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This is a
Abstract – The tall sea pen Funiculina quadrangularis (Pallas, 1766), a widespread octocoral species
found in Mediterranean soft-bottom habitats, is recognized by the Food and Agriculture Organization of the
United Nations as a vulnerable marine ecosystem indicator due to its sensitivity to bottom trawling. Adapted
to stable environments, its distribution could be affected by the combined impacts of climate change,
particularly warming bottom waters, and trawling activities. Records from the Mediterranean International
Trawl Survey program and other sources were used in an ensemble species distribution modelling approach
to predict current habitat suitability and project potential habitat shifts under the intermediate IPCC climate
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scenario SSP2–4.5 for 2050 and 2100. Results indicated a widespread distribution across the Mediterranean
continental shelf and slope, with the species typically found between 100 and 750 m depth (occasionally as
shallow as 20 m) and tolerating temperatures between 12°C and 16°C. By 2050, over 80% of the current
habitat was projected to remain suitable. However, only 50% were expected to serve as climate refugia by
2100, likely due to warming bottom waters and increased salinity. Some habitat gains were projected (e.g.,
Ligurian Sea, Corsican waters, deep Eastern Mediterranean), but uncertainties persist regarding the species’
ability to colonize these new areas. Despite its presence in trawled areas, suggesting a relatively lower
fishing pressure sensitivity than other VME taxa, significant habitat shifts were projected under future
climate conditions. Therefore, it is essential to prioritize conservation efforts in areas projected to remain
suitable over time. The climate refugia identified through this study offer critical guidance for future
climate-smart VMEmanagement plans, helping to ensure the long-term survival of F. quadrangularis in the
Mediterranean Sea.

Keywords: Megabenthos / climate refugia / conservation management / soft bottoms / SDM / VME
1 Introduction

Aggregations of marine habitat-forming species, including
seagrasses (Duffy, 2006), corals (Davies & Guinotte, 2011;
Maynou & Cartes, 2012; Bourque & Demopoulos, 2018;
Carbonara et al., 2020), bivalves (Bateman & Bishop, 2017),
sponges (Beazley et al., 2013; Maldonado et al., 2015), and
polychaetes (Bolam and Fernandes, 2003; Giangrande et al.,
2020), support high levels of biodiversity and key diverse
ecological processes by increasing habitat complexity,
particularly on soft bottoms. Sea pens are octocorals capable
of forming extensive aggregations, known as sea pen fields,
which enhance the three-dimensional structure of soft-bottom
habitats on continental margins and provide shelter and
substrate for associated fauna (Hughes, 1998; Buhl-Mortensen
et al., 2010; Baillon et al., 2014; De Clippele et al., 2015).
However, these erect megabenthic organisms are highly
impacted by bottom-contact fishing (Eigaard et al., 2017;
Bastari et al., 2018; Mačić et al., 2022), through direct removal
of individuals, damage or dislodgement of the colonies, and
smothering caused by sediment resuspension (Kaiser et al.,
2002; Chimienti et al., 2018b).

The negative impacts of bottom-contact fisheries on
marine ecosystems have been recognized by the United
Nations General Assembly Resolution (61/105) (UNGA,
2006), which calls on Member States and Regional Fisheries
Management Organizations (RFMOs) to identify vulnerable
marine ecosystems (VMEs) and to adopt measures for their
protection. In response, the Food and Agriculture Organization
(FAO) developed guidelines to support the identification of
VME indicator taxa (FAO, 2009). Among several coral taxa,
the Northwest Atlantic Fisheries Organization (NAFO) has
listed sea pens as VME indicator taxa. While no official VME
list has yet been established in the Mediterranean, the General
Fisheries Commission for the Mediterranean has identified
beds of Funiculina quadrangularis (Pallas, 1766) as an
indicator of sensitive habitat (GFCM, SAC, 2009). Local
fisheries restricted areas (FRAs) have been designated by the
GFCM to protect VMEs and essential fish habitats (EFHs),
including a general ban on the use of bottom-contacting gears
(towed dredges and bottom trawl nets) below 1000 m depth
(Rec. GFCM/29/2005/1) (Rodríguez-Rodríguez et al., 2016).
This ban is currently being revised to apply below 800 m depth
in French (Arrêté du 21 Octobre 2024), Italian, and Spanish
waters. While the positive influence of fishing closures on
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epibenthic communities has been observed locally (Farriols
et al., 2022; Martinelli et al., 2023), their implementation
remains limited in the Mediterranean Sea, likely due to the
involvement of multiple countries in the exploitation of
fishable areas and the limited scientific knowledge on the
distribution and environmental preferences of benthic species
(Aguilar et al., 2017). The tall sea pen F. quadrangularis can
form dense fields on muddy sediments, called “soft mud facies
with a fluid surface” (Pérès and Picard, 1964; Augier, 1982), at
depths between 20 and 1000 m (Greathead et al., 2007; Bastari
et al., 2018; Pierdomenico et al., 2018). This octocoral is
distributed in the North Atlantic (Greathead et al., 2007;
Downie et al., 2021), in the Mediterranean (Fabri et al., 2014;
Bastari et al., 2018; Pierdomenico et al., 2018; Martinelli et al.,
2023), and in the Pacific (Fujita and Ohta, 1988). Funiculina
quadrangularis can reach up to 2 m in height and is
characterized by a flexible calcareous axial rod with a four-
lobed cross-section along its length (Greathead et al., 2007;
Greeley, 2022). A recent analysis of sea pen skeletons
estimated that, although F. quadrangularis exhibits relatively
fast linear growth (around 3.8 cm per year), its radial growth
rate is among the slowest reported for sea pens (around
0.08 mm per year) (Greeley, 2022). This suggested that
F. quadrangularis can grow tall quickly while remaining very
thin and therefore fragile to physical damage. Although some
colonies were estimated to be between 7 and 18 years old,
accurate age determination remains difficult because growth
rates seem not constant over the lifespan of the species
(Greeley, 2022). While its erect structure enhances
the complexity of otherwise homogeneous soft bottoms
(Buhl-Mortensen et al., 2010; De Clippele et al., 2015; Bastari
et al., 2018), this sea pen species is unable to withdraw into the
sediment, increasing its vulnerability to fishing gears (Hughes,
1998; Greathead et al., 2007). As F. quadrangularis co-occurs
with some of the most important target species of bottom
trawling, such as the European hake (Merluccius merluccius
(Linnaeus, 1758)), Norway lobster (Nephrops norvegicus
(Linnaeus, 1758)) and deep-water rose shrimp (Parapenaeus
longirostris (Lucas, 1846)) (Greathead et al., 2007; Downie
et al., 2021;Martinelli et al., 2023), it makes this species highly
vulnerable to fishing. The negative impact of bottom trawling
on F. quadrangularis has been reported in several areas of the
Northeast Atlantic (Greathead et al., 2007) and of the
Mediterranean (Fabri et al., 2014; Martinelli et al., 2023),
with significant density declines in areas of intense bottom
f 30
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trawling (Tudela, 2004; Ardizzone, 2006). Indeed, it is
estimated that the F. quadrangularis population in the
Mediterranean has shrunk by 40% during the last 20 years,
classifying the species as vulnerable in the IUCN Red List of
Threatened Species (Bo et al., 2017). Nevertheless, it is
important to note the persistence of this species in areas of
moderate trawling activities, showing a certain resistance,
possibly due to its flexibility and unbranched structure (Lauria
et al., 2017; Pierdomenico et al., 2018).

Despite most published research having focused on the
impact of fishing activities on this species, its habitat selection
and potential response to climate change remain largely
unknown. Along continental margins, benthic communities are
typically associated with relatively stable abiotic conditions,
suggesting limited capacity for adaptation to environmental
changes (Danovaro et al., 2018). Ongoing climate change is
expected to further reduce their suitable habitat in the future
(Sweetman et al., 2017; Morato et al., 2020). Studies have
already demonstrated changes in deep-sea environmental
conditions, including warming of deep waters (Purkey and
Johnson, 2010; Morato et al., 2020), deoxygenation (Keeling
et al., 2010), acidification (Byrne et al., 2010), and increased
stratification of the water column, which can alter the flux of
organic matter to the seafloor (Smith et al., 2013). These
effects are expected to be particularly intense in the
Mediterranean, a semi-enclosed basin characterized by
relatively stable environmental conditions with relatively high
bottom temperature (13–14°C below 200 m) with high salinity
(38–39 PSU) and oxygen levels (Cartes et al., 2004) and where
climate change is progressing at a more accelerated rate than in
other regions of the global ocean (Lejeusne et al., 2010;
Danovaro, 2018; Pastor et al., 2020). Considering the
ecological importance of the VMEs characterized by the
presence of F. quadrangularis, it is necessary to predict its
suitable habitat under current environmental conditions and
project how this could be affected by climate change.

Species distribution modelling (SDM) (Elith and
Leathwick, 2009), linked to the “ecological niche” concept,
correlates species occurrences with environmental factors to
predict the suitable habitat of species across space and time
(Leroy et al., 2014; Schickele et al., 2020; Downie et al., 2021).
SDMs are known to produce valuable insights for different
marine conservation needs such as fisheries management,
species protection, and marine spatial planning (Karp et al.,
2025). Applying an ensemble approach that combines multiple
models fitted using different algorithms has been recognized as
particularly efficient to produce robust predictions and future
projections (Robert et al., 2016; Georgian et al., 2019). This is
especially valuable for deep-sea species, which remain under-
sampled despite advances in systematic scientific surveys
(Beazley et al., 2018; Murillo et al., 2018; Lauria et al., 2021;
Carbonara et al., 2022). Projecting habitat shifts of vulnerable
deep-sea species has been a key focus for identifying potential
future climate refugia and informing on priority areas for
conservation (Morato et al., 2020; Georges et al., 2024; Millot
et al., 2024). While occurrences of F. quadrangularis have
already been locally described in the Mediterranean (Fabri and
Pedel, 2020; Fabri et al., 2014; Pierdomenico et al., 2018;
Mačić et al., 2022; Martinelli et al., 2023), with several studies
focusing on its distribution at regional scales (Lauria et al.,
2017; Bastari et al., 2018), information on its habitat
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preferences and widespread distribution at the Mediterranean
scale still remains unknown.

In this study, we modeled the potential suitable habitat of
F. quadrangularis in the Mediterranean Sea using an SDM
framework based on the approach developed by Millot et al.
(2024). This framework incorporated a robust ensemble of
modeling methodologies along with a transparent assessment
of modeling uncertainties. Predictions were based on a
comprehensive presence–absence dataset from the Mediterra-
nean International Trawl Survey program (MEDITS)
(MEDITS, 2017), ROV observations, and records from the
literature. To evaluate the potential impact of climate change,
the habitat of F. quadrangularis was projected following the
“middle of the road” SSP2–4.5 climate scenario of
the Intergovernmental Panel on Climate Change (IPCC) for
the years 2050 and 2100. Projecting habitat shifts of the species
in the near future (by 2050) can inform urgent decision-making
on the prioritization of conservation areas for VMEs in
the Mediterranean, with long-term projections useful to
anticipate the more drastic impacts that are expected to affect
the Mediterranean seafloor by the end of the century.

2 Material and methods

2.1 Study area

The study was performed focusing on soft bottom habitats
of the Mediterranean basin, from the continental shelf down to
the mesobathyal plains (Emig, 1997) (<1000 m). The study
area (Fig. 1) covered all the GFCM GSAs (geographical sub-
areas) defined in the Mediterranean, excluding those of the
Marmara, Black, and Azov seas (Fig. A1 in the Appendix A).

2.2 Data compilation
2.2.1 Biological data

Presence and absence records of F. quadrangularis were
obtained from bottom trawl surveys, and additional presence
records were collated using data coming from Remotely
Operated Vehicle (ROV) surveys, open data platforms (OBIS,
GBIF), and the scientific literature. The major part of the data
was provided by the MEDITS program, which is mandatory
for all Mediterranean EU member states. Annual surveys were
generally carried out between late spring and mid-summer (the
period could vary due to national constraints) and were
designed to assess stocks of exploited demersal species. Trawl
hauls were located in five bathymetric strata (10–50, 51–100,
101–200, 201–500, and 501–800 m), sampled at the same
position over the years according to a stratified random
sampling design. Trawl duration was approximately 30 min on
shallower bottoms (<200 m) and about 60 min in deeper areas
at a constant 3.5 kt speed using a 10 mm mesh size net in the
cod end (MEDITS, 2017). All demersal species collected were
sorted, weighed, and counted following the latest version of the
MEDITS Handbook (MEDITS, 2017). Although recom-
mended since 2012 and currently carried out in most GSAs,
sampling of invertebrate benthic species remains optional in
the MEDITS protocol. Consequently, data availability and
accuracy are dependent on the taxonomic expertise of each
team. In order to have a complete database for the analysis,
additional data were integrated from local bottom trawl
f 30



Fig. 1. Map of the study area showing the raw presence (A) and absence (B) records of Funiculina quadrangularis; records are color-coded
according to the data source. Blue-shaded regions represent areas where depth is <1000 m.

J. Millot et al.: Aquat. Living Resour. 2026, 39, 11
surveys, including GOLDYS (Vaz et al., 2023), EPIBENGOL
(Vaz, 2018), NOURMED (Vaz, 2018) over the coast and shelf
of the Gulf of Lion (GSA7), and SOLEMON (AdriaMed,
2011). Video data were also incorporated from the MEDSEA-
CAN and CORSEACAN surveys (2009-2010) conducted in
French waters (GSAs 7 and 8), from 180 to 700 m depth (Fabri
and Pedel, 2020). Further presence points were obtained from
the literature to address data gaps in the Aegean Sea (Salomidi
et al., 2022; Smith et al., 2022). Details on the data used in this
study are provided in Table B1 in the Appendix B.

To ensure that the absence of the species was true and not
due to a non-sampling of benthic taxa, only stations from trawl/
ROV surveys where F. quadrangularis was observed at least
once were included. Absence data from the Aegean Sea (GSAs
22 and 23) were excluded due to non-exhaustive benthic
sampling across the area, except for the Argosaronikos
subregion. Additionally, potential false presences due to
onboard net contamination were excluded when abundance
data were available. In particular, hauls with very low yields of
F. quadrangularis (g/km² <5th percentile) were removed if
they followed a haul with very high yields (g/km² >95th
percentile).
Page 4 o
2.2.2 Generation of pseudo-absences in presence-only areas

In the Aegean Sea, although the identification of the
species was reliable, the lack of exhaustive sorting of the
catches did not ensure that absence data were such. In this case,
MEDITS absences were not deemed sufficiently reliable due to
incomplete benthic sampling, and pseudo-absences were
generated using a convex hull approach, following the
methodology of Hattab et al. (2017). The environmental
space of each area was reduced to three dimensions by
applying principal component analysis (PCA) and selecting
the first three axes. A convex hull was used to model the
“observed environmental space”, encompassing all presence
and absence points, while the “realized environmental space”
was defined around presence points only. Pseudo-absences
were then randomly sampled within the “observed environ-
mental space” but outside the “realized environmental space”.
The number of pseudo-absences was set to match the
prevalence (presence/absence ratio) typically observed in
MEDITS data, the primary source of records, ensuring a
realistic proportion of presences to absences in the Aegean Sea
relative to the rest of the basin.
f 30
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2.2.3 Environmental data

Key environmental drivers for benthic communities were
compiled from various sources. Depth data were obtained from
the EMODnet portal (https://emodnet.ec.europa.eu/en) at a
resolution of 0.001°, and seabed slope and roughness (i.e.,
irregularity of the seabed calculated as the difference between
maximum and minimum values of the surrounding cells) were
derived with the terra::terrain function in R. The European
broad-scale seabed habitat map (Vasquez et al., 2023) was used
to generate a layer of sediment average grain size (Millot and
Vaz, 2024).

Additionally, a comprehensive set of environmental
predictors was collected from the latest Bio-Oracle update
(http://www.bio-oracle.org) (Assis et al., 2024). These
included bottom seawater temperature, salinity, current speed,
pH, dissolved oxygen, primary productivity, and chlorophyll-a
concentrations at a resolution of 0.05°. For each predictor, the
monthly mean, monthly range, and long-term averages of
maximum and minimum values per year were extracted for the
period 2010–2020. Further details on the sources and
characteristics of each environmental predictor are provided
in Table B2 in the Appendix B.

