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ABSTRACT: An exploration of the structure of demersal and benthopelagic assemblages in the
north-western Ionian Sea was carried out by means of a set of statistical analyses. Self-organising
map (SOM) and clustering methods applied to 183 taxa and their biomass (kg km−2) provided the
classification of 1288 experimental hauls exploring the bathymetric range 10−800 m from 1995 to
2012. Six clusters were identified according to their similarities in species abundances (biomass),
confirming the depth gradient as the main structuring agent. In order to identify key representative species in each cluster, the taxa were ranked by means of an indicator value index (IndVal)
and the contribution of species to beta diversity (BD). Furthermore, the clusters were described by
means of environmental and fishing characteristics. Particular habitat type, distance to canyon
and fishing effort segregated the assemblages on the coastal shelf and slope. Temporal differences were detected in 2 bathyal groups, which were most likely affected by the 1990s environmental change in the deepwater circulation known as the Eastern Mediterranean Transient. The
overall total BD in the study area was calculated as 0.79, with a temporal decrease observed at a
rate of 0.7% yr−1. The approaches used are useful to identify and characterize the species aggregations inside complex faunal assemblages, without a priori assumptions about data distribution.
These results can be a starting point for defining functional groups for Mediterranean food web
modelling approaches, as well as for identifying indicator species to assess the environmental status in the context of the Marine Strategy Framework Directive.
KEY WORDS: Self-organising map · SOM · Demersal and benthopelagic assemblage ·
Beta-diversity · Indicator species · North-western Ionian Sea

INTRODUCTION
The Mediterranean Sea is a marine biodiversity
hotspot subjected to various anthropogenic pressures
including intense exploitation, fish farming, nutrient
discharge, pollution, shipping and climate change
(Ramirez-Llodra et al. 2011, Coll et al. 2012, Lazzari
et al. 2014). The cumulative impacts of these might
drive changes in the distribution and abundance of
*Corresponding author: pasquale.ricci@uniba.it

marine assemblages as well as in the structure and
functioning of food webs (Bianchi et al. 2012, Coll &
Libralato 2012, Quetglas et al. 2013). Faunal assemblages represent a level of aggregation of marine
species whose distribution in space and time overlaps in a certain area, sharing the same habitat,
bathymetric range and several environmental gradients (García-Rodriguez et al. 2011). Several studies
have been carried out with the aim of describing the
© The authors 2018. Open Access under Creative Commons
by Attribution Licence. Use, distribution and reproduction are
unrestricted. Authors and original publication must be credited.
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pattern of distribution, abundance and diversity of
faunal assemblages in the Mediterranean Sea and
their changes over time (García-Rodriguez et al. 2011,
Gaertner et al. 2013, Granger et al. 2015) as well as
their interactions with fishing activities (D’Onghia et
al. 2003, Massutí & Renones 2005).
The north-western (N W) Ionian Sea represents
an ideal case for a descriptive analysis of spatiotemporal changes of marine communities through the
use of a set of statistical methods. In fact, this basin
extends for a wide area of the Central Mediterranean
Sea, contains a variety of habitats, and includes a
wide spectrum of oceanographic, topographic and
geomorphological conditions, typical of the Mediterranean Sea, which are reflected in the distribution
and abundance of the demersal resources as well as
in the biodiversity detected (Maiorano et al. 2010).
Previous analyses characterized the demersal assemblage in the NW Ionian Sea at different spatial scales,
identifying depth as the main environmental factor
structuring the demersal and benthopelagic assemblages (D’Onghia et al. 2003, Capezzuto et al. 2010).
Although analyses of environmental variables in a
few cases and on a single commercial species have
been carried out (D’Onghia et al. 2012a), information
on other variables and a multi-species approach has
not previously been used.
The objective of the present study was to identify
the main demersal and benthopelagic assemblages
in the community sampled by the MEDITS trawl survey in the N W Ionian Sea, to identify key species
indicators of the assemblages from the point of view
of abundance, specificity, fidelity and contribution
to beta diversity, and finally to describe the abiotic
habitat of such assemblages using variables related
to environmental and fishing pressures. In particular,
the structure of assemblages was explored through
the use of a self-organising map (SOM), an unsupervised iterative clustering technique based on neural
networks which is applied to disaggregated biomass
data to define clusters of sampling sites (hauls) with a
common composition.
The SOM was further clustered using the Ward
clustering method, and a combined indicator of species abundance and frequency of occurrence (indicator value index, IndVal; Dufrêne & Legendre 1997)
was assigned to each cluster in order to identify indicator species of each obtained assemblage. Finally,
the variability of species composition through hauls
was used to determine regional diversity, i.e. beta
diversity (sensu Legendre & De Cáceres 2013).
Regional diversity was then partitioned by species,
sites, time and assemblages, allowing the identifica-

tion of the main contributions relevant to characterize the biological community of the area. The analysis represents a basis for defining the aggregation
criteria of species typical to the Mediterranean Sea to
be considered, for example, for the definition of basic
spatial aggregation units and functional groups in
complex ecosystem models (Plaganyi 2007, Grüss et
al. 2018).

MATERIALS AND METHODS
Study area
The N W Ionian Sea (central Mediterranean Sea),
corresponding to FAO Geographical Sub Area (GSA)
19 of the Mediterranean Sea, extends from Cape
Otranto to Cape Passero along a coastline of about
1000 km and across an area of approximately
16 500 km2 in a depth range between 10 and 800 m
(Fig. 1). The NW Ionian Sea is divided by the Taranto
Valley into an eastern sector represented by a broad
continental shelf and a south-western sector where
the shelf is generally very limited and many submarine canyons are located along the coasts (Rossi &
Gabbianelli 1978). The area includes a complex set of
habitats hosting important demersal fishery resources (Maiorano et al. 2010, Carlucci et al. 2016, Russo
et al. 2017) and several hot spots of biodiversity such
as cold water coral habitats and submarine canyons
(Capezzuto et al. 2010, D’Onghia et al. 2011, 2012b,
2016, Vassallo et al. 2017). From a hydrographic
point of view, the Ionian Sea is characterized by a
complex system of water circulation in surface and
deep layers (Civitarese et al. 2010 and references
therein), showing a general cyclonic circulation
markedly influenced by the cold, dense deep-water
masses of the Adriatic Sea flowing in through the
Otranto Channel. Hydrographic observations and
current measurements performed in the 1990s revealed strong modifications in the dynamics of the
entire water column termed the Eastern Mediterranean Transient (EMT) (Klein et al. 1999).
In the N W Ionian Sea, fishing activities occur in
water depths from coastal waters to about 800 m.
Gallipoli, Taranto, Crotone and Reggio Calabria host
the most important fishing fleets. In GSA 19, trawlers
represent about 21% in number, 64% in gross tonnage and 56% in engine power of the total fleet (Carlucci et al. 2016, Russo et al. 2017). Although the
other fisheries might impact the demersal communities of the Ionian Sea indirectly, here we focussed on
the trawl fisheries which represent the main direct
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1995−2012 (Bertrand et al. 2000).
Experimental hauls were carried out
annually on the soft bottoms of the
Ionian Sea according to a randomstratified sampling design in the
depth range 10−800 m. Trawl surveys
carried out over 18 yr (1995−2012)
were considered, including 74 hauls
yr−1 in the period 1995−2001 and
another 70 hauls yr−1 in the period
2002−2012. Among the over 300 species collected during the surveys, only
those which occurred in more than
2% of all hauls (i.e. having a frequency of occurrence [FO] > 2%)
were considered. Moreover, 16 species belonging to the family Myctophidae, although showing an FO
< 2%, were grouped into a single
taxon and considered in the analysis,
as they represent an important prey
group in the deep benthopelagic system. Furthermore, a total of 15 species
of commercial interest were split into
juvenile and adult taxa (Galeus melastomus, Lophius budegassa, Merluccius merluccius, Mullus barbatus,
M. surmuletus, Pagellus erythrinus,
Phycis blennoides, Trachurus mediterraneus, T. trachurus, Aristaeomorpha foliacea, Parapenaeus longirostris,
Eledone chirrosa, E. moschata, Illex
coindetii and Octopus vulgaris), in
Fig. 1. North-western Ionian Sea (Central Mediterranean; FAO Geographiorder to detect the occurrence of
cal Sub Area [GSA] 19), indicating the spatial distribution of sampling sites
potential nursery areas. The analyses
(hauls, black dots) carried out during the MEDITS surveys (1995−2012).
were carried out on the biomass stanDark solid lines delimit the MEDITS sectors in the GSA
dardized to the swept area (kg km−2)
for 183 taxa (95 bony fish, 17 chondrichthyans, 42 decapod crustaceans and 29
impact on these communities, affecting a large depth
cephalopods) in 1288 geo-referenced hauls.
range from the shelf to the slope (Maiorano et al.
2010).
Environmental variables and fishing pressure
Data collection
Demersal and benthopelagic community data
Data regarding demersal and benthopelagic assemblage composition, abundance and biomass
were collected during the experimental trawl surveys performed in the framework of the international research project ‘MEDiterranean International Trawl Survey’ (MEDITS) along the time series

At each haul position, 7 environmental variables
were used to characterize the demersal and benthopelagic assemblages of GSA 19. (1) Depth (m) and
(2) temperature (°C) were measured in situ, and
when missing, the temperature was obtained from
the World Ocean Database of the National Oceanographic Data Center (WOD-N ODC extracted using
the software Ocean Data View; ODW 4.5). (3) Habitat
type at haul was obtained from the MEDITS time
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series 1995−2012 and classified into 11 levels, according to Peres & Picard (1964): Coastal Detritic
(DC), Well-Sorted Fine Sand (SFBC), Muddy Detritic
(DE), Coarse Sands under the influence of Bottom
Currents (SGFC), Terrigenous Mud Shelf (VTC),
Shelf-edge Detritic (DL), Mud Slope (VP), Soft Mud
Slope (VPM), Hard Mud Slope (VPC) and ecotone
zones of DC−DE and VTC−DL. Moreover, the minimum distances (km) of each haul from (4) canyons,
(5) river mouths, (6) rocky sea mounts/banks and (7)
seagrass meadows (Posidonia oceanica and Cymodocea nodosa) were calculated in ArcGIS 10.x and
considered as additional environmental variables. In
addition to these 7 environmental variables, a fishing
effort index (as the annual number of bottom otter
trawling vessels in the area, FE BOT) was used in
order to characterize each haul. FE BOT was derived
for 15 ports in GSA 19 using the Vessel Monitoring
System and the Community Fishing Fleet Register
(1995−2017; http://ec.europa.eu/fisheries/fleet/index.
cfm) data, as reported by Russo et al. (2017).

Data analysis
SOM and cluster analysis
The dataset was analysed by means of a SOM,
which is an unsupervised iterative neural network
that provides the non-linear projection and ordination of multidimensional data on a 2D map, based on
multivariate similarity data (Kohonen 2001). During
the iterative learning process, the original data are
classified in a number of clusters, called map units,
based on the Euclidean distance between the original sample and a vector associated with each map
unit, and which represents the set of samples associated with its map unit (Solidoro et al. 2007). During
the iterative learning process, areas (i.e. groups of
vectors, with each vector representing 1 or more
original samples) with similar values in many parameters (i.e. relative abundance of taxa) emerge on the
SOM, so that map units representing samples with
similar relative compositions are close to each other
in the 2D map space (Mazzocchi et al. 2014). Thus, at
the end, the SOM represents an ordered 2D projection of a complex multi-dimensional input space.
The SOM approach has been adopted in several
research fields for the purpose of pattern recognition
and classification (Russo et al. 2014). In Mediterranean marine systems, SOM analyses have been applied to biogeochemical data (Solidoro et al. 2007), as
well as to planktonic communities (Bandelj et al.

2008, Mazzocchi et al. 2014). The SOM technique
has several advantages compared to other numerical
techniques commonly used in classification or gradient analysis: SOM does not rely on any particular a
priori assumption about dataset structure, can efficiently cope with datasets including a reasonable
number of missing data and is scarcely influenced by
internal redundancy or noise (Park et al. 2003). The
SOM allows identification of the characteristic patterns of continuous and dynamic processes in complex datasets containing high temporal variability,
and allows a meaningful 2D model of a high-dimensional input dataset to be visualized, also by superimposition of other possible variables not used in SOM
computation (Solidoro et al. 2007).
The biomass data (kg km−2) by taxa were subjected
to the Hellinger transformation (Legendre & Gallagher 2001) in order to prevent the ‘double zero’ problem (Legendre & Legendre 2012), and then analysed
using the SOM toolbox routines in MATLAB. The
maps were built using linear initialization of map unit
vectors, a sequential learning algorithm and other
parameters at the default SOM toolbox values. The
map units were then clustered following Ward’s
minimum variance method (Legendre & Legendre
2012), and environmental variables were used for an
abiotic description of the trained map. A 2-step procedure (first SOM, then clustering) allows the operator more flexibility in choosing the most appropriate
trade-off between detail and compression of the
information in the input dataset (Solidoro et al. 2007,
Bandelj et al. 2008).

Identifying indicator species and definition of faunal
groups and assemblages
After the classification, the IndVal (Dufrêne & Legendre 1997, De Cáceres & Legendre 2009) was
applied to the original biomasses, in order to identify
characteristic species in each cluster. The IndVal
combines the specificity of a species in the cluster (its
relative abundance), with the species fidelity (relative frequency of occurrence of the species within a
given group of observations) (Dufrêne & Legendre
1997, De Cáceres & Legendre 2009). Species with an
IndVal greater than or equal to 0.50 were considered
the indicator species, representing each cluster as a
faunal group or a single assemblage. As in Dufrêne &
Legendre (1997), we also calculated the maximum
IndVal (IndVal Max) of each indicator species across
all divisions of the dendrogram levels, in order to
identify stenotopic and eurytopic species. Stenotopic
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species are indicators of only 1 group of sites (single
cluster), with a small niche breadth. The IndVal of
stenotopic species increases regularly or suddenly as
the number of clusters increases for each division
level of the dendrogram. In contrast, eurytopic species show a more or less regular decrease in their
indicator value, as the sites where they are abundant
are split among different site groups (more clusters),
indicating a broad niche breadth (for more details,
see Dufrêne & Legendre 1997). A hierarchical structure of clusters was built through the IndVal Max,
representing the distribution of the indicator species,
distinguishing between stenotopic and eurytopic,
within all of the assemblages of the NW Ionian Sea.
Finally, the most abundant cluster among the sites
aggregated in each depth layer was calculated for
each year, in order to provide a representation of
group dynamics in time and space. The MEDITS
depth layers were considered, i.e. 0−50, 50−100,
100−200, 200−500 and 500−800 m (Bertrand et al.
2000).

Abiotic traits and calculation of diversity indices
A representative median value of environmental
variables for each cluster was calculated from the
samples paired with each SOM map unit (Park et al.
2003), describing the characteristic conditions, i.e.
the multivariate ecological space, for the species of
the cluster.
The median values (first to third quartile, minimum
and maximum values) of several diversity indices,
such as species richness (Margalef d ), dominance
(Simpson λ), species diversity (Shannon-Wiener H ),
evenness (Pielou J ) (Legendre & Legendre 2012) and
average trophic levels (TLs) were computed for each
identified cluster. The TL for each taxon was taken
from the Mediterranean food web models and published data (e.g. Stergiou & Karpouzi 2002).
A Kruskal-Wallis test (KW) and a non-parametric
post hoc test, based on the Bonferroni-corrected pairwise Mann-Whitney test (U ) (Legendre & Legendre
2012), were carried out to compare the difference
between the environmental variables and biodiversity indices characterizing the clusters.

Beta diversity calculations
Beta diversity (BD), defined as the variation in species composition among the sites of a region of study
(Whittaker 1972), was estimated from biomass data
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by calculating the variation in species composition
between sites (Legendre & De Cáceres 2013). Biomass data (yijt ) for p species ( j) and n sites (i) during
τ years (t) were transformed using the Hellinger
transformation as recommended in the literature
(Legendre & Gallagher 2001, Legendre & De Cáceres
2013), thus obtaining appropriate values for calculating distances:
( y ’ijt ) =

2

yijt

(1)

∑ j =1 yijt
p

The Hellinger transformed data were used to calculate the total variance of the dataset from the
matrix of squared differences:
n
Σt2012
⎛
=1995 Σ i =1 y ’ijt ⎞
s ij = ⎝ y ’ijt −
⎠
n×τ

2

(2)

and their sum represents the total variability in the
data:
2012
p
n
(3)
SS = ∑ t =1995 ∑ j =1 ∑ i =1 s ijt
The BD is then calculated as the average variability,
i.e. the sum of variances across hauls and species divided by the degrees of freedom, i.e. BD = SS/(N − 1).
Following the principles of BD partitioning among
all possible and desirable components (see Legendre
& De Cáceres 2013), we determined the species contribution to BD (SCBD) and location contribution to
BD (LCBD) as the sum of elements of variance for the
locations and for the species, respectively:
2012

SCBD j =

∑ t =1995∑ i =1sijt
n

2012

LCBDi =

(4)

SS

∑ t =1995∑ j =1sijt
p

SS

(5)

SCBD is high for species that in many sites present
a biomass proportion significantly different from the
mean proportion of all species at all sites, hence high
variance. Similarly, LCBD is high for locations that
include many species that are present with biomass
proportion significantly different from the mean proportion of all species at all sites (Legendre & De
Cáceres 2013).
Moreover, for each site, we calculated the proportion of hauls (in the 1994−2012 period) belonging to
each of the 6 clusters, thus highlighting the contribution of obtained assemblages to total BD. We also calculated the contribution of each year to total BD
(YCBD) as:
p
n
∑ j =1∑ i =1sijt
(6)
YCBDt =
SS
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ian Sea, the partitioning allows the
identification of locations and species
that contribute most to the regional
variability that can be connected with
environmental or anthropogenic drivers (Legendre & De Cáceres 2013).

RESULTS
Definition of the SOM clusters
The SOM applied to the biomass of
demersal assemblages organised the
1288 hauls into 10×18 map units, and
Ward’s clustering algorithm identified
6 clusters according to the similarities
of species biomass (Fig. 2a,b). The
largest number of samples (290) was
in Cluster 1, followed by Cluster 4
(273), Cluster 3 (247), Cluster 5 (196),
Cluster 6 (146) and Cluster 2 (136). In
particular, Fig. 2b shows the distribution of the clusters on the SOM, and
Fig. 2c shows the median depth of
hauls, clearly indicating the bathymetry as a distinguishing feature of clusters. The percentage of occurrence of
each cluster at the sampling sites provides a snapshot of the geographical
distribution of the clusters in GSA 19
(Fig. 3).

Abiotic traits associated with
clusters
Environmental and fishing variables plotted on the SOM suggest
that fish assemblages are mainly influenced by bathymetry (Fig. 2c), but
Fig. 2. (a) Sample density for each cell on the self-organising map (SOM). (b)
other variables show significant difClassification of 1288 sampling sites into 6 clusters (1−6) through the training
ferences (Tables S1 & S2 in the Supof the SOM and Ward’s clustering algorithm. (c) Distribution of median depth
plement at www.int-res.com/articles/
in each cell (numbers outside the SOM indicate the corresponding cluster)
suppl/m598p001_supp.pdf). The classification graphs are reported in
Fig. 4, which shows the main environmental and
to evaluate the changes in BD over time, where
anthropogenic drivers describing the 6 clusters. In
higher YCBD indicates years with a greater conparticular, considering the depth, significant differtribution to the variance. In a region with an even
ences occurred between all pairs of clusters except
distribution of species by site and over time, the BD
for the cluster pairs 2-6 and 4-1 (Fig. 4). The results
contributions (i.e. SCBD and LCBD) do not show difhighlight the distribution of Clusters 2 and 6 on the
ferences by species or by site. Conversely, in a syscoastal shelf, Cluster 5 in the shelf-break zone, Clustem with high spatial variability, such as the NW Ion-
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Fig. 3. Composition of each sampling site in terms of cluster occurrence in the FAO Geographical Sub Area (GSA) 19 over the
time series 1995−2012. Numbers in pie charts indicate the sampling site
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Fig. 4. Main significant differences (Mann-Whitney pairwise Bonferroni-corrected test; p < 0.05) between environmental variables of clusters identified by the self-organising map (SOM). The median value and interquartile range for the variables reported in the clusters are in brackets. Only significant differences are reported, with *p < 0.05, **p < 0.01 and ***p < 0.001 (see
Table S1 in the Supplement for complete results). FE BOT: fishing effort (bottom otter trawling vessels)

ter 3 on the upper slope and Clusters 1 and 4 in slope
areas (p < 0.05). The temperature showed the same
pattern of depth (Table S1). The distance from
canyons was the lowest in Cluster 2, thus being the
variable differentiating it from the other coastal shelf
cluster (Cluster 6). Similarly, the distance from canyons of sampling sites belonging to Cluster 1 was significantly lower than in Cluster 4 (p < 0.05), thus
effectively explaining the separation between the
2 slope clusters (Fig. 4). The distance from rocky
mounts and banks was the lowest for sampling sites
in Cluster 6 (p < 0.001).
Considering the habitat types, DC and SFBC were
the most frequent in Cluster 2, with a frequency
of occurrence of 3.1% (p < 0.05) and 1.8% (p < 0.05),
respectively. DE occurrence was highest in Cluster
6 (frequency of occurrence of 4.2%, p < 0.001). In

Cluster 5, VTC and VTC-DL showed highest occurrences of 6.8% (p < 0.05) and 3.8% (p < 0.001),
respectively. In Cluster 3, the occurrence of VPM was
highest (14.4%, p < 0.001). VPC occurrence was
highest in Cluster 4 (13.2%, p < 0.05) and Cluster 1
(16.6%, p < 0.05).
The FE BOT showed an increase in median values
of the vessels along the bathymetric gradient, identifying 3 different fishing areas: coastal shelf area
(Clusters 2 and 6), shelf break area (Cluster 5) and
deep area (Clusters 3, 4 and 1). In the coastal shelf, a
low significant difference was observed between the
clusters, with the median value of 24 vessels being
higher in Cluster 6 than Cluster 2 (p < 0.05). In the
shelf break zone, the median value of 28 vessels
was significantly different from coastal areas (p <
0.001) and deep areas (p < 0.05). Deep areas were
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represented by the upper slope (Cluster 3) and slope
(Clusters 4 and 1), with median values of 41, 32 and
35 vessels, respectively, with no significant differences between them.

Indicator species, faunal groups and diversity
patterns
In total, IndVal identified 71 indicator species as
characteristic species of clusters (Table S3). In the
coastal shelf zone, Cluster 2 was mainly characterized by the presence of demersal species, such as
Mullus barbatus, Spicara flexuosa, Pagellus acarne,
Boops boops and P. erythrinus, defining this cluster
as the Coastal Demersal Group. The shallow hauls in
Cluster 6 showed a mixed association of indicator
species, with benthopelagic and benthic taxa more
abundant, and it was thus defined as the Coastal
Benthopelagic Group. In particular, Liocarcinus depurator, Engraulis encrasicolus and Chelidonichthys
lucerna were the main indicator species. The main
indicator species in Cluster 5 were Trachurus trachurus, juveniles and adults of Illex coindetii and Merluccius merluccius, Aspitrigla cuculus, Glossanodon
leioglossus and adults of Lophius budegassa, representing the Shelf Break Group. On the upper slope,
the largest number of indicator species (25) was identified in Cluster 3 corresponding to the Epibathyal
Group, including Parapenaeus longirostris, Plesionika heterocarpus, Micromesistius potassou, Munida
iris and juveniles of Phycis blennoides. On the slope,
Clusters 4 and 1 showed a different composition of
indicator species. The former was mainly characterized by demersal fauna, such as Galeus melastomus,
Hoplostetus mediterraneus, Plesionka martia, macrourids (Nezumia sclerorhynchus, Hymenocephalus
italicus, Caelorhynchus caelorhynchus), adults of P.
blennoides and juveniles and adults of Aristaeomorpha foliacea, representing the Bathyal Demersal
Group. In the latter, Aristeus antennatus, Lampanictus crocodilus, Notacanthus bonapartei, Pashipaea
multidentata, Chauliodus sloani and Stomias boa boa
were the main indicator species belonging to benthopelagic fauna, thus defining Cluster 1 as the Bathyal
Benthopelagic Group.
The classification of stenotopic and eurytopic species showed the membership degree of indicator species to the 6 clusters and all division levels of the dendrogram, as identified by means of the IndVal Max
(Fig. 5). In the Coastal Demersal Group, the stenotopic species were Arnoglossus thori and Pagellus
acarne, while Liocarcinus depurator and bentho-
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pelagic fauna (mainly E. encrasicolus and Sardina
pilchardus) were the stenotopic species of the
Coastal Benthopelagic Group. The stenotopic species in the Shelf Break Group were the juveniles of
I. coindetii and M. merluccius, Aspitrigla cuculus and
G. leioglossus. The indicator species in the Epibathyal Group were all stenotopic species of the upper
slope. In the Bathyal Demersal Group, C. caelorhynchus and juveniles of A. foliacea were detected
as stenotopic species, while C. sloani and S. boa boa
were identified in the Bathyal Benthopelagic Group.
Taking into account the eurytopic species classification, several indicator species showed membership in
different clusters (Fig. 5). In the Shelf-Epibathyal
Division (Clusters 2, 3, 5 and 6) species with a distribution from the coastal area to the upper slope were
detected, such as L. budegassa and the adults of I.
coindetii and M. merluccius. In the Bathyal Division
(Clusters 1 and 4), several species were associated
with both bathyal groups, such as N. sclerorhynchus,
Plesionka martia, the bathyal sharks (Etmopterus
spinax and G. melastomus), Hoplostetus mediterraneus, Hymenocephalus italicus, adults of P. blennoides and A. foliacea, A. antennatus and L. crocodilus.
The main eurytopic species detected in the Coastal
Shelf-Shelf Break Division (Clusters 2, 5 and 6) were
M. barbatus, Spicara smaris, Boops boops, P. erythrinus, O. vulgaris and C. lucerna.
According to the KW test, each cluster showed significant differences for all biodiversity indices (p <
0.001; Table S2, Fig. 6a−d) and different presence of
functional traits (Fig. S1 and Table S3). Cluster 3
showed the highest significant indices values, except
for the Pielou index (p < 0.001). Considering the shallowest clusters, all indices in Cluster 2 were significantly higher than in Cluster 6 (p < 0.001). On the
slope, the Margalef and Shannon-Wiener indices
were higher in Cluster 4 than Cluster 1, while the
Simpson index was higher in Cluster 1 than Cluster 4
(p < 0.001). Finally, significant differences were observed between the shallowest hauls (Clusters 2 and
6) and shelf break hauls (Cluster 5), with higher values of the Margalef, Simpson and Shannon-Wiener
indices detected in the shelf break zone (p < 0.05). The
Shelf Break Assemblage showed the highest TL (3.86),
while the Coastal Demersal Group and Epibathyal
Group had the lowest TL (3.30−3.32; Fig. 6e).

Analysis of BD
The overall total BD for the N W Ionian Sea was
calculated as 0.79 (Fig. 7). The hauls ordered by
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Fig. 5. Hierarchical structure in the demersal and benthopelagic assemblages described by indicator species: stenotopic
(coloured boxes) and eurytopic (dark boxes). The maximum indicator value index (IndVal Max) value is reported to the right of
the species, while the clusters are indicated after the group name. The main stenotopic and eurytopic species are represented
in the scheme with the depth gradient (black dashed line) and the marine domains (vertical blue dashed lines). Stenotopic species are shown in coloured boxes corresponding to the clusters, while the eurytopic species are not in boxes. Full species
names are given in Table S3 in the Supplement; Juv = juveniles
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Fig. 6. (a−d) Diversity indices and (e) trophic level for each
cluster, ordered from the shallowest to the deepest. Midline: median; box limits: quartiles; whiskers: minimum and
maximum values. Different letters beside the box plots indicate significant differences in diversity indices between
clusters based on the Mann-Whitney pairwise Bonferronicorrected test (U, p < 0.05). The complete results of significant differences are reported in Table S2 in the Supplement

decreasing order of contribution to BD (LCBD; vertical array in Fig. 6) revealed that the contributions
to BD ranked highest for Cluster 2, followed by
Clusters 6, 5, 3, 4 and 1, thus showing a pattern
related to depth. Conversely, the contribution of
species to BD (SCBD, the horizontal array in Fig. 6
reports the first 31 species with the highest contribution to BD) indicated that A. antennatus, G.
melastomus, M. merluccius, H. mediterraneus and
L. depurator made the greatest contributions to BD.
Inspection of BD contribution by species and haul
(central matrix, only species with SCBD > 75th percentile) highlights the species characterizing and
contributing to the BD of clusters, namely A. antennatus, which proved to be the major contributor for
the BD of Cluster 1, M. barbatus for Cluster 2, P.
longirostris for Cluster 3, G. melastomus and H.
mediterraneus contributed importantly to the BD of
Cluster 4, G. leioglossus to Cluster 5 and L. depurator for Cluster 6. Analysis of YCBD highlights a

consistent decrease in BD over time at a rate of
0.7% yr−1 (Fig. 8a), with a clear change in the
occurrence of coastal and bathyal groups starting
in 2000 (Fig. 8b and Fig. S2) and coinciding with an
increase in temperature (Fig. 8c). The most relevant
changes were observed for Clusters 2, 6, 5, 4 and 1
at the 0−50, 50−100 and 500−800 m depth layers
(Fig. 8b).

DISCUSSION
The analysis of demersal and benthopelagic assemblages of the NW Ionian Sea led to the identification of 6 clusters in which the assemblages can be
aggregated over space and time. The clusters, obtained without a priori assumptions and exclusively
using biomass data by species and by haul on the
SOM, were described with indicator species and
environmental features.
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Fig. 7. Analysis of beta diversity (BD) for the MEDITS data in the north-western Ionian Sea (1995−2012). Contribution of each
species in each haul to total BD (BD = 0.79) is represented in the central matrix. Species are ordered by their decreasing contribution to BD (SCBD vector), and only species with BD greater than average are shown (first 31 species). Locations (hauls) are
ordered by decreasing contribution to local BD (LCBD). Left matrix indicates the number of replicates of the haul (in the period
1994−2012) belonging to the 6 clusters
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Fig. 8. (a) Contribution to total beta diversity (BD) during the sampling years (YCBD) shows a remarkable decline over time. (b)
Distribution of the most abundant clusters in time and depth layers. ‘V’ indicates that the clusters are present in equal numbers. (c) Median values of temperature along time series obtained by sampling sites aggregated in depth layers

Faunal groups of NW Ionian Sea assemblages and
abiotic traits
In the shelf area, the Coastal Demersal Group and
the Coastal Benthopelagic Group showed a clear
distinction affected by a series of environmental and
fishing factors. The association of stenotopic species
(Pagellus acarne and Arnoglossus thori) of the
Coastal Demersal Group with SFBC and DC habitat
types has previously been observed in other shelf

demersal assemblages at the Mediterranean scale
(Colloca et al. 2003, García-Rodriguez et al. 2011).
The Coastal Benthopelagic Group seems to be associated with muddy bottoms, with DE as the prevalent habitat type and Liocarcinus depurator as the
indicator species (García-Rodriguez et al. 2011).
Moreover, Engraulis encrasicolus and Sardina
pilchardus were identified as indicator species for
this group, and this can be linked to muddy
habitats, since several studies have provided evi-
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dence of the influence of freshwater on the spawning area distribution of these species (e.g. Lloret
et al. 2004). The high variety of habitat types in
the Coastal Demersal Group (sand, coastal detritic,
muddy detritic) increases the heterogeneity of habitats and the availability of ecological niches,
explaining the higher values of biodiversity indices
in this cluster. The 2 coastal clusters (2 and 6) are
significantly different in their distance from canyons
(Fig. 4), which could influence the transport and
sinking of muddy sediments in the deep bottoms
(Puig et al. 2000), thus affecting the habitat variety
in shelf areas. The difference in the fishing effort
between the 2 clusters could be explained by the
localization of Cluster 2 at depths less than 50 m,
the depth limit of trawling activity ruled by the
European fishing policy (EC 2006). In contrast, the
hauls aggregated in Cluster 6 were distributed over
50 m of depth, where the occurrence of commercial
species (Chelidonichthys lucerna, Mullus barbatus,
Pagellus erythrinus) classified as indicator and eurytopic species in the area, could explain the low biodiversity and species richness on these grounds,
which are only slightly impacted by trawl fishing.
Previous local studies explored the demersal assemblage in the N W Ionian Sea at depths between
200 and 700 m (D’Onghia et al. 1998, 2003), while our
work, by investigating the depth range 10−800 m,
permitted the identification of a Shelf Break cluster.
This was identified as a specific assemblage distinct
from the coastal shelf and upper slope at an average
depth of 122 m and shows specific environmental
traits and species composition, as reported in other
studies (Colloca et al. 2004, García-Rodriguez et al.
2011). In particular, these areas are characterized by
high primary production, being important feeding
grounds for several species (Colloca et al. 2004), as
suggested by the co-occurrence of juveniles and
demersal top predators. This was also observed for
juveniles of the commercial species Merluccius merluccius, identified as an indicator species, confirming
that these areas are possible nursery grounds (Carlucci et al. 2009a). Furthermore, the species classified
as eurytopic in the Coastal Shelf-Shelf Break Division seem to influence the assemblage structure
through several patterns of trophic guilds (Colloca et
al. 2010). The distinction between juveniles and
adults of M. merluccius as stenotopic and eurytopic,
respectively, reflects the ontogenetic shift in their
diet affected by the changes in the habitat distribution of the species (Carpentieri et al. 2005).
The deep grounds in the NW Ionian Sea are structured in upper slope and slope, with a transition from

Epibathyal to Bathyal groups driven by the bathymetric gradient (D’Onghia et al. 1998, 2003). Our
results confirm the existence of this boundary, adding the influence of habitat type to the assemblage
structure, with the change from VPM to VPC. The
upper slope is characterized by a high number of
indicator species distributed at depths of 300−400 m,
with a high occurrence of decapod crustaceans
(Capezzuto et al. 2010). Very interestingly, the results of the biodiversity indices highlight the occurrence of an edge effect on the species richness and
diversity going from shelf break to upper slope with
the highest values detected in the Epibathyal group.
Taking into account the eurytopic species associated
with shelf and upper slope grounds, top predators
characterized by a wide range of depth displacement, such as Lophius budegassa, were detected
(Carlucci et al. 2009b).
On the slope, cluster separation was marked by
the distance from submarine canyons and temporal
changes. In accordance with the literature, submarine canyons affect the structure and composition
of the deep macrofaunal community, influencing
sediment and nutrient transport processes as well as
plankton production, which is the main food
resource for the benthopelagic and demersal fauna
(Ramirez-Llodra et al. 2010, Fernandez-Arcaya et al.
2017). The temporal changes in the occurrence of
bathyal groups could be linked to EMT effects
(Fig. 8b,c and Fig. S2), as detailed below. Together
with the environmental factors, the 2 groups seem
to be distinct in the different functional traits of
the indicator species (feeding habits, reproduction
cycles, ontogenetic shift). At the same time, most
indicator species being classified as eurytopic suggests the coexistence of both groups in a complex
bathyal assemblage thanks to the relative stability
of environmental conditions in the deepest waters
(D’Onghia et al. 2004). In fact, the Bathyal Benthopelagic Group is characterized by indicator
species mostly classified as eurytopic performing
vertical migrations, and only 2 stenotopic species
(Chauliodus sloani and Stomias boa boa), which
exhibit bathypelagic behaviour with active predation on meso-bathypelagic prey (Butler et al. 2001).
The association of Aristeus antennatus with the
bathyal benthopelagic group could be explained by
its capacity for daily vertical displacements (Relini
et al. 2000). Similarly, the Bathyal Demersