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ABSTRACT: In the face of global climate change, the West Antarctic Peninsula has been identified
as highly vulnerable due to rising temperatures and increased anthropogenic carbon emissions
impacting its biodiversity. Species distribution models are useful tools for assessing habitat suit-
ability and forecasting responses in a changing environment. At Potter Cove, glacier retreat has
opened new ice-free areas for colonization while altering the environment through meltwater input
and sediment run-off. This fjord serves as a case study to identify environmental predictors driving
Antarctic zoobenthos distribution in a changing coastal ecosystem and to analyze the potential
benthic colonization in areas strongly affected by glacier retreat. About 60% of the study area,
equivalent to 5.45 km?, was estimated to be suitable for zoobenthic occurrence. Potential spatial co-
occurrence was identified in highly glacier-influenced areas. The interpretation of binary transfor-
mation thresholds emphasizes taxa-specific environmental requirements responding to glaciologi-
cal, oceanographic, and sedimentological predictors, inferring particularities depending on their
feeding strategies. A lower threshold value estimated a wider habitat extension. This study
enhances our understanding of benthic responses to ongoing environmental shifts due to climate
change in the Antarctic coastal ecosystem, emphasizing long-term research to increase our current
predictive capacities and improve conservation and management strategies.
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1. INTRODUCTION

The Antarctic benthos can be identified as a distinct
and relatively homogeneous unit, isolated from other
oceans by the Antarctic Circumpolar Current and the
Polar Front (Clarke & Crame 1992, Griffiths et al.
2009, Gutt et al. 2021). However, benthic assemblages
show particular structural and diverse features driven
by different local processes and environmental het-
erogeneity. For instance, fjord assemblages can be
more complex and exhibit higher diversity patterns
than their contiguous shelf counterparts at the West
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Antarctic Peninsula (WAP) and, therefore, are consid-
ered hotspots of benthic diversity (Grange & Smith
2013, Ziegler et al. 2017). The WAP is primarily
affected by increasing atmospheric temperatures
associated with anthropogenic CO, emissions, show-
ing the highest Antarctic regional warming (Turner et
al. 2020). This has led to significant oceanographic
and cryosphere alterations, shaping the ecosystem
structure of WAP fjords (Smale & Barnes 2008, Cook
etal. 2016, Henley et al. 2019).

As a rule, environmental gradients act as filters for
selecting species with appropriate traits, affecting
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functional divergence, and structuring the species
composition assembly (Keddy 1992, Weiher & Keddy
1995, Sutton et al. 2021). Therefore, studying the
environmental suitability and survival ability of dif-
ferent species in a changing environment has become
crucial under the ongoing climate change process. In
response to climate change, most WAP glaciers are
retreating, resulting in increased terrigenous run-off,
salinity variations, and frequent ice impacts structur-
ing the benthic assemblages. This has a 2-fold effect
on benthic ecosystems. On the one hand, it causes
diversity and biomass losses (Smale & Barnes 2008,
Moon et al. 2015). On the other hand, it opens up new
ice-free areas, generating new habitats that can be
colonized, gaining biomass, and possibly increasing
diversity (Fillinger et al. 2013, Gutt et al. 2013).
Notably, both processes were observed in Potter
Cove, a fjordic ecosystem at the northern tip of the
WAP, surrounded by the Fourcade glacier (Fig. 1).
First, a sudden shift in the benthic assemblage was
linked to increased sedimentation rather than ice
scouring, suggesting that sedimentation rates could

have surpassed a threshold forcing the ecosystem to a
different equilibrium of species composition (Sahade
et al. 2015, Torre et al. 2021), but glacier retreat
opened newly available areas, allowing potential col-
onization (Campana et al. 2018, Lagger et al. 2018,
Deregibus et al. 2023). Whether one process would
prevail is an open question, emphasizing the need for
predictive tools to assess potential biota responses.
In such a context, species distribution models
(SDMs) are ecological niche-based models useful for
assessing habitat suitability in time and space and
forecasting possible responses in a changing environ-
ment (Soberdén & Peterson 2005, Elith & Leathwick
2009, Peterson et al. 2011). These models capture the
complexity of the ecosystem by assessing the associ-
ations of species with their environment, acknowl-
edging their intrinsic physiological tolerance, biotic
interactions, and spatial geographic distribution
(Peterson & Soberon 2012). By linking the presence
or absence of taxa with known environmental con-
ditions, they also address data gaps in less accessible
areas. Different platforms and studies enable the
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Fig. 1. Study area: (a) West Antarctic Peninsula, (b) King George
(c) Potter Cove ecosystem surrounded by Fourcade glacier (FG)

Island (KGI)/25 de Mayo Island where Potter Cove is located,
and biota data imagery survey. FG retreats caused meltwater

and sediment run-off input along the southern coast and the northern glacier front, dividing 4 different habitats in the outer,
middle, and inner cove. Grey lines represent video surveys
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development and application of single SDMs and
ensemble models (Aratjo & New 2007, Thuiller et al.
2009, 2021). However, calibration remains critical for
effective model transferability, even when account-
ing for the error of simplifying complex processes at a
particular scale and resolution (Aratjo & Guisan
2006, Cerasoli et al. 2021, Guillaumot 2021). There-
fore, using SDMs, we aimed to (1) identify the envi-
ronmental predictors that drive Antarctic zoobenthos
distribution in a changing coastal ecosystem and
(2) analyze the potential colonization and co-occur-
rence of the benthic assemblage in areas strongly
affected by glacial retreat.

2. MATERIALS AND METHODS
2.1. Study area

Potter Cove is a ~9 km? fjord in the 25 de Mayo/
King George Island, South Shetlands, where the
Argentine Carlini Station is located (Fig. 1). This eco-
system has been studied for more than 3 decades
at different scales and organizational levels, using
different approaches that point to a high glacier
influence in configuring the ecosystem structure and
function (Kloser et al. 1996, Quartino et al. 2001,
Wiencke et al. 2008, Schloss et al. 2012, Torre et al.
2014, Sahade et al. 2015, Abele et al. 2017, Jerosch et
al. 2019, Alurralde et al. 2020, Braeckman et al. 2021,
Rodriguez et al. 2022, Latorre et al. 2023; among
others). Fourcade glacier has been retreating, with an
ice loss of almost 75% of the total ice cover recorded
in 2000 (loss of 64 129 m? yr~! in only 5 yr) and a max-
imum rate, considering only the last 2 decades, of
2.175 m yr~! accounting for its perimeter (Neder
2023). Thus, according to the environmental charac-
teristics, the cove has been categorized into 4 differ-
ent habitats from outer to inner cove with increasing
glacial influence: outer cove, consisting of (1) marine
habitat (MH); middle cove, consisting of (2) fjordic
habitat (FH) and (3) low meltwater fjord habitat
(LMFH); and inner cove, consisting of (4) high melt-
water fjord habitat (HMFH) (Jerosch et al. 2018,
Neder et al. 2022).

2.2. Benthic species records

A data set of previously analyzed still photographs
obtained in Potter Cove during the summers of
2008/2009 and 2010/2011 (Zamboni 2011, Sahade et
al. 2015, Lagger et al. 2017, 2018, 2021) was extended

with subaquatic video material captured during 2016
and processed using SANYO VMS 1.8 software, pro-
viding a final biota data set of 37075 points (Fig. 1).
The analysis identified and registered targeted macro-
benthic invertebrate taxa and the sea floor structure
within 1 s of video from a total of 18 h 34 min of video
(622 341 still images). The analysis covers a diverse
range of area sizes, as the distance to the seafloor was
not constant. Images without a visible bottom were
excluded. Subsequently, samples were georeferenced
by matching GPS records from boat trips with re-
corded video time, following Weber (2017).

In this study, we focused on 8 conspicuous key
macrobenthic taxa of Antarctic zoobenthos, empha-
sizing their ecosystemic importance in terms of their
abundances, their shifts in response to climate
change observed in Potter Cove, and their prevalence
(Sahade et al. 2015, Lagger et al. 2017, 2018, 2021).
The selected taxa were a pennatulid (Malacobelem-
non daytoni), a sea star (Odontaster validus), a nemer-
tean (Parborlasia corrugatus), an ascidian (Molgula
pedunculata), a sponge (Mycale acerata), isopods
(Serolidae spp.), a bivalve (Laternula elliptica), and a
polychaete of the subclass Errantia (1 morphotype,
species not identified). Table 1 shows some life traits
of the investigated taxa. The presence/absence data
of selected species in a pixel grid (6 m x 5 m) were
deduplicated to avoid overprediction and improve
transferability. All records outside the range of envi-
ronmental predictors were removed. When records
differed in the presence or absence of a taxon within
the same pixel grid, presence was kept as an observa-
tion. Prevalence of each taxon was identified (Fig. 2).
We used presence/absence records to enhance distri-
bution prediction due to their proximity to natural
environmental range boundaries and relatively easy
accessibility (Wisz & Guisan 2009, Fernandes et al.
2019, Liao & Chen 2022, Neder 2023).

2.3. Environmental predictors

The environmental predictors were selected from
a set of 41 variables with a spatial resolution of 5 m X
5m (25 m?) covering a study area of ~7 km? that char-
acterized the environment of Potter Cove during
summers between 2010 and 2015 and the glacier ice-
free area for 2020 (Neder 2023). The variables were
rasterized from original in situ data by applying geo-
statistical models, other interpolation tools in ArcGIS
(ESRI) (Neder et al. 2020), and the dynamical
FESOM-C model (Neder et al. 2022). Habitat charac-
terization groups the environmental predictors based
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Table 1. Life traits of selected benthic species: sea pen Malacobelemnon daytoni, sea star Odontaster validus, nemertean Par-
borlasia corrugatus, ascidian Molgula pedunculata, sponge Mycale acerata, isopod of the family Serolidae, bivalve Laternula
elliptica, polychaete of the subclass Errantia (1 morphotype, species not identified)

Benthic taxon Substrate Feeding strategy Mobility Reproduction and growth

M. daytoni Soft Suspension-feeder Sessile Annual reproduction, rapid sexual

(Octocorallia) maturity, high growth rate,
lecithotrophic larvae

O. validus Hard and Predator/ Mobile Annual reproduction, high fecundity,

(Asteroidea) soft scavenger demersal planktotrophic larvae

P. corrugatus Soft Predator/ Mobile Annual reproduction,

(Pilidophora) scavenger planktotrophic larvae

M. pedunculata Hard and Filter-feeder Sessile Annual reproduction,

(Ascidiacea) soft lecithotrophic larvae

M. acerata Hard and Filter-feeder Sessile Annual reproduction,

(Demospongiae) soft fast-growing, planktonic larvae

Serolidae Soft Scavenger/ Vagile Annual or biannual reproduction,

(Malacostraca) deposit-feeder/ sexual, incubated eggs

suspension-feeder

L. elliptica Soft Filter-feeder Sessile Annual reproduction,

(Bivalvia) (infaunal) lecithotrophic larvae

Errantia Soft Deposit-feeder Mobile —

(Polychaeta)

on similar processes or their comparable descriptions
to characterize the habitat. This included ocean ter-
rain (bathymetry, benthic position index, slope),
limits of the marine area (distance to the coast), glaci-
ology (distance to the glacier and age of ice-free hab-
itat), sediment type (grain size and hard substrate
probability), geochemical components (iron and sil-
ica), temperature and salinity at different water col-
umn levels, bed sheer at different levels of stress, cur-
rent velocities at different ranges, and suspended
particulate matter (SPM; minimum, mean, median,
and maximum concentration).

For an optimum balance between the sensitivity
and precision of the models, the initial set was
reduced to 28 predictors based on ecological rel-
evance for benthic species, importance analysis, cor-
relation, multicollinearity, zero and near-zero vari-
ance, and spatial autocorrelation. To avoid overfitting
and enhance predictive power, predictors were
selected following the principle of parsimony. Envi-
ronmental predictors with an importance of <1%
assessed by a generalized boosting model (Guillau-

mot 2021), a high Spearman rank correlation coeffi-
cient (rg > 0.6), and a variance inflation factor (VIF)
>10 (Gokmen et al. 2022) were excluded, keeping
only 1 predictor per group. Given the number of envi-
ronmental predictors considered, the range of analy-
sis of the VIF index was insufficient to determine the
inflation factor. However, it allowed us to identify and
eliminate covariates with high multicollinearity and
to re-run the analysis to a successive reduction below
the indicated limit (Zuur et al. 2010), finally reaching
9 selected predictors related to glacier dynamics,
benthic morphology, water masses, and exogenous
material input from terrestrial to marine ecosystems.

The 9 selected environmental predictors with eco-
logical and statistical relevance (final rg < 0.7; VIF < 5)
characterizing the marine and periglacial ecosystem
at Potter Cove for further input data in modeling were
(1) oceanographic: bathymetry (m), mean tempera-
ture in the water column (°C), median velocity of cur-
rent (m s~!), distance to the coast (m), and slope (°);
(2) glaciological: distance to Fourcade glacier in 2020
(m); and (3) sedimentological: the median and maxi-
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Fig. 2. Spatial distribution of presences (1) and absences (0) for benthic taxa with a resolution smaller than 5 m distance (the

total numbers of presence and absence of records before deduplication of data for prevalence information are shown in italics).

(a) Pennatulid Malacobelemnon daytoni. (b) Sea star Odontaster validus. (c) Nemertean Parborlasia corrugatus. (d) Ascidian

Molgula pedunculata. (e) Sponge Mycale acerata. (f) Isopod (family Serolidae). (g) Bivalve Laternula elliptica. (h) Polychaete

(subclass Errantia). In each panel, the brown line shows the division of the high glacier-influenced area delimited by the high
meltwater fjord habitat (HMFH)
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mum concentration of SPM (mg 17!) and mean grain
size (mm). For rasterization specifications and spatial
resolutions of these selected predictors, refer to
Fig. S1 and Table S1 in the Supplement at www.int-
res.com/articles/suppl/m750p001_supp.pdf.

2.4. Modeling: calibration and evaluation

Five SDM algorithms were applied. In earlier
studies, 4 algorithms exhibited strong performance
for marine species in particular: generalized linear
model (GLM), generalized additive model (GAM), gen-
eralized boosting model (GBM, equivalent to boosted
regression trees), random forest (RF), and surface range
envelope (SRE, equivalent to BIOCLIM), a straight-
forward algorithm that is frequently used (Reiss et al.
2011, Neder 2016, Chaabani et al. 2019, Jerosch et al.
2019, Guillaumot et al. 2021). Data partitioning in
model calibration followed default settings as defined
by the R package 'biomod2' v3.5.1 (Thuiller et al. 2021),
but has implications for model performances (Guillau-
mot et al. 2019). To improve model performance, we
adjusted the classic 70—30 cross-validation (Thuiller
et al. 2009) to a block partitioning calibration (Musca-
rella et al. 2014, Guillaumot et al. 2021). Such calibra-
tion accounted for spatial autocorrelation and spatial
distribution of biological records using the 'blockCV"
v2.1.4 package by applying specific functions (Valavi
et al. 2019). The function 'SpatialAutoRange' calcu-
lated the optimal block size over which observations
are independent, distinguishing alternative environ-
mental conditions for potential habitat distinction,
and the ‘spatialBlock' generated blocks exclusively
where biological records exist. As a result, an optimal
block size of 1439 m enables a maximum partition of
12 blocks for Potter Cove, which was halved for im-
proved time efficiency (Fig. S2). This calibration led
to the computation of 30 single models (5 algorithms
X 6 iterations), each subjected to 10 permutations
using R software v.4.1.2 (R Core Team 2022). The
workflow is shown in Fig. S3. Computational R net-
working is available in Neder & Pehlke (2024).

The performance of the model was estimated by 2
evaluation metrics: true statistics skills (TSS) and rel-
ative operating characteristic. TSS compares the
number of correctly predicted presences and ab-
sences against a random distribution, and is fre-
quently used to assess and combine SDMs according
to their performance. SDMs with a TSS >0.5 are con-
sidered fair+, while SDMs with a TSS >0.6 are good
(Allouche et al. 2006, Thuiller et al. 2010). A final
ensemble model (EM) was selected employing a

weighted mean approach ('EWmean' function) with a
TSS threshold set above 0.5, 0.6, or 0.7, dependent on
the maximum evaluation metrics of the single models
per taxon (Thuiller et al. 2021). Such an EM was
chosen because it resulted in better overall perform-
ance by weighing the single models that scored
higher during the evaluation process (Marmion et al.
2009, Neder 2023). Additionally, we evaluated the
impact of environmental predictors on species' hab-
itats following Thuiller et al. (2021) by assessing the
importance and response of such predictors. The
importance of each environmental predictor was cal-
culated per taxon for all single algorithms and ensem-
ble models (maximum predictor value: 100%) and
accumulated for all analyzed taxa. Response curves
were used to determine the range of variability in
environmental predictors that constrained habitat
suitability for each taxon.

2.5. Post-processing analysis:
binary transformation and compositional analysis

Habitat suitability analysis for each taxon was con-
ducted to estimate potential benthic presence, coloni-
zation after glacier retreat, and co-occurrence of taxa
following the 'predict first, assemble later' procedure
(Ferrier & Guisan 2006). Habitat suitability (values be-
tween 0 and 1000) was transformed into a binary map
to indicate suitable (1) or unsuitable (0) habitats for
taxon potential presence or absence, respectively,
within the study area. Since the threshold value for
transformation can influence the extent of predicted
distribution, 3 binary transformation methods were
assessed as thresholds: (1) sensitivity and specificity
maximization, defined as the sum of mentioned met-
rics from the EM, where sensitivity and specificity
measure the proportion of observed presence and ob-
served absences that the model correctly predicts, re-
spectively; (2) mean habitat suitability, calculated as
an average of the predicted value at each pixel of the
study area; and (3) the 'cut-off' parameter from the
'FindOptim.Stat' function of 'biomod2," which as-
sesses a sequence of 100 thresholds ranging from the
minimum to the maximum of the predicted habitat
suitability into binary data, and compares the outcome
with data observations for TSS evaluation, and sensi-
tivity and specificity calculations (Liu et al. 2005,
Torres & Jayat 2010, Thuiller et al. 2021). The last
method was selected for the final binary transforma-
tion since it applies multiple threshold simulations,
keeping the one that maximizes the TSS value, result-
ing in the most conservative method. Each presence
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pixel was assumed to represent at least 1 individual.
The potential benthic colonization after the Fourcade
glacier retreat until 2020 was estimated by calculating
such suitable habitat within the ice-free area from
1956 to 2000 using the 'Clip' tool (ESRI 2016).

Further, taxa distribution analysis within a shared
habitat enables inferences on potential taxa co-
occurrences and associations. Thus, compositional
analysis involves overlapping binary maps of all stud-
ied taxa and counting the analyzed taxa that might
occur at each pixel in the study area. Finally, com-
positional information was represented as (1) a map
highlighting the hotspot suitable for the higher
amount of analyzed taxa (i.e. co-occurrence map) and
(2) an exclusive habitat map that shows the suitable
area for the presence of only 1 taxon.

3. RESULTS
3.1. Species occurrences and environmental range

The benthic taxa registered in this study co-
occurred throughout the cove, mainly in the middle

and inner coves (Fig. 2). Initial analysis of benthic
records revealed notable occurrences of the pennatu-
lid Malacobelemnon daytoni (Fig. 2a), followed by the
bivalve Laternula elliptica (Fig. 2g) and the ascidian
Molgula pedunculata (Fig. 2d). The sea star Odon-
taster validus (Fig. 2b) had the broadest distribution,
occurring within areas with different substrates (both
soft and hard substrates). A potential habitat overlap
was evident considering a mean depth of ~25 m and
<1 km away from the glacier front, with frequent
occurrences in areas estimated to be ice-free for at
least a century (Table 2). None of the analyzed taxa
was exclusively observed in recently ice-free (since
2000) or old ice-free areas (before 1956).
Environmental variability range among initial pre-
dictors, such as salinity, water temperature, current
velocity, and sediment iron and silica content, was
similar for zoobenthic presence (Table S2). However,
species such as M. pedunculata were present at a
higher current velocity, while others such as Seroli-
dae, Errantia polychaetes, and Mycale acerata were
present in calmer waters. Serolidae were particularly
frequent in calm waters but tolerated higher currents
as well. Six of 8 taxa were observed in areas with a

Table 2. Mean = SD of environmental predictors for the presence of 8 benthic taxa (full names given in Table 1). Environmental
predictors were input for species distribution models (SDMs), adding the exposure time of the ice-free area. SPM: suspended
particulate matter

M. daytoni O. validus P. corrugatus M. pedunculata M. acerata  Serolidae L. elliptica  Errantia
(Polychaeta)

Bathymetry 31.24 24.27 32.81 33.49 38.22 30.89 29.00 38.20
(m) +9.45 +9.68 + 8.64 +10.34 + 8.72 + 8.26 +9.33 + 7.44
Distance to 410.54 272.57 394.82 367.88 456.02 431.90 347.32 479.46
coast (m) +165.88 + 188.85 + 163.67 + 213.37 + 177.48 + 168.70 + 176.64 +132.39
Distance to 674.36 475.18 640.74 581.77 631.14 817.32 699.64 670.75
glacier (m) + 319.06 + 328.68 + 352.24 + 328.77 +242.18 + 367.76 + 449.75 + 238.63
Mean grain 0.03 0.89 0.03 0.09 0.01 0.14 0.23 0.01
size (mm) +0.22 + 3.27 +0.47 +0.99 +0.02 +1.26 +1.39 +0.01
Slope (°) 8.83 13.53 10.29 10.67 9.07 7.60 8.48 7.48

+5.82 +9.43 + 7.05 + 8.36 + 7.07 + 4.86 + 5.46 +4.82
Maximum 268.64 289.71 257.75 317.18 421.39 250.39 286.47 335.61
SPM (mg17!)  +89.10 + 96.37 +61.56 +130.60 + 176.58 + 55.03 + 98.26 + 150.69
Median 7.75 10.78 7.04 11.14 17.42 5.59 8.89 11.08
SPM (mg17!) + 8.27 + 8.83 +6.91 +10.54 + 13.60 + 6.37 +8.20 + 12.27
Weighted mean 1.19 1.21 1.19 1.20 1.18 1.19 1.20 1.19
water column +0.05 +0.05 +0.06 +0.04 +0.04 +0.04 +0.06 +0.04
temperature (°C)
Median current 0.04 0.05 0.03 0.04 0.06 0.03 0.04 0.04
velocity (ms™2) = 0.02 +0.04 +0.02 +0.03 +0.04 +0.02 +0.02 +0.03
Ice-free time 119 84.22 112.70 98.99 112.84 146.11 114.93 117.35
(habitat age) (yr) 65 +67.30 + 68.06 + 66.93 + 44,94 + 77.70 +79.99 +53.23
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Fig. 3. Environmental predictor importance. (a) Cumulative percentage of mean environmental predictor importance per taxon
considering the 5 single models and (b) cumulative percentage of environmental predictor importance by ensemble weighted
mean model. Full taxon names are given in Fig. 2

high maximum concentration of suspended particu- (Fig. 3). In particular, distance to the glacier was the
late matter (~694 mg 1~') but a median concentration most important predictor for M. daytoni and O. vali-
ranging from ~29 to 43 mg 17! (Table S2). The majority dus, bathymetry for Parborlasia corrugatus and M.
of records were from fine-soft substrates like silt and acerata, mean grain size for M. pedunculata, distance
clay, with variations in mean grain size ranges to the coast for Serolidae, SPM mean concentration
(Table S1). for L. elliptica, and mean current velocity for Errantia
polychaetes.
The benthic taxa analyzed showed high habitat
3.2. Importance of environmental predictors suitability at the center of the cove, ~200 m away from
and benthic habitat suitability the coast. Serolidae showed the highest mean habitat
suitability (423.7), while M. acerata had the lowest
Both single and ensemble weighted mean models (209.5; Table 3). M. daytoni showed an extensive suit-
effectively identified the environmental predictors able area in the middle cove, while habitat suitability
influencing benthic taxa distribution, with variations for mobile or vagile species such as O. validus and
in predictor importance among species. The most Serolidae was more homogeneous throughout the
important was distance to the glacier, followed by entire cove. Notably, O. validus inhabited both hard
mean grain size, the mean concentration of SPM, and soft sediment, with higher habitat suitability along
bathymetry (or bathymetric position index associated the northwest coast compared to Serolidae (Fig. 4).
with topography in the case of the initial analysis of EMs outperformed single models for all analyzed
environmental predictors), and distance to the coast taxa, although with varying standard deviations

Table 3. Threshold for binary conversion of habitat suitability (values of 0—1000) to suitable habitat for potential taxa presences
(values of 0—1) by 3 different methods. Asterisk (*) marks the selected method. The high meltwater fjordic habitat (HMFH)
delimits the high glacier-influenced area. Full names of benthic taxa are given in Table 1. TSS: true statistics skills

Total suitable Suitable habitat in Sensibility and Mean Cut-off Evaluation of
habitat HMFH area after specificity habitat threshold* ensemble

(km?) glacier retreat (km?) maximization suitability model (TSS)
M. daytoni 1.990 0.451 192.637 391.465 744 0.927
O. validus 2.430 0.558 182.640 370.276 451 0.886
P. corrugatus 1.134 0.329 185.895 305.072 556 0.860
M. pedunculata 4.235 0.739 188.668 380.472 504 0.887
M. acerata 0.853 0.291 187.969 209.470 464 0.893
Serolidae 3.373 0.678 175.663 423.718 408 0.757
L. elliptica 2.675 0.762 187.894 405.885 457 0.882
Errantia 1.486 0.226 179.492 319.716 570 0.795
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TSS: 0.886 Sensitivity: 97.127 Specificity: 91.513

?

-58,70° -58,68° -58,66° 58,64 -58,72° -58,70° -58,68° -58,66°

Habitat suitability
0 0.5 1km 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000

Fig. 4. Habitat suitability maps for modeled taxa by a weighted mean ensemble model based on single models surpassing the

TSS evaluative metric threshold defined per taxon. (a) Pennatulid Malacobelemnon daytoni. (b) Sea star Odontaster validus. (c)

Nemertean Parborlasia corrugatus. (d) Ascidian Molgula pedunculata. (e) Sponge Mycale acerata. (f) Isopod (family Serolidae).

(g) Bivalve Laternula elliptica. (h) Polychaete (non-identified species, subclass Errantia). Satellite image source: OpenStreet-
Map, Projection EPSG 4326
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among them (Fig. S4). Achieving TSS values indica-
ting very good to excellent models (T'SS 0.756—0.927;
Fig. 4), significant deviations occurred in the un-
sampled outer cove (>50% suitability error), particu-
larly for P. corrugatus and the polychaete (Fig. S4c,h).
Intermediate deviations (20—35%) were observed
along the northwest coast, close to the glacier front.
Conversely, O. validus and L. elliptica showed minor
deviations throughout the study area. Variations in
TSS thresholds among algorithms and taxa in-
fluenced the constitution of the EM (Fig. S95).
Machine learning algorithms, particularly GBM and
RF, outperformed linear and additive approxima-
tions such as GLM and GAM. Meanwhile, straight-
forward algorithms such as SRE demonstrated poor
or deficient performance. GLM consistently estimated
responses, including those to bathymetry and dis-
tance to the glacier and coast (see Fig. S6). Species
with different feeding strategies (i.e. O. validus, P.
corrugatus, and Serolidae) showed minor variation
in their habitat suitability, with intermediate—high
values observed across the different cove habitats
(Fig. 4). Although single models for predators or
scavenger-generalist species showed less accuracy
(TSS 0.01—-0.71; Fig. S5), the EM performed very well
(>0.85; Table 3).

3.3. Suitable habitat for potential presence
and compositional analysis

A total area of ~5.45 km? resulted in a suitable hab-
itat for the studied taxa in Potter Cove (Figs. 5 & 6,
Table 3). All performed models led to a homogeneous
‘cut-off' value (between 408 and 570) except for the
pennatulid, which had a higher threshold of 744.
Regarding the total suitable habitat extent in Potter
Cove, M. pedunculata showed the most extensive
area, followed by Serolidae and L. elliptica. M. acerata
showed the smallest extent (Table 3).

A remarkable potential co-occurrence arose ap-
proximately between 100 and 300 m from the coast,
particularly for those taxa with similar feeding types
(Fig. 6b). The middle and inner coves showed a com-
plex assemblage formed by 4—8 benthic taxa with
potential co-occurrence, becoming more complex at
greater depths (24—45 m). M. acerata and the poly-
chaete showed the highest habitat overlap with negli-
gible areas of exclusive presence (500 and 1850 m?,
respectively). The largest exclusive habitat among
the analyzed taxa was identified for O. validus in the
middle cove along the northern coast and for L. ellip-
tica, Serolidae, and M. daytoni along the southern

coast. Along the northwest coast towards the outer
cove, M. pedunculata had an exclusive habitat, partly
shared with Serolidae and P. corrugatus at deeper
depths (Fig. 6a).

Between 1956 and 2020, glacial retreat resulted in
approximately 1.6 km? of ice-free area, of which
1.35 km? could be colonized by benthic taxa, pri-
marily in the inner cove. Considering the high gla-
cier-influenced area delimited by the HMFH, L. ellip-
tica had potentially colonized the most extensive
area, followed by M. pedunculata and Serolidae
(0.762, 0.739, and 0.678 km?, respectively), while the
polychaete had the narrowest extent (0.226 km?;
Table 3). Serolidae potentially dominated newly ice-
free areas that had been open for at least 2 decades
but were predicted to be absent in areas free of ice for
the past 10 yr, where M. pedunculata and O. validus
may colonize. The ice-free area that opened between
2018 and 2020 at the north of the cove, within <150 m
from the glacier front, was unsuitable for all analyzed
taxa (Fig. 6a).

4. DISCUSSION
4.1. Benthic habitat suitability

The 8 analyzed taxa distributed across the cove
showed intermediate to high habitat suitability in
the inner and middle cove areas, leading to a poten-
tial coexistence of sessile species that could form a
mixed benthic assemblage with sessile suspension-
and filter-feeders together with mobile predators and
scavengers. These areas are characterized by soft sed-
iment, shallow water (<40 m), intense water dynamics,
and high SPM concentrations (Neder et al. 2022). Most
of the samples were collected in soft-sediment areas
within the cove, with fewer samples collected in higher-
risk zones near the northern glacier front or across the
outer coast in the southern cove (Fig. 1), leading to
higher deviation in such zones. However, model cali-
bration allows for an accurate transferability.

A high habitat suitability indicates a greater likeli-
hood of taxa occurrence rather than encountering
their actual presence. However, the binary transfor-
mation analysis can facilitate the prediction of spe-
cies distributions. A pixel with habitat suitability
higher than the ‘cut-off' value indicates potential
presence, while one lower than this threshold indi-
cates potential absence. The chosen cut-off threshold
also hints at the ecological requirements of the taxa in
a given area, potentially serving as an environmental
filter index while maximizing model sensitivity and
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Cut-off: 504

-58,72° -58,70° -58,68° -58,66° -58,64 -58,72° -58,70° -58,68° -58,66°
[
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Fig. 5. Binary maps based on the taxon-specific environmental suitability threshold (cut-off) to determine the suitable habitat

of the analyzed fauna taxa. (a) Pennatulid Malacobelemnon daytoni. (b) Sea star Odontaster validus. (c) Nemertean Parborlasia

corrugatus. (d) Ascidian Molgula pedunculata. (€) Sponge Mycale acerata. (f) Isopod (family Serolidae). (g) Bivalve Laternula
elliptica. (h) Polychaete (non-identified species, subclass Errantia)
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Fig. 6. Benthic compositional information from taxa habitat overlap. (a) Exclusive habitat for single taxon presence. Indistin-

guishable areas for Mycale acerata and the polychaeta (subclass Errantia). (b) Hotspot areas of potential co-occurrence of ana-

lyzed taxa. Glacial-influenced areas are indicated: marine habitat (MH), fjordic habitat (FH), low meltwater fjord habitat
(LMFH), and high meltwater fjord habitat (HMFH)

specificity. A lower cut-off value increases the likeli-
hood of estimating taxa presence even under ‘less
favorable' conditions. For example, if the cut-off
score is 110 and the habitat suitability at a location is
200 (out of 1000), it means that 20% of environmental
conditions are favorable, but still sufficient to esti-
mate species presence. Less restrictive ecological
requirements can result in more extensive distribu-
tions. Moreover, the alternative threshold, which
averages the habitat suitability of a taxon across all
pixels, could provide the frequency of encountering
that taxon — in other words, the mean probability that
a chosen pixel estimates the presence of the taxon
(Liu et al. 2005, Torres & Jayat 2010). This could be
linked to local abundance studies (Sahade et al. 2015,
Lagger et al. 2018). For example, Mycale acerata
occurred less frequently than Malacobelemno day-
toni; these 2 species have type localities in Potter
Cove with mean habitat suitability of 209.47 and
391.47, respectively (based on a maximum value of
1000; Table 3). This infers an encounter frequency of
approximately 0.2 for M. acerata compared to 0.4 for
M. daytoni but under less restrictive environmental
conditions. Cut-off values of 464 vs. 744, respectively,
indicate that 46.4 and 74.4% of their environmental
requirements must be met for their presence, increas-
ing the chances that habitat suitable for M. acerata
could be shared by other taxa and resulting in a
higher area of exclusive presence for M. daytoni
(47 550 m? vs. 500 m?).

In Antarctic fjords, environmental conditions
influencing and resulting from glacier retreat are
gaining importance in predicting dynamics of polar
benthic assemblages. In Potter Cove, the analyzed
zoobenthos distribution responded to glaciological
predictors, followed by sedimentological and oceano-
graphic predictors. The distance to the glacier is
strongly correlated to habitat age, moderately corre-
lated to salinity and temperature, and inversely corre-
lated to median SPM. This suggests a proxy for melt-
water input, sediment run-off, and ice impacts, which
in turn structure the polar benthic assemblage (Moon
et al. 2015, Kim. et al. 2022, Neder 2023). The mean
grain size is closely linked to seabed morphology
shaped by glacier retreat, water mass circulation, and
deposition (WOolfl et al. 2016). Also, it correlates with
life traits such as feeding strategy, mobility, and body
size (Wolfl et al. 2016, Sutton et al. 2021), which
influence benthic composition and diversity (Kim et
al. 2021).

4.2. Taxonomic associations estimated
by benthic co-occurrence

The SDMs developed in this study aim to contribute
to the realized niche knowledge of the analyzed taxa
in an Antarctic fjord ecosystem affected by glacier
retreat. The relationship between distribution and
niche is closely linked, as the geographic distribution
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of a species is associated with and influenced by
factors —not directly considered by SDMs — such as
mobility, dispersal potential, and biotic interactions
(Phillips 2008). These factors could contribute to
identifying the assemblage's complexity and diver-
sity patterns explaining the observed spatio-temporal
changes in the Antarctic benthic structure. Beyond
SDM results, further interpretation can be carried out
to understand potential interactions or ecological
relationships among the taxa using compositional in-
formation, co-occurrence maps, and habitat-overlap
analysis.

Differences in the importance of environmental
predictors among analyzed taxa could reflect taxa-
specific requirements, such as distinguishing suspen-
sion- and filter-feeding strategies from those of pred-
ators, scavengers, deposit-feeders, or species with
combined strategies. Filter-feeders like Molgula pedun-
culata and Laternula elliptica showed habitat suit-
ability influenced by sedimentological predictors —
particularly sediment type for M. pedunculata and
SPM for L. elliptica — followed by oceanographic pre-
dictors. Conversely, M. acerata habitat suitability
showed the opposite order. Suspension-feeders, such
as M. daytoni, depend primarily on a combination of
glaciological predictors followed by sedimentological
predictors. This highlights their distribution in the
glacier-influenced areas, suggesting a greater toler-
ance to SPM run-off attributed to the absence of a
filter system, which reduces the risk of clogging
(Torre et al. 2012). For mobile species with different
feeding strategies, such as predators or scavengers
like Odontaster validus and Parborlasia corrugatus,
the most important environmental predictors were
glaciological and oceanographic factors such as dis-
tance to the glacier and bathymetry, whereas for
deposit-feeders such as the Errantia polychaete, only
oceanographic predictors were important, reflecting
potential links with food supply along the cove. Sero-
lidae habitat was influenced by a combination of all 3
predictor types, primarily oceanographic (distance to
the coast), followed by sedimentological and glacio-
logical, likely due to the interplay of their combined
feeding strategies. Environmental predictors that
were most important for certain taxa but not for
others included mean current velocity for the poly-
chaete and the water column temperature for O. vali-
dus (Fig. 3). These differences in the habitat distribu-
tion and importance of predictors could be linked to
life traits of the taxa, such as feeding and reproduc-
tive strategies, and their responses to parameters
associated with movements of water masses, such as
food availability, sediment particle transport, and

substrate type, influencing their distribution (Pineda-
Metz et al. 2019).

In Potter Cove, O. validus and M. acerata share hab-
itat in the inner cove center and in the transition zone
from low glacier-influenced to fjordic habitat in the
outer cove. SPM concentrations, particularly their
responses to maximum and median concentrations,
could influence realized niche diversification for both
species. M. acerata presented optimal suitability at
100 mg 17! lower values of maximum SPM concentra-
tion and slightly deeper areas (10—50 m) compared to
O. validus (8—45 m). Also, it showed a direct relation
to median SPM concentrations in contrast to an indi-
rect one for O. validus (Table 4; Fig. S6.5). This sug-
gests the ability of M. acerata to cope with SPM
by releasing mucus to prevent its osculum from clog-
ging (Dayton et al. 1974, Barthel & Gutt 1992).
Additionally, O. validus and P. corrugatus share simi-
lar feeding strategies and hold high positions in the
food web (Rodriguez et al. 2022), but differ in the sub-
strate type that they inhabit (soft for the nemertean,
while the sea star inhabits both soft and hard ones).
Varied feeding strategies and reducing food sources
could reduce competition and lead to niche differen-
tiation (McClintock et al. 2008, Rodriguez et al. 2022),
explaining why suitable areas in the middle and inner
cove for P. corrugatus were unsuitable for O. validus.
Assessing habitat suitability for other non-modeled
species could provide valuable insights into the com-
plexity of the benthic assemblage and interspecific
competition, as exemplified by interactions involving
Perknaster and O. validus).

Among sessile suspension- and filter-feeders, hab-
itats extensively overlapped spatially for M. daytoni,
M. acerata, M. pedunculata, and L. elliptica. Differ-
ences in their distribution were primarily driven by
habitat suitability responses to SPM and distance to
the coast (Fig. S6). M. pedunculata, M. daytoni, and L.
elliptica showed increased or constant habitat suit-
ability at higher SPM concentrations, in contrast to
M. acerata. The maximum SPM concentration limit
for M. daytoni (600 mg 17!) coincided with that regis-
tered experimentally without significant physiologi-
cal response (Torre et al. 2012, Servetto et al. 2013).
Strikingly, M. pedunculata showed high habitat suit-
ability at even higher SPM concentrations than all
other taxa, exceeding the expected value (650 mg 171,
contrary to its low measured physiological tolerance
(Torre et al. 2012).

Except for L. elliptica (<10 mm), sessile suspension-
and filter-feeders showed high suitability for muddy
substrate with a grain size of ~0.02 mm. Specifically,
M. pedunculata showed low suitability in areas with a
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Table 4. Optimal value of selected environmental predictors that determine high habitat suitability with the potential occur-

rence of zoobenthos. Arrows indicate the association between the parameters, where T is a direct relation, | is inverse, and —

is horizontal, without variation in response to the different values taken by the environmental predictor. Full names of benthic
taxa are given in Table 1. SPM: suspended particulate matter

M. daytoni  O.validus P. corrugatus M. pedunculata M. acerata Serolidae L. elliptica Errantia
polychaete

Bathymetry 1~12—-45 1~8—45 1~10—45 T~12—45 T~10-50  1~12—45 1~10—45 T~12—45
(m)
Distance to 150—700 1< 700 T~50—800 1<800 1< 600 1100—750  1100—700  T~50—800
coast (m)
Distanceto  {~100—1400 1<1600 1~250—1500  1<1500 1<1400 1~200—1500 1~100—1600 1~250—1500
glacier (m)
Mean grain 10-0.02 —~0—14 10-0.01 10-0.02 —-0-0.01 —0-0.01 10-10 10-0.01
size (mm)
Slope 1<25 1<40 1<30 T<40 T<45 1<20 1<22 —<25
()
SPM_ max —~200—600 T~200—600 T~200—600 T~200—650 1200—500 {~200—550 T~200—600 —~200—400
(mg17")
SPM_med 1<30 1<30 1<32 1<30 T<25 T<25 1<30 1<20
(mg17)
Water column 1<1.3 T<1.5 1<1.35 1T<1.35 1<1.3 1<1.3 1<1.35 1~1.15-1.3
temperature (°C)
Median velocity —<0.12 —-+<0.15 1<0.10 1<0.15 1<0.15 1<0.1 1<0.12 1<0.07
(ms™)

mean grain size between ~0.25 and 16 mm. However,
this contradicts its suitable habitat in high-slope and
deep areas (50 m) of the outer cove and its occurrence
on a rocky island in the inner cove. Even if we
acknowledge that the mean grain size raster could be
improved by increasing environmental variability
considering a larger grain size range, the results
likely underestimate the ascidian's suitability for hard
bottoms. Hard substrates are dominated by macro-
algae on the northwest coast (Quartino et al. 2001),
suggesting potential spatial competition between
ascidians and algae, supported by their distribution
patterns on the rocky island. Under favorable light,
macroalgae dominate, while ascidians prevail in the
rock walls (Lagger et al. 2018).

