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Cold-water corals (CWCs) are bioengineering species that can increase
habitat heterogeneity and improve the deep sea’s biological diversity and
ecosystem functioning. Knowledge of their distribution provides a critical
baseline for assessing the effect of natural and anthropogenic impacts on
these important deep-sea habitats. The aims of this study are: i) provide
new data on the spatial distribution of six CWCs species in the Strait of Sicily,
ii) describe the principal environmental and anthropogenic variables that
play a role in shaping their distribution, iii) identify hotspots in which
individuals belonging to the various species co-occur. Presence-only
data of six CWCs species, ten environmental variables (depth, slope,
rugosity, aspect, flowdir, temperature, salinity, north bottom current, east
bottom current, chlorophyll-a), and one variable relating to bottom
trawling effort (Automatic Information System — AlS) were used to predict
the suitable habitats. We used Maximum Entropy modelling (MaxEnt)
approach and used the AUC (area under the receiver operating
characteristic curve) and TSS (true skill statistics) to evaluate the model
performance. The results showed excellent AUC, TSS and AUC's standard
deviation mean values for all six species. The validation show high predictive
performance. MaxEnt identified slope, depth, and rugosity as the most
important predictors, showing the highest percentage contribution for all
six species considered. Throughout the study area, highlyinterspecific
persistent density hotspot of CWCs co-occurrence were discovered, with
a total extension of 4.05 km? where all species co-occur. Although studies
on the effect of environmental and anthropogenic factors that impact the
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distribution of these species of conservation interest remain scarce, the
results of this study offer useful guidance for decision-makers to develop
necessary conservation measures.
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1 Introduction

Cold Water Corals (CWCs) are among the most important habitat-
forming and bioengineering species in the Mediterranean Sea
(Chimienti et al., 2019; Barbosa et al., 2020; Chimienti et al., 2020).
Due to their life-history characteristics (Huvenne et al.,, 2016; Bargain
et al., 2017; Barbosa et al, 2020), CWCs are very sensitive to
environmental modification and anthropogenic pressure (Chu et al,
2019; Sundahl et al., 2020), such as bottom trawling, ocean acidification,
and pollution (Bargain et al.,, 2017). Considering these traits, CWCs are
categorised as Vulnerable Marine Ecosystems (VMEs) (FAO (Food and
Agriculture Organization), 2009; Ashford et al,, 2019; Barbosa et al,
2020) and many of these species are also listed in the International
Union for Conservation of Nature (IUCN) Red List as “threatened” or
“endangered” (Otero et al,, 2017). In addition, many commercial and
non-commercial fish and invertebrate species use these habitats as
nursery, feeding, and refuge areas highlighting their key ecological role
as Essential Fish Habitats (EFHs) (D’Onghia et al,, 2017; D’Onghia et al,,
2019; Lo Iacono et al,, 2018).

In the last decade, several papers reported the presence of CWCs
in the deep areas of the Mediterranean. A particular region is
represented by the Strait of Sicily. This area is characterised by a
pronounced bathy-morphological heterogeneity, peculiar circulation
patterns, and diverse seabed typology. In this region, the Atlantic
waters divide into two branches, one flowing into the Tyrrhenian Sea
and the other into the Sicilian Channel (Astraldi et al., 1996; Astraldi
et al.,, 2002; Di Lorenzo et al,, 2018). The latter turns branches into
two ‘arms’: Atlantic Ionic water and Atlantic Tunisian water. The first
one favours the formation of two vortices (one over the Adventure
bank and the second off Cape Passero), with a complex circulation
system that transports water between eastern and western sub-basins
generating upwelling (Manzella et al., 1990; Di Lorenzo et al., 2018)
and making the Strait of Sicily a highly productive area (Agostini and
Bakun, 2002). Currents are considered one of the most critical
variables governing CWCs dispersion since they supply food for
the corals and keep them from getting buried by sediments (Thiem
et al., 2006; Taviani et al., 2011; Chimienti et al., 2019).

However, scattered information about the distribution of CWC
species has been reported in the Strait of Sicily as in many other
regions of the Mediterranean Sea (Angiolillo et al, 2021). It is
essential to increase the knowledge of deep-sea habitats
(mesophotic and deep zone) to ensure adequate protection and
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management measures are implemented (Chimienti et al., 2020), as
despite the increase in studies, very few of these species have been
mapped and consequently information on these habitats in the
basin remains scarce (Savini et al., 2014).

In this framework, understanding the spatial distribution of
CWC ecosystems and the primary factors determining their
occurrence represent the first step in applying the appropriate
management and protection plans (Otero and Marin, 2019;
Sundahl et al., 2020; Lauria et al., 2021).

