg_ps). The sediment non-faunal food-web
compartments include prokaryotes (BAC), microphytobenthos
(MPB), macroalgal fragments (Malg ps), labile detritus (IDet),
semi-labile detritus (sDet) and refractory detritus (rDet) sensu
(Van Oevelen et al., 2011).

Faunal compartments in the food web were defined using size-
classes (Meiofauna, represented by numerically dominant
Nematodes NEM and other Meiofauna deposit feeders MEIODF;
and macrofauna MAC) and feeding types (Nematodes: selective
feeders NEMSF, non-selective feeders NEMNF, predator-
omnivores NEMPO; Macrofauna: surface deposit feeders
MACSDF, deposit feeders MACDF, suspension feeders MACSF
and predator-scavengers MACPS). The burrowing bivalve
Aequiyoldia eightsii (YOL) is a deposit-feeder and Laternula
elliptica (LAT) a suspension-feeder. These bivalve species were
considered separately due to their dominance in terms of biomass.

Nematode classification in feeding types was based on mouth
morphology as described by Wieser (1953). However, epistrate
feeders and selective deposit-feeders were pooled into one group,
NEMSE. ‘Other Meiofauna Deposit feeders’ included small
polychaetes, Cumacea and harpacticoid Copepoda. Macrofauna
taxa included Amphipoda, Bivalvia, Cumacea, Gastropoda,
Isopoda, Nemertea, Oligochaeta, Ostracoda, Pennatulacea,
Polychaeta, Priapulida and Tanaidacea. The classification into
feeding types was based on reported feeding ecologies in peer-
reviewed literature (Supplementary Table 4). The macrobenthic
deposit-feeders MACDF included the polychaete families
Cirratulidae, Maldanidae, Opheliidae, Orbiniidae and Travisiidae,
the oligochaetes and the bivalve family Nuculidae. The surface
deposit feeders MACSDF included the polychaete families
Terebellidae, Ampharetidae, Gastropods, Cumacea, Tanaidacea
and the bivalve genus Mysella. Macrobenthic suspension feeders
MACSF consisted of Ostracoda, Pennatulacea and the bivalve
family Thyasiridae. Macrobenthic predators and scavengers
MACPS were composed of the polychaete families Nephtydae,
Polynoidae, the amphipod families Phoxocephalidae, Eusiridae,
Oedicerotidae, Dexaminidae, Stenothoidae and Lysianassidae, the
isopod families Munnidae, Serolidae, Priapulidae and Nemertea
(Braeckman et al., 2021).

Carbon outflows from the food web are respiration to dissolved
inorganic carbon (DIC), burial of rDet and export of macrobenthos
(e.g. consumption by fish) and macroalgal fragments in the water
column (physical drift out of Potter Cove). To keep the model in
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steady-state condition, an additional ‘C outflow” had to be added, in
which C accumulated in microphytobenthos biomass at sites or
during seasons of high benthic primary production. This
accumulation term also has a biological meaning: it indicates that
more microphytobenthos biomass is produced than is disappearing
through grazing or decay for a certain unit of time. In this case, a
temporal ‘food bank’ for grazers is created. However, in the food
web model description, herbivores only feed on the
microphytobenthos stock, not on the accumulating
microphytobenthos biomass term, since it is exactly this excess
biomass that remains after herbivory.

2.3 Food web links

Carbon transfer links in the food web were implemented as
exemplified in Figure 3. Within the food web, all sedimentary
detritus pools are considered to be hydrolyzed, therefore
contributing to the dissolved organic carbon pool in the sediment
(DOC_s). They are further grazed upon by meiofauna (MeioDF,
NemSF, NemDF and NemPS) and MacSDF, MacDF, MacSF,
MacPS, Yol and Lat. DOC_s is also released by macroalgal
fragments in the sediment or exuded by microphytobenthos and
taken up by prokaryotes and NemNF. Predatory feeding links are
primarily defined based on size class; prokaryotes are consumed by
the meiofauna and non-suspension-feeding macrofaunal
compartments. Microphytobenthos is grazed upon by meiofauna,
non-suspension-feeding macrofauna, A. eightsii and L. elliptica.
Macroalgal fragments in the sediment are consumed by
prokaryotes, meiofauna and all non-suspension-feeding
macrofauna, including A. eightsii and L. elliptica. Deposit-feeding
meiofauna (incl. nematodes) are consumed by predatory
nematodes, all meiofauna groups are consumed by non-
suspension-feeding macrofaunal compartments including A.
eightsii and L. elliptica. Macrofaunal compartments MacSDF,
MacDF and MacSF are preyed upon by predatory macrofauna
MacPS. Part of the sources ingested by the faunal compartments is
not assimilated and expelled as feces. The non-assimilated labile
(e.g. labile detritus, prokaryotic, macroalgal and faunal
compartments) and semi-labile (semi-labile detritus) carbon enter
the semi-labile and refractory detritus, respectively. Respiration by
faunal compartments is defined as the sum of maintenance
respiration (biomass-specific respiration) and growth respiration
(overhead on new biomass production). Prokaryotic mortality is
defined as a flux to DOC_s; microphytobenthos and faunal
mortality is defined as a flux to labile detritus in the sediment.

2.4 Linear inverse food web models

The structure of the nine benthic food webs in Potter Cove was
described by means of a linear inverse model (LIM). This modelling
technology is explained extensively in Soetaert and van Oevelen
(2009) and van Oevelen et al. (2010). In short, this model is
expressed as a set of linear equality equations and a set of
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Faro Spring 2015

FIGURE 3

Isla D Spring 2015

10.3389/fmars.2024.1359597

Creek Spring 2015

B
AccumulatedMPB
DIC

Malg_bs i\ 4poc_s
Lol b

Food web models for Spring 2015 at the three study locations. Food web models for all seasons and full compartment names can be viewed in

Supplementary Figure 1. Carbon flows in mmol C m2d™.

inequality equations. The equality equations contain the mass
balance of each compartment of the food web and the flow rate data:

A-x=B

G-x>H

Where vector x contains the unknown fluxes, vectors B and H
contain empirical equality and inequality data respectively, and the
coefficients in matrices A and G specify the combination of
unknown fluxes that should meet the requirements defined in
vectors B and H.

The inequality equations are used to constrain the model output
by placing upper and lower boundaries on single flows or
combinations of flows. The empirical data on total respiration
and microphytobenthos Gross Primary Production (GPP) were
used in the constraint equation, while the stable isotope mass
balances (see van Oevelen et al., 2006) were implemented in the
equality equation. Furthermore, biologically realistic boundaries
were placed on unmeasured fluxes (implemented as inequality
equations) using literature data (Table 2).

The nine food webs contained each a total of 139 unknown C
flows, 10 equations (isotope equations, see further), 18 components
(mass balances) and 159 inequalities (constraints) and the implicit
assumption that each flow should be > 0. The number of unknown
C flows outnumbers the number of data equations (10). Therefore,
the model solution is underdetermined, as there exists an infinitely
large set of solutions that fit the matrix equations. A likelihood
approach to solving the model was taken (Van den Meersche et al.,
2009; van Oevelen et al., 2010). Instead of selecting a single solution
from the infinite set of solutions, the approach here uses a sampling
method to retrieve the distribution of flow values in the solution set.
A “best” flow value and its associated uncertainty can be inferred
from all sampled food web solutions (van Oevelen et al., 2010). A
total of 1000 different model solutions was sampled from the
infinite possible solutions. Each of these solutions is consistent
with the equality and inequality equations of the matrix, and used to
calculate the mean and standard deviation of each flow. The
variance on the standard deviation of 1000 iterations of a flow
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solution was < 10% of the variance on the standard deviation of 50
randomly sampled solutions of a flow. This means that the 1000
solutions ensure sufficient convergence of the mean and standard
deviation estimate for each carbon flow (van Oevelen et al., 2011).

2.5 Data availability

2.5.1 Carbon stocks of food web compartments
Data on carbon stocks was available for all compartments
(Braeckman et al., 2021) (Figure 2), except for DOC in the
sediment and macroalgal fragments in the water column.
Sediment was sampled with replicated 3.6 cm diameter cores by
scientific divers (detritus, prokaryotes, microphytobenthos,
meiobenthos) of which the top 5 cm were vertically split in
sections of 1 cm and further analyzed. Labile detritus was defined
as all carbon associated with chlorophyll a in the top 1 cm.
Chlorophyll a concentrations were converted to carbon units by
assuming a carbon to chlorophyll a ratio of 55 (van Oevelen et al.,
2012, 2006). Semi-labile detritus was defined as the fraction of total
organic carbon in the top 4 cm minus that of the bottom cm (4-
5 cm). Refractory detritus was defined as the total OC stock in the
lowest layer of the top 5 cm of the sediment (4-5 cm). Prokaryotic
and microphytobenthos carbon stocks were inferred from cell
counts and cell volumes (Braecckman et al., 2021). The biomass of
macroalgal fragments was estimated from images within frames of
45x45 c¢m taken by scientific divers. Biomass in the sediment was
determined based on percent cover as analyzed with Image]. A
surface-algal-dry weight conversion factor of 0.6 g dry weight dm™
was used for Saccharina latissima (Broch and Slagstad, 2012). For
Desmarestia anceps and Palmaria decipiens an organic carbon
fraction of 25% of the dry weight was considered (Peters et al.,
2005; Braeckman et al, 2019). The species composition of the
macroalgal fragments in the sediments was more diverse, and the
tissue not always a flat surface. Therefore, the macroalgal fragment
biomass estimates are considered conservative. These images also
served to estimate the biomass of L. elliptica through siphon counts
and conversion from siphon width to ash-free dry weight
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TABLE 2 Physiological constraints.

Process Size class Value Unit
Lysis,
DOC
production Prokaryotes [04,1] | -
Microphytobenthos [0.42,0.73] | -
Ingestion
rate Aequiyoldia eightsii [0.000001, 0.85] | d™*
Laternula elliptica [0.005, 0.0336]*Tlim | d*
Assimilation Meiofauna feeding
Efficiency on labile detritus [0.57,0.77] | -
Meiofauna feeding
on semi-
labile detritus [0.29,0.39] | -
Macrofauna incl.
A. eightsii feeding
on labile detritus [0.4, 0.75] -
Macrofauna incl.
A. eightsii and L.
elliptica feeding on
semi-labile detritus [0.2, 0.38] -
L. elliptica feeding
on labile detritus [0.4,083] | -
A. eightsii and L.
elliptica feeding on
macroalgae detritus [0.26, 0.51] -
Growth Meiofauna [0.05, 0.20]*Tlim | d*
Macrofauna [0.0145, 0.5]*Tlim | d*
Aequiyoldia eightsii [0.00029, 0.0007] | d*
Laternula elliptica [0.00035, 0.0012] | d*
Bacterial
Growth
Efficiency Prokaryotes [0.05, 0.45] -
Net
Growth
Efficiency Meiofauna [0.6,09] | -
Macrofauna [0.5,0.7] | -
Aequiyoldia eightsii [0.5,07] | -
Laternula elliptica [0.19, 0.7] -
Mortality
rate Meiofauna [0, Tlim*0.20] | d*
Macrofauna [0, Tlim*0.05] | d!
Aequiyoldia eightsii [0,0.007] | d*
Laternula elliptica [0,0.0012] @ d*
Macroalgae max. 21.036 | mmol C m?d"!
Respiration Microphytobenthos [0.05,03] | -
Faunal
Maintenance
Respiration
rate Meiofauna Tlim * 0.01 = mmol C m?d"
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TABLE 2 Continued

Process Size class Value Unit
Macrofauna Tlim * 0.01 = mmol C m™>d"
Aequiyoldia eightsii Tlim * 0.001 ~ mmol C m?d"!
Laternula elliptica Tlim * 0.001 ~ mmol C m?2d*!
Nematode NF,

Feeding Meiofauna DF,

Selectivity Macrofauna DF [0.01, 0.10] -
Nematode SF,
Macrofauna SDF,
A. eightsii,
L. elliptica [0.5,1] -

Feeding

Preference Nematode PO [0.75,1] = -
Macrofauna PS [03,1] -

See Supplementary Table 5 for full table including references.

(Hoffmann et al., 2018). The biomass of meiofauna in the top 5 cm
and other macrofauna including A. eightsii was taken from
Braeckman et al. (2021). Carbon biomass for each of the
compartments used in the models is displayed in Figure 2 and
Supplementary Table 3.

2.5.2 Inequality constraints

Total oxygen exchange was measured in transparent and dark
in situ benthic chambers over the course of 22-24h (Braeckman
et al,, 2021). Total respiration was derived from the total oxygen
uptake (TOU) rates measured in in situ dark benthic chambers,
while GPP by microphytobenthos was estimated from the sum of
Net Community Metabolism (NCM), measured in transparent
benthic chambers, and Respiration (R) (Table 2). Total
respiration includes that of bacteria, microphytobenthos,
meiofauna and macrofauna, including respiration of A. eightsii
and L. elliptica. The minimum and maximum respiration rates of
the benthic primary producers were set at 5 and 30% of GPP,
respectively (Vézina and Platt, 1988). An additional number of
general inequality constraints was taken from the literature to
constrain degradation rates of the labile, semi-labile and
refractory detritus pools (Supplementary Table 5), prokaryote
growth efficiency, assimilation efficiency of all faunal
compartments, net growth efficiency of all faunal compartments,
production and mortality rates of all faunal compartments (Table 2,
Supplementary Table 6). Since measurements of assimilation and
growth efficiencies of Antarctic benthos are very rare, we relied on a
literature review of temperate benthos (van Oevelen et al., 2006) as
basis for these constraints. Biomass-specific maintenance
respiration of meiofaunal and macrofaunal compartments was
defined as 0.01 d' at 20°C, while for the large bivalves A. eightsii
and L. elliptica, 0.001 d ! at 20°C was assumed (see references in van
Oevelen et al,, 2006). These respiration rates were corrected to
respiration estimates at the in situ temperature, using a
temperature-correction factor (Tlim) for each season, assuming a
Qo temperature coefficient of 2 (Supplementary Table 7).
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2.6 Implementation of natural abundance
isotope and isotope tracer data

Assimilation rates of macroalgal C by prokaryotes, meiofauna
and macrofauna including A. eightsii and L. elliptica (Table 3) were
assessed in a laboratory setting by conducting in situ pulse-chase
experiments with '*C-labelled Desmarestia anceps and Palmaria
decipiens (Braeckman et al., 2019). These phytodetritus C
incorporation rates (minimum and maximum rates) were
integrated in the linear inverse model to further constrain C flows
(van Oevelen et al., 2012, 2006).

Natural isotope abundance data (8"3C) were available for all
primary food sources and the faunal compartments in Potter Cove
from summer 2012 and 2015 (Pasotti et al., 2015b; Braeckman et al.,
2019) (Supplementary Table 8). Hence, a seasonal distinction could
not be imposed by implementing the natural '>C abundance
signature data in the LIM. Also, the spatial resolution at the scale
of the three investigated sites was not available for the primary food
sources, nor for every faunal compartment. However, for those taxa
that were sampled at the three study sites, no spatial difference in §'°C
was found. The natural abundance §"°C data were implemented in
the LIM as equality equations in the form of mixing models (10
equations, 1 equation for each consumer compartment of meiofauna
and macrofauna) (van Oevelen et al., 2006).

2.7 Model calibration

The accuracy of the model estimates is inherently dependent on
both the quality of the input data and model assumptions. For this
reason, we focused on soft-substrate communities, constraining the
models with as much site - and season-specific biological and
biogeochemical data as possible, using site-specific experimental
pulse-chase and natural abundance stable isotope data and
literature sources to constrain unmeasured C flows. An advantage
of the linear inverse modelling technique is that the data are

TABLE 3 Macroalgal C assimilation rates | (mmol C m2d™?) in
prokaryotes, meio- and macrofauna based on pulse-chase experiments
by Braeckman et al. (2019).

Macroalgal C

Food web compartment assimilation rate

Prokaryotes [0.002, 0.015]*Cstock

Meiofauna [0.000006, 0.000039]*Cstock

Macrofauna Deposit feeders [0, 0.008]*Cstock

Macrofauna Suspension

Deposit feeders [0, 0.015]*Cstock

Macrofauna Suspensionfeeders [0, 0.008]*Cstock

Macrofauna Predator scavengers [0, 0.02]*Cstock
Aequiyoldia eightsii [0.00001, 0.001]*Cstock
Laternula elliptica [0.0002, 0.0042]*Cstock

The data are presented as inequalities [minimum, maximum)].
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checked for internal consistency, meaning that if the data (ie.
carbon stocks and turnover rates) are not compatible, the model
cannot be solved.

To make the models solvable, the ranges of some physiological
constraints found in literature (Table 2) had to be slightly adjusted.
This was the case for the minimum growth rate of macrofauna and
the minimum ingestion rate and net growth efficiency of L. elliptica,
while the upper boundary on the mortality rates of L. elliptica and
A. eightsii had to be increased. While the adjustments for
macrofauna in general were limited (growth rate of macrofauna
was lowered with 3% compared to literature values), the ranges of
the physiological rates of the large bivalves had to be expanded
more substantially. In this sense, the minimum ingestion rate had to
be lowered to 42% of what was reported as minimum for the sister
species L. marilina (Supplementary Table 6), and maximum
mortality rates had to be increased by 20% for L. elliptica and
multiplied by 20 for A. eightsii (Supplementary Table 6). This
indicates that the carbon input estimated by the model was not
sufficient to sustain bivalve populations that are fast growing and
long-lived. An explanation for this incompatibility can be that the
physiological rates found in literature originate from experimental
studies (van Oevelen et al., 2006) and that a temperature correction
was not sufficient to reduce the metabolic rate. The lower mortality
rates could originate from populations that are or were less affected
by glacial melt disturbance at the time of study (Peck and Bullough,
1993; Urban and Mercuri, 1998). The feeding preference of
macrofauna predators and scavengers was originally 0.75 (van
Oevelen et al., 2011), meaning that these organisms were feeding
for 75% selectively on other organisms or carrion. However, this
value had to be lowered to 0.3, indicating a higher degree of
omnivory, which is consistent with a recent food web topology
study demonstrating the importance of omnivory in Potter Cove
(Rodriguez et al., 2022). In all, adjusting these physiological
constraints from literature to values that make the model
solvable, informs us on more realistic site-specific values for the
populations in our study area. It also informs us about the strong
influence of the high biomass of the L. elliptica and A. eightsii
populations on the carbon fluxes in the benthic food web of Potter
Cove. The values of the constraints on the physiology of these two
bivalve species had to be adjusted to decrease the carbon cycling in
these species. As literature sources reported higher carbon cycling
rates, our use of lower rate estimates means that the contribution of
these two large bivalve species to carbon cycling in Potter Cove
might be underestimated.

Finally, the fractionation factor of '>C applied in the isotope
mixing models integrated in the LIMs, had to be increased from 1 to
2 for the grazing of A. eightsii on microphytobenthos (incl. benthic
diatoms) and to 3 for macrofauna suspension feeding on water
column detritus and macroalgal fragments. The reason for this
might be that natural abundance stable isotope data were obtained
in summer (Pasotti et al., 2015b), whereas the LIMs were also
constructed for spring seasons. In spring, high growth rates of
diatoms lead to reduced isotope fractionation with respect to the
inorganic carbon source, but subsequent lower growth rates
increase the isotope fractionation again (Laws et al., 1995). These
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fluctuations might have contributed to the mismatch in >C
signature between food source and consumer, hence the higher
fractionation factor.

Phytoplankton production was not included in the models, as no
data were available for the three different seasons in 2015-2016. Since
phytoplankton biomass and production can vary an order of
magnitude interseasonally — and interannually (Latorre et al, 2023;
Antoni et al. in review), we did not include phytoplankton data from
other years. Nevertheless, glacier melting limits phytoplankton as well
(Schloss et al., 2002), but benthic primary production is considered
more important for benthic organisms than phytoplankton production
(Ahn et al, 1993).

Foraminifera were not included, because no biomass data for
this compartment were available. These organisms graze on
diatoms, bacteria and consume DOC and their grazing rates in
Antarctic sediment can attain the same order of magnitude as those
of metazoans (Rivkin and DeLaca, 1990).

No epifauna was included, although ascidians, limpets and
sponges clearly play an important role in Potter Cove (Sahade
et al,, 2015; Lagger et al., 2018). Nevertheless, these organisms were
not observed in our image analysis of ~150 pictures of Potter Cove
sediments, hence their absence from the models.

The predation flow from infauna to consumers was not
considered in the present food web models. Species preying on
the sediment infauna would include Nototheniid fish and starfish
(Moreno and Osorio, 1977; Casaux, 1998; Dunton, 2001; Moreira
et al,, 2014). However, there are no standardized density and/or
biomass data for Nototheniid fish, which are usually sampled with
trammel nets (Moreira et al., 2014). The carbon flow from infaunal
taxa to their predators was therefore included in the ‘Export’ term.
This term also includes physical export of C biomass away from the
study site.

2.8 Network indices

Network indices “Total system throughput” (T..), i.e., the sum
of all C flows in the food web and “Finns’ Cycling Index” (FCI), i.e.
the proportion of the total system of cycled throughflow, were
calculated with the R package NetIndices v.1.4.4 (Kones et al,
2009). for each of the 1000 model solutions and summarized as
mean * sd.

2.9 Intermodel comparison of results

To test the five hypotheses, the variables resulting from the nine
models were compared by calculating the fraction of which the
randomized set of 1000 results of one model is larger than that of
another model. For example, when this fraction is 0.90, this implies
that 90% of the values of model 1 are larger than the ones of model 2
(and consequently, 10% of the values are lower). We define
differences of 90% and 10% as significant difference and 95% and
5% as highly significant difference.
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3 Results
3.1 Carbon stocks

Carbon stocks in the soft-substrate benthic ecosystem of Potter
Cove were dominated by detritus (the sum of the labile, semi-labile
and refractory compartments made up 42 — 85% of the total carbon
stocks), followed by the large bivalves L. elliptica (4 - 51%) and A.
eightsii (2 — 20%) (Figure 2; Supplementary Table 3). Bacterial
organic carbon and that of other macrofauna constituted both 1 -
5% of the total organic carbon stock. Meiofauna (0.1 - 1%),
microphytobenthos and macroalgal fragments on the sediment
(all 0 - 0.1%) were the smallest components of the organic
carbon stock. Total carbon stocks were smallest at the glacier
station (Isla D) and largest at the downstream station (Creek).
Close to the glacier, the organic detritus, A. eightsii and other
macrofauna stocks were smaller, while the meiofauna and L.
elliptica stock was larger.

3.2 Carbon flows

The model-derived carbon flows in the food webs of each of the
study sites and seasons are exemplified in Figure 3 and fully
depicted in Supplementary Figure 1. The largest carbon flows
were related to burial of refractory detritus in the sediment,
microphytobenthos production and accumulation of
microphytobenthic organisms, the carbon flow of labile detritus
in the water column to L. elliptica and A. eightsii and the export of
macroalgae particles in the water column to the pool of macroalgae
fragments in the sediment (Figure 3). The maximum flow
magnitude was primary production by microphytobenthos in
Faro in Spring 2015 (50 mmol m™> d™).

3.2.1 Carbon input

The total input of carbon, that is the sum of the release of
macroalgae from hard substrates as fragments into the water
column, the deposition of labile and semi-labile detritus from the
water column onto the sediment, suspension feeding and gross
microphytobenthos production) was significantly lower at Isla D
in Summer 2015 than in the other two stations (Figure 4A;
Supplementary Table 9). Total carbon input at Faro and Isla D
was significantly higher in Spring 2015 (57 - 84 mmol m™> d'")
compared to Summer 2015 and Spring 2016 (30 - 61 mmol m>d™").
At Creek, total carbon input was also significantly higher in Spring
2015 compared to Spring 2016 (Figure 4A). The main contributor to
these differences was the higher gross microphytobenthos
production found in Spring 2015 (41 - 59% of the total carbon
input) than in Summer 2015 and Spring 2016 (14 - 35%). This
represented the highest number of ‘significantly different’ results in
model intercomparison encountered (Supplementary Table 9).
Macroalgae input into the system contributed 19 - 40% to the
total input, suspension feeding accounted for 14 to 49%, and water
column detritus for 4 - 14%.
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(A) Contributions to carbon input in Potter Cove (Macroalgae from hard substrates to water column, deposition of labile and semi-labile detritus in
the water column on the sediment, suspension feeding and gross microphytobenthos production). (B) Contributions to secondary production
(meiofauna, large burrowing bivalves Laternula elliptica, Aequiyoldia eightsii and other macrofauna). Means and standard deviations of

1000 simulations.

3.2.2 Carbon outflow

Model carbon outflow consists of respiration represented as flows
to DIC, accumulation in microphytobenthos biomass, export
(physical export out of Potter Cove and predation by higher
trophic levels such as Nototheniid fish) and burial (Table 4).
Respiration was the largest outflow (34 — 69% of total C outflow),
and was significantly lower at Isla D in Summer 2015 and Spring
2016 (14 and 19 mmol C m™ d"! respectively) than in other seasons
and sites (21 — 40 mmol C m? d™") (Table 4; Supplementary Table 9).
Bacteria were the largest contributors to total respiration (34 — 63% of
total respiration), followed by L. elliptica (6 - 28%) and macrobenthic
predator-scavengers (6 — 17%) (Supplementary Table 10).

Burial (i.e. the carbon flow from refractory detritus to long-
term burial in the sediment) was the second largest C outflow
(13 - 42% of C outflow), with rates ranging between 4 and 19.5
mmol C m? d™' (Table 4).

Export (7 - 17% of C outflows) was composed of export of
macrofaunal biomass (24 - 84% of C outflow) and macroalgal
fragments in the water column (15 - 75%) (Supplementary
Table 11). The contribution of export to C outflows was highest
at Isla D (13 - 17% of C outflows). Model intercomparisons did not
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indicate a consistent influence of glacial melt on C burial nor export
(Supplementary Table 9).

Accumulation of carbon in the microphytobenthos pool was
small at all stations in Summer 2015 and Spring 2016 (0.2 - 6% of C
outflow), but was significantly higher in Spring 2015, ranging from
15% at Isla D to 33% of the carbon outflow at Faro (Table 4;
Supplementary Table 9).

3.2.3 Carbon ingestion

Deposit feeding on sediment detritus (23 - 34% of the carbon
that was ingested) and suspension feeding (22 - 43%, mainly by
L. elliptica) were the dominant feeding modes (Table 5). Grazing
on microphytobenthos was important in Faro and Creek (22 -
30% of carbon ingestion pathways) and significantly lower at Isla
D (Supplementary Table 9). There were no other major
differences in carbon ingestion pathways with regard to glacial
melt impact, but carbon ingestion in Spring 2016 was
consistently lower than in the other seasons (Table 5).
Predation (4 - 8%) and grazing on macroalgal fragments in
the sediment (2 - 5%) and on bacteria (4 — 9%) were the smallest
carbon ingestion flows.
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TABLE 4 Outflows in the Potter Cove benthic food web, average + sd of 1000 solutions (mmol C m2d™).

Season Station Respiration Accumulation Burial Total C Outflow
Microphytobenthos
Faro 345+ 3.6 12+1 6.6 + 2.4 19.5+53 61.8 +8.5
Summer 2015 Isla D 188 + 0.6 0.1+0.1 75+26 164 + 4.6 429+62
Creek 395 + 4.9 22418 48+ 1.7 13+3 595 + 6.9
Faro 36.1 428 27.6 £2.5 57+22 149 +2 842+5
Spring 2015 Isla D 271432 87 +2.1 9.4 +45 121452 573 +8
Creek 216 £0.2 19+2 74 +26 146 £ 2 62.6 £ 4.9
Faro 21407 18+13 3.6+23 41+16 305+ 4
Spring 2016 Isla D 141 +02 0.1+0.1 41+15 132433 315 + 42
Creek 29.8 + 0.9 3+13 45+ 18 127+ 4 50 + 4.6

3.2.4 Secondary production

Total secondary production did not show any influence of
glacial melt disturbance (Figure 4B). A significantly reduced
secondary production close to the glacier was mainly observed for
the burrowing bivalve A. eightsii and other macrofauna (Figure 4B;
Supplementary Table 9). In contrast, the large burrowing bivalve
species, L. elliptica, showed a significantly higher secondary
production close to the glacier (Isla D) than at Faro in summer
2015 or Faro and Creek in Spring 2015.