Smaller and more dispersedly distributed M. day-
toni and L. elliptica were observed near ascidian
patches, while they were more concentrated in ben-
thic diatom-dominated areas. Despite potential com-
petition for food resources (Kowalke 1999, Servetto et
al. 2017), the observed pattern suggests that varying
spatial feeding strategies facilitate their co-occur-
rence. M. pedunculata, with its 30 cm peduncle, could
filter water higher in the column, doubling the height
of M. daytoni, which reaches 14 cm (Monniot & Mon-
niot 1994, Servetto 2014). Both species are potential

pioneers, with the ascidian colonizing both soft and
hard substrates, while the pennatulid colonizes only
soft substrates, giving the ascidian a broader suitable
habitat. Furthermore, high pumping rates of M.
pedunculata enable it to filter large volumes of water,
influencing the quality and quantity of available food
for nearby M. daytoni or L. elliptica. This filtration
efficiency may cause other species to consume differ-
ent particles, such as benthic diatoms (Urban & Mer-
curi 1998, Servetto et al. 2017). This was also observed
in our video data, which showed a clear halo around
M. daytoni or L. elliptica on brownish diatom mats.
Binary overlap and the percentage of the sum of
probabilities for EM showed a similar co-occurrence
pattern (Fig. S7). The most notable potential benthic
co-occurrence was observed in the middle and the
inner coves at intermediate-low and high glacial-
influenced areas, respectively, within a distance of
<1 km from the glacier (Fig. S8). Conversely, a
1.44 km? area in the outer cove, particularly along the
south and northwest coast, was unsuitable for all ana-
lyzed taxa, which could be attributed to higher wave
impact and intense water dynamics in Potter Cove
(Lim 2014, Neder et al. 2022). Larval type, settlement
patterns, food availability, and growth of benthic
organisms are likely influenced by physical oceano-
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graphic conditions and substrate type, especially
affecting filter- and suspension-feeders. Therefore,
the hotspot habitat in the middle cove could be linked
to factors such as space availability, water circulation,
and vortices, which could increase the supply and
transport of pelagic larvae to new environments. The
patchy 3-dimensional structure of the assemblage
could affect system turbulence, increasing local food
variability and supporting the coexistence of epiben-
thic fauna without restricting the number of potential
competitors (Gutt 2006, Rossi et al. 2017).

4.3. Newly available habitat
in glacier-influenced areas

Between 1956 and 2020, glacial retreat released an
ice-free area of 1.55 km? available for species coloni-
zation, with 1.22 km? in the HMFH. This habitat is
strongly influenced by the Fourcade glacier, which
maintains high constant values of SPM (Neder et al.
2022). All analyzed benthic taxa showed potential to
inhabit HMFH, benefiting from distinct abilities to
cope with the suspended sediment (Dayton et al.
1974, Ahn 1993, Torre et al. 2012, Servetto et al. 2017).
Comparatively, L. elliptica occupies a slightly more
extensive area in the HMFH than M. pedunculata
(0.76 vs. 0.74 km? respectively), while Serolidae
occupy a third (0.68 km?). Despite the inverse relation
between habitat suitability and distance to the glacier
(Table 4), none of the taxa analyzed showed suitable
habitat within ~150 m of the glacier in the inner cove
(Fig. S6). This was unexpected for M. daytoni and the
polychaete due to their pioneer ability and SPM toler-
ance. This prediction reflects the influence of other
factors, such as SPM tolerance limit, disturbance
frequency, and the time since the area became free of
ice, which in turn shapes the sea floor structure and
benthic assemblage complexity. In a fjordic area
undergoing glacier retreat, benthic taxa SDMs should
be interpreted by considering the effect of environ-
mental predictors and combining taxonomic associa-
tions, life traits, successional patterns, and habitat
availability.

Sahade et al. (2015) found that sponge abundance
increased and ascidian abundance decreased after an
SPM peak, which contrasts our results showing suit-
able habitat for M. pedunculata and narrow habitat for
M. acerata in highly influenced SPM and meltwater
areas close to the glacier (Fig. 5). Assuming at least
one individual could colonize the estimated suitable
habitat, our results suggest a higher abundance of
ascidians compared to sponges in the inner cove.

Abundance variations by depth rather than solely
presence/absence will improve the assessment of the
hypothesis of an SPM threshold shifting to a different
equilibrium (Torre et al. 2021). Additionally, the
observed differences could support the hypotheses of
sluggish colonization of recent ice-free areas follow-
ing glacier retreat (Lagger et al. 2021), highlighting
factors such as the duration of ice-free exposure or
habitat age, which is linked to glaciological, oceano-
graphic, sedimentological, and biogeochemical vari-
ables (Neder 2023) that could shape the benthic
assemblage structure.

Newly available areas allow for new colonization
and the succession of benthic assemblages. Species
such as M. pedunculata, M. daytoni, L. elliptica, M.
acerata, and O. validus exhibit characteristics that
define potential roles across different colonization
and successional stages, from pioneers to maturing,
depending on species' abilities to reach and establish
in the new habitat. Habitat colonization of new ice-
free areas may not occur as the area becomes
exposed, as several factors could interfere with this
process. The influence of habitat age extends beyond
glacier retreat to include substrate stability and water
mass dynamics, impacting particle transport, food
quality, sedimentation, and sediment grain size,
which in turn play a primary role in colonization suc-
cess, shaping benthic taxa composition (Campana et
al. 2018, Pineda-Metz et al. 2019, Sutton et al. 2021,
Beauchard et al. 2022). Our results highlight the need
to understand pelagic larval transport, growth, repro-
ductive strategies, and food dynamics concerning
distribution and colonization processes adapted to
local disturbance.

5. CONCLUSIONS

Benthic distribution, primarily influenced by
oceanographic and sedimentological predictors in
Potter Cove following glacier retreat, leads to various
hypotheses that may drive the composition of species
assemblages differently. On the one hand, SPM toler-
ance and values exceeding species sensitivity limits
could select functional composition (Torre et al. 2014,
2021). On the other hand, food supply can decrease in
glacier-influenced areas through intense hydrolog-
ical dynamics (Neder et al. 2022). Such changes may
affect competition among suspension-feeders, caus-
ing distribution shifts. Furthermore, sluggish coloni-
zation can result from a lag between habitat availabil-
ity and species arrival, influenced by larval lifespan,
dispersal ability, and reproductive strategies. Habitat
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age, environmental filtering, life traits, and substrate
stability also play key roles in the establishment of
sessile species in a newly available area. The question
remains: does glacier retreat increase environmental
disturbances causing biodiversity shifts and biomass
loss, or does it create new available areas for coloniza-
tion? It is still a matter of life traits, space, and time.
An interdisciplinary approach that integrates biodi-
versity studies with ongoing long-term research and
modeling tools is essential for deepening our under-
standing of Antarctic species distribution, coexis-
tence, and habitat changes, as well as for informing
conservation strategies in polar ecosystems affected
by glacier retreat.
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