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ABSTRACT

Sea cucumbers constitute common benthic organisms in the subtidal zones capable of providing key ecosystem
services. Due to the recent harvesting and increased commercial interest in Mediterranean species, fundamental
ecological knowledge is required to promote adequate management measures. In this regard, a remotely sensed
mapping method is proposed for deriving length-frequency distribution and defining habitat preferences of a
common sea cucumber species. Image analyses and classification carried out on high spatial resolution carto-
graphic products, including orthophoto mosaics and digital surface models derived by ‘Structure-from-Motion’
photogrammetric processing, allowed accurate estimation of sea cucumber densities over an area of 5500 m?
The mean length of mapped specimens ranged from 8 to 50 cm, with a peak in abundance recorded in April. A
distinct preference for sandy substrates was observed, characterized by low vector ruggedness measure values
ranging from O to 0.15. A negative correlation was also identified in areas with slopes exceeding 15°, especially
among larger size classes. Spatial patterns investigated with a Log-Gaussian Cox Process showed significant
temporal trends with well-defined aggregation patterns during the summer months in specific areas covered by
transplanted P. oceanica fragments with higher (up to 0.25) vector ruggedness measure values. This finding
confirmed the essential role of this restored habitat in retaining fine organic particle used as a source of food for
deposit-feeding holothurians. This approach is expected to enhance the creation of tailored management plans
for sea cucumber populations in coastal regions, facilitating accurate assessments of the impacts of fishing ac-
tivities on these species.

1. Introduction

Deposit-feeding holothurians

(Echinodermata,

intertidal to the abyssal regions (Mercier et al., 2024). On a global scale,
sea cucumbers constitute some of the most common benthic organisms

Holothuroidea), in the intertidal and subtidal zones, representing most of the total

commonly known as sea cucumbers, are a large group of marine benthic
invertebrates distributed worldwide. They occupy various niches in
almost every benthic zone of the marine environment, ranging from the
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biomass in slope and abyssal benthic ecosystems (Purcell et al., 2023).
Although most sea cucumbers are either stationary or move at a slow
pace (Uthicke and Benzie, 2001), the presence of these organisms plays a
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crucial role in influencing the physicochemical dynamics of soft bottom,
reef ecosystems, and seagrass meadows, being directly involved in
sediment bioturbation and nutrient recycling during their feeding ac-
tivities (Lopez and Levinton, 1987). Bioturbation performed by holo-
thurians provides essential ecosystem services that enhance local
productivity, diminish organic load, mitigate stratification and sediment
nitrification, redistribute surface sediments, and liberate nutrients
sequestered in the upper sediment layer (Purcell et al., 2016a). These
processes not only make these nutrients accessible to ecosystems but
also promote the productivity of benthic organisms (Williamson et al.,
2021). High densities of holothurians determine an overall positive ef-
fect on the gross productivity of microalgal communities, which benefit,
despite constituting one of the primary food sources of holothuroids,
from the nutrient increase caused by bioturbation (Hammond et al.,
2020). Several studies indicate that sediment digestion by holothurians
may be responsible for up to 50% of the dissolution of CaCOs in reef
systems, an essential process as the majority of calcium carbonate on
coral reefs is stored in sediment, facilitating the growth of scleractinian
corals (Wolfe and Byrne, 2017).

Sea cucumbers are considered an important food source in Asia,
where their dried forms are considered a culinary delicacy known as
‘trepang’ or ‘béche-de-mer’ (Hamel et al., 2024). Furthermore, these
organisms also have considerable demand in traditional medicine, cos-
metics, and nutraceuticals. Commercially exploited sea cucumbers
provide income to millions of coastal fishers worldwide and nutrition to
more than 1 billion Asian consumers (Purcell et al., 2025). The high cost
of béche-de-mer, the dried body wall of sea cucumbers (prices depend on
the quality of product, size, and species, and can usually oscillate be-
tween 50 and 450 US$ kg~! but also reached 3000 US$ kg™ ! in some
Chinese markets) coupled with the numerous medical applications of
sea cucumbers, have led to the overexploitation of most of the
Indo-Pacific species (Gonzalez-Wangiiemert et al., 2014; Hamel et al.,
2022).

The harvesting of sea cucumbers for commercial purposes has
resulted in a decline of this marine resource in the conventional fishing
areas near Asia, as well as the emergence of this practice in previously
unexplored and remote fishing grounds, including isolated parts of the
Pacific, the Galapagos Islands, Chile, and the Russian Federation
(Purcell et al.,, 2012). In tropical and subtropical regions, the
long-lasting exploitation of holothurian species inhabiting coral reefs
has encouraged global overfishing of many commercial stocks, leading
to the development of management strategies relying on fisheries (Ram
et al., 2016) and aquaculture (Rakaj et al., 2018, 2021). Due to the
increasing market demand, sea cucumber fishery has recently shifted
towards emergent target species from the NE Atlantic and the Medi-
terranean Sea (Dereli and Aydin, 2021; Felix et al., 2024; Sicuro and
Levine, 2011). Basic knowledge of the species or population’s biology,
ecology, life-history traits, and demographics is needed to promote
adequate management measures and effective decisions regarding
fishing policies. The vulnerability of these holothurians to overfishing is
due not only to overexploitation and weak management but also to se-
vere knowledge gaps on the fundamental ecological traits of these spe-
cies (Pasquini et al., 2022; Rakaj and Fianchini, 2024).

While several studies (Hammond et al., 2020; Purcell et al., 2016b,
2023; Uthicke, 2001) have investigated the ecological characteristics of
holothurians within reef ecosystems, the distribution, abundance,
movement patterns, and habitat use of sea cucumbers in the Mediter-
ranean Sea have not been thoroughly investigated.

Monitoring such benthic organisms can be challenging, primarily
due to their cryptic behaviour, patchy distribution, and high body
flexibility, which can be reshaped according to the habitat characteris-
tics. Therefore, the most widely used non-destructive sampling tech-
niques for studying sea cucumbers’ ecology are based on snorkelling or
self-contained underwater breathing apparatus (SCUBA) visual census
(Azevedo e Silva et al., 2023; Félix et al., 2024) and mark/recapture
techniques (Purcell et al., 2016b; Siegenthaler et al., 2015). In the last
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decade, advancements in remote sensing technologies have been inte-
grated into marine research, leading to a notable enhancement in
bathymetric data resolution. Among these methods, ‘Structure--
from-Motion’ (SfM) photogrammetry represents a powerful tool for
accurately mapping the distribution of organisms living in shallow wa-
ters (Bayley and Mogg, 2020; Burns et al., 2016; Piazza et al., 2019;
Price et al., 2019; Ventura et al., 2023). Recent developments in
Uncrewed Aerial Vehicles (UAVs) applications and the implementation
of robust Structure-from-Motion algorithms have created new possibil-
ities for conducting observations on a broader scale than traditional
underwater direct surveys. These advancements also address various
limitations associated with conventional methods, such as elevated
costs, inaccuracies, and biases stemming from the observer’s experience
(Kilfoil et al., 2020; Li et al., 2021; Williamson et al., 2021).

Despite the initial conservation efforts, there is a growing demand
among ecologists, environmental managers, and local stakeholders for
precise data on Mediterranean Sea cucumber species. Hence, the main
objectives of the present study are: (i) to present a new monitoring
technique based on underwater Structure-from-Motion-based imagery
which enables fine-scale mapping of benthic habitats and extensive data
collection on species distribution; ii) to characterize the habitat re-
quirements for sea cucumbers inhabiting a complex underwater area up
to 25 m depth; iii) to present a practical modelling approach for ana-
lysing spatial data obtained from abundance estimates of sea cucumbers
derived from ortho-rectified photomosaics image analysis.

2. Material and methods
2.1. Studied species

Holothuria tubulosa (Gmelin, 1788), Holothuria poli (Delle Chiaje,
1923), and Holothuria mammata (Grube, 1840) are common infralittoral
sea cucumber species of the Mediterranean Sea, inhabiting soft bottoms
with abundant organic matter and Posidonia oceanica (Linnaeus) Delile,
1813 meadows. The removal due to overfishing can result in diminished
ecosystem functionality, often leading to loss of ecosystem services in
the affected areas, potentially creating cascading effects in other coastal
environments (Félix et al., 2024). Consequently, in 2018, the Italian
Ministry of Agriculture, Food and Forestry issued Ministerial Decree
156/2018, which effectively prohibits sea cucumber fishing along the
national coastline (Pasquini et al., 2022). Nevertheless, despite the
implemented protective measures, Illegal, Unreported and Unregulated
fishing, driven by heightened demand in Asian markets, along with
water pollution and habitat degradation, is likely to have a detrimental
impact on the natural populations (Vafidis and Antoniadou, 2023).
Given that the accurate identification of these species relies on a thor-
ough assessment of their physical attributes, including form, colour, and
shape, as well as anatomical features such as the calcareous ring and the
presence or absence of Cuvierian tubules, the broad term ‘sea cucum-
bers’ (Holothuria spp.) will be used in this study. This decision was
influenced by the limitations imposed by underwater remote sensing
imagery, which hindered the identification at the species level. To
overcome this limitation and to gather data on species composition, four
underwater visual census (UVC) campaigns were carried out during both
winter and summer seasons. These campaigns involved three scientific
divers who evaluated the relative abundance of the three species
throughout the study area, employing two strip transects measuring 100
m x 3 m.

2.2. Study site

Photogrammetric surveys of the seabed were carried out along the
northeastern coast of Giglio Island (Central Tyrrhenian Sea, Italy),
within the impacted site (south to Punta Gabbianara) by the Costa
Concordia shipwrecking (Fig. 1). The area extending for approximately
5000 m? from 8 to 27 m of depth, has undergone several disturbance
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Fig. 1. Geolocalization of the study area (red polygon) along the NE coast of Giglio Island (Tuscany archipelago, Italy). In light grey, the shape of the Costa Concordia
shipwreck is reported as a reference. The hillshade relief and contours report the morpho-bathymetrical features of the area.

events, due to the presence of the wreck and the subsequent removal
activities (Mancini et al., 2019). In particular, the shadow effect caused
by various structures (i.e., wreck and operating vessels) and the sedi-
mentation derived by scraping activity for platform installation severely
damaged the natural Posidonia oceanica meadow, leading to its regres-
sion (Mancini et al., 2021). Following the restoration of the natural

environmental conditions after the end of the wreck removal operation
(July 2014) and the seabed cleaning phase (April 2018), transplanting
operations of P. oceanica fragments started (2019) within the site.
Nowadays, the area displays a complex mosaic of habitats, including
hard rocky substrates (granitic rocks in the form of boulders and pebbles
covered by a dense carpet of photophilic algae), soft (sandy and dead
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‘matte’ substrates) as well as natural (high-density meadow) and
transplanted (low-density meadow) P. oceanica beds.

The sea temperature was monitored daily using four HOBO Onset
data loggers (Logger UA-002-64) positioned inside the study area at 10,
15, 20 and 30 m depth.

2.3. Underwater imagery collection

Photogrammetric image acquisition was conducted bimonthly from
January 2022 to November 2022, following the protocol successfully
applied to monitor Posidonia transplantation progress (Ventura et al.,
2022). To ensure correct georeferencing, scaling, and overlap between
the final cartographic products, including Digital Surface Models
(DSMs) and orthophoto mosaics, 11 Ground Control Points (GCPs) were
identified within the study area. The GCPs coordinates and depth
measurements were accurately derived using two low-cost single--
frequency (L1-1575.42 MHz) Global Navigation Satellite System (GNSS)
receivers (Emlid Reach RS + units, https://emlid.com/reachrs/),
working in real-time kinematic positioning mode. The base unit was
installed on a known trig point on the coast, ensuring a short baseline
(<1.5 km). The rover unit was mounted on a rigid marker buoy man-
oeuvred by a snorkelling operator from the surface. GCPs consisted of
conspicuous structures on the seabed, easily recognizable in the ac-
quired images, such as the vertices of 1 m® concrete clump weights. The
underwater operator was equipped with a diver propulsion vehicle
(DPV) to optimize image collection and allow the imagery acquisition on
a large scale. The DPV vehicle was equipped with a spirit level, compass,
and depth gauge, ensuring a constant navigation path, a fundamental
step for achieving correct image overlap and subsequent camera align-
ment and mosaicking. A GoPro Hero 10 Black Edition action camera was
installed with its underwater housing below the DPV, pointing at a
near-nadir position. Images were acquired every 2 s along transects
spaced no more than 4 m, ensuring an image footprint of approximately
65 m? with a ground sample distance of 2-3 mm/pixel (Table 1). The
mapping effort was limited to a depth of 25 m due to safety constraints
linked to the permanence of the diver underwater and because of the
limited presence of natural light that posed a significant challenge for
capturing underwater photographs when external lighting equipment,
such as strobes and flashes, was not utilized.

2.4. Underwater imagery processing

Imagery processing was performed on an ASUS ROG G703 work-
station (Intel core i7-7700HQ CPU, 48 GB RAM, Nvidia Geforce
GTX1080 graphic card) running Agisoft Metashape v. 1.8.2. (Agisoft
LLC, Russia), a low-cost platform for 3D reconstructions using SfM al-
gorithms. Sparse point clouds were obtained by aligning digital images
derived from each mapping mission (Table 1 supplementary materials).
Subsequently, sparse point clouds were enhanced by Multi-View Stereo
algorithms, resulting in dense point clouds. Following the manual
detection of GCPs, each point cloud was scaled to real-world XYZ co-
ordinates by adding GNSS coordinates to each GCP. A subset of the
surveyed GCPs was excluded from the photogrammetric processing
within the SfMworkflow, specifically during the bundle adjustment

Table 1

Journal of Environmental Management 377 (2025) 124589

phase. This exclusion occurred because five were designated as valida-
tion points, or checkpoints (CPs), and utilized to evaluate the positional
accuracies obtained following the bundle adjustment. Using CPs offers a
more objective assessment of the accuracy of georeferencing methods
compared to evaluations based solely on GCPs (Ferrer-Gonzalez et al.,
2020). Therefore, CPs were identified in the orthoimages, and their
coordinates were compared to the surveyed GNSS positions. The overall
registration accuracy at each CPs was evaluated by the root mean square
error (RMSE) of the GNSS coordinate residuals and the spatial errors in
easting (X), northing (Y), depth (-Z) directions, and in the 3D space
(XYZ). Low RMSE values signify effective image alignment and block
adjustments, leading to accurate georeferenced products. The dense
point cloud data were ultimately subjected to interpolation through the
Inverse Distance Weighting method, facilitating the creation of DSMs
employed in the orthorectification process and the assembly of image
mosaics.

2.5. GIS analysis for habitat mapping

At each sampling event, approximately 6500 m? were effectively
mapped; however, a smaller region of interest (ROI), defined using a
polygon mask that encompassed 5500 m?, was used for the following
analysis in a geographic information systems (GIS) environment. This
approach was adopted to exclude marginal areas that could be influ-
enced by poor geometries and inaccuracies resulting from minimal
image overlap. After masking the ROI, the orthophoto mosaics and
DSMs in GeoTIFF format were analyzed in ESRI® ArcMap v. 10.6. using
the Benthic Terrain Modeller tool (De Oliveira et al., 2020) to derive
seabed terrain metrics such as slope, rugosity, and vector ruggedness
measure (VRM) using the surface properties of the raster cells in 3 x 3
cm window. The zonal statistics tool was then employed to extract mean
values for the above-mentioned seabed metrics utilizing a superimposed
regular grid with a cell size of 1 m x 1 m. The chosen grid size was
deemed adequate for describing the habitat used by the species, given
that sea cucumbers exhibit notable site fidelity and a relatively limited
home range. This is consistent with findings related to other species,
which typically exhibit daily movement distances ranging from 2 to 9 m
(Siegenthaler et al., 2015; Wolfe and Byrne, 2017). Every visible sea
cucumber inside the ROI was manually digitized as a polygon in the
orthophoto mosaics to estimate holothurian abundances for each sam-
pling event. Body length in cm, depth in m, degree of debris coverage
(recorded in three classes: <30%, 30-60%, and >60%), and re-projected
coordinates of the shape centroid measured as Easting and Northing
(UTM-WGS84, zone 32 N, EPSG: 32,632) were collected for each indi-
vidual. Due to the very high spatial resolution of the images, an object
image analyses (OBIA) approach was adopted to speed up the ortho-
photo mosaic classification and derive benthic habitat cover classes
(Fallati et al., 2023). The methodology involved two main steps:
applying segmentation algorithms to group pixels into homogenous re-
gions (segments) based on spectral and geometric characteristics and,
thus, classifying them into specified classes. Ortho-rectified photo mo-
saics were imported into the eCognition Developer 10 (Trimble, Sun-
nyvale, California, USA) software to perform OBIA. After band
normalization, before the development of the OBIA ruleset, the

Camera specifications and primary settings utilized for capturing underwater images with the Diver Propulsion Vehicle (DPV).

Camera specifics Camera settings

Diver Propulsion Vehicle (DPV)

Camera model GoPro Hero 10 Black EV Compensation

Weight 156 g Shutter Interval

Sensor type CMOS Sony IMX677 White Balance

Sensors size 1/2.3, 23.6 MP ISO range

Sensors dimensions 6.17 x 4.55 mm Time-lapse interval time

Focal length 2.71 mm Frontal Overlap

Aperture /2.5 Lateral Overlap

Image size 5568 X 4176 Mean (+SD) number of images

—0.5 DPV model Seacraft Future 1000
2.0s Steering mode Two-hand

Native Gear dynamics (acceleration) Slow

100-800 DPV Speed 25 m/min (~0.5 m/s)
2s GSD (ground sample distance) ~2 mm/px

85% Distance from the seabed 4-5m

75% Mean (+SD) diving time 76 + 7 min

2076 + 275 Mean (+SD) covered area 6500 + 260 m?*
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complexity of the data was initially reduced by using both a convolution
(with Gauss Blur formula to remove noise) and a median filter (with a
kernel size of 5) on the original red (R), green (G), and blue (B) bands. A
multi-resolution segmentation (scale parameter = 60, shape = 0.5,
compactness = 0.5) was adopted to group pixels into homogeneous re-
gions (objects) based on their spectral differences due to red-gree-blue
bands while considering as attributes in the segmentation process
elevation data derived from DSM, slope, rugosity, and VRM. After the
segmentation process, a supervised classification technique was used to
classify the imagery into the five main cover classes: i) sandy bottoms, ii)
hard bottoms covered by photophilic algae, iii) dead ‘matte’ of P. oce-
anica, iv) natural P. oceanica meadow, and v) transplanted P. oceanica.
At least 40 well-defined samples were selected for each class to serve as
training areas for the classification algorithm. The support vector ma-
chine algorithm was used to classify the segments, considering all in-
formation derived from the input dataset, such as spectral value,
brightness, size, and shape. After the classification, the adjacent seg-
ments were merged, and the final output was exported as a shapefile. A
global accuracy evaluation was performed using a point-based
approach, incorporating 300 randomly selected points. The assessment
of accurate class assignment was conducted visually by analyzing high
spatial resolution imagery, creating a confusion matrix that quantita-
tively measures actual versus predicted seabed classes to examine
overall, Kappa, User’s, and Producer’s accuracies.

3. Data analysis

The Kruskal-Walli’s hypothesis test was applied to evaluate the dif-
ferences in size classes-habitat variables in all analyses. In case of sig-
nificant differences (p-value <0.05), Dunn’s post hoc pairwise
comparisons test was applied to indicate which data groups differ. The
seabed cover class ‘P. oceanica meadow’ was excluded from the analysis
because the dense canopy formed by the seagrass prevents the extraction
of sea cucumber abundance data from the acquired imagery.

Principal components analysis was employed to explore the potential
pattern between the physical variables characterizing each grid cell
exhibiting the presence (recorded as density = N. ind/m?) and absence
of sea cucumbers.

3.1. Modelling approach

The spatial distribution of the observed individuals was modeled as a
realization of a Log-Gaussian Cox Process (LGCP) to examine how
particular geomorphological characteristics and the variety of habitats
found on the seabed influence the ecological dynamics of sea cucumber
populations. In the context of the LGCP framework, the logarithm of the
intensity function log(4) is represented as a Gaussian process, which
renders it especially appropriate for environmental and ecological
datasets that demonstrate spatial dependence with some aggregation or
clustering behaviour (Williamson et al., 2022). Inhomogeneous Poisson
point processes can also be employed to fit simple point process
regression models to data; however, this approach relies on an inde-
pendence assumption among point events, which may impose signifi-
cant limitations. Alternatively, LGCP are frequently utilized, as they
incorporate a latent Gaussian random field into the model. This addition
allows for the representation of further clustering among point events
that extends beyond the explanatory capacity of a Poisson model
(Dovers et al., 2024). A spatio-temporal model was used to consider
multiple sampling campaigns throughout 2022. The recorded positions,
i.e., defined by their spatial (s € D cR?) and temporal (t = 1,...,T) lo-
cations of sea cucumbers, was treated as a point process. This process
allowed for the intensity function A(s, t) to be modeled based on various
predictors, such that:

log(4(s, t)) =, + X(s)p + w(s) (Eq. 1)
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Here 8, was a temporal intercept, X(s) was a set of spatial covariates that
are time-independent,  was the vector of the linear effects related to the
spatial covariates. Finally, w(s) was a zero-mean Gaussian process with a
Matern spatial covariance function. A Matern covariance of order 1 with
range p and standard deviation ¢ (Martino et al., 2021; Yuan et al., 2017)
was adopted. The spatial covariates were stored as a regular grid of 1 m
x 1 m cell size. The mean values of the cells were associated with the
centroid points, and the values of the other points s € D were interpo-
lated using Inverse Distance Weighting. The following covariates were
included: slope, depth, rugosity, temperature, VRM, and habitat classi-
fication. The correlation among the predictors was assessed, leading to
the exclusion of rugosity and temperature from our model. Conse-
quently, only the variables VRM and the y-coordinate were retained to
avoid multicollinearity. For the parameters of the spatial field w(s) in
(1), the PC priors method (Fuglstad et al., 2019) with setting
P(p<100) = 0.5 and P(c > 0.7) = 0.01 was used. For each p, an inde-
pendent non-informative improper flat prior was adopted, while
Gaussian priors with mean 0.0 and precision 0.001 were independently
assigned to each component of . The results were obtained using scaled
spatial covariates between 0 and 1 to standardize them and avoid scale
effects. The SPDE approach (Simpson et al., 2016) based on the results of
(Lindgren et al., 2011) was followed. The rationale was to approximate
the Gaussian process with Matern covariance with a finite representa-
tion, which allowed to rewrite the hierarchical model as the Gaussian
Latent Model (GLM) with Poisson Likelihood, which can be used in
inlabru and INLA.

4. Results
4.1. High spatial resolution habitat mapping

The entire ROI of 5500 m? was systematically mapped in every
sampling occasion (February, April, June, August, and October) by a
single dive with a mean duration of 76 min + 7 min that allowed the
acquisition of 1800-2500 underwater digital photos, displaying a mean
image footprint overlap from 3 up to 45 images (Table 2 Supplementary
materials). Approximately 16 h were required to generate the main SfM
outputs in Agisoft Metashape, encompassing the detection of GCPs for
producing georeferenced sparse and dense point clouds with an average
point density of 12,456 + 1315 points/m?, DSMs, and high spatial res-
olution (1.2-1.8 mm/pixel) orthophoto mosaics (Fig. 2a-d). After
bundle adjustment transformations, the spatial accuracy of the photo-
grammetric model measured at CPs resulted in an RMSE of 9.3, 17.7,
and 26.6 cm in easting, northing, and vertical (depth) components,
respectively (Table 3 Supplementary materials). The GIS analysis of
DSMs and orthophoto mosaics allowed the creation of other informative
raster layers representing the slope (observed range from 0° on flat
sandy areas to 90° on vertical hard bottoms and artificial structures), the
VRM (observed range from 0 on homogeneous sandy areas to 0.82 on
complex hard bottoms, artificial structures, and Posidonia canopy), and
the five cover classes identified after OBIA (Fig. 3a—d). Sandy bottoms
represented the most common class with a cover of 52.3%, followed by

Table 2

Total number of sea cucumbers (N), mean density of individuals (Ind./m?),
mean, minimum and maximum length estimated for the five sampling occasions
in 2022 through manual detection and count inside 1 x 1 m cell grid over
imposed on Structure from Motion (SfM) orthophoto mosaics.

Sampling N Ind./m?+ Mean length Min Max
month SD (cm) + SD length length
February 984 118 £0.45 26.56 + 5.55 10.67 50.07
April 1479 1.24 + 0.52 25.9 +5.47 8.7 46.21
June 938  1.19 +0.47 24.57 +5.19 9.94 41.97
August 770  1.16 £ 0.42 25.73 £ 4.91 12.08 47.19
October 668 1.14 +0.4 23.31 £ 5.54 9.33 48.05
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Fig. 2. The main outputs obtained from the Structure from Motion (SfM) processing of underwater imagery following the first mapping campaign conducted in
February 2022. a) The georeferenced dense point cloud; b) Geolocalization of ground control points (GCPs) and checkpoints (CPs) with estimated camera positions
(small blue dots) and image footprint overlap; c) the digital surface model represented by colour-hillshade relief with depth contour at 0.5 m intervals; d) the high

spatial resolution orthophoto mosaic of the study area.

Posidonia meadow (19.6%), dead ‘matte’ (17.6%), hard bottoms (8.9%)
and transplanted Posidonia (1.6%). OBIA segmentation and classifica-
tion showed high performance in terms of overall accuracies (87.3%)
and Kappa coefficients (83%), providing adequate identifications of the
five cover classes. Significant misclassification errors were observed
between the cover classes of ‘matte’ and ‘hard bottoms’ attributed to the
existence of comparable photophilic algal communities that produce
analogous spectral signatures (Fig. 1 and Table 4 in the Supplementary
materials).

4.2. Sea cucumbers population dynamics and habitat preferences

The underwater visual census carried out by SCUBA divers reported
that the sea cucumber population in the area was mainly constituted by
Holothuria tubulusa, representing 92% of the benthic assemblages, fol-
lowed by H. poli (6%) and H. mammata (2%). A total of 4839 sea cu-
cumbers were identified through manual detection and count on SfM-
based orthophoto mosaics. These organisms exhibited a consistent
presence throughout the year across the entire bathymetric range with
similar densities (Table 2), with peaks in abundance occurring in
February (N = 984) and April (N = 1479).

Length-frequency distributions showed that a more significant pro-
portion of individuals from larger size classes were observed during
these months compared to other sampling events (Fig. 4a). A bathy-
metric distribution was reported since smaller individuals were more

commonly found in shallow water areas (10-15 m), whereas larger size
classes were observed at greater depths (Fig. 4b). Detritus cover per-
centage significantly differed according to the length of sea cucumbers
with more substantial differences reported among specimens belonging
to small and medium-sized length classes, especially when thriving in
deeper areas (Fig. 5¢).

The grid cells that exhibited the presence of at least one sea cu-
cumber, with a maximum of five specimens per square meter, showed a
consistent proportion (>60%) of sand. This preference for sand
decreased as the size of the individuals diminished. Small and medium-
sized sea cucumbers were also observed in cells with high cover per-
centages of various substrates, including dead ‘matte’, hard bottoms
(predominantly pebbly areas covered by algal mats) and transplanted
P. oceanica fragments (Fig. 5a). An increasing trend in the utilization of
both sloping and higher terrain complexity areas was observed moving
from large to small size classes due to their association with more
complex habitats such as pebbly patches and transplanted P. oceanica
seedlings (Fig. 5b and c).

The first three axes from principal components biplots (Fig. 6)
explained approximately 61.3% of the information, corroborating the
hypothesis of an active selection for specific seabed cover classes. The
analysis also highlighted a negative association between holothurian
density (Ind./m?) and severe sloping areas (>20°) with large terrain
ruggedness (VRM >0.5) values. In particular, the first dimension (Dim
1) represented 25.4% of the variation and loaded mostly for sandy flat
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Fig. 3. Additional raster layers derived after GIS analysis of the main SfM products (digital surface model and orthophoto mosaic). a) Seabed slope; b) Seabed vector
ruggedness measure (VRM); c¢) Thematic map with five seabed cover classes (transplanted Posidonia oceanica fragments, dead ‘matte’ of P. oceanica, P. oceanica
meadow, hard bottoms covered by photophilic algae, and sandy bottoms) generated after image segmentation and classification during OBIA workflow.

(slope <10°) habitats extending in intermediate and deep-water areas,
characterized by low VRM values (0-0.15). The second (Dim 2) and
third (Dim 3) dimensions explained 23.2% and 12.7% of the variation,
respectively, with strong loadings for shallow areas with moderate VRM
values (up to 0.25) such as those covered by dead ‘matte’ or transplanted
fragments of P. oceanica. (Fig. 7). The temperature exhibited an inverse
correlation with depth, attributed to the significant presence of a
shallow thermocline during the summer months (Fig. 2 supplementary
material).

4.3. Sea cucumbers’ spatial and temporal patterns

The mean log-intensity log (A(s)) of the LGCP model fitted on the sea
cucumber occurrence locations demonstrates a non-random spatial
pattern for the five sampling occasions. During cold months (February
and April), sea cucumbers were widely distributed across the study area,
spanning from shallow to more deep habitats. Conversely, during the
summer and autumn months, an evident shrinking of the spatial distri-

butions was detected, with the highest intensity values reported only
inside the P. oceanica transplantation area (Fig. 7a and b-c-d-e). In fact,
the portion of the study area contoured by the 90th- 100th percentile
interval of the log-intensity distribution varied from 1546 m? in April to
a minimum of only 94 m? in October, highlighting a concentration of
individuals in the seagrass transplantation area after the summer
(Fig. 7f). The central region, distinguished by a sandy patch with a slope
exceeding 15°, consistently exhibited the lowest intensity values. The
estimated fixed effects derived from the model demonstrated that all
temporal and habitat variables significantly impacted the mean log in-
tensity, suggesting that the spatial distribution of individuals varied
according to the month and the characteristics of the sea bottom. In
contrast, within the geomorphological factors, only the variables asso-
ciated with slope and VRM negatively impacted the mean intensity of
the sea cucumber population, with the latter factor contributing more
significantly (Fig. 8).
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Fig. 4. a) Length-frequency distribution of the three size classes recorded in the study area from February to October 2022. Boxplots reporting sea cucumber size
class distribution according to depth (b) and (c) the degree of detritus cover along the three depth classes (shallow: 6-12 m, intermediate: 12-18 m and deep: 18-25
m). Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; ns = non-significant.

Fig. 5. Sea cucumber habitat use expressed as (a) mean cover percentage of the four categories of the seabed classes, (b) mean slope, and (c) mean vector ruggedness

measure (VRM) recorded for each 1 x 1-m grid cell that contains at least one specimen. Significance codes: ***p < 0.001; **p < 0.01; *p < 0.05; ns = non-significant.
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Fig. 6. Principal component analysis (PCA) biplots reporting loadings on the dimensions 1-2 (a) and 2-3 (b) based on sea cucumber density assessed within 1 x 1m
grid cells. This analysis includes seven habitat variables, consisting of the four categories of seabed cover and variables related to terrain ruggedness (VRM), depth,

slope and sea temperature.

Fig. 7. Predicted posterior log intensity log (4(s)) of sea cucumbers in the study area after Log-Gaussian Cox Process (LGCP) modelling (a-b-c-d-e): Spatial and
temporal patterns were reported during the five sampling occasions. The colour ramp from red to blue indicates high and low intensity, respectively. (f) The surface
area is enclosed within different percentile intervals of the log-intensity distribution in the five sampling occasions. The colours match the other panels of the figure.

5. Discussion

Fine-scale environmental metrics, including slope, rugosity, and
habitat type, play a pivotal role in the dynamics of sea cucumber com-
munities. These factors must be meticulously considered when analysing
broader ecological data obtained through extensive methodologies that

may lack resolution, such as traditional fishery-based approaches. At the
same time, research focused on delineating the ecological requirements
of sea cucumbers is equally essential for understanding potential policy
implications for resource managers who must navigate the challenge of
reconciling the beneficial impacts on ecosystem productivity and di-
versity with the socio-economic pressures faced by fishers seeking to
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Fig. 8. Forest plot of the estimated fixed effects and 95% credibility intervals related to the different terms retained in the final Log-Gaussian Cox Process (LGCP)
model, capable of influencing sea cucumber log-intensity log(A(s)) in the study area. Remember that if the line crosses the zero reference, the effect is non-significant.

exploit this resource (Purcell et al., 2016a). Recognizing the ecological
functions of harvested species and understanding the possible conse-
quences of their removal on the ecosystem’s functionality are pivotal
issues in ecosystem-based fisheries management, which seeks to main-
tain robust marine ecosystems and the fisheries that depend on them
(Hilborn, 2011). The growing demand in Asian markets has resulted in
the swift development of new fisheries across different areas, particu-
larly in the Mediterranean, where the main commercially targeted
species belong to the genera Holothuria and Parastichopus (Neofitou
et al., 2019). Holothuria tubulosa is among the most exploited Mediter-
ranean species, with extensive Illegal, Unreported and Unregulated
fishery among several Mediterranean countries (Rakaj and Fianchini,
2024). Its heavy exploitation as bait for long-line fisheries has led to a
notable decrease in harvested population, especially in the southern
Aegean Sea (Kazanidis et al., 2010). Moreover, in recent years, signifi-
cant commercial interest in employing Mediterranean sea cucumbers as
extractive species for waste mitigation in integrated multi-trophic
aquaculture systems (Grosso et al., 2021) deserves specific attention,
especially considering that overexploitation of this species can trigger
cascading effects on ecosystems (Price et al., 2010). Unfortunately, the
management strategies to ensure a sustainable fishery for this target
resource remain limited or lacking in many Mediterranean regions
(Rakaj et al., 2018). To our knowledge, no prior studies have identified,
at comparable scales and accuracy, specific microhabitat requirements
for temperate sea cucumbers, particularly for H. tubulosa, which is one of
the most common species on the Mediterranean coast.

In this context, the methodology presented offers an innovative
remote sensing approach for quantifying the sea cucumber population
and evaluating their habitat preferences across complex coastal areas.
The mapping method used could easily be employed for high-value
commercial species where they occur in shallow reefs or intertidal la-
goons (Hammond et al., 2020), filling the gaps in counts made by both
drone imagery and snorkeler-based transects (Williamson et al., 2021)
especially if integrated with recent deep learning algorithms used for
automatic detection (Li et al., 2021). However, in these recent appli-
cations, the extent of the surveyed area is still limited to very shallow
coastal areas such as coral reef flats exposed during low tide, making
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them unsuitable for Mediterranean infralittoral species. The require-
ment for sufficient spatial resolution in the captured images to facilitate
the detection of sea cucumbers necessitates low-altitude mapping mis-
sions, which, coupled with UAV battery duration, lead to limited spatial
coverage. In addition, UAV-generated photomosaics can also be influ-
enced by water refraction and turbidity, which may impede the detec-
tion of smaller or generally less conspicuous organisms. At the same
time, SCUBA diver and snorkeler-based censuses, aside from the nature
of the sampling method (e.g. point counts, strip transects, line transects,
rapid visual counts), can be influenced by the experience of the
personnel involved other than suffering of high logistics costs.

The results demonstrate the capability of SfM in discerning fine-scale
ecological drivers, such as seabed complexity at a centimetre scale,
which can significantly affect the distribution and abundance of sea
cucumbers. Several studies have demonstrated that fine-scale structural
complexity (expressed by geomorphological variables, such as VRM,
DSM, slope, and aspect) plays a crucial role in shaping the biodiversity
and abundance of fish assemblages (Borland et al., 2021; Levin et al.,
2014), reef systems (Fukunaga et al., 2020) and macroinvertebrate
communities (Hauser et al., 2006). However, its impact on benthic
species seems to be considerable only until a specific threshold is
reached, after which structural complexity’s influence on species dis-
tribution becomes smaller (Lapointe and Bourget, 1999; Price et al.,
2019) or even a limiting factor (Graham and Nash, 2013). In this study,
VRM can be most likely associated with the density of P. oceanica shoots
other than hard bottoms with simple morphologies such as pebbles and
small rocks covered by photophilic algae. These findings indicated that
the observed terrain ruggedness was associated with low to moderate
values of VRM (ranging from 0.15 to 0.25), indicative of the Posidonia
transplantation zones with low shoot densities (15-30 shoots/mz).
These conditions appeared to favour the presence of sea cucumbers
during the summer months. However, when VRM values exceed a
certain threshold (0.3-0.5), the increased structural complexity acted as
a limiting factor. Similarly, the relationship between the slope and the
proportion of hard substrates can inhibit the movement of sea cucum-
bers, as the three-dimensional structure create grades. Consequently, sea
cucumbers, especially large-size classes, preferred deeper flat (<10°)
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sandy areas surrounded by seagrass meadows for foraging activities.
This result, emerging for the first time through the SfM photogram-
metric processing, perfectly aligns with the trophic behaviour of the
genus Holothuria, which is described as an epi-benthic deposit feeder
preferentially ingesting organic detritus from the water-sediment
interface among soft bottoms with low hydrodynamic forces where
organic matter can accumulate (Boncagni et al., 2019). In fact, the
presence of open sand or sand characterized by ‘ripple marks’, consid-
ered a proxy of wave energy, was considered a factor capable of
restricting holothuroid distribution (Massin and Doumen, 1986; Shiell
and Knott, 2010). It should be noted that increasing VRM values or
topographic heterogeneity is also indicative of greater surface area
(Attrill et al., 2000), resulting in a more significant availability of shel-
ters and diversity in hydrodynamic regimes patterns acting at the
microscale (Bargain et al., 2018). This aspect can sensibly influence
small-sized H. tubulosa specimens that were often reported in pebbly
areas or near hard artificial structures capable of providing additional
shelters. A comparable pattern was noted among small individuals of
H. mammata, which displayed a fragmented distribution. Their habitat
preferences were shaped by the availability of shelter, food resources,
and the complexity of the habitat. In contrast, larger size classes
demonstrated a greater tendency to opportunistically investigate less
stable and more open sandy environments (Félix et al., 2024). The
observed differential cover percentage of detritus among the censused
individuals corroborated that smaller-sized classes are generally tended
to be less conspicuous due to the accumulation of organogenic detritus,
including shell fragments and their bodies. This phenomenon is partic-
ularly evident in deeper habitats, where larger fish may elevate preda-
tion risks for these smaller organisms (Francour, 1997).

Even if the microhabitats formed under transplanted P. oceanica
fragments were not perfectly captured in DSMs, as they were rendered
using a planar graphical projection from an elevated ‘bird’s-eye view’, it
is reasonable to think that the aggregation pattern observed denoted a
strong preference for discontinuity zones formed by transplanted frag-
ments of P. oceanica between sandy or dead ‘matte’ patches. These areas
could serve as effective sinks for food sources, such as fine organic
particles and phanerogamic detritus (Boncagni et al., 2019; Slater and
Chen, 2015). These elements might be particularly crucial during the
spawning season of H. tubulosa, which occurs in late August (Pasquini
et al., 2022). This timing coincides with the observed high concentration
of individuals near the transplantation area. In fact, like terrestrial
plants, P. oceanica loses its leaves mainly in autumn and winter, and the
rough sea conditions in these periods facilitate substantial accessibility
to organic detritus across the whole area, thereby enhancing the
dispersal of individuals. In contrast, during the summer, the trans-
planted P. oceanica seagrass meadows usually exhibited a greater
quantity of brown senescent tissue compared to their natural counter-
parts (Bacci et al., 2024). This, along with the mortality of certain
transplanted fragments and restricted water movement, resulted in a
persistent accumulation of phanerogamic debris trapped among the
rhizomes. Additionally, compared to more complex natural meadows,
the transplanted meadows with a simpler habitat structure allowed for
unhindered movement of sea cucumbers, thereby optimizing their
foraging behaviour. Also, the geomorphological features of the area,
predominantly shaped by southeast winds and currents, further
contributed to the accumulation of organic matter, including that
deriving from the adjacent natural meadows within the transplantation
zone. All these factors may have influenced the observed distribution
patterns in the transplantation area. As a result, we deduce that restored
seagrass beds function as habitats for Mediterranean sea cucumbers
species and, more importantly, as a food source by producing and
retaining organic detritus. This detritus can be redistributed and altered
beyond the transplantation zone due to the active bioturbation per-
formed by these organisms (Boncagni et al., 2019; Neofitou et al., 2019).

The sea cucumber densities recorded in this study with a mean total
value of 118.2 + 0.03 individuals/100 m? (considering the whole
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bathymetric range investigated) can be regarded as relatively high when
compared to Aegean Sea populations, exhibiting 9.9 + 3.2 individuals/
100 m? (Kazanidis et al., 2010). On the other hand, for a dense Posidonia
meadow, up to 377 individuals/100 m? were recorded from Ischia Island
(Coulon and Jangoux, 1993), confirming that the density of H. tubulosa
seems to be highly variable according to the availability of different
habitat types and therefore require specific assessment to evaluate its
preferences locally. However, the limitations in imagery-based acqui-
sition made it unfeasible to assess the population of sea cucumbers in
seagrass habitats characterized by dense vegetation, as the high density
of shoots obstructed SfM reconstructions. Although such aspect can only
be mitigated through in situ sampling or by using more invasive fishing
gear (e.g., dredges), alternative configurations implying the use of
advanced photographic equipment, such as professional full-frame
cameras with larger pixel dimensions, can markedly improve image
quality in comparison to consumer-grade action cameras. This
enhancement in image quality may facilitate a more precise identifica-
tion of species, leading to an improved evaluation of the size and
composition of the population or stock. Lastly, it should be noted that
the quantity and configuration of GCP can significantly influence the
accuracy of a survey. Consequently, strategically placing a high density
of precisely measured GCPs constitutes a critical component of the
overall surveying process that should be carefully assessed when
extensive areas must be mapped. In such circumstances, however, using
acoustic-based data deriving from multibeam echo-sounders could
provide a viable alternative for rough georeferencing of the acquired
imagery, especially when conspicuous natural features can be well
detectable from sonograms.

6. Conclusions

We provide a proof of concept demonstrating that SfM can yield new
insights into localized habitat variables influencing sea cucumber pop-
ulation dynamics, which are essential for ecosystem functionality. For
instance, the effectiveness of restoration efforts, often evaluated by
including positive species interactions, should be carefully assessed in
the context of sea cucumber removal for fishing purposes. Additionally,
it could serve as a benchmark for comparing natural or protected pop-
ulation dynamics with those exploited by fishery, thereby facilitating an
assessment of the impacts of fishing activities on these species.

The large-scale deployment of this protocol could contribute to
developing tailored management strategies that are informed by a
comprehensive understanding of the specific microhabitat requirements
of benthic organisms by characterizing the sea cucumber stocks within a
coastal region. Further investigations are required to overcome the
constraints associated with imagery-based methods in dense natural
seagrass meadows. Such investigations should focus on elucidating daily
movement patterns and habitat utilization, as these elements could
significantly influence the recycling of organic matter within seagrass
ecosystems.
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