Projections of environmental layers up to 2100 under
several shared socioeconomic pathway (SSP) scenarios of the
IPCC were extracted from the platform Bio-Oracle (http://
www.bio-oracle.org) (Assis et al., 2024). These layers were
obtained from monthly data of a large set of Earth system
models provided by the CMIP Phase 6. Projections under the
optimistic SSP1–2.6, intermediate SSP2–4.5, and pessimistic
SSP5–8.5 climate scenarios were generated for two time
periods, 2050 and 2100 (Tab. B3 in the Appendix B). Only the
projections from the intermediate scenario were compared in
the study, while the results from the other scenarios were
provided in the Appendix (see the “Results” section).

Environmental data were rescaled at a resolution of 0.05°
(approximately 4 to 5 km, i.e., close to the resolution of
MEDITS data, which varies between 3.2 and 6.5 km
depending on haul duration) and were extracted at each
location of presence–absence records of F. quadrangularis. A
reduced set of environmental predictors was selected accord-
ing to ecological relevance and by avoiding predictors
correlated higher than 0.7 of the Spearman coefficients
(Dormann et al., 2013) (Fig. A2 in the Appendix A). More
details on the correlation calculation are available in Millot
et al. (2024). Outliers, defined as stations with environmental
values beyond the 0.001 and 0.999 quantiles, were removed to
prevent overfitting in regression models.

2.3 Species distribution modelling framework
2.3.1 Spatial autocorrelation treatment and variable
selection

Spatial autocorrelation occurs when values from nearby
locations are more similar to each other than those from distant
locations (Cliff and Ord, 1970; Dormann et al., 2007).
Reducing spatial autocorrelation in the residuals of the model
is necessary to avoid overfitting of the model. Therefore,
following the methodology proposed by Millot et al. (2024),
we first fitted a generalized additive model (GAM) using the
initial selection of environmental predictors. All combinations
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of these predictors were then evaluated, and the optimal set was
selected based on the Bayesian information criterion (BIC),
which was chosen for its tendency to favor more parsimonious
models and its suitability for large sample sizes. Next, we
assessed spatial autocorrelation in model residuals by fitting a
variogram and determining an appropriate minimum distance.
Using this threshold, we resampled 30 independent datasets to
reduce spatial autocorrelation between stations. The final
selection of environmental predictors, consistent across all
datasets, was determined by fitting a GAM on one resampled
dataset and applying theBIC criterion to identify the optimal set.

2.3.2 Model fitting and performance assessment

Functions of the Biomod2 v4.2-4 package (Thuiller et al.,
2023) were used in the R v4.2.2 environment to facilitate the
implementation of ensemble SDMs and obtain projections
under present conditions and future climate scenarios.

Each resampled dataset was split into five spatially
independent folds using the blockCV package in R, resulting
in two main datasets: calibration and testing. This method
ensures robust cross-validation by assessing the models’
ability to extrapolate in unknown environmental conditions
(Fourcade et al., 2018). The block sizes were determined based
on the spatial extent of the GFCM FAO – GSAs.

Different algorithms were used to develop SDMs on the
calibration datasets, in particular, two regression algorithms,
Generalized Linear Model (GLM; McCullagh, 1984) and
GAM (Hastie and Tibshirani, 1986), and two machine learning
algorithms, Random Forest (RF; Breiman, 2001) and Gradient
Boosted Model (GBM; Elith et al., 2008). Predictor
contributions were evaluated by sequentially shuffling the
values of each predictor and comparing the model output when
all predictors were included. Response curves for each
predictor and run were generated to visualize the probability
of the presence of the species along each predictor gradient.

The performance of each model (five runs � four
algorithms � 30 datasets) was assessed using standard
evaluation metrics: (i) area under the curve (AUC), (ii)
specificity (rate of correctly predicted absences), (iii)
sensitivity (rate of correctly predicted presences), and (iv)
true skill statistic (TSS), which integrates sensitivity and
specificity but is not affected by prevalence (Allouche et al.,
2006). Only models with a good AUC (>0.7; Fawcett, 2006)
and a moderate TSS (>0.3; Allouche et al., 2006) were
selected. These thresholds were set to balance model
performance with the representativity of the four algorithms
in the individual models.

The best-performing models were considered to predict
species presence probability across the entire study area under
current conditions and to make projections into the future
(2050 and 2100). These outputs were combined into an
ensemble model, in which individual outputs were averaged
and weighted according to their TSS values. Binary habitat
suitability maps were derived by converting probabilities into
presence (1) and absence (0) values using an optimal threshold
determined by the function biomod2::bm_FindOptimStat,
ensuring the best trade-off between sensitivity and specificity.
Finally, present predictions and future projections were
compared with identify climate refugia (defined as areas of
suitable habitats in both present and future environmental
f 30
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conditions), habitat gain (unsuitable areas becoming suitable in
the future), and habitat loss (suitable areas becoming
unsuitable in future environmental conditions).

2.3.3 Assessment of modelling uncertainties

Model residuals were estimated as the difference between
observed values (0 for absence and1 for presence) and
predicted probabilities of presence (ranging continuously from
0 to 1). Agreement among individual models within the
ensemble was assessed by calculating the standard deviation of
their predicted presence probabilities. Moreover, to identify
the main sources of variation around the ensemble predictions,
we performed a three-way Analysis of Variance (ANOVA)
without replication for each cell (Legendre and Legendre,
1998), following the approach of Diniz-Filho et al. (2009).
Species probability of presence was used as the response
variable, while dataset, spatial block cross-validation, and
modeling algorithm were included as explanatory factors. We
quantified the sum of squares attributed to each of these
sources and estimated their relative contribution to overall
variability by expressing the associated sum of squares as a
proportion of the total sum of squares. Additionally, present-
day predictions from the selected models were averaged per
algorithm, and the resulting mean predictions were mapped to
facilitate interpretation of regions with model disagreement.

Levels of uncertainty associated with environmental
extrapolation (i.e., predictions and projections made in
environmental conditions not represented in the model's
calibrating data) were assessed by the Extrapolation Detection
tool (Exdet) based on Euclidean and Mahalanobis distances
(Mesgaran et al., 2014). Cells classified as “univariate
extrapolation” represent environmental conditions that fall
outside the range of individual predictors. Conversely,
“combinatorial extrapolation” indicates conditions that lie
within the range of individual predictors but form novel
combinations not observed in the calibration data. Cells with
environmental conditions already present in the calibrating
dataset are classified as “analogous conditions”.

3 Results

3.1 Filtering of presence–absence records

From the raw presence–absence dataset of F. quadrangu-
laris (10,881 records: 1837 presences, 9044 absences),
51 presences were removed due to potential onboard net
contamination (from hauls with less than 20 g/km² following
hauls with more than 27,000 g/km²). Additionally, 956 records,
including 61 presences, were excluded due to unavailable
environmental data. Finally, the estimated autocorrelation
distance used for resampling the presence–absence dataset was
set to 0.20° (i.e., about 20 km). The final resampled datasets
comprised 1070 records, including 407 presences.

3.2 Environmental predictor selection

Of the 32 environmental predictors tested, only four were
ecologically relevant and selected through the correlation
analysis and BIC-based model selection: depth (m), mean
bottom temperature (°C), long-term maximum salinity (PSU),
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and long-term minimum oxygen (mmol/m) (Figs. A3 and A4
in the Appendix A). Other predictors related to the
geomorphology of the seabed and primary production (chl-
a, productivity) were strongly correlated with depth (Fig. A2 in
the Appendix A). The long-term minimum pH was also found
to significantly contribute to the GAM predictions. However,
this predictor was excluded due to the limited environmental
gradient of pH observed in the Mediterranean (ranging from 8
to 8.1), which was insufficient to model and interpret pH
preferences of the species.

3.3 Model performance assessment and
environmental predictors’ contributions

Among the 600 individual models produced, 105 models
presenting an AUC > 0.7 and a TSS > 0.3 were selected,
including 51 GBMs, 35 RFs, 11 GLMs, and 8 GAMs (Fig. 2A).
GBM and RF models exhibited higher sensitivity and
specificity (above 0.7) compared with regression models
(between 0.6 and 0.7) (Fig. 2B). While the average AUC
across selected models was similar across the four algorithms
(0.73–0.75), machine learning algorithms exhibited, on
average, slightly higher TSS (0.38–0.39) values than regres-
sion models (0.34) (Tab. 1).

The contribution of environmental predictors varied
slightly among models and algorithms (Fig. 2C). On average,
long-term maximum salinity had the highest contribution in
RFs and GBMs, ranging between 0.4 and 0.5. In these models,
long-term minimum oxygen contributed at levels comparable
to depth and mean temperature (averaging between 0.3 and
0.4), except for mean temperature, with a contribution in
GBMs lower than 0.3. For GLMs and GAMs, long-term
minimum oxygen ranked as the main contributor (between 0.3
and 0.4 on average), closely followed by depth and by long-
term maximum salinity (between 0.2 and 0.3 on average).
Mean temperature had a slightly lower influence in these
regression models, averaging between 0.1 and 0.2 (Fig. 2C).

3.4 Response curves to environmental predictors

Our models suggested that the species occupies a wide
depth range in the Mediterranean Sea, occurring generally
from 100 to 750 m depth. While GAMs and GLMs predicted
shallower waters as suitable for the species, RF and GBM
indicated a clear decrease in probability of presence shallower
than 100 m (Fig. 3A). These two machine learning algorithms
identified an optimal thermal range between 14°C and 16°C,
although no clear upper thermal limit was depicted, with
relatively high presence probability persisting above 16°C. In
contrast, GLMs and GAMs showed a clear decline in habitat
suitability beyond 16°C and a gradual decline in presence
probability below 14°C (Fig. 3B). Regarding the salinity, only
RFs indicated a clear preference for long-term maximum
salinity between 38.3 and 39 PSU. The probability of presence
decreased abruptly after around 39 or 39.5 PSU depending on
the model, the four models strongly differed in identifying the
lower limit. RFs indicated a decline in presence probability
below 38 PSU, GLMs and GAMs below 37.5 PSU, and GBMs
showed a good tolerance down to 37 PSU (Fig. 3C). Finally,
the four algorithms demonstrate a similar preference for
f 30



Fig. 2. Model performance evaluation with (A) Area Under the Curve (AUC) and True Skill Statistic (TSS) scores, with the selected models
highlighted by bold circles; (B) specificity and sensitivity scores; and (C) contributions of environmental predictors. Models are color-coded by
algorithm. 'Salinity_ltmax refers to the long-term maximum salinity, 'temp_mean' to the mean bottom temperature, and 'o2_ltmin' to the long-
term minimum oxygen level.

Table 1. Averaged AUC and TSS per algorithm across the selected
models.

Algorithm Mean AUC Mean TSS

GLM 0.73 0.34

GAM 0.74 0.34
RF 0.74 0.38
GBM 0.75 0.39
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long-term minimum oxygen concentration between 150 and
225 mmol/m (Fig. 3D).

3.5 Distribution predictions under present conditions
and projections in the future

According to the optimization diagnostic, the optimal
threshold for converting probability into presence or absence
was set at 0.52. The probability of presence reached 0.8 in the
f 30



Fig. 3. Response curves of the probability of presence of F. quadrangularis as a function of the different environmental predictors selected,
coloured by algorithm: (A) depth, (B) mean bottom temperature, (C) long-term maximum bottom salinity, and (D) long-term minimum bottom
oxygen. The solid line represents the mean response curve across individual models of each algorithm, with shaded areas indicating the 95%
confidence interval.
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present-day and future time periods, with the highest values
observed in the Gulf of Lion, in French waters.

Under present-day environmental conditions, F. quad-
rangularis appeared widely distributed across the continental
shelf and upper slopes of Western Mediterranean and the
Central Basin. In contrast, suitable areas in the Adriatic Sea
and the Eastern Mediterranean Sea were restricted in
comparison with the Western and Central Mediterranean.
The Levantine basin and the shallow continental shelf of the
Gulf of Gabès within Tunisian waters appeared largely
unsuitable (Figs. 4A–4B). By 2050, under the intermediate
IPCC SSP2–4.5 scenario, the distribution of the species
remained unchanged in the Western Mediterranean and in the
Central Basin. New suitable zones may appear in the central
Adriatic Sea and in the deeper regions of the Cretan Sea, while
in the Northern Aegean, suitable areas were expected to
become less extensive than they were at present (Figs. 4C–4D).
However, by 2100, under the same intermediate IPCC SSP2–
4.5 scenario, only the western basin was projected to maintain
a wide, suitable habitat for the species. Deeper zones of the
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Eastern Mediterranean Sea became suitable habitat, while
large areas of the Central Basin and the rest of the eastern and
southernMediterranean continental shelves and slopes became
unsuitable (Figs. 4E–4F).

3.6 Identification of climate refugia, habitat gain, and
loss

Under the intermediate IPCC SSP2–4.5 scenario, the
distribution of F. quadrangularis was projected to remain
largely unchanged by 2050 but showed a drastic reduction by
2100. In total, 84% of the areas currently suitable for the
species were identified as climate refugia by 2050, whereas
only 49% remained as such by the end of the 21st century. In
both periods, the western basin retained the majority of the
areas identified as climate refugia. The Central Basin, on the
other hand, maintained suitable areas only until 2050, with a
drastic reduction of the suitable habitat by 2100. Climate
refugia were detected in the Northern Adriatic and Northern
Aegean Seas by 2050 but were lost based on the projections
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Fig. 4. Habitat suitability (left) converted to binary presence–absence values (right) by an optimal threshold of 0.52, illustrating the potential
areas that are suitable for F. quadrangularis in theMediterranean basin for (A–B) the present-day conditions and under the IPCC scenario SSP2–
4.5 (C–D) by 2050 and (E–F) by 2100.
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made for the end of the century (Figs. 5A–5B). Significant
habitat gains were also projected in several locations, with
expansions of 32% and 47% by 2050 and 2100, respectively,
compared with the suitable habitat of the species predicted
under present conditions. These new suitable areas were
mainly located in the Ligurian Sea, along eastern Corsica, and
in northern Tunisian waters, as well as in deep waters of the
Eastern Mediterranean Sea (Figs. 5A–5B).

3.7 Model agreement and model residuals

Individual models of the four algorithms showed relatively
high agreement across the Mediterranean basin, with a
standard deviation ranging from 0.05 to 0.20. Regions
associated with the highest variability among models included
the Catalan Sea, the Ligurian Sea, the Northern Adriatic, and
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the Central and Southern Aegean Sea (Fig. 6A). Among the
three sources of variations tested, the algorithm explained the
most part of the total sum of squares between individual
predictions, compared with dataset and spatial block cross-
validation (Fig. A5 in the Appendix A). A disagreement
between regression models and machine learning models was
particularly highlighted in the Northern Adriatic Sea and
Catalan Sea, where GLMs and GAMs identified a higher
probability of presence under present-day conditions than RFs
and GBMs, which predicted a more restricted habitat
suitability for the species (Fig. A6).

Most residuals, both negative (i.e., high predicted presence
probability despite observed absence) and positive (i.e., low
predicted presence probability despite observed presence),
showed moderate values ranging between �0.4 and 0.4,
accounting for 71% of all residuals (Fig. 6B). Strongly
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Fig. 5. Areas projected as climate refugia, habitat gain, habitat loss, or unsuitable for F. quadrangularis under the IPCC SSP2–4.5 scenario by
(A) 2050 and (B) 2100. Climate refugia are defined as areas that remain suitable under both present and future conditions; habitat gain refers to
currently unsuitable areas that become suitable in the future, and habitat loss to suitable areas becoming unsuitable.
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negative residuals (< �0.4; i.e., false presences) represented
23% of the observations and were mainly identified across the
Mediterranean basin, particularly in the western region along
the Sicilian and western Italian coasts, as well as in the Central
Adriatic (Fig. 6B). In contrast, only a small proportion of
residuals (6%) were strongly positive (>0.4; i.e., false
absences).

3.8 Environmental extrapolation assessment

Almost the entire Mediterranean basin presented analo-
gous conditions (i.e., similar to conditions known in calibrating
datasets), both for present-day (Fig. 7A) and future conditions
(Figs. 7B and 7C). Univariate environmental extrapolation
concerned a relatively small proportion of pixels, accounting
for 11% of the study area under present-day conditions, 13%
under the intermediate scenario by 2050, and 16% under the
intermediate scenario by 2100. The same areas were identified
across the three periods (Figs. 7A–7C), but at a higher level in
the future, particularly by 2100 (Fig. 7C). These areas were
restricted to the shallow continental shelf of the Gulf of Gabès,
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the Libyan coast, and the Southern Levantine Sea. They
correspond to areas where no MEDITS data were available.
No areas of combinatorial extrapolation (i.e., combinations of
environmental predictors never observed) were identified
under the three periods.

Probabilities of presence and climate refugia projections
under the more optimistic low-emissions (SSP1–2.6) and
pessimistic high-emissions (SSP5–8.5) scenarios are provided
in Appendix A (Figs. A7, A8, and A9), and their uncertainty
assessment is in Appendix A (Fig. A10). By 2050, projections
under the two extreme climate scenarios were very similar to
those of the intermediate SSP2–4.5. However, while the
optimistic SSP1–2.6 projected fewer losses in the Central
Basin compared with SSP2–4.5, the pessimistic SSP5–8.5
projected even wider losses in both the Central Basin and the
Northern Adriatic.

4 Discussion

This study used a species distribution modeling approach to
assess habitat suitability for the octocoral Funiculina quad-
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Fig. 6. Prediction uncertainties are represented by (A) the standard deviation (sd) among individual model predictions combined in the ensemble
model and (B) the ensemble model residuals, with negative residuals shown in red and positive residuals in blue.
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rangularis on soft-bottom habitats down to 1000 m depth in the
Mediterranean basin. Climate-driven habitat shifts have been
projected for the years 2050 and 2100, based on IPCC
projections of future seawater conditions. Under present-day
environmental conditions, theensemblemodelpredicted a broad
potential distribution, indicating that the species can occupy a
wide bathymetric range from shelf habitats to the lower
continental slope (100–750m). This findingwas consistent with
previous observations across the Mediterranean (Greathead
et al., 2015; Bastari et al., 2018; Martinelli et al., 2023).

4.1 Potential suitable habitat of the species

Model responses indicated a relatively broad environmen-
tal range for F. quadrangularis in terms of temperature
(12–16°C), salinity (37–39 PSU), and dissolved oxygen
concentrations (150–225 mmol/m³). These suitable ranges
must be interpreted in the context of the Mediterranean basin,
where environmental conditions are quite constant below 200
m (Cartes et al., 2004). This pattern contrasts with other VME
indicator species, such as the crinoid Leptometra phalangium
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(Müller, 1841), more restricted to shelf break areas associated
with moderate bottom currents (Colloca et al., 2004; Grinyó
et al., 2018; Millot et al., 2024) or the bamboo coral I. elongata
rarely observed above 600 m depth (Georges et al., 2024).
These environmental optima corresponded to the observed
environmental niche, which is constrained by the available
sampling and may therefore underestimate the full physiologi-
cal tolerance of the species. Indeed, F. quadrangularis has been
reported in much shallower waters (20–50 m) in the Northern
Adriatic Sea (Salvalaggio et al., 2016). In addition, the upper
thermal limit of the species remained uncertain, as model
responses diverged, with machine-learning algorithms pre-
dicting relatively high habitat suitability at temperatures
exceeding 16°C. The lack of observations from shallow
environments and from the southern Mediterranean and
Levantine Sea, where seawater temperature is higher than in
the rest of the Mediterranean basin, prevented a reliable
assessment of the full environmental tolerance of the
species.

The wide distribution of F. quadrangularis, still found on
highly trawlable bottoms, may also suggest that this species is
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Fig. 7. Environmental extrapolations associated with (A) predictions under present-day conditions, (B) projections under the IPCC SSP2–4.5
scenario by 2050, and (C) by 2100. For each period, univariate extrapolations (i.e., predictions/projections outside the range of the
environmental space of calibrating data for at least one predictor) are mapped in orange, and analogous conditions (i.e., predictions/projections
in environmental conditions already present in calibrating data) are shown in green. Areas with no sampled data are shown with faded shading,
and predictions/projections in such areas must be interpreted with caution, being associated with higher uncertainties.

J. Millot et al.: Aquat. Living Resour. 2026, 39, 11
more resistant to the impacts of bottom trawling than other
VME indicator taxa inhabiting soft bottoms, such as the
bamboo coral I. elongata, which has been largely eradicated on
the continental shelf (Lauria et al., 2017; Georges et al., 2024).
Unlike scleractinians, which have a hard calcareous skeleton,
the flexibility of this octocoral may partially enable it to evade
direct removal, reducing the likelihood of being captured as
bycatch (Pierdemonico et al., 2018). Furthermore, experimen-
tal studies have shown that the species can reinsert itself into
the sediment and position itself right after being uprooted, after
only a few days (Eno, 2001). The relatively fast growth rate of
the species could help to regenerate rapidly after disturbance
(Greeley, 2022). Moreover, high genetic diversity and gene
Page 12
flow among populations of F. quadrangularis, locally
demonstrated in Scottish waters, revealed the potential
resilience of the species to human activities through its
capacity to recolonize areas already damaged by fisheries
(Wright et al., 2015). However, significant declines in the
species’ abundance have been reported in areas subjected to
intense trawling pressure (Pierdomenico et al., 2018;
Martinelli et al., 2023), clearly demonstrating its vulnerability
to anthropogenic disturbance, which is aggravated by its erect
structure (it can exceed 1 m in height) and its inability to
withdraw into the sediment unlike other pennatulaceans found
in the same habitats (Bastari et al., 2018; Chimienti et al.,
2018a; Ambroso et al., 2013, 2021).
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4.2 Short-term versus long-term climate projections

While environmental changes could lead to a moderate
habitat loss of 16% for the species by the year 2050 under the
intermediate SSP2–4.5 scenario, projections for 2100 indicat-
ed that around 50% of its currently suitable habitat could be
lost. Climate-driven habitat losses have already been predicted
for other vulnerable benthic species, such as the crinoid
L. phalangium (Millot et al., 2024), the bamboo coral I.
elongata (Georges et al., 2024), and several cold-water corals
(Morato et al., 2020). The relatively stable physical conditions
under which F. quadrangularis currently lives were predicted
to be altered by ongoing warming of Mediterranean waters,
potentially compromising its capacity to occupy large areas of
the continental shelf and slope toward the end of the century
(Sweetman et al., 2017; Danovaro et al., 2018). Consistently,
the ensemble model indicated that a 1°C increase by 2050
should not strongly reduce suitable habitat, whereas a 2°C
increase by 2100 could result in important habitat loss (i.e., the
Sicily Channel and the Northern Aegean Sea). An increase in
the salinization of Mediterranean bottom waters toward the
end of the century (Skliris et al., 2018; Margirier et al., 2020)
may further explain habitat losses despite suitable temper-
atures (i.e., Eastern Ionian Sea).

However, as for predictions under present-day conditions,
future projections remained strongly constrained by sampling
limitations, particularly by the lack of observation in the
warmest waters of the Mediterranean. It is therefore not
excluded that F. quadrangularis, tolerates a higher upper
thermal limit than those suggested by the model, leading to a
potential overestimation of habitat loss. Moreover, disentan-
gling the drivers of these habitat shifts remains challenging as
SDMs investigate correlations among environmental predic-
tors and species distributions rather than identifying causal
relationships (Austin, 2002) and might fail to determine the
cumulative effects of multiple stressors.

In contrast, significant habitat gains, representing 32% and
47% of the suitable habitat of the species under present
conditions, were also projected by 2050 and 2100, respectively
(e.g., Ligurian Sea, Southern Tyrrhenian Sea, and deep waters
of the Eastern Mediterranean). The factor limiting its current
distribution in these areas remained unclear, as salinity and
oxygen levels were suitable under both current and future
conditions. These gained regions were, however, associated
with seawater temperatures below 14°C, which were predicted
as unsuitable under present-day conditions by the numerous
RF models selected in the ensemble but were projected to
become suitable under the warming of waters in the future.
Nonetheless, this lower thermal limit may be questioned, as
regression models (GLMs and GAMs) maintained a high
probability of presence below 14°C, and F. quadrangularis has
been observed in the cold waters of the North Atlantic and
North Sea (Greathead et al., 2007; Downie et al., 2021). In any
case, uncertainties remain regarding the ability of the species
to colonize new suitable areas in the future. Low genetic
differentiation among isolated patches of F. quadrangularis in
northwest Scotland suggested a high rate of gene flow between
populations during the pelagic stages of its life cycle (Wright
et al., 2015), although this still needs to be verified in the
Mediterranean Sea. Moreover, a fast growth rate has recently
been quantified for this species (around 3.8 cm per year)
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(Greeley, 2022) as well as a relative high fecundity (Edwards
and Moore, 2009). Although only a small proportion of
oocytes are spawned annually, this is compensated for by the
large size of its colonies (Edwards and Moore, 2009). These
characteristics may favor the colonization of new areas if they
become suitable in response to climate change. Nevertheless,
successful colonization at a pace compatible with the rate of
climate change would not be possible if populations are
destroyed by continuous bottom trawling. Further experimen-
tal studies on growth and reproductive capacities of the
species, combined with the development of biophysical
models to better understand larval dispersal and connectivity
(Matos et al., 2024), would provide valuable insights into how
feasible the expansion of the species would be.

4.3 Regional areas of higher uncertainty

Both present-day predictions and future projections
revealed areas of elevated uncertainty in the southern and
eastern Mediterranean (e.g., Tunisian and Libyan waters and
the Levantine Sea). These regions were not sampled by the
MEDITS survey and were characterized by environmental
conditions that were novel relative to those used to calibrate the
models, particularly warmer seawater temperatures. Although
an earlier survey conducted in Tunisian waters in 1949 using
dredge and trawl sampling did not record the species (Roger
et al., 2024), its true absence in these areas must be confirmed.
Model outputs in the southern and eastern basins should
therefore be interpreted with caution. Nevertheless, producing
predictions in these uncertain regions is valuable, as it
highlights critical data gaps and the need for improved
sampling coverage to enhance basin-scale predictions.

In contrast, while environmental extrapolation was
generally low in the northern basin, several regional hotspots
exhibited higher model disagreement, notably in the Catalan
Sea, Ligurian Sea, Northern Adriatic Sea, and Central Aegean
Sea. Prediction variability between individual models was
mainly attributed to algorithmic differences (Fig. A5 in the
Appendix A). These regions, mostly associated with absence
records, were generally predicted as unsuitable by machine
learning algorithms but suitable by regression models (Fig. A6
in the Appendix A). This disagreement appears to be linked to
a difference in depth response: machine learning models
predicted a sharp decline in probability of presence above 50 m
depth, whereas regression models maintained high probabili-
ties in shallow waters. These regions of model disagreement
are shallower than 50 m and were therefore predicted as
unsuitable by the ensemble model, reflecting the predominance
of machine learning models, which were selected more
frequently due to their slightly higher TSS. Nevertheless,
model disagreement remained moderate across the basin, with
a standard deviation below 0.2.

4.4 Niche truncation issues

Models fitted using a truncated representation of a species’
full ecological niche can lead to inaccurate extrapolations,
not only under present-day environmental conditions but
especially when transferring such models to future climatic
scenarios (Owens et al., 2013; Peterson et al., 2018). To
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minimize the risk of niche truncation, occurrence data must,
within the limits of available data, adequately cover the study
area. Sparse occurrence datasets available for deep-sea species
in the Mediterranean from public repositories (e.g., OBIS,
GBIF) are insufficient to support robust species distribution
modeling. However, compiling records from unconnected
populations is questionable, as they might not conserve the
same environmental limits (Pellissier et al., 2013). This may
artificially increase the suitable habitat in areas where at least
some of the species’ populations would not be able to adapt at
the rate at which climate change may occur.

Including F. quadrangularis records from the Northeast
Atlantic into our models could have captured a broader part of
the species' ecological niche. However, it is unclear whether
Mediterranean Sea and Atlantic Ocean individuals belong to a
single, well-connected population or whether they are
genetically isolated and locally adapted to their environment.
The high gene flow observed between F. quadrangularis
colonies at nearby locations along the northwest coast of
Scotland (Wright et al., 2015) does not imply that distant
populations across the Atlantic and Mediterranean are equally
well connected. Recent studies have investigated genetic
diversity and inter-population connectivity of cold-water
corals across Mediterranean regions. While weak connectivity
was reported among populations of Desmophyllum pertusum
(Linnaeus, 1758) between Mediterranean ecoregions
(Matos et al., 2024), persistent genetic pathways were
observed for I. elongata (Lauria et al., 2025). These contrasting
patterns highlight that connectivity is species-specific among
cold-water corals, and additional genetic studies on
F. quadrangularis at large scale are required.
4.5 Influence of the selection of environmental
predictors

It is widely accepted that the choice of environmental
predictors has a significant impact on SDM outcomes (Ara�ujo
and Guisan, 2006). The selection process remains challenging
despite the progress in the development of statistical methods,
such as correlation analysis, BIC criteria, and bootstrapping. In
particular, choosing between two highly correlated predictors
can significantly impact future projections, as they may not
change similarly under climate change (Braunisch et al., 2013).
For this reason, environmental predictor selection cannot be a
fully automated process and requires a case-by-case analysis of
their ecological relevance. This remains particularly challeng-
ing when limited data on the species’ physiology is available,
as it is the case for F. quadrangularis. For instance, it remains
unclear if the suitable habitat of sea pens, which have a poorly
calcified axial rod, will be impacted by acidification as it has
been predicted for scleractinian corals (Gori et al., 2016;
Danovaro et al., 2018). Including pH as a predictor led to very
pessimistic future projections due to the narrow range of
currently observed pH values (between 8.0 and 8.1) in the
Mediterranean Sea, compared with the projected 0.4 increase
by 2050 under IPCC scenarios. Hence, pH was ultimately not
included in our model to avoid an overestimation of climate
change impacts, especially taking into consideration that
F. quadrangularis is found in the Atlantic Ocean under much
lower pH conditions than in the Mediterranean Sea (Greathead
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et al., 2007; Downie et al., 2021). In this regard, experimental
studies under controlled conditions would provide better clues
on the effects that increases in pH may have on the
survivorship of this species and would allow such pessimistic
projections to be confirmed or ruled out.

Furthermore, an indirect limiting factor for the survival of
the species could be related to food availability.
F. quadrangularis, a passive suspension feeder, depends on
the presence of phyto-zooplankton and particulate organic
matter in its surrounding waters, which could be significantly
impacted by climate change (e.g., acidification, temperature,
and lower river inputs) (Macias et al., 2025). This aspect could
be particularly important in an oligotrophic context, such as in
some areas of the Mediterranean basin (Salgado-Hernanz
et al., 2022).
4.6 Data limitations to predict benthic species
distribution

MEDITS surveys, conducted by a consortium of eight
countries, provide, to our knowledge, the most extensive
coverage of benthic records across Mediterranean trawlable
soft bottoms (Terribile et al., 2016). However, MEDITS
sampling presents several limitations that constrained the
representation of the complete environmental niche of a
benthic species as the sea pen F. quadrangularis. First of all,
the MEDITS bottom trawl is designed to target demersal
species and therefore presents limitations on the catchability of
smaller-sized flexible benthic species (Chimienti et al., 2018).
However, although abundance may be underestimated,
presence data might be less biased due to the high densities
at which the species is generally found, ensuring the catch of at
least one individual. MEDITS surveys are conducted in late
spring and summer, primarily to align with fisheries objectives,
such as monitoring the recruitment of key commercial species
like hake. This season does not coincide with the spawning
period of F. quadrangularis, which occurs in midwinter
(Edwards and Moore, 2009). Nonetheless, a seasonal survey in
the Gulf of Lion showed that the species’ distribution remains
stable throughout the year (Vaz et al., 2023). Additionally, the
wide size range of F. quadrangularis individuals captured
during MEDITS indicates that sampling is not restricted to a
specific life stage, suggesting a minimal seasonal bias (Certain
et al., 2025).

Despite the use of a standardized MEDITS sampling
protocol across countries, the exhaustive sampling and
taxonomic identification of benthic fauna, although recom-
mended since 2012, is not mandatory (MEDITS, 2017).
Consequently, data quality depends on the level of taxonomic
expertise within each scientific team. Particular caution is
required in the Aegean Sea, where several teams are carrying
out the survey, leading to heterogeneous levels of taxonomic
identification and, particularly, a gap of species-level data in
the Northern Aegean Sea. Although pseudo-absences were
generated in this area to limit bias, presence data may still
be underestimated. Moreover, because MEDITS surveys are
conducted by EU member states, important spatial gaps of
data remain in the southern and eastern Mediterranean (e.g.,
Tunisia, Libya, and the Levantine basin), where environmental
extrapolations are associated with high uncertainties. To fill
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some data gaps, the MEDITS dataset has been complemented
with additional sources of data, including ROV observations,
local trawl surveys, and presence records derived from the
literature. While the compilation of multiple datasets can
raise standardization issues for abundance data due to differ-
ences in sampling protocols, presence data are less affected by
such limitations. In all cases, the entire dataset was standardized
using a resampling grid to avoid spatial autocorrelation and
ensure a consistent spatial resolution across the study area.
Moreover, the partition of variance associated with different
sources of uncertainty confirmed that dataset subsampling and
spatial block cross-validations were not the main sources of
prediction uncertainties when compared with algorithm
disagreement, thus confirming the reliability of the information
contained in the datasets at different spatial scales.

Ten-year climatologies of environmental parameters were
used to generate species distribution predictions, which may
smooth inter- and intra-annual variability. However, given the
relatively stable temperature, salinity, and oxygen conditions
characterizing Mediterranean continental margins (Cartes
et al., 2004), seasonal and short-term variability are
expected to be limited within the depth range occupied by
F. quadrangularis. We therefore consider that the use of multi-
year climatologies was sufficient to represent the potential
suitable habitat of this benthic species but acknowledge that
the present work does not elucidate processes at play at lower
temporal resolutions.

Furthermore, it should be highlighted that the recent data
used in this study (mostly 2012–2023) reflect Mediterranean
soft-bottom communities under decades of intense bottom
trawling (Russo et al., 2020; Marsaglia et al., 2024), and the
response curves produced by the models may have been
influenced by changes in the potential distribution of the
species due to human activities.
4.7 Interest in conservation planning

Projected regions where habitat is expected to remain
suitable for the species by the end of the century, despite
climate change, are crucial to prioritize conservation actions
(Keppel et al., 2015; Carter et al., 2020; Anderson et al., 2022;
Chollett et al., 2022). Large areas in the western Mediterranean
basin appeared to offer stable habitat conditions under both
near- and long-term climate projections and were associated
with relatively low uncertainty, reinforcing the importance of
implementing additional protected and fishery-restricted areas.
SDM outputs can provide valuable inputs for systematic
conservation planning, which aims to identify priority areas of
conservation while balancing ecological goals and socio-
economic constraints (Margules and Presley, 2000). The
prioritization of climate refugia identified in this study, as well
as from other VME distribution studies in the Mediterranean
(Millot et al., 2024; Georges et al., 2024), should represent a
key conservation objective. Other crucial principles should be
considered to design an efficient and persistent conservation
network for VMEs in the Mediterranean, including the
connectivity among protected areas and the socio-economic
impact of spatial closures (Manea et al., 2020; Combes et al.,
2021).
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5 Conclusion

This study revealed a wide potential distribution of the
VME indicator taxa F. quadrangularis on trawlable bottoms
across the Mediterranean basin from the shelf toward the
continental slope (100–750 m). The species appeared
relatively ubiquitous, with a distribution that did not seem
to be strongly structured by environmental factors. While its
habitat was projected to remain suitable in the near future,
long-term climate projections indicated drastic habitat shifts
by 2100, with a potential loss of half of its current habitat.
New suitable habitats were also projected in the Western
Mediterranean and the deep waters of the Eastern basin, but the
factors limiting the current distribution of the species in these
areas and the species’ ability to colonize them still need to be
clarified. These projections highlight the importance of
identifying priority conservation areas for F. quadrangularis,
particularly in the Western Mediterranean, which is expected
to maintain extensive climate refugia. These insights could be
integrated into systematic conservation planning exercises to
support effective conservation policies. It may also pave the
way toward the achievement of the 30 � 30 target of the EU
Biodiversity Strategy, which aims to protect 30% of European
seas by 2030.
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Fig. A2. Correlationmatrix among all available environmental predictors based onSpearman’s rank coefficient. Positive correlations are colored in
blue and negative correlations in red. Coefficients higher than 0.7 are crossed. See Appendix B, Table B2 for the meaning of the abbreviations.

Fig. A1. Map of the GSAs (geographical sub-areas) defined by the General Fisheries Commission for the Mediterranean (GFCM), colored
according to their respective sea/region within the Mediterranean basin.
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Fig. A3. Environmental range of a resampled presence–absence dataset of Funiculina quadrangularis records in the Mediterranean basin.
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Fig. A4. Maps of the four environmental predictors used in the models to predict the potential distribution of Funiculina quadrangularis across
the Mediterranean basin (A) under present conditions and under the SSP2–4.5 scenario of the IPCC (B) by 2050 and (C) by 2100.
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Fig. A5. Proportion of total variance explained by (A) dataset, (B) spatial block cross-validation, and (C) algorithm.
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Fig. A6. Mean present-day predictions of the selected models for each algorithm: (A) GLM, (B) GAM, (C) RF, and (D) GBM.

Fig. A7. Probabilities of presence (left) converted into binary presence–absence data (right) using a threshold of 0.52, illustrating the distribution
of the potential habitat of F. quadrangularis in the Mediterranean basin under the IPCC scenario SSP1–2.6 (A–B) by 2050 and (C–D) by 2100.
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Fig. A8. Probabilities of presence (left) converted into binary presence–absence data (right) using a threshold of 0.52, illustrating the distribution of
the potential habitat of F. quadrangularis in the Mediterranean basin under the IPCC scenario SSP5–8.5, are (A–B) by 2050 and (C–D) by 2100.

Fig. A9. Areas predicted as climate refugia, habitat gain, habitat loss, or unsuitable for F. quadrangularis under the IPCC SSP1–2.6 scenario
(left) and the IPCC SSP5–8.5 scenario (right) are (A–B) by 2050 and (C–D) by 2100. Climate refugia are defined as areas that remain suitable
under both present and future conditions; habitat gain refers to currently unsuitable areas that become suitable in the future, and habitat loss are
suitable areas becoming unsuitable.
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Fig. A10. Environmental extrapolations associated with the predictions under the IPCC scenario SSP1–2.6 (left) and the IPCC SSP5–8.5
scenario (right) are (A–B) by 2050 and (C–D) by 2100. For each period, univariate extrapolations (i.e., projections outside the range of the
environmental space of calibrating data for at least one predictor) are shown in orange, combinatorial extrapolations (i.e., projections in
unknown combinations of predictors) in purple, and analogue conditions (i.e., projections in environmental conditions already known by
calibrating data) in green. Areas with no sampled data are shown with faded shading, and projections in such areas must be interpreted with
caution because of higher uncertainties.
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Table B1. Metadata of raw presence and absence records of Funiculina quadrangularis before any filtering process.

GSA area Survey Method (period) Sources Database Number of

records

1-2-3-5-6

-7-8-9-10

-11-15-16

-17-18-19

-20-22-23-25

MEDITS Trawl (2012–2023) •IEO - Instituto Español de Oceanografía, Centro Oceanográfico de Málaga, Spain (GSAs 1-2)

• IEO - Instituto Español de Oceanografía, Centro Oceanográfico de Baleares, Spain (GSA 5)

• IEO - Instituto Español de Oceanografía, Centro Oceanográfico de Murcia, Spain (GSA6)

• MARBEC - Marine Biodiversity, Exploitation and Conservation, Ifremer, France (GSAs 7-8,

Jadaud and Certain, 1994)

• CIBM - Consorzio per il Centro Interuniversitario di Biologia Marina ed Ecologia Applicata G.

Bacci (GSA 9)

• COISPA - Tecnologia & Ricerca (GSA 10)

• CNR IRBIM - Institute for Biological Resources and Marine Biotechnologies, Messina - Italy

(GSA 10)

• Dipartimento di Scienze della Vita e dell’Ambiente, Università di Cagliari, Italy (GSA 11)

• Ministry for Sustainable Development, the Environment and Climate Change, Malta (GSA 15)

• CNR IRBIM - Institute for Biological Resources and Marine Biotechnologies, Mazara del Vallo,

Italy (GSA 16)

• Department of Biological, Geological and Environmental Sciences, Laboratory of Marine

Biology and Fisheries, University of Bologna, Italy (GSA17)

• Fishery Research Institute of Slovenia (GSA 17)

• IOR - Institute of Oceanography and Fisheries, Croatia (GSA 17)

• COISPA - Tecnologia & Ricerca, Italy (GSA 18)

• Department of Biosciences, Biotechnology and Environment, University of Bari, Italy (GSA 19)

• HCMR - Hellenic Centre of Marine Research, Greece (GSAs 20, 22 and 23)

• FRI - Fisheries Research Institute, Greece, (GSA 22)

• DFMR - Department of Fisheries and Marine Research, Ministry of Agriculture, Rural

Development and Environment, Cyprus (GSA 25)

Free access obtained through the EU DG MARE as part of the Data Collection legal framework

(DCF Regulation (EU) 2017/1004)

DG MARE –

MEDITS

Database

P = 1420

A = 7824

15 MEDITS Trawl (2009–2010) Terribile et al. (2016) P = 86

A = 90

7 NOURMED Traw (2018–2019) Vaz (2018a) Ifremer P = 14

A = 187

7 EPIBENGOL Trawl (2018) Vaz (2018b) Ifremer P = 6

A = 4

7 GOLDYS Trawl (2022) Vaz et al. (2023) Ifremer P = 85

A = 91

7 MEDSEACAN ROV (2009–2010) Fabri and Pedel (2020), Fourt et al. (2017) Ifremer P = 12

A = 89

8 CORSEACAN ROV (2010) Fourt et al. (2017) Ifremer P = 19

A = 70

17 SOLEMON Trawl (2011–2021) AdriaMed (2011) CNR P = 43

A = 689

22 HCMR surveys Trawl (1994–2016) Salomidi et al. (2022) HCMR P = 29

A = 0

22-23 HCMR surveys Video (1996–2010) Smith et al. (2022) HCMR P = 30

A = 0

20-22-23-25 Various surveys Literature- Otero and Mytilineou (2022) P = 41

A = 0

– OBIS – https://obis.org/ P = 47

A = 0

– GBIF – https://www.gbif.org/fr/ P = 5

A = 0

Appendix B
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Table B2. Metadata of candidate environmental predictors explored for this study. Variables selected for the final ensemble modeling process
are highlighted in grey. Abbr. = Abbreviation; Native res. = Native resolution; Ecol. sel. = Ecological selection; Cor. sel. = Correlation selection;
and BIC GAM = BIC selection on GAM. Native resolution given in decimal degrees. Mean = Long-term average of monthly bottom values for
the period 2010-2020. Long-term minimum = Long-term average of the minimum value of the bottom variable per year for the period 2010–
2020. Long-term maximum = Long-term average of the maximum value of the bottom variable per year for the period 2010–2020. Range =
Range of the bottom variable for the period 2010–2020 (i.e., average of the absolute difference between the minimum and maximum value of the
variable per year).

Layer Abbr. Source Meaning - Unity Native

res.

Ecological importance Ecol.

sel.

Cor.

sel.

BIC

GAM

Depth depth EMODnet Distance between the

surface and the seafloor

(in m)

0.001 +: Driver of benthic

community

=: Constant over time

Yes Yes Yes

Slope slope EMODnet derived Slope degree of the

seafloor (in degree)

0.001 +: Driver of benthic

community

-: Correlated with depth

Yes No

Rugosity rough EMODnet derived Difference between the

maximum and the

minimum value of

bathymetry (in μm)

0.001 +: Driver of benthic

community

-: Correlated with depth

Yes No

Average grain size grain_size EMODnet broad-scale

seabed habitat map

Average size of grain

fractions including in the

sediment (in mm)

0.001 +: Driver of benthic

community

=: Constant over time

-: No significant response

Yes Yes No

Mean bottom temperature temp_mean Bio-Oracle v3.0 in T°C 0.05 +: Driver of benthic

community

+: Sensitive to climate

change

Yes Yes Yes

Long-term minimum bottom temperature temp_ltmin Bio-Oracle v3.0 in T°C 0.05 -: No significant response Yes Yes No

Long-term maximum bottom temperature temp_ltmax Bio-Oracle v3.0 in T°C 0.05 -: Correlated with mean

bottom temperature

Yes No

Range of bottom temperature temp_range Bio-Oracle v3.0 in T°C 0.05 -: Correlated with depth Yes No

Mean bottom current velocity current_velocity_mean Bio-Oracle v3.0 in m.s�1 0.05 +: Driver of suspension

feeders controlling food

supply

-: No significant response

Yes Yes No

Long-term minimum bottom current velocity current_velocity_ltmin Bio-Oracle v3.0 in m.s�1 0.05 -: No significant response Yes Yes No

Long-term maximum bottom current velocity current_velocity_ltmax Bio-Oracle v3.0 in m.s�1 0.05 -: No significant response Yes Yes No

Range of bottom current velocity current_velocity_range Bio-Oracle v3.0 in m.s�1 0.05 -: No significant response Yes Yes No

Mean bottom salinity salinity_mean Bio-Oracle v3.0 in PSS 0.05 -: Correlated with depth Yes No

Long-term minimum bottom salinity salinity_ltmin Bio-Oracle v3.0 in PSS 0.05 -: Correlated with depth Yes No

Long-term maximum bottom salinity salinity_ltmax Bio-Oracle v3.0 in PSS 0.05 +: Driver of benthic

community

+: Sensitive to climate

change

Yes Yes Yes

Range of bottom salinity salinity_range Bio-Oracle v3.0 in PSS 0.05 -: Correlated with depth Yes No

Mean bottom oxygen O2_mean Bio-Oracle v3.0 in mmol.m�3 0.05 +: Driver of benthic

communities

+: Sensitive to climate

change

-: Correlated with depth

Yes No

Long-term minimum bottom oxygen O2_ltmin Bio-Oracle v3.0 in mmol.m�3 0.05 +: Driver of benthic

communities

+: Sensitive to climate

change

Yes Yes Yes

Long-term maximum bottom oxygen O2_ltmax Bio-Oracle v3.0 in mmol.m�3 0.05 -: Correlated with depth Yes Yes Yes
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Table B3. Metadata of environmental layers projected in future conditions under IPCC climate scenario used in the study.

Layer Abbreviation Source Meaning Period SSP

Mean bottom
temperature

temp_mean_2050
temp_mean_2100

Bio-Oracle v3.0 Average data from distinct ESMs
(Earth System Grid Federation)
provided by the CMIP6

2040–2050
2090–2100

SSP2-4.5

Long-term maximum
bottom salinity

salinity_ltmax_2050
salinity_ltmax_2100

Bio-Oracle v3.0 Average data from distinct ESMs
(Earth System Grid Federation)
provided by the CMIP6

2040–2050
2090–2100

SSP2-4.5

Long-term minimum
bottom oxygen

O2_ltmin_2050O2_ltmin_2100 Bio-Oracle v3.0 Average data from distinct ESMs
(Earth System Grid Federation)
provided by the CMIP6

2040–2050
2090–2100

SSP2-4.5

Table B3. (continued).

Layer Abbr. Source Meaning - Unity Native

res.

Ecological importance Ecol.

sel.

Cor.

sel.

BIC

GAM

Range of bottom oxygen O2_range Bio-Oracle v3.0 in mmol.m�3 0.05 -: Correlated with depth Yes Yes Yes

Mean bottom chlorophyll A chl_mean Bio-Oracle v3.0 in mg.m�3 0.05 +: Proxy of food supply

+: Sensitive to climate

change

-: Correlated with depth

Yes No

Long-term minimum bottom chlorophyll A chl_ltmin Bio-Oracle v3.0 in mg.m�3 0.05 -: Correlated with depth Yes No

Long-term minimum bottom chlorophyll A chl_ltmax Bio-Oracle v3.0 in mg.m�3 0.05 -: Correlated with depth Yes No

Range of bottom chlorophyll A chl_range Bio-Oracle v3.0 in mg.m�3 0.05 -: Correlated with depth Yes No

Mean bottom primary productivity phyc_mean Bio-Oracle v3.0 in mmol.m�3 0.05 +: Proxy of food supply

+: Sensitive to climate

change

-: Correlated with depth

Yes No

Long-term minimum bottom primary productivity phyc_ltmin Bio-Oracle v3.0 in mmol.m�3 0.05 -: Correlated with depth Yes No

Long-term maximum bottom primary productivity phyc_ltmax Bio-Oracle v3.0 in mmol.m�3 0.05 -: Correlated with depth Yes No

Range of bottom primary productivity phyc_range Bio-Oracle v3.0 in mmol.m�3 0.05 -: Correlated with depth Yes No

Mean bottom pH pH_mean Bio-Oracle v3.0 – 0.05 +: Drive the metabolism

of calcareous organisms

+: Sensitive to climate

change

-: Too scarce range

observed in the

Mediterranean

-: Uncertain effect on

poorly calcified species

No

Long-term minimum bottom pH pH_ltmin Bio-Oracle v3.0 – 0.05 -: Too scarce observed

range in the Mediterranean

No

Long-term maximum bottom pH pH_ltmax Bio-Oracle v3.0 – 0.05 -: Too scarce observed

range in the Mediterranean

No

Range of bottom pH pH_range Bio-Oracle v3.0 – 0.05 -: Too scarce observed

range in the Mediterranean

No

Table B2. (continued).
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