Meiofauna secondary production was highest close to the
glacier compared to the stations further away from the glacier in
all three seasons (Figure 4B; Supplementary Table 9). In spring
2016, a season with strong glacial melt runoff, total secondary
production was even higher close to the glacier (Isla D) compared
to the site upstream of the glacier (Faro), governed by the
significantly higher secondary production of L. elliptica and
meiofauna (Supplementary Table 9).

3.2.5 Network indices
The average total system throughput (summed carbon flows, in
mmol C m?d™) in Summer 2015 was 32 and 36% lower at the site

closest to the glacier (Isla D) than at Creek and Faro, respectively.
In Spring 2015, total system throughput was highest at Faro, but
similar in the two other locations, while in Spring 2016, Creek was
characterized by a significantly higher total system throughput than
the other two stations (Figure 5; Supplementary Table 9).

The cycling index FCI was low at the three sites. About 5 to 8%
of the carbon was recycled in the benthic system.

3.3 Specific carbon pathways

3.3.1 Herbivorous pathways

The benthic primary production pathway consists of net primary
production by microphytobenthos, accumulation of carbon in
microphytobenthos biomass, DOC production and respiration by
microphytobenthos and grazing on microphytobenthos. This
pathway was of significantly lower magnitude closest to the glacier
(Isla D) and in the seasons experiencing strongest glacial runoff
(Summer 2015 and Spring 2016) (Figure 6A; Supplementary Table 9).

The macroalgae pathway consists of the input of organic
matter from hard substrates into the water column through

TABLE 5 Ingestion modes in the Potter Cove benthic food web, average + sd of 1000 solutions, in mmol C m2d™%.

Suspension
Bacteria Macroalgae Detritus Feeding Predation Total
Faro 352+ 1.4 14.17 +2.28 2.64 £ 0.5 1741 +2.8 20.18 + 5.24 291 + 0.61 63
Summer
So1s Isla D 2.64 £ 0.54 574 +0.32 2.14 % 0.4 133 £15 18.46 + 4.48 2.96 + 0.5 47
Creek 538 + 1.68 12.54 + 1.95 1.99 + 0.4 1348 + 2.5 19.18 + 3.44 241 +0.52 57
Faro 341+ 136 16.16 + 1.69 0.96 + 0.1 1733 +2 11.98 + 1.26 2.65 + 0.41 54
Spring
»o1s Isla D 3.94 % 1.49 751 £0.72 1.78 £ 04 9.98 + 2 12.97 +2.22 347 £ 0.48 42
Creek 2.1 +0.64 12.48 + 149 1.6 03 1631 + 2.1 1049 + 1.86 297 £ 0.56 48
Faro 1.72 + 0.65 497 +0.53 073 + 0.1 44+ 08 4.24 + 0.64 1.4 +0.02 19
Spring
S016 Isla D 23 +038 354 +0.24 0.86 + 0.2 10+12 15.39 +2.27 1.92 + 0.39 36
Creek 266 + 1.15 925+ 1.16 073 + 0.1 1034 + 1.8 1431 + 1.81 1.88 + 0.28 41
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fragmentation, export of these water column fragments out of
Potter Cove, grazing by bacteria, meiofauna and macrofauna,
including large bivalves in the sediment, and degradation as
dissolution of macroalgal material to DOC in the sediment. In
general, grazing was the dominant fate of the macroalgal
fragments (Figure 6B). The fraction of macroalgae that was
exported ranged between 4 and 37% of the macroalgae carbon
outflow. The macroalgae pathway and its individual flows were
not impacted by glacial runoff (no significant differences shown in
Supplementary Table 9).

3.3.2 Microbial loop

The microbial loop was significantly reduced close to the glacier
during seasons with high glacial disturbance (Figure 6C;
Supplementary Table 9). However, due to a higher detritus
dissolution and high net DOC uptake by bacteria close to the
glacier (Isla D), this was not the case in Spring 2015.

4 Discussion

Here, we present the first quantitative study on carbon flows
in an Antarctic benthic food web attempting to quantify the
effect of glacial melt disturbance on the benthic food web. Our
comprehensive dataset on soft-substrate benthos and carbon
turnover rates (Braeckman et al., 2021, 2019; Pasotti et al.,
2015b) has been instrumental in this endeavor, complemented
by insights from numerous site-specific literature sources.
The presented benthic food web models also allow us to
estimate C flows that were not directly measured, such as the
carbon flow of macroalgae detritus to benthos and the export of
macroalgae fragments in the water column, including the
associated uncertainty. This adds considerable detail to our
understanding of the fate of detached macroalgae in Potter
Cove, for which a rough budget has been recently presented
(Quartino et al., 2020).
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4.1 Glacial melt impact on the benthic
primary production pathway (H1)

We hypothesized a reduced benthic primary production
pathway under glacial melt disturbance (H1). The benthic
primary production pathway is indeed less intense in the site
closest to the glacier (Isla D) and in the seasons experiencing the
strongest glacial runoff (Summer 2015 and Spring 2016)
(Figure 6B). In addition to the low light levels in the water
column close to the glacier, the high sedimentation rate close to
the glacier buries the benthic diatoms. Although these organisms
have the capacity to migrate to the surface, the repeated
disturbance affects their energy allocation, hence lowering their
production potential (Hoffmann et al, 2019). In addition, the
scouring of ice growlers dropping down from the glacier
frequently resuspends the benthic diatoms into the overlying
water, excluding them from the contribution to the
microphytobenthos C stock and benthic primary production.
Although in spring 2015, the microphytobenthos pathway was
more intense in all three study sites in Potter Cove, the food web at
the site closest to the glacier (Isla D) still had the least intense
microphytobenthos pathway. This means that the frequent
disturbance of the sediments close to the glacier poses a
continuous limit on the primary production by the
microphytobenthos community, both through a reduction in
light availability and the resuspension of benthic diatoms. The
resuspended benthic diatoms would still be available to filter-
feeding macrofauna extending siphons in the water column, such
as L. elliptica (Ahn et al., 1993).

In contrast, when glacial runoff was reduced in Spring 2015, a
clear build-up of microphytobenthos biomass was observed as
increased values of the accumulation term. This would indicate
that when glacial disturbance is low, microphytobenthos biomass
remains longer available to grazers in the area. Strong evidence for
the existence of such food banks’ that persist during winter months
has been shown for Antarctic shelf sediments (Smith et al., 2012).
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4.2 Glacial melt impact on the microbial
loop (H2)

The microbial loop was hypothesized to change under glacial
melt impact (H2). The direction of change was not specified in the
hypothesis, since the response of the microbial community could be
net positive or negative. A negative impact of sediment disturbance
and resuspension on the benthic microbial loop have been observed
in a deep-sea trawling experiment, probably because of slow
regrowth of microbial biomass (De Jonge et al., 2020). Similarly,
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lower bacterial abundance but increased C turnover rates were
observed in microcosm experiments simulating resuspension events
(Pusceddu et al., 2005). In Potter Cove sediments, we observed that
the microbial loop was indeed less intense close to the glacier during
high runoff seasons (Figure 6C). However, during the low runoff
season (Spring 2015), the microbial loop close to the glacier was
nearly as strong as in the sediments underlying clear waters further
from the glacier (Faro). Most likely, this reflects to a large extent the
intense recycling of new biomass produced by benthic diatoms and/
or the DOC they exudate, the higher the detritus dissolution and net
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DOC uptake by Bacteria. Also, degradation of macroalgal detritus
might contribute to the microbial loop strength. A strong positive
influence of macroalgal detritus on the microbial loop has recently
been demonstrated in Potter Cove (Aromokeye et al., 2021).

4.3 Glacial melt impact on secondary
production (H3)

Hypothesis 3, i.e. a reduced secondary production of different
trophic groups, was corroborated, in particular for the burrowing
bivalve A. eightsii and other macrofauna, but not for total secondary
production. A reduced secondary production of A. eightsii is in
agreement with smaller size and age of A. eightsii populations that
are regularly disturbed by ice scouring (Peck and Bullough, 1993).
Lower food availability close to the glacier (i.e. lower concentration of
benthic diatoms or detritus more diluted in high sediment deposits) is
a potential explanation for reduced fitness in Nuculanid bivalves
(Bascur et al., 2020), to which A. eightsii belongs. A lower fitness
might result in slower growth under high glacial runoft.

The opposite is true for the secondary production of L. elliptica
and meiofauna, who seem to thrive close to the glacier. The
secondary production of this bivalve close to the glacier (Isla D)
was often higher compared to the sites less impacted by glacial
runoff (Faro, Creek). Notably, the L. elliptica population near the
glacier was dominated by small individuals (Braeckman et al,
2021). Smaller individuals feature a faster (re)burying activity and
recovery from injury than larger specimens, which renders them
better adapted to frequent scouring disturbance (Philipp et al.,
2011). L. elliptica was considered to graze primarily on
phytoplankton and resuspended benthic diatoms (Ahn, 1997;
Mercuri et al., 1998). Under increased glacial melt scenarios, high
turbidity and/or frequent sediment resuspension may limit the
supply of unicellular microalgae (pelagic/benthic), whereas
macroalgae detritus input to the benthos is expected to increase.
The diet plots (Supplementary Figure 2) indicate that, although L.
elliptica can feed on macroalgal detritus in the sediment
(Braeckman et al.,, 2019), its main diet consists of detritus from
pelagic origin. While populations close to the glacier have adapted
to frequent ice scouring, L. elliptica might become food-limited if it
does not diversify its diet. In upcoming realistic ocean acidification
scenarios, L. elliptica has been shown difficulties in calcification and
whole-organism functioning that are likely energetically difficult to
maintain in the long term (Cummings et al, 2011). Potential
changes in food availability may compromise energy supply for L.
elliptica, which might even deteriorate its calcification rates,
impacting the sturdiness of the shell and hence their natural
protection against physical damage from ice scouring.

4.4 Glacial melt impact on carbon
flows (H4)

We expected a reduced total system throughput and cycling
index under high glacier impact (H4). The total system throughput
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was indeed 32 - 36% lower at the site closest to the glacier (Isla D)
than at the other two sites in Summer 2015, but not during the other
two seasons. This reflects a stronger benthic primary production
and microbial loop pathway in sediments close to the glacier during
weak glacial runoff (Spring 2015) or the subsequent year (Spring
2016) in which the benthic community could still benefit from the
previous productive year (cf. food bank built up during
Spring 2015).

Finn’s cycling index FCI was, however, consistently low at the
three sites and seasons. For comparison, in Fildes Bay, a
neighboring bay on King George Island, an FCI of 1.09% was
found (Ortiz et al., 2016). In the shallow northern Bering Sea, FCI
values ranging from 0.48 to 0.60% have been reported (Lovvorn
et al, 2015). A low FCI indicates that the primary produced
material has a short residence time in Potter Cove sediments.
Combined with a high system throughput, this indicates that
Potter Cove relies on newly produced carbon to sustain a
high level of throughflow (Fath et al., 2019). As long as
sufficient fresh organic carbon is produced by phytoplankton,
microphytobenthos and macroalgae, this carbon input condition
should be met on the long-term.

4.5 Glacial melt impact on carbon
burial (H5)

The estimated carbon burial, representing the flow from
refractory detritus to a buried carbon pool that is not further
degraded, did not follow any patterns related to increased
glacially-derived sediment deposition. This might at first sight
seem remarkable, since increased sediment accumulation rates
(SAR) have been observed in a gradient toward the Fourcade
Glacier (Monien et al., 2017). However, we did not impose
constraints on burial rates of organic carbon to the model due to
the absence of site-specific data for the three stations on SAR and
refractory organic carbon (organic carbon content in deep
sediments). Spatial resolution in organic carbon burial estimates
with respect to the glacier was for this reason not observed.
Nevertheless, the range of our carbon burial rates specific for
Potter Cove (4 - 20 mmol C m™ d!) can be compared to earlier
estimates for Potter Cove and other Antarctic fjord environments.
In Potter Cove, surface sediments show an estimate of 0.13% TOC
(Braeckman et al., 2021), and an average SAR of 0.47 g cm™ y™' in
sediments at a distance to the glacier comparable to our Faro site up
to 1.8 gcm ™ y™', as estimated from sediment traps in the melt water
stream outflow (Monien et al, 2017). These values suggest an
organic carbon burial rate of 1.4 - 5.3 mmol m? d'. In inner
Andvord Bay, further south on the WAP, an estimated burial rate of
3.9 mmol TOC m2 d ™! has been reported (Eidam et al., 2019), while
in South Georgia, organic carbon burial rates range between 1.0 —
2.8 mmol TOC m™? d™* (Berg et al., 2021). Our estimates for Potter
Cove are thus on the high side. However, burial acts on longer time
scales than the two years targeted with the LIM. Hence, while the
order of magnitude is potentially correct, the temporal and spatial
dynamics are probably less well resolved.
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4.6 Carbon ingestion flows

Suspension feeding, predominantly by L. elliptica, and deposit
feeding on detritus were the main pathways of the organic carbon
flow into soft-substrate benthos. This is not surprising, since most
of the infaunal species are deposit or suspension feeders
(Supplementary Table 4). The contribution of predation was low,
but this is an underestimation, since predation by fish (e.g.
Nothoteniids) and mobile epibenthos has not been quantified,
although it has been considered in the term ‘Export’.

The substantial biomass of macroalgae has been suggested to
contribute significantly to the feeding of benthic communities in
Potter Cove (Quartino and de Zaixso, 2008; Seefeldt et al., 2017;
Braeckman et al., 2019; Alurralde et al., 2020) and other shallow
coastal systems on the WAP (Corbisier et al.,, 2004; Ortiz et al,,
2016). Macroalgae are expanding on the new hard substrate areas
that are becoming available due to glacial retreat (Quartino et al,,
2013; Amsler et al., 2023; Deregibus et al., 2023). Our quantitative
benthic food web models suggest that, although the deposition of
macroalgal detritus on the sediments can contribute up to 37% of
the total carbon input into the system, grazing on macroalgal
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fragments by infaunal benthos is a pathway that currently
contributes< 5% to the diet of benthic meio- and macrofauna
communities of soft substrates (Table 5). Grazing on
microphytobenthos, which constituted 10 - 30% of carbon
ingestion flows, is more important, at least in these soft
sediment communities where benthic diatoms are abundant. In
the hard-substrate food web, macroalgae are clearly a much more
important food source for mobile amphipods and Nototheniid
fish (Amsler et al.,, 2012; Aumack et al., 2017; Cordone et al,,
2020). With increasing glacial melt disturbance, there could be a
shift in the balance of food sources for infauna towards grazing on
macroalgal detritus. This is because macroalgae usually grow
under better light conditions on the hard substrate than
microphytobenthos on the sediment and are likely better
adapted to increased turbidity resulting from glacial disturbance
in terms of production (Deregibus et al., 2016; Hoffmann et al.,
2019). However, not all macroalgae species are palatable to
benthic species (Amsler et al., 2012), hence a shift in the
composition of the primary producer community will likely
affect secondary production of consumers and energy transfer to
higher trophic levels.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1359597
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Braeckman et al.

4.7 Outlook to energy transfer in shallow
WAP food webs

Potter Cove is often considered as an example of the future of
shallow ecosystems further south on the WAP. The Fourcade
Glacier once covered a substantial part of Potter Cove until the
1950s, but has been retreating since then at a rate of 40 m y™'
(Riickamp et al., 2011) until its front position on land in 2016
(Latorre et al., 2023). With ongoing glacier retreat along the WAP,
disturbance by ice growlers is expected to increase (Deregibus et al.,
2017), and the discharge of sediment-loaded meltwater streams will
continue to increase turbidity of the shallow and mixed waters,
disturbing both pelagic and benthic unicellular primary producers
(Braeckman et al., 2021). Macroalgae seem to profit from the
expansion of new hard substrate with glacial retreat (Quartino
etal,, 2013; Amsler et al., 2023; Deregibus et al., 2023). As evidenced
in several aspects of our food web analysis, increased glacial runoft
leads to a less intense benthic primary production pathway, a
weaker microbial loop, and reduced secondary production of
infaunal species that are not adapted to continual sediment
deposition (e.g. filter feeders, but even large deposit-feeding
bivalves such as A. eightsii) (Figure 7). The lower secondary
production of these infaunal species may limit the transfer of
energy to higher trophic levels, such as benthic fish (e.g (Moreno
and Osorio, 1977; Casaux, 1998; Moreira et al., 2014). and starfish
(Dunton, 2001) that feed on these species.

4.8 Conclusion

The linear inverse food web models applied in this study were
instrumental in the quantification of carbon transfer among the
benthic food web compartments, providing the first estimates on
carbon flows that had so far only been speculated about (e.g. export
and deposition of macroalgal detritus to Potter Cove seabed). We
show that high glacial melt runoff can reduce the carbon throughput
(i.e., the sum of all carbon flows in the food web), mainly through a
more limited benthic primary production pathway, an impaired
microbial loop, and lower secondary production of the bivalve
Aequiyoldia eightsii and other infauna. In contrast, the bivalve
Laternula elliptica and meiofauna seemed to thrive in the
sediments close to the glacier, as evidenced by their highest
secondary production at this location. This study shows how
glacial melt effects have the potential to propagate from the lower
to the higher trophic levels and, as such, affect the transfer of energy
in the ecosystem.
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