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The Santa Maria di Leuca (SML) cold-water coral province (northern lonian Sea) has the
largest occurrence of a living white coral community currently known in the Mediterranean
Sea. Madrepora oculata and Lophelia pertusa, identified as marking sensitive habitats
of relevance by the General Fisheries Commission for the Mediterranean, have
been observed heterogeneously distributed on the summits of several mounds. This
particularly patchy and uneven distribution in addition to their importance for regional
biodiversity highlights the need to better understand their environmental preferences and
predict their distribution. Bathymetric data (40 m resolution) was used to derive seafloor
characteristics. A fine scale index quantifying the landscape elevation (Bathymetric
Position Index at 120 m resolution) was used to select all the elevated features considered
as candidate morphologies for potential coral mounds. Statistics on 22 known coral
topped mounds were computed. Two statistical methods were then used to identify
other potential coral mounds based on predictive variables. The first method, the
Geomorphometric proxies method, consists in computing basic statistics of terrain
variables, using them for a step-by-step classification in a quantitative approach to
select a subset of candidate morphologies. The second method consists in using
a predictive Habitat Suitability Model (Maxent model). The Geomorphometric proxies
method identified 736 potential coral mounds while the Maxent method predicted 1,252
potential coral mounds. A subset of 517 potential coral mounds was common to both
methods. The analysis of the contribution of each variable with the Maxent method
showed that the variable “Vector Ruggedness Measure” at a resolution of 5 pixels (200 m)
contributed to 53% of the final Maxent model, followed by the “Terrain Texture” index
(81%) at a resolution of 11 pixels (440 m). The common potential coral mounds are mainly
located in an area characterized by a mass transport deposit, also called the mounds
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736 potential coral mounds identified with the Geomorphometric proxies method.

FIGURE 4 | Distribution map of two sets of mound-like features in the SML Province: In yellow the 7,447 candidate morphologies [BPI (3 pixels) > 1] and in green the

TABLE 3 | Percentage of contribution and permutation importance (in percent) for
each variable used in the final Maxent model applied for Cold-Water coral in the
SML Province.

Variables Percentage of contribution Permutation Importance (%)
VRM5 (200 m) 53.0 35.3
TEX11 (440m) 315 3.2
BPI65 (2,600 M) 10.1 47
CX 11 (440m) 3.6 8
TEX 5 (200m) 0.8 1.9
CX3 (120m) 0.7 0.8
Eastness 0.3 3.7
Northness 0 0
AUC-value 0.95 (s.d. = 0.01)
Threshold 0.32 (s.d. =0.24)

BPI, Bathymetric Position Index; CX, Convexity Index; TEX, Terrain Surface Texture;
VRM, Vector Ruggedness Measure. The threshold retained in the study is the maximum
sensitivity plus specificity logistic threshold.

the partially exposed areas and at the MSO1 and MSO08 sites
(Figure 6).

The potential coral mounds identified only by the
Geomorphometric proxies method are mainly distributed
inside the global MTD areas, whereas those selected only by
the Maxent method are widely distributed both inside and
outside the MTD areas especially along the faults and ridges
that are not mound-like features but large elevated areas
(Figure 6).

DISCUSSION

Identification of Candidate Morphologies
The first step of the approach, represented by the selection of the
BPI-value that allowed extracting all the elevated features, was
fundamental for representing the distinct mound-like features of
the whole DTM and guided the subsequent statistical analysis.
These candidate morphologies were highlighted by the BPI
at small scale (3 pixels 120 m resolution). Different scales
were, however, also processed but showed that the algorithm’s
efficiency decreased in detecting typical mound-like features of
the surveyed area as the neighboring window size increased.

This decrease in efficiency was due to the size of the mound-
like features themselves, as they rarely exceeded 300 m in width
and 25m in height (Savini and Corselli, 2010). These structures
were evidenced with a BPI on 3 pixels (120 x 120 m). A higher
window size BPI smoothed too many features.

Validations of Geomorphometric Proxies

and the Maxent Method

In this study, the AUC-values used for the Maxent method
were very high (0.95 %+ s.d. 0.01), which indicates that the
model predicts suitability areas in the SML Province with good
reliability. However, the AUC-value has already been criticized
(Austin, 2007; Lobo et al., 2008). As the calibration and the
tested data were chosen randomly by the software, they may have
been too close to each other and not truly independent, possibly
over-estimating the AUC-value (Radosavljevic and Anderson,
2014). However, to avoid possible autocorrelation, the models
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FIGURE 5 | Maps of predicted distributions for Cold-Water Corals in the SML Province using the Maxent method. (A) Distribution of probable coral presence pixels
determined by a threshold of logistic outputs of 0.32. (B) Polygons of the 7,447 candidate morphologies [BP! (3 pixels) > 1; in yellow] and the 1,252 potential coral
mounds (in blue) intersecting the Maxent polygons obtained with a logistic threshold of 0.32.

were run using only one randomly chosen occurrence point for
each candidate morphology (22 occurrence points). The results
decreased the AUC-value to 0.92, which was still a high value. It
also showed the same variable order in the model contribution,
with approximately the same order of magnitude. This model
presented a small increase in the number of potential coral
mounds, which were, however, mostly located at the same place.
Nevertheless, the AUC-value is not a sufficient test for model
assessment, as proved by Elith et al. (2006), who found different

model results with the same AUC-values. The gain obtained in
our study was also used for evaluating Maxent. The high gain
values obtained suggested that the model performed much better
than random. Moreover, the 100% correct classification rates and
the selection of all the known coral mounds as potential coral
mounds by the Maxent model suggested that this method was
consistent.

A more rigorous evaluation will be to test the model as well
as the Geomorphometric proxy results with future observations
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TABLE 4 | Counts of potential coral mounds identified by Geomorphometric proxies and Maxent Method applied on the entire SML area.

Geomorphometric proxies Maxent with a 0.32 threshold value

Number of presence pixels available for the process 106 228

Known coral mounds 22 22

Number of candidate morphologies 7,447 7,447

Polygons of high suitability produced by the Maxent model 924

Number of candidate morphologies identified as potential coral mounds 736 1,252

Common features identified (and percentage among the potential coral mounds) 517 (70.2) 517 (41.3)

Number of non-common features identified as potential coral mounds (and percentage) 219 (29.8) 735 (58.7)

Percentage of known coral mounds identified 100 100

Percentage of presence pixels located in the potential coral mounds 100 82
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FIGURE 6 | Location of potential coral mounds estimated statistically using the Geomorphometric proxies methods (in dark green) and the Maxent method (in blue).
The 517 common potential coral mounds (in red) represent 70.2% of the Geomorphometric proxies and 41.3% of the Maxent features. Mass Transport Deposit areas
described by Savini et al. (2016) are delineated by black lines and hauls from Tursi et al. (2004) holding CWC are shown by yellow and green lines.

ideally collected at sites other than those used for this study, ldentification of Potential Coral Mounds

and if available, absence data in order to compute omission and  with the Geomorphometric Proxies Method
commission errors as defined by Pearson (2008). In our case,  The seafloor characteristics used to identify potential coral
absence data from already existing dives were geographically too 1 ounds are directly linked to the DTM resolution (40 m) and to
close to our presence data to be used in this study. the pixel window analysis size of the geomorphometric variables.

A study by Tursi et al. (2004) reported 14 occurrences of L. The final result allowed us to identify 736 polygons as potential
pertusa and/or M. oculata at SML collected from hauls (either  ¢oral mounds, each one selected as an individual feature with
bottom trawls or from a home-made iron bar with pieces of  jts own morphometric properties. Their location (as observed
old fishing net attached). We compared suitable areas predicted  jn Figure 4) is definitely more concentrated in some distinct
in our study to their observations (Figure 6). Only one of their  jreas of the eastern and central sector of the whole DTM,
hauls (n°7) was not located on one of our potential coral mounds  petween 500 and 900 m depth, where extensive mass transport
(at MSO01), and a second haul (n°23) was located on a potential  deposits shape the seafloor downslope of a series of arcuate-
coral mound defined by Maxent but not by the Geomorphemetric  shaped scars that mark the upper slope at the transition zone of
proxies method (in the middle SML area, outside a MTD area).  the continental shelf. A description has already been provided of
This comparison emphasizes the good results obtained by both  how the complex irregular topography formed by failure events
methods. prior to coral settlement created suitable substrates for coral
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colonization (Taviani et al., 2005b; Savini et al., 2016), especially
due to the generation of blocks of partially or completely
lithified sediments and/or extensional ridges, forming small-
scale elevated locations swept by local bottom currents. From
the initial settlement and up to the present time, coral growth
also sustained by sediment trapping during accretion (Vertino
et al., 2010) has enhanced the small-scale morphology of these
sediment blocks which are preferred sites for coral colonization,
with the creation of coral-mounds (Savini et al., 2016). Their
morphometric parameters present high values for BPI, VRM,
and Texture measures in comparison to those characterizing the
candidate morphologies (Figure 3). In addition, when observing
the results at a broader scale, coral-mounds were not predicted
as homogeneously shaped by mass transport deposits over the
whole area. Their distribution is instead represented by clusters of
mounds (in which known coral-mounds are included—Figure 4)
identified in those areas located at the top of regional high points,
which likely create regional obstacles to local currents, thereby
steering their intensity and direction, and creating suitable
environmental conditions for coral growth.

On the contrary, mounds (i.e., sediment blocks) located
in more depressed areas were not selected as potential coral
mounds. This result is consistent with the higher sediment
input to which they are subjected due to sediments bypassing
from the continental shelf and the basin-like environment in
which they are located, where pelagic/hemipelagic sedimentation
and gravity-driven sedimentary fluxes from elevated neighboring
areas likely prevent coral-growth, producing mounds with lower
reliefs (i.e., low BPI-values), a smoothed morphology (i.e., low
terrain and VRMs), and much further part from each other.

Identification of Potential Coral Mounds

with Maxent

In habitat suitability mapping studies, choosing a threshold for
the probability of suitability is always a key issue. In this study,
we used the objective maximum sensitivity plus the specificity
threshold value (threshold of 0.32). However, if we consider an
arbitrary higher threshold value instead, we observe a decrease in
the number of potential coral mounds and thus a more restrictive
distribution map. The choice of the threshold is inherently
linked to the aims of the analysis (Pearson, 2008). The objective
threshold chosen in this study is adequate for comparing both
the Geomorphometric method and the Maxent method, whereas
the identification of potential coral mounds intended for future
dives or for protection measures could use a higher threshold in
order to target the more probable suitable mounds. The threshold
would have been more accurate if we had used true absence
points instead of background points; however, the true absence
points available in this study were not used because they were too
close to the presence points.

Potential coral mounds identified by the selection of
candidate morphologies that intersected Maxent polygons are
widely distributed across the area (Figure 5B). Nevertheless,
when looking at the distribution map of suitable pixels only
(Figure 5A), it is obvious that highly suitable pixels are located
inside the MTD areas. The selection of candidate morphologies

intersecting Maxent polygons introduced a bias in the results by
selecting entire candidate morphologies, although only few pixels
had a logistic output higher than 0.32. This can be seen in the
western part of the map, where very few pixels have a logistic
output threshold of 0.32 (or higher) but the potential coral
mounds were defined as large polygons (the entire candidate
morphology). If we had used a higher threshold value, then we
would have reduced this bias, although not totally. Furthermore,
selecting the potential coral mounds instead of selecting the
suitable polygons identified by the model considerably increased
the total number of probable suitable pixels (from 54,005 to
58,655). This procedure was, however, necessary to compare
the potential coral mounds identified by the Geomorphometric
method to that selected by the Maxent model.

Using the Maxent method on its own without the first
selection of elevated features (BPI3 > 1) would give different
results. We tested this and it appeared that if BPI3 had been
introduced as a variable in a Maxent model, then its contribution
would have been almost null anyway. This means that using BPI3
to pre-select candidate mounds as we did in this study, instead of
using it as a variable to build a model, did not penalize our final
model.

Some sporadic occurrence points were located outside the
suitable areas identified by the Maxent model. They were not
located on the candidate morphologies, but between mounds.
Thus, they might not have been selected on the final potential
coral mounds, resulting in a reduction of the correct classification
rate. However, some sparse CWC colonies have already been
described living between mounds and not on elevated features,
despite the fact these are not their most favorable environments
(climax, i.e., at the top and north-eastern flank of single mounds;
see Rosso et al., 2010; Vertino et al.,, 2010; Savini et al., 2014
for a more detailed description of coral distribution over single
mounds and inter-mound areas).

Seafloor Characteristics for CWC

Settlement

Seafloor characteristics were derived from the DTM. The
resolution used was 40 m, which is considered relatively high
compared to the resolution used in other studies on coral
mounds, i.e., from 50 m in the Galicia Bank (Somoza et al., 2014)
to more than 1,000 m at the global or regional scale (Clark et al.,
2006; Davies et al., 2008). A HSM of at least 250 m resolution
was determined as crucial for detecting topographical features
associated with CWC (Rengstorf et al., 2012). The resolution of
our DTM provided us with a suitable scale of analysis to focus on
coral mounds in SML, with a wide range of terrain attributes (or
seafloor characteristics) describing at a scale ranging from 120 (3
pixels) to 2,600 (65 pixels) m.

The potential coral mounds were predicted to be located
between 408 and 998 m depth, but our study was limited to a
depth of 1,000 m. On the basis of hydroacoustic data and gravity
core investigations, Fusi et al. (2006) hypothesized that the lower
limit of probable coral mound occurrences could be extended
downwards to about 1,600-m water depth (in Freiwald et al,
2009). An extended analysis deeper in the area may lead to the
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identification of new suitable areas for CWC, but to do this, the
dataset must be completed by a deep exploration.

Our analysis provides valuable information on CWC
preferences. The results show that VRM5 (200m resolution)
was the most important explanatory variable (53%) for mapping
probable suitable areas for CWC in the SML Province. Roughness
indices, frequently used as a proxy for hard bottom substrates
(Dunn and Halpin, 2009), emphasize the fact that the CWC
studied needed hard bottoms or firm grounds to settle, as
mentioned by Taviani et al. (2011), Rosso et al. (2010), and Savini
et al. (2014). Furthermore, in the SML province, CWC have been
observed to enhance seafloor roughness due to their specific
growth leading to 3-D structures (Savini et al, 2016). This
parameter could, therefore, be both a cause and a consequence
of coral presence, and it is a good proxy for assessing coral
settlement. The high contribution (30%) of the TEX11 variable
(440 m resolution) to the Maxent model confirmed these
previous results. It probably contributed to the selection of large
suitable areas in the SML province, either on the canyon crests
or in the MTD areas. Finally, the low participation of the other
variables in the final model means that they were not essential
indices for explaining coral distribution in the SML province at
this scale of analysis.

The Geomorphometric Proxies Method vs.
the Maxent Method

Both these methods built predictions based on the seafloor
characteristics of the area studied. The Geormophometric proxies
method requires the preliminary delimitation of mounds in order
to better select individual mounds, whereas the Maxent method
allows obtaining a continuous map of suitable habitats in the
entire SML Province, and not only of mound morphologies.
Nevertheless, we chose to first select candidate morphologies
and use them in both methods to focus on individual mounds
and identify a common set of 517 potential coral mounds.
Both methods used in our study allowed refining the potential
coral mound identification performed previously by Savini et al.
(2014), who identified 1,902 mounds as potential coral mounds.
The two methods used in our study highlighted a distribution
of potential coral mounds characterized by clusters, inside the
MTD areas themselves, where the VRM 5 and TXT11 present
the highest values (at the top of regional highs), and where the
topography probably modifies the bottom currents and creates
suitable areas for CWC.

In Savini et al. (2014), although the majority of potential coral
mounds were located in the exposed MTD areas, the others were
spread over the entire Province, including the western area. The
Geomorphometric proxies method that was used in the current
study was that closest to the method used by Savini et al. (2014)
and gave the most comparable results, whereas the Maxent model
did not identify the smallest patchy mounds in the western
area but selected large areas of topographic highs along ridges.
However, these results were influenced by the pre-selection of
candidate morphologies. On examining the habitat suitability
map produced by the Maxent model alone (Figure5A), the
Maxent method was more selective and the majority of pixels
with probable high suitability were located in the exposed MTD

areas, around the known coral locations MS06, reef A, MS03bis,
and MS04 areas. The Maxent method classified the explanatory
variables and gave a weight to all of them to build a model,
whereas the Geomorphometric proxies method considered all
the seafloor characteristics equally to select the potential coral
mounds.

Furthermore, both the Geomorphometric method and the
method used in Savini et al. (2014) were specifically designed
for the study area, whereas the Maxent model built in this study
could potentially be used and transposed in another similar area
of the Mediterranean Sea where no coral sampling has been
performed, provided that the same type of data (DTM and
resolution of seafloor characteristics) are available, which is one
of the interesting features of a HSM like Maxent.

CONCLUSION

Potential coral mounds favorable to CWC settlement were
identified in the SML Province using two methods. Before
applying these two methods, it was first necessary to
select all the elevated features in the study area. Then, the
geomorphometric proxies method was used to identify the
most suitable single geomorphometric elements associated with
CWC settlement (i.e., mound-shaped seafloor morphologies),
whereas the statistical model built with the Maxent method
predicted the most suitable areas according to the terrain
attributes used in the model. In our study, the first method
(Geomorphometric proxies) was useful for selecting beforehand
candidate morphologies on which the Maxent method
was used, and it proved to be an efficient method for
identifying important drivers for CWC settlement. Contrary
to the Geomorphometric proxies method, which is strictly
based on dedicated terrain attributes and dedicated to the
area, the Maxent model could be further improved for
instance through the use of hydrodynamic factors, when
available.

Both these methods highlighted two main areas in the SML
Province: (1) the Eastern part of the Province, where the more
extensive MTD areas described by Savini et al. (2016) are located,
and where the majority of potential coral mounds have been
predicted; (2) the Western area shaped by a canyon and several
scarps and ridges and where only few potential coral mounds
were predicted by both methods.

Nevertheless, the high probability of the presence of more
than 500 potential coral mounds in the SML area testifies
to the importance of this province for the Mediterranean
scleractinian CWC, particularly in the MTD areas already
identified. Multiple spatial conservation plans have, thus, been
developed in the Mediterranean Sea in recent years and the
SML province is among those on which strong consensus has
been reached regarding conservation priorities, with more than
six conservation initiatives (e.g., Specially Protected Areas of
Mediterranean Importance, Marine Protected Area or Natura
2000 site) (Micheli et al., 2013). The probable large distribution
of coral mounds predicted in this study should encourage the
European Commission and the Italian government to continue
these protection measures on this site of rich biodiversity.
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