Nowadays, modern technology, such as multi-beam echosounders
and ROVs, are used for much more accurate prediction modelling
(Yesson et al., 2012; Buhl-Mortensen et al., 2015; Sundahl et al., 2020;
Abad-Uribarren et al., 2022). Habitat Suitability Models (HSMs) have
grown significantly in resource management and conservation biology
in the last few years. These models are currently used for determining
the distribution of suitable habitats for VMEs in deep oceans
(Stephenson et al., 2021), expanding the knowledge of their
distribution at a global scale (Bargain et al., 2017).

Within this study, habitat modelling technique were used to
create predictive maps of six CWC species of conservation concern
in the Mediterranean Sea: Scleractinia (Madrepora oculata,
Desmophyllum pertusum, Dendrophyllia cornigera), Antipatharia
(Leiopathes glaberrima) and Scleralcyonacea represented by
Callogorgia verticillata and Isidella elongata, and to find areas
where the greatest number of these species co-occur. The species
were chosen because they are among the most common arborescent
VME: found in the research area, taking into account both hard and
soft bottoms.

This study aimed to: i) provide new data on the spatial
distribution of six CWC species in the Strait of Sicily, ii) describe
the principal environmental and anthropogenic variables that play a
role in shaping their distribution, iii) identify hotspots in which
individuals belonging to the various species co-occur.

2 Materials and methods
2.1 Study area and data collection
The study area is located in the northern part of the Strait of

Sicily (38°0,587'N; 11°19,329E, study area’s centroid) (Figure 1),
which covered 1651 km?, under MedWind project.
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5 m resolution Multi-beam (MB) bathymetric model of the study area. MB data used for this map were obtained using a Multi-beam echosounder
Kongsberg EM2040 in shallower waters (from 150 to 300 meters) and a Kongsberg EM710-MK2 in deeper waters (from 300 to 1000 meters). The

lines (in red) indicate the 140 transects performed.

Acoustic surveys were conducted from August 12" to
September 6", 2021. Seafloor morphology was acquired using a
Multi-beam echosounder Kongsberg EM2040 in shallower waters
(150 to 300 meters) and a Kongsberg EM712-MK2 in deeper waters
(300 to 1000 meters). Raw acoustic data were processed to produce
a 5 m cell Digital Terrain Model (DTM) of the entire area. ROV
surveys were carried out from September 11" to November 17
2021 (67 days in total) from the MainportGeo vessel, which was
equipped with a Tomahawk ROV Light Work Class with two
manipulators five functions, four cameras (full HD, standard
colour, standard black and white and high definition 6K camera),
two laser beams, sampling box, beacon, DVL system and Seabird
Microcat SBE 37. A total of 140 transects were carried out in a depth
range from 135 to 985 m. The length of each transect was variable,
for a total of 129.5 km explored (mean 929 + 257 dev.st). During
video surveys, OFOP (Ocean Floor Observation Protocol) (van den
Beld et al., 2007) data logging software was used to record each
observation with its corresponding information (date, time, the
ROV’s and ship’s positions, depth, substrate type and species
observed). Georeferenced presence data for the six species was
extrapolated from the data set. The number of organisms of each
species was standardised according to the length of each transect. As
a result, the final unit of measurement is n organisms x linear km. In
the same period of the ROV survey, Oceanographic parameters
(Temperature and Salinity) were collected in 97 random stations
using a Rosette and CTD (Sea-Bird Scientific SBE 911 Plus V2).
Coordinates (Latitude and Longitude) and depth for all 97 CTD
points are given in Table 1 of the Supplementary Materials.
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2.2 Predictor variables

Eleven predictor variables were considered in the models,
subdivided into terrain (depth, slope, roughness, aspect, flowdir),
oceanographic variables (chlorophyll-a, temperature, salinity,
current north, current east) and fishing effort of bottom trawling
activities (AIS data) (Table 1; Figure 2). Terrain variables (slope,
rugosity aspect and flowdir) were extracted from high-resolution
Multi-beam Depth data (resolution 5 m) through the package
“raster”, function “terrain” in the R software (Hijmans, 2023).

The slope is an important variable for determining benthic
habitat distribution, contributing to an increase in current flow,
which benefits food supply, crucial for filter-feeding organisms
(Mohn and Beckmann, 2002). Furthermore, because it restricts
the use of some fishing gear, the slope can significantly lessen
anthropogenic influence in some regions (Wilson et al., 2007). Its
values range from 0 to 90°, with low values often corresponding to
gentle slopes and high values typically corresponding to steep slopes
(Wilson et al., 2007), and are not always connected to rocky
substrates. Increasing slope value is related to increased terrain
complexity (Bargain et al., 2018).

“Rugosity” indicates the seafloor’s complexity; in this case, low
values indicate a soft seabed, while high values indicate a rocky
seabed. The values were calculated as the difference in elevation
between two adjacent pixels, with low values meaning no terrain
variation and high values meaning terrain variation. Aspect
indicates the orientation of the seabed and provides data on a
certain area’s exposure to local and regional currents (Wilson et al.,
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TABLE 1 Principal predictor variables used to produce the habitat suitability model for CWCs species in the Northern part of the of Strait of Sicily.

Variables Units Resolution Source Method
Terrain Depth m 5m Multi-beam echosounder Kongsbers EM2040 (shallow water)
Multi-beam echosounders Kongsberg EM712-MK2
(deeper waters)
Derived
Slope radians 5m erve Terrain function (R software)
from Bathymetry
Derived
Aspect 0-360° 5m erive Terrain function (R software)
from Bathymetry
Derived
Rugosity nounit | 5m erive Terrain function (R software)
from Bathymetry
Derived
Flowdir nounit | 5m erive Terrain function (R software)
from Bathymetry
Oceanographic Temperature °C 5m Sea-Bird Scientific SBE 911 Plus V2
Salinity psu 5m Sea-Bird Scientific SBE 911 Plus V2
East bottom current | m/s 4 km x 4 km Copfernlcus X Satellite
Marine Service
North C i
or m/s 4 km x 4 km P 'ermcus R Satellite
bottom current Marine Service
Chlorophyll-a mgm~  4kmx4km Copernicus Satellite
PRy s Marine Service
Bott
© O.m AIS data hours 1 km x 1 km Astra paging Ltd Satellite
trawling effort

2007). Flowdir indicates the direction of the substrate slope. Along
with rugosity, aspect and slope provide a wider and clearer view of
the substrate (Qin et al., 2007).

Regarding temperature and salinity, a continuous raster was
created for both variables from the 97 CTD sampling points within
the entire study area. To do this, a co-kriging analysis was carried out
using temperature or salinity as respondent variables and bathymetry
as a co-variable, which is important to predict the trend of the two
respondent variables. The co-kriging analysis, performed in R using
the ‘gstat’ package (Pebesma, 2004), provided the prediction of the
target variable at unsampled points from the co-variables. north
bottom current, east bottom current and chlorophyll-a (chl-a), were
collected from the Copernicus Marine Service and refer to the year
2021. These three Copernicus Marine Service predictors were
aggregated as an annual average. The trawling fishing effort was
assessed in the study area using data acquired by Automatic
Identification System (AIS) for the year 2021. The temporal
frequency of vessel locations was standardised and interpolated ad
0.01 degree; fishing trips and fishing set position by trips (hauls) were
detected using speed and depth filters (Russo et al., 2016). Finally, the
yearly amount of effective trawling effort (ETE) was estimated, with
respect to the cells of the same 1 km x 1 km grid described above, as
the cumulative sum of the number of fishing hours.

2.3 Modelling approach
Habitat suitability maps for the six species of CWCs were

performed using Maximum Entropy method (MaxEnt), a modelling
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approach used to identify probability distribution with the highest
level of entropy when only species presence data are provided
(Etnoyer et al, 2018). MaxEnt was used to create a model that
connected every georeferenced observation to a set of predictor
variables to predict habitat distribution in terms of the probability
of suitability for species distribution (Phillips et al., 2006; Elith et al,,
2011; Fabri et al., 2017). Variance Inflation Factor (VIF) correlation
was produced to identify the variables to be included in MaxEnt
models and eliminate those with high collinearity, variables with
correlation values more the 5 were removed (Supplementary Table 2).

The MaxEnt model was trained using batch files that allowed us
to generate multiple models. Several default parameters were left
unchanged, such as;10”° and 500 for convergent threshold and
maximum interaction value, respectively, and maximum randomly
background points of 10,000 as suggested by other authors (Phillips
& Dudik, 2008; Anderson et al., 2016; Bargain et al., 2017). For each
species, we made four models. The predictions model were
calculated on 10 replicates per species for each “Regularization
Multiplier” (RM) parameter values (values of 1, 1.5, 2 and 2.5,
respectively). RM is a key parameter that, at higher values,
represents if the forecast will be more widespread and less
localised (Phillips, 2017), reducing the ‘overfitting’ of the data
(Bargain et al., 2018). Moreover, the logistic outputs were chosen
since they assess the probability of existence conditional on
environmental variables and are simpler to understand. A k-fold
cross-validation approach was employed with the MaxEnt model to
evaluate the degree of uncertainty in the model’s predictions. To
compare the training and test datasets to validate the model,
presence data were divided into 10 randomly generated partitions.
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FIGURE 2

Spatial patterns of the environmental predictors used in the MaxEnt model. These consist of Slope (A), Depth (B), Rugosity (C), Aspect (D), Flowdir
(E), Salinity (F), Temperature (G), Chlorophyll-a (H), East bottom current (1), North bottom current (J) and Fishing effort (AIS data) (K). These maps

were performed in R environment.

This made it possible to acquire estimates of the predictive
performance and uncertainty surrounding the fitted functions
outside of the sample. The accuracy of the prediction of the
models was calculated using Receiver Operating Characteristics
(ROC) analysis through a comparison of the area Under the ROC
Curves (AUC) and the True Skill Statistic (TSS) value (Phillips et al.,
2006; Liu et al.,, 2016). The AUC value is related to the model’s
reliability concerning the data. AUC value ranges from 0 to 1: less
than 0.5 indicates that the model does not fit the data well, more
than 0.7 is considered acceptable, and a value of 1 indicates an ideal
model result (Bargain et al., 2017). Considering TSS value range,
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05

0.2-0.5 indicate a poor model performance, 0.6-0.8 is useful and
greater than 0.8 indicate an excellent model performance (Li et al.,
2023). According to the study of Liu et al., 2016, for each model, we
selected the maxSSS values (maximum sum of sensitivity and
specificity) as the threshold and calculated the average TSS of the
results of the 10 replicates of the MaxEnt model to evaluate model
performance. Test gain (which is a measure of goodness of fit) was
also applied to evaluate how close the model is to the test presence
samples (if the gain is 2, it means that the average likelihood of the
presence samples is exp(2)=7.4 times higher than that of a random
background pixel (Phillips et al., 2017). Moreover, each variable’s
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contribution to the predictive model was also examined. A Jackknife
test highlighted the percentage that each variable contributed to the
final MaxEnt habitat suitability model. Jackknife tests examine how
well the model predicts when only one of each variable is present,
followed by all the variables save the one tested first. Then, habitat
suitability mapping was done using the mean model of 10 replicates.
The obtained probability maps of CWCs distribution have been
processed using the R environment to visualise the probability of
presence in the study area. From the predictive maps obtained for
each species, the coverage of the species in the study area, in terms
of km?, was determined. Four different ranges of occurrence
probability were used.

2.4 Co-occurrence

The R package “geostats” (Vermeesch, 2022) was used to identify
density hotspots on species distribution maps. Using the GetisOrd
algorithm (Getis and Ord, 1992; Ord and Getis, 1995), it was possible to
analyse the continuous raster of presence probability values for each
species and delimit continuous areas where the probability of
occurrence of the species is significantly high (hot spot area) and
areas where it is significantly low (cold spot area). Z-core, p-value, and
confidence level bin (Gi Bin) are the results of the analysis. The Gi Bin
variable categorises the data into one of the three categories, ranging
from -3 (cold spot — 99% confidence) to 3 (hot spot — 99% confidence).
Features in the + 3 bins have statistical significance with a confidence
level of 99%; features in the + 2 bins have a confidence level of 95%;
features in the + 1 bins have a confidence level of 90%; and clustering
for features in bin 0 are not statistically significant (Milisenda
et al., 2021).

Co-occurrence of species was defined as an area occupied by the
largest probability of occurrence of a cell belonging to a hotspot of
given species. This area was identified using R software, which
extracted the area where the hot spots overlapped. The overlap rate
for each grid cell was calculated using the Index of Co-occurrence
(CI) (Fiorentino et al., 2003; Colloca et al., 2009; Milisenda et al.,
2021) to determine the relative persistence of a cell as a potential
zone for species aggregation. The cell is categorised as belonging to
a hot spot of a given species. This index was calculated as the sum of
the number of species categorised as a hot spot in a specific area
using the formula:

Cl = E;,:lij

When grid cell (“i”) is included in a hot spot of species 7, ij = 1;
otherwise, ij = 0; n is the total number of species. When density
hotspots were not observed, the CI is reduced to 0, but when density
hotspots exist for all species considered, CI increases to 6 for the cell
“”. Results were plotted in a single co-occurrence map showing a
scale of different co-occurrence classes (from 0 to 6).

In addition, Spearman analysis was used to evaluate correlations
between species and the R function “ggcorrplot” was used to
calculate and visualise positive or negative correlations among

species distribution (Kassambara and Kassambara, 2019).
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3 Results
3.1 Modelling evaluations

ROV surveys allowed observation and mapping of the six target
CWC species” occurrence (Figure 3): M. oculata n=4342, D.
pertusum n=582, D. cornigera n=192, L. glaberrima n=375, C.
verticillata n=3221, I. elongata n=10378.

Considering all species, MaxEnt model performed well using
cross-validation, with a mean AUC value greater than 0.8 and a
standard deviation between 0.008 and 0.02, showing that our
models were significantly better than random. Therefore, a
maximum and minimum test gain value of 2.87 (for D. cornigera)
and 0.69 (for I elongata), meaning that the average likelihood of
occurrence samples for these two species is 17.63 and 1.94
respectively [exp(test gain)] times higher than that of a random
background pixel. Only for I. elongata, the TSS value is 0.6; for the
other five species is more than 0.8. Table 2 shows the value of AUC,
standard deviation, test gain with all variables, the average
likelihood of the presence of samples and mean TSS for all six
species. These data allow us to measure the goodness of fit.

These results suggest the effectiveness of the models and the
accuracy of their predictions of habitat distribution of the six CWCs
species in the Strait of Sicily.

3.2 Evaluation of the importance of
variables within the model

Salinity was deleted from all models after the VIF correlation
(Supplementary Table 2). Table 3 provides the percentage variable
contribution retained in the final model for each species, using the
jackknife contribution test. MaxEnt identified slope, depth,
rugosity, temperature and current north as the four variables
contributing to all six CWC species (all predictors outputs for all
species are present in Supplementary Material). The slope
represents the key environmental predictor explaining most of the
variance. The maximum and minimum values are expressed for M.
oculata (70.2%) and L. elongata (46%).

All species exhibit a curvilinear positive connection with slope,
with a greater probability of occurrence in areas with high slope
values. More specifically, M. oculata (Supplementary Figure 1A), D.
pertusum (Supplementary Figure 2A), D. cornigera (Supplementary
Figure 3A) and L. glaberrima (Supplementary Figure 4A) showed a
constant positive correlation. The sea fans C. verticillata
(Supplementary Figure 5A), show an optimum range of 0.49.
Furthermore, the bamboo coral I. elongata (Supplementary
Figure 6A), also shows a positive correlation and plateau at low
slope values can be observed (around 0.3).

Depth also had a significant impact on the habitat preferences of
CWC species. It showed a high probability of occurrence associated
with the depth range of 430/750 m for M. oculata, (Supplementary
Figure 1B) and D. pertusum (Supplementary Figure 2B). The graphs
show a continuous positive correlation from 900 to 200, 700 to 200
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FIGURE 3

Representative images of the six target CWCs species whose distribution and co-occurrence were modelled in this study: Madrepora oculata
(A), Leiopathes glaberrima (B), Callogorgia verticillata (C), Desmophyllum pertusum (D), Dendrophyllia cornigera (E) and Isidella elongata (F).

and 900 to 150 m for D. cornigera (Supplementary Figure 3B), L.
glaberrima (Supplementary Figure 4B) and C. verticillata
(Supplementary Figure 5B), respectively. Instead, I. elongata
(Supplementary Figure 6B) shows an optimum range between 800
and 500 m of depth.

TABLE 2 MaxEnt model validation for CWCs species.

Species Threshold  TSS AUC  dev/st
Madrepora oculata 0.24 0.81 0.935 0.015
Desmophyllum pertusum 0.206 0.89 0.971 0.023
Dendrophyllia cornigera 0.071 0.86 0.973 0.016
Leiopathes glaberrima 0.129 0.83 0.956 0.02
Callogorgia verticillata 0.164 0.83 0.95 0.008
Isidella elongata 0.348 0.59 0.819 0.013

Average TSS, AUC and dev/st of the results of 10 interactions of the MaxEnt models for
each species.
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Rugosity is an important terrain variable that explains the
complexity of the substrate. The highest values were associated
with M. oculata (Supplementary Figure 1C) and L. glaberrima
(Supplementary Figure 4C) (300 and 250, respectively), and the
lowest value was associated with I. elongata (Supplementary
Figure 6C) (< 20). Dendrophyllia cornigera (Supplementary
Figure 3C) showed an optimal value between 150 and 200.
Callogorgia verticillata (Supplementary Figure 5C) showed values
of around 50, while D. pertusum (Supplementary Figure 2C)
showed an optimum of around 250 and 350.

The average response curve for Temperature shows higher
probabilities of occurrence between 14°C and 15°C for M. oculata
(Supplementary Figure 1G), D. pertusum (Supplementary
Figure 2F), D. cornigera (Supplementary Figure 3G) and L.
glaberrima (Supplementary Figure 4D). Callogorgia verticillata
(Supplementary Figure 5F) show two peaks, to 14.3°C and 15°C.
For I. elongata (Supplementary Figure 6E), the higher probability of
occurrence is between 14.2°C and 14.7°C.

North bottom current appeared to be positively correlated with
M. oculata (Supplementary Figure 1H), D. pertusum
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TABLE 3 Percentage of contribution for each predictor on the distribution of the six CWCs species included in the final MaxEnt model.

~ Variables + East North Temper- _ _
Species Slope Depth Chl-a bottom bottom . Rugosity = AIS  Aspect Flowdir
current current
Madrepora oculata 70.2 4.8 32 11.7 74 0.9 0.6 1.3
Desmophyllum pertusum 69.4 6.4 3.8 3.6 5.3 8.5 1.9 1.1
Dendrophyllia cornigera 59.6 15 122 5.1 1.7 24 0.7 33
Leiopathes glaberrima 59.4 27.1 1.4 0.8 3.1 43 39
Callogorgia verticillata 49 225 32 1.8 14.6 1.5 3.8 1.9 1.8
Isidella elongata 46 12.1 13.6 6.6 6.1 4.1 6.8 4.8

(Supplementary Figure 2G) and I elongata (Supplementary
Figure 6G) with an optimal of 0.9 and 0.10 m/s for the first two
species and 0.7m/s for I. elongata, while was negatively correlated
with D. cornigera (Supplementary Figure 3H), L. glaberrima
(Supplementary Figure 4F) and C. verticillata (Supplementary
Figure 1H) the probability of presence decreased at high
current values.

East bottom current was only relevant for three species: L.
glaberrima (Supplementary Figure 4E) C. verticillata
(Supplementary Figure 5G) and I elongata (Supplementary
Figure 6F). The first one shows a linear positive correlation
starting from low current values. For the second, two optimality
ranges can be observed, one between 0.05 - 0.012 m/s and one at
0.25 m/s. Instead, I. elongata showed a negative correlation.

Focusing on the other main predictors with a significant
contribution rate for the considered species, the variables were
found to be: chl-a for M. oculata (Supplementary Figure 1F) D.
cornigera (Supplementary Figure 3F) C. verticillata (Supplementary
Figure 5E) and I. elongata (Supplementary Figure 6D). The highest
suitability was found for values between 0.077 - 0.082 mg*m” for M.
oculata, and an optimal peak at the value of 0.82 mg*m’ for D.
cornigera, and 0.077 mg*m” for both C. verticillata and I. elongata.

Regarding bottom trawling effort (AIS) being relevant for D.
pertusum (Supplementary Figure 2H), L. glaberrima
(Supplementary Figure 4G) and I elongata (Supplementary
Figure 6H). Fishing effort significantly negatively affects the
probability of occurrence for D. pertusum and I. elongata. As
fishing efforts increased, the probability of occurrence of the
species decreased. In the case of L. glaberrima, however, we can
observe a positive correlation. Aspect and flowdir, on the other
hand, provide a low contribution for four species considered:
M. oculata (Supplementary Figures 1D, E), D. pertusum
(Supplementary Figures 2D, E), D. cornigera (Supplementary
Figures 3D, E), and C. verticillata (Supplementary Figure 5D).

3.3 Predicted distribution

Areas with suitable conditions for the occurrence of CWC species
are shown in Figure 4. Madrepora oculata shows a higher probability
of occurrence in the South and South-West area, L. glaberrima in the
North, West and South-West area and C. verticillata in the North and
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South-West area. These three species show the presence of small
patches in delimitated geographical areas. Desmophyllum pertusum
and D. cornigera, were more randomly distributed, while for I
elongata, suitable habitat extended throughout the entire study
area, with a higher probability in the South-East area.

3.4 Co-occurrence and correlations

The probability of highly persistent density hotspots of CWCs
occurrence were found scattered throughout the entire study area,
with relevance in the northern, southern, south-eastern and south-
western parts (Figure 5). Areas identified as suitable (hotspots) for
the six CWCs species covered an extension of 206.8 Km?, 172.4 km?
and 105 km? for the Scleractinia M. oculata, D. pertusum and D.
cornigera respectively, 119.3 km? for the Antipatharia L. glaberrima
and 168.3 km* and 279.81 km? for the Scleralcyonacea C. verticillata
and I elongata (Table 4). The extension of the area in which the
hotspots of all six species are present covers an area of 4.05 km? (CI
6) (CI1=299.30 km® CI 2 = 114,79 km?, CI 3 = 70.20 km?, CI 4 =
41.86 km?, CI 5 = 24 km?, CI 6 = 4.05 km?).

All species exhibited a positive correlation, according to
Spearman’s correlation matrix (Figure 6). From the graph the
highest degree of correlation was given by the pairs M. oculata -
D. pertusum and D. cornigera - C. verticillata, while the lowest
correlation was expressed between I. elongata - L. glaberrima.

4 Discussion

The present study modelled the distribution of six CWC species
on 10 potential drivers using a MaxEnt approach in the Northern
part of the Strait of Sicily. For the first time, several CWC species
were studied together through high-resolution sampling, and their
probability of occurrence was used to produce co-occurrence maps,
which will be a powerful tool in supporting the implementation of
conservation actions in the area.

Habitat suitability models generated showed an AUC and TSS
value of more than 0.8 for all species except for I elongata, for
which the TSS value is 0.59 (useful), suggesting that the MaxEnt
models predicting successfully the six CWC species’ distribution in
the study area.
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values (high values in green and low values in white).

Among all the predictors, slope, depth, rugosity temperature
and north bottom current were the main variables influencing the
likelihood of distribution and habitat suitability of CWC species.

As reported by several other authors, slope, depth and rugosity
are among the factors that most influence the habitat preferences of
CWCs (Garcia-Alegre et al,, 2014; Lauria et al, 2021; Abad-
Uribarren et al., 2022).

The species’” habitat preferences are strongly influenced by slope,
showing that the probability of occurrence appears to be positively
correlated with this variable. This factor influences current flow, and
consequently influences food availability for benthic species (Mohn
and Beckmann, 2002; Wilson et al., 2007; Garcia-Alegre et al., 2014).
Considering that CWCs are suspension feeders, the previously
mentioned conditions (exposure to currents and increased food
supply) are of fundamental importance in modelling their
distribution (Portilho-Ramos et al,, 2022). In addition, the slope
may also be a limiting factor for fisheries (Grehan et al., 2005; Garcia-
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Alegre et al,, 2014) and indirectly protects the species from fishing
activities providing refuge for benthic fauna (Huvenne et al, 2011;
Pierdomenico et al., 2016; Pearman et al., 2020).

Slope can also influence the seabed’s exposure to currents
(Bargain et al., 2018), representing one of the key environmental
variables influencing deep-sea ecosystems (Hebbeln et al.,, 2016;
Rebesco and Taviani, 2019). Hydrodynamics was among the factors
affecting the distribution of some CWCs under consideration. The
currents, in addition to increasing the food supply, promote the
spread of coral propagules and, as a result, the species’ success while
also preventing burial (White et al., 2005; Henry et al., 2014; Bargain
et al., 2018; Chimienti et al., 2019; Rebesco and Taviani, 2019; Lim
et al,, 2020; Pearman et al., 2020). In agreement with this, many
observations of CWCs have been made in association with steep
walls (Davies et al., 2014; Robert et al., 2015; Pearman et al., 2020).

Depth also significantly influenced the habitat preferences of
CWC species. It showed a high probability of occurrence associated
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Co-occurrence Index of CWCs. The different colours express the number of species co-occurring in the same area (e.g., pink indicates O species,

red indicates six species co-occur in the same area).

with different depth ranges depending on the species considered.
The ranges recorded support previous findings for these CWC
species (Hebbeln et al., 2009; Mastrototaro et al., 2010; Lo Iacono
et al,, 2012; Gori et al., 2013; Garcla-Alegre et al., 2014; Carbonara
etal, 2022) confirming the extrapolation potential of our study and
the selected model applied.

Rugosity of the seafloor is another main factor driving the
distribution of CWCs, confirming that corals particularly promote
substrate complexity (Bargain et al., 2018), except for some species
that prefer muddy/sandy bottoms. This is the case of the bamboo
coral I elongata which presented the lowest rugosity value. This
species is the only one among those analysed that is suggested to
prefer muddy sediment (Mastrototaro et al., 2017; Pierdomenico
et al., 2018; Chimienti et al., 2019; Carbonara et al., 2020), which
was also confirmed in this present study.

Other relevant variables are temperature and fishing effort.
Regarding the first one, it is widely acknowledged that the
distribution of CWCs is restricted by temperature instead of
depth, and they are most typically found at temperatures ranging

TABLE 4 Hotspots of CWCs extension measured as km? in the
study area.

Hotspot
extension
(km2)

% Coverage in the
study area

Species

Madrepora oculata 206.8 0.12
Desmophyllum

pertusum 172.4 0.10
Dendrophyllia

cornigera 105 0.06
Leiopathes

glaberrima 119.3 0.07
Callogorgia

verticillata 168.3 0.10
Isidella elongata 279.81 0.17
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from 4°C to 12°C (Roberts, 2009; Maier et al., 2012). They exist in
the Mediterranean Sea at temperatures ranging from 12.5°C to
almost 14°C, with occasional higher temperatures (Freiwald et al.,
2009; Castellan et al., 2019).

Bottom trawling, negatively impact CWC communities, directly
removing living benthic fauna and indirectly modifying the
substrate that has a crucial role in the settlement of larvae and
the possibility of natural restoration of the habitat (Hall-Spencer
et al,, 2002; Fanelli et al,, 2017). In the present paper the models
revealed an effect on the distribution of D. pertusum, L. glaberrima
and I elongata in relation with the trawling effort. The first two
species are typically found on hard bottom so indirectly impacted
by trawling. Infact, these species can be damaged by the
resuspended sediment as demonstrated in laboratory experiments
also for other CWCs (Bilan et al., 2023). In the study areas
L. glaberrima frequently was observed near trawling areas but the
colonies of the observed forest did not show a healthy status (V.P.
personal observation). Moreover, CWCs habitats are classified as
EFHs as it has a key ecological role for many commercial and non-
commercial fish and invertebrate species that use this habitat as
nursery, feeding, and refuge areas. This is the case of I elongata
forests that represent important areas form many species of
commercial interest as for example Aristeus antennatus and
Aristeomorpha foliacea (Cartes et al., 2013; Mastrototaro et al,
2017; Pierdomenico et al., 2018; STECF, 2019; Carbonara et al.,
2020). Fishing trawling has a significant direct impact on I. elongata
populations, removing or damaging the colonies and aftecting their
abundance and presence as reported in many areas (Lauria et al,
2017; Mastrototaro et al., 2017; Carbonara et al., 2020).

Analysis of Spearman’s matrix suggests that all the species
showed a positive correlation in terms of co-occurrence. Species
that prefer more complex substrate types, mainly rocky bottoms,
such as M. oculata, D. pertusum, D. cornigera, L. glaberrima, and C.
verticillata are more associated and presented a high value of
correlation (Spearman correlation: 0.4 - 0.7). On the other hand,
the bamboo coral I. elongata, showed low correlation values with
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Spearman correlation matrix of all CWCs species. All species present a positive correlation.
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other CWC species (Spearman correlation value: 0.2 - 0.4).
Regarding the correlation between I. elongata and M. oculata
(0.4), this could be due to the presence of many living colonies of
M. oculata being able to colonise other types of substrates (e.g.,
small rocky, tanatocenosis, wrecks) observed during ROV surveys
in areas characterised by muddy bottoms. In addition, many
colonies of M. oculata and D. cornigera were observed on
stretches of thanatocoenosis. As reported by other authors, CWCs
can grow and live over dead coral structures (Hebbeln et al., 2016).
This study provides accurate predictive models for six CWCs in the
Strait of Sicily and gives also, for the first time, the identification of
suitable habitat for the co-occurrence of different CWCs. This last
analysis allowed the identification of a total area of 4.05 km* where
suitable environmental characteristics for the co-occurring of
different CWC species are potentially present. Moreover, the use
of high-resolution bathymetry data, like in this study, is
demonstrated to be of fundamental importance in habitat
suitability modelling because they allow to obtain a more accurate
predictive model (Ross et al., 2015). Having more accurate
distribution models and also maps with a probability of co-
occurrence of these vulnerable habitats provides valuable
information from a management perspective and is a useful tool
for decision-makers in order to adopt the best conservation and
management actions (Kinlan et al., 2020).

5 Conclusion

The present study enhances our knowledge of the spatial
distribution of some important CWC species (M. oculata, D.
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pertusum, D. cornigera, L. glaberrima, C. verticillata and I
elongata) using a fine spatial scale (5m). Our results support the
idea that anthropogenic and environmental variables play a
significant role in deciding species distribution. Considering this
and that these ecosystems are crucial for many other species (with
commercial and non-commercial value), it is critical to
implement effective management strategies to ensure the
protection and conservation of these populations and their
associated biodiversity.

Despite the advancement of technologies (e.g., ROVs, Multi-
beam echosounder, high-resolution data), data on the distribution
of deep-sea species are often difficult to obtain. Predicting their
distribution using suitable habitat models is crucial because
mapping vulnerable environments of conservation concern is
considered the first step in the environmental protection
framework. It is important to emphasise that environmental
factors driving species distribution can vary even at small scales,
altering the probability of species presence. For this reason, this
study highlights the importance of continuing to use high-
resolution (5 m) spatial scales to accurately estimate the habitat
suitability for benthic communities.

This paper also reports, for the first time, the co-occurrence
analysis between CWC species, showing that in some zones within
the study area, there is a partially overlapping distribution among
some or all the species considered.

The valuable and new information obtained from this study can
be useful for fisheries management and used to guide the
establishment of new Fisheries Restricted Areas (FRAs) to
preserve and increase the area’s potential conservation and
natural restoration. In addition, the modelling approach used in
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this study may be extended to the entire Mediterranean, providing a
large-scale view of these species’ distribution.
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