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Several aspects of the relationships between VME indicator taxa and associated fauna have been
previously explored mainly on rocky habitat respect the soft bottom. However, the soft bottom

hosts many VMEs indicator taxa for which the ecological role remained still unexplored. This habitat
hosts many associated species, a lot of them also of commercial value making this habitat more
vulnerable to fishing pressure. The present study investigates the variables that shape the distribution
of associated fauna and their relationship with VME indicator species in the deep soft bottom of

the Mediterranean Sea. Analyzing 74 ROV (Remotely Operated Vehicle) transects, VMEs indicator

taxa and fish and crustacean density were extracted and analyzed together with environmental,
morphological and anthropogenic variables. Through Redundancy Analysis (RDA), our findings reveal

a clear relationship between several fish and crustacean species of commercial value and VME indicator
taxa, like Isidella elongata and Pennatuloidea. By applying multivariate statistical approaches to an
integrative dataset, the study provides a community-level perspective on the factors shaping fish and
crustacean assemblages in potentially vulnerable habitats. The result highlights the necessity to better
investigate the relationship among deep sea species in a wide prospectives to give powerful data for
their conservation.
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Deep-sea is home to a remarkable diversity of life, including a wide range of habitat-forming species, like
sponges and cnidarians, which create complex three-dimensional structures providing essential ecological
services for the functioning of benthic ecosystems!~. These species, in fact, can provide refuge® nursery areas,
and foraging grounds to a wide range of deep-sea animals, playing a crucial role in the life cycle of many species,
including those of commercial value® thus building ecosystems more vulnerable to fishing activities (e.g.
bottom trawling)®>~!%. As consequence, these ecosystems are considered a hot-spot of biodiversity>!! and most
of them are classified as Vulnerable Marine Ecosystems (VMEs)*!%12, According to FAO guidelines (2009),
the identification of VME:s is based on key criteria: uniqueness or rarity, functional significance of the habitat,
fragility, life-history traits, and structural complexity. The potential presence of VMEs could be identified by
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the presence of several taxa, defined as VME indicator taxa, that are characterized by common traits like slow
growth rate, low fecundity, late age of maturity, habitat-forming and low recovery rates*!®. These traits highlight
the vulnerability of these species to anthropogenic impacts like bottom trawling, ocean acidification, and climate
change>!*. The removal or degradation of VME indicator taxa may lead to cascading effects on associated
communities and the productivity of local fisheries. Many studies have focused on the distribution of VME
indicator taxa through habitat suitability modelling'>~17 however significant knowledge gaps remain regarding
their ecological roles in the deep-sea and the associated fauna they host. Particularly, in the Mediterranean Sea
the knowledge about the abundance, distribution, and ecological functioning of soft-bottom habitat-formers
and the fauna they support is lacking!'®!. While hard-bottom VMEs have been extensively studied”2*2" soft-
bottom habitats remain comparatively understudied, despite covering vast areas of the seafloor. Historically
perceived as homogeneous and ecologically simpler?? these environments host a variety of tridimensional
habitat built by VME indicator species like sea pens and gorgonians'®!?. The Mediterranean deep soft-bottom
habitats host many VME indicator species (e.g. octocorals) that contribute to enhance the complexity of the
substrate modifying its ecology. The sea pen field can influence the current flow at the bottom surface increasing
the particle retention and food availability for the other sessile or associated species!”. The gorgonian Isidella
elongata serves as a key habitat for species of both commercial and conservation importance, such as Aristeus
antennatus, Aristeomorpha foliacea, Nephrops norvegicus, and Galeus melastomus'* while the sea pens reducing
predation risk for juvenile fish like Sebastes spp'®. The increasing of habitat complexity in soft sediments is
not solely driven by cnidarians. Other benthic suspension feeders, such as the crinoid Leptometra phalangium
also play a role in structuring soft-bottom communities, supporting aggregations of young-of-the-year hake
(Merluccius merluccius), greater forkbeard (Phycis blennoides), and deep-water rose shrimp (Parapenaeus
longirostris)!?3. Despite their importance, critically knowledge gaps remain regarding the ecological roles of
these VME indicator taxa and the associated fauna they can support, especially on soft bottoms'. Therefore,
the main aim of this study is to improve our knowledge on the ecological role of deep-sea VME indicator taxa
inhabiting soft bottoms in the optic of their conservation and management. The main objectives of this study
are: (1) to assess how the distribution of associated fauna (crustaceans and fish) varies in relation to different
VMEs indicator taxa, and (2) to determine how the environmental and anthropogenic variables influence that
correlation.

Results

The VME indicator taxa that characterized the analyzed ROV transects (Fig. 1) were the bamboo coral I
elongata, sea pens (Pennatula spp., Funiculina quadrangularis, Virgularia mirabilis, Protoptilum carpenterii, and
Kophobelemnon stelliferum), and the crinoid L. phalangium (Fig. 2, Table S2).

A total of 39 associated species were included in the analysis, precisely 10 species of crustaceans and 29
species of fish (3 Chondrichthyes and 26 Osteichthyes) (Fig. 3; Table 1). The RDA analysis identified clear
patterns in the distribution of fish and crustacean assemblages in relation to environmental (Chl-g, temperature),
morphological (rugosity, slope, depth), anthropogenic (BTFE) variables, and density of VME indicator taxa.
After VIEF salinity was removed from the final set of explanatory variables.

For fish’s model (p-value 0.001) (Fig. 4), the first two RDA axes explained a substantial portion of variation
of the total variance (RDAl: 67.7%, RDA2: 13.2%). Several species showed significant associations with
the explanatory variables. Helicolenus dactylopterus, Coelorinchus caelorhincus, Lepidorhombus boscii and
Chlorophthalmus agassizi were closely associated with the presence of L. phalangium and sea pens species,
suggesting a strong association with structured soft-bottom habitats. Species like Nezumia spp., Galeus
melastomus, Phycis blennoides were positioned on the right side of the biplot, showing positive associations with
I. elongata and higher temperature, Chl-a and depth values. Whereas Hymenocephalus italicus and Nettastoma
melanura were positioned along RDA2, showing a positive correlation with the BTFE suggesting possible
resilience or opportunistic behavior in disturbed areas. Other species such as Etmopterus spinax, Scyliorhinus
canicula, Capros aper, Stomias boa and Polyprion americanus, showed a more central or intermediate distribution
along RDA1 and RDA2, potentially reflecting broad ecological tolerances or the use of multiple habitat types.
Overall, the results highlight that fish assemblage structure is influenced by both abiotic gradient and the
presence of VME indicator taxa.

The RDA on crustaceans” assemblages (p-value 0.02) (Fig. 5) explained 70.0% of the variation across the
first two axes (RDA1: 49.9%, RDA2: 20.8%). Species distributions were primarily driven by morphological
variables (depth, slope, rugosity), and the presence of key VME indicator taxa. A distinct cluster of commercially
important deep-sea species, including Plesionika spp., Aristeus antennatus, Parapenaeus longirostris and
Nephrops norvegicus, were all oriented in the same direction, showing a positive associated with the presence
of Pennatuloidea and the bamboo coral I. elongata. These species are associated with the negative side of both
RDAL1 and RDA2. Additionally, Aristaeomorpha foliacea, another commercially important species, appears to be
primarily correlated with 1. elongata (on the negative axis of RDA2). In contrast, Geryon longipes appears to be
strongly associated with depth, positioned along the positive side of RDA1, and shows no association with VME
taxa, suggesting a preference for deep but more homogenous soft sediments. Paromola cuvieri, Munida sp. and
Bathynectes maravigna are oriented towards a greater slope and rugosity, indicating a link to a more articulated
substrate. These results support that VME indicator taxa such as I. elongata and sea pens significantly contribute
to structuring crustacean assemblages on soft bottoms, especially for species of high commercial value. This
emphasizes the role of soft-bottom VME taxa in enhancing ecological heterogeneity and supporting biodiversity
in deep-sea environments.
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Fishing typology Conservation status
Small-scale | Bottom | Bottom |IUCN |IUCN | IUCN Italy
Fisheries Trawling | Longline | Global | Med | 2017

Crustacea decapoda

Anamathia rissoana (Roux, 1828)

Aristaeomorpha foliacea (Risso, 1827) X

Aristeus antennatus (Risso, 1816) X

Bathynectes maravigna (Prestandrea, 1839)

Geryon longipes A. Milne-Edwards, 1882

Munida sp.
Nephrops norvegicus (Linnaeus, 1758) X
Parapenaeus longirostris (Lucas, 1846) X

Paromola cuvieri (Risso, 1816)

Plesionika spp. X X

FISH

Bathypterois dubius Vaillant, 1888 LC LC LC
Benthocometes robustus (Goode & Bean, 1886) LC DD LC
Capros aper (Linnaeus, 1758) LC LC LC
Chauliodus sloani Bloch & Schneider, 1801 LC LC LC
Chlopsis bicolor Rafinesque, 1810 LC LC LC
Chlorophthalmus agassizi Bonaparte, 1840 X LC LC LC
Coelorinchus caelorhincus (Risso, 1810) LC LC LC
Dysomma brevirostre (Facciola, 1887) LC LC LC
Etmopterus spinax (Linnaeus, 1758) \4Y LC LC
Facciolella oxyrhynchus (Bellotti, 1883) DD LC
Gadella maraldi (Risso, 1810) LC LC LC
Gadiculus argenteus Guichenot, 1850 LC LC
Galeus melastomus Rafinesque, 1810 LC LC LC
Gnathophis mystax (Delaroche, 1809) LC LC LC
Helicolenus dactylopterus (Delaroche, 1809) X X LC LC LC
Hoplostethus mediterraneus Cuvier, 1829 LC LC LC
Hymenocephalus italicus Giglioli, 1884 LC LC LC
Lepidopus caudatus (Euphrasen, 1788) X X DD LC LC
Lepidorhombus boscii (Risso, 1810) X LC LC LC
Merluccius merluccius (Linnaeus, 1758) X X X LC VU NT
Nettastoma melanura Rafinesque, 1810 LC LC LC
Nezumia spp. LC LC LC
Notacanthus bonaparte Risso, 1840 LC LC
Physcis blennoides (Brunnich, 1768) X X LC LC
Polyprion americanus (Bloch & Schneider, 1801) | X X DD DD VU
Scyliorhinus canicula (Linnaeus, 1758) X X LC LC LC
Stomias boa (Risso, 1810) LC LC LC
Synchiropus phaeton (Giinther, 1861) LC LC LC
Trachurus sp. X X LC LC LC

Table 1. Crustacean and fish species selected for statistical analysis. Commercial importance (in bold),
fishery typologies and conservation status (DD: Data Deficient, LC; Least Concern, NT; Near Threatened, VU;
Vulnerable) according to the TUCN red list of threatened species are reported.

Discussions

Vulnerable Marine Ecosystems (VMEs) indicator taxa, whether on rock or soft-bottom, enhance the three-
dimensionality of the habitat, influencing the distribution of the associated fauna®. This is particularly important
on otherwise monotonous soft-bottom environments, increasing the possibility of finding areas for refuge,
spawning and nursery for a wide range of species®!423-2%,

Our study highlights the little-explored relationship between soft-bottom VME indicator taxa and their
associated fauna in the deep Mediterranean Sea. By applying a constrained ordination method (RDA), we were
able to detect significant associations between environmental, anthropogenic and biological gradients and
species composition. In particular, we found that several species of high commercial and conservation interest
exhibit a dependence on the presence of VME indicator taxa, reinforcing what has already been observed in other
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studies”®1426-29 The main commercial fish observed in the study area (i.e. the Shortnose green eye C. agassizii,
the Blackbelly rosefish H. dactylopterus, and the Four-spot megrim L. boscii), were associated with the crinoid L.
phalangium and the sea pens (Fig. 4). The blackmouth shark G. melastomus, as well as P. blennoides and Nezumia
spp., are preferentially associated with the bamboo coral I. elongata and high value of temperature and Chl-a
(Fig. 4). These two environmental variables are among the main drivers which influence the Mediterranean
deep-sea fish assemblages, especially in areas where upwellings take place*’as recently described for the Strait
of Sicily®!.

The same was observed for crustacean species of commercial interest. The red shrimp A. antennatus, the
deep-water rose shrimp P. longirostris, Plesionika spp., the Norway lobster N. norvegicus and A. rissoana are
associated with Pennatuloidea and I. elongata, as also observed in other Mediterranean studies'***-2°confirming
the positive relationships between soft-bottom VME indicator taxa and associated fauna observed in the present
study.

For example, Carbonara et al.> observed a strong relationship between the presence of I. elongata and various
species of fish and crustaceans, specifically, a close connection between I. elongata and nursery/spawning areas
of A. foliacea and A. antennatus. Indeed, the branches of I. elongata are also used as spawning grounds by small
oviparous sharks (i.e. G. melastomus and Scyliorhinus spp.)34%.

The association between VME indicator taxa and related fauna can be attributed to several ecological factors.
Passive suspension feeders, such as those of the superfamily Pennatuloidea and other octocorals, often inhabit
areas with high zooplankton abundance, providing a rich trophic resource. Indeed, habitats of I. elongata have
been associated with elevated zooplankton densities?®. This abundance supports planktonic fish and fosters the
growth of benthic and nekto-benthic populations, which could serve as prey for benthic feeders and scavengers?.
Additionally, the structural complexity provided by VME indicator taxa, offers shelter and nursery habitats for
various fish species, enhancing local biodiversity. Such complexity creates favorable conditions for a diverse
community of predators, including crustaceans, bony fish, elasmobranchs, and cephalopodsl4’25’27’32. Recent
studies have emphasized the importance of these habitats in supporting fish populations. Fishing effort revealed
distinct patterns between fish and crustacean assemblages. In the fish RDA model, BTFE emerged as a significant
predictor, with species such as N. melanura and H. italicus showing positive associations. Conversely, several
species of commercial and ecological value, including C. agassizii, H. dactylopterus, L. boscii, P. blennoides, G.
melastomus and C. caelorhincus, were positioned on the opposite side of the BTFE vector in the ordination
space. This pattern suggests that prolonged trawling activity may have already filtered out more sensitive
fish species, leading to communities dominated by taxa that tolerate or even benefit from altered conditions.
Moreover, the RDA biplot for fish clearly shows that a greater number of fish species are associated with higher
densities of VME indicator taxa, and tend to occur in areas with lower fishing effort. This suggests that changes
in assemblage structure are not driven solely by direct reductions in fishing intensity, but also by the increased
presence of VME taxa, which are themselves vulnerable to trawling. In contrast, the crustacean assemblages
showed no significant response to BTFE. As demonstrated in the study by Milisenda et al.**in regions with deep
rose shrimp populations, extensive trawling can drastically alter the demersal ecology, leading to a decrease in
other demersal species (such as fish) and an increase in scavenging taxa such as crustaceans, which also benefit
from bioturbated habitats®*.

These findings highlight the urgent need for conservation efforts in these ecosystems. Since these VME
indicator taxa are in areas suitable for trawling and support high levels of biodiversity, fishing activities affect
them. Bottom trawling represents one of the most anthropogenic impacts on VMEs*>*, This activity can cause
damage to VME indicator taxa living on both soft and hard substrates. Hard substrates are mainly impacted
by sediment resuspension phenomena®”%. In soft-bottom, the main impact is the removal of the benthic
species'>¥especially when it comes to delicate creatures (such sea pens, the crinoid L. phalangium, and the
bamboo coral I. elongata), where even minimal fishing effort can result in large mortality rates by uprooting and
crushing colonies that are anchored in the sediment!>40:41,

In particular, the bamboo coral I. elongata has a rigid carbonaceous skeleton that breaks when touched by
bottom trawls; the colonies of sea pen E quadrangularis are characterized by a delicate axial rod and is not able to
withdraw sink into the sediment, unlike other sea pens species (e.g. V. mirabilis, P. carpenterii). The co-existence
with commercial species, the presence of specific morphological structures, as well as their particular life history
traits, make these two species extremely vulnerable and, for that, they have been listed by the IUCN Red List of
Threatened species as “Critically Endangered”*2.

Conclusion

The use of an extensive and high-resolution dataset opens the possibility to study how several VME indicator
taxa, and environmental variables potentially influence the distribution of the deep fish and crustaceans across
extensive soft bottom areas. Moreover, the few studies that have investigated fish-VME relationships on soft
bottoms usually relied on bottom trawl data. Our use of georeferenced ROV data allows for a direct spatial link
between fish and crustacean distributions and VME indicator taxa, offering insights into actual co-occurrence
and habitat use patterns in situ. Several species of commercial value are found to be associated with VME taxa
confirming the potential use of this habitat during their life cycle. The result of the study highlights the necessity
to better investigate the relationship among deep sea species in a wide prospectives in order to give powerful
data for their conservation. By applying multivariate statistical approaches to an integrative dataset, including
VMEs, environmental variables, edaphic factors, and fishing effort, we provide a community-level perspective
on the factors shaping fish and crustacean assemblages in potentially vulnerable habitats. The study therefore
goes beyond simple species associations and offers an ecologically coherent framework for understanding
habitat-fauna-environment interactions in a poorly studied ecosystem type. Moving forward, the integration
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of multidisciplinary approaches and the collaboration between scientific research and policy-making will be
essential to achieve effective management and long-term sustainability of marine resources.

Materials and methods

Study area and data collection

The research was conducted in the northern sector of the Strait of Sicily, with the centroid of the study area
located at 38°0.587°N, 11°19.329°E (Fig. 1). The area, part of the MedWind project framework, spans a total
surface of approximately 1651 km”. Acoustic mapping was performed between August 12th and September 6th,
2021, using two multibeam echosounders: a Kongsberg EM2040 for depths ranging from 150 to 300 m, and a
Kongsberg EM712-MK2 for deeper zones reaching 1000 m. The resulting data were processed to generate a
Digital Terrain Model (DTM) with a spatial resolution of 5 m.

ROV-based visual surveys were subsequently carried out between September 11th and November 17th
2021, over a 67-day period, from the MainportGeo research vessel. The remotely operated vehicle used was a
Tomahawk Light Work Class ROV equipped with dual manipulators, four types of cameras (full HD, standard
color and black-and-white, and a 6 K high-definition camera), laser scaling devices, a sampling box, beacon,
DVL system, and a Seabird Microcat SBE 37. A total of 140 transects were completed across a depth range of 135
to 885 m, covering a total distance of 129.5 km (mean transect length: 929 m+257 SD).

Duringthe video surveys, all observations were georeferenced and recorded using the Ocean Floor Observation
Protocol (OFOP) software which logged time, date, ROV and vessel positions, depth, substrate characteristics,
and encountered species. In parallel with the ROV deployments, oceanographic data (temperature and salinity)
were collected at 97 randomly selected stations using a Rosette sampler and a Sea-Bird Scientific SBE 911 Plus
V2 CTD probe. Of the 140 transects collected during the ROV surveys, a subset of 74 transects were selected
for analysis based on their dominant soft-bottom substrate, which averaged approximately 90% coverage (Fig. 1
and Table S1).

Explanatory variables
The explanatory variables included in the models to assess the influence on the distribution patterns of associated
fauna were classified into different groups: VME indicator taxa, morphological (slope, depth, rugosity, aspect),
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Fig. 1. 5 m resolution Multi-beam (MB) bathymetry model of the study area. White dots indicate centroids of
the 74 ROV transects analysed.
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Fig. 2. Figure shows VME indicator taxa of muddy bottom observed during the ROV survey, we have:
(a) Isidella elongata, (b) Leptometra phalangium, (c) Funiculina quadrangularis, (d) Pennatula spp., (e)
Kophobelemnon stelliferum, (f) Protoptilum carpenterii and (g) Virgularia mirabilis.

environmental (temperature, salinity and Chl-a), and anthropogenic (Bottom Trawling Fishing Effort - BTFE)
(Figure S1).

The OFOP analysis shows that the selected transects were dominated by three VME indicator taxa (I. elongata,
Pennatuloidea and L. phalangium). These taxa were counted (N), and their abundance standardized to one linear
kilometer, calculating their density (N * Km™).

Morphological variables were derived from a high-resolution Multi-beam depth data (5 m) obtained through
multibeam echosounder surveys. Slope, rugosity, and aspect were computed using the “terrain” function from
the R package raster®®. Slope reflects the steepness of the seabed, ranging from 0° (flat) to 90° (vertical), and
is known to influence benthic habitat distribution by enhancing local current flows and affecting fishing gear
accessibility*#*>. Rugosity was calculated as the elevation difference between neighboring cells and provides a
measure of seafloor complexity, with higher values indicating more rugged or rocky terrains. Aspect describes
the orientation of the slope and is relevant for assessing exposure to prevailing currents*.

Environmental variables were modeled using spatial interpolation techniques. Bottom temperature and
salinity data were collected from 97 CTD stations during the survey period and interpolated via co-kriging, with
bathymetry included as a co-variable to improve prediction accuracy'®. Chlorophyll-a concentration data were
retrieved from the Copernicus Marine Service and represent the annual mean for 2021, spatially matched to the
study area.

BTFE was estimated from Automatic Identification System (AIS) data for 2021, processed following
the methodology described by Russo et al. (2016)*. The spatial distribution of bottom trawling activity was
reconstructed by identifying fishing events through vessel speed and bathymetric filters, and cumulative Bottom
Trawling Fishing Effort (BTFE) was calculated as the total number of fishing hours per 1 km? grid cell.

Response variables

The associated fauna observed during the video surveys, fish and crustacean species, was treated as response
variables in the statistical models. For both fish and crustaceans, the sighting density distribution of each species
was calculated (N * Km™!). Next, the quartiles of these two distributions were calculated, and species falling
below the first quartile (both fish and crustaceans) were removed from the analysis to minimize noise and
improve the robustness of the results. However, for crustaceans, the limited number of species observed posed
challenges in terms of data interpretation. To address this issue and reduce the differences in density between
species (e.g., high abundance versus rare observed species), the final dataset for crustaceans was converted into
a presence/absence format. This approach allowed equal weighting of all species in the analysis, ensuring a more
balanced representation of the crustacean taxa.
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Fig. 3. Underwater video frame of the dominant associated fauna taxa observed in the selected transects.
(a) Merluccius merluccius, (b) Helicolenus dactylopterus, (c) Polyprion americanus, (d) Phycis blennoides, (e)
Nezumia sp., f) Scyliorhinus canicula, (g) Capros aper, (e) Galeus melastomus, (i) Lepidorhombus boscii, (1)
Nephrops norvegicus, (m) Aristeus antennatus, (n) Plesionika sp.

Data analysis

To assess the relationship between associated fauna (fish and crustaceans), and explanatory variables, a
Redundancy Analysis (RDA) was performed. This multivariate ordination method assumes a linear relationship
between species responses and the ordination axes*®. In this study, each of the 74 transects was considered as a
single analytical unit. For each transect, the mean values of environmental (temperature, salinity, chlorophyll-a),
morphological (depth, slope, rugosity, aspect), and anthropogenic (BTFE) variables were calculated. Before
proceeding with RDA, to reduce multicollinearity among explanatory variables and improve model performance,
a Variance Inflation Factor (VIF) analysis was conducted. Variables exhibiting VIF values greater than 3 were
considered highly correlated and were excluded from further analysis*.

All analysis were conducted using the “vegan” package in R*C. To evaluate the contribution of each explanatory
variable in shaping the associated faunal assemblage, we applied the envfif() function® to all predictor variables
(VME, morphological, environmental, and anthropogenic). This approach projects each variable onto the
RDA ordination and tests its statistical significance via permutation. Only variables with p-values <0.05 were
considered significantly associated with community structure and were retained for interpretation and graphical
representation. The percentage of variance explained by each RDA axis was calculated using constrained eigen
values®®. This method ensures that only the model-constrained portion of variance is reported, excluding
unconstrained residual variation.

To determine which species of associated fauna were significantly associated with the RDA axes, we calculated
Pearson correlations between each species and the RDA axes (RDA1 and RDA2), and then we used two-sided
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Redundancy Analysis (RDA)
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Fig. 4. Redundancy Analysis (RDA): biplot showing the ordination of fish species and the roles of significant
explanatory variables (in red). The colour of the dots indicates the score value of the species in relation to the

RDA 1 axis.

tests to check if the correlation between species and RDA axes were significantly different from zero, either
positive or negative.

RDA biplots were generated using ggplot2°! and ggrepel®> R packages. Species scores, site scores, and
centroids of explanatory variables were extracted with the scores() function. The RDA axes were annotated with
the percentage of variance they explained to facilitate interpretation of the ordination.
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Fig. 5. Redundancy Analysis (RDA): biplot showing the ordination of crustaceans species and the roles of
significant explanatory variables (in red). The colour of the dots indicates the score value of the species in
relation to the RDA 1 axis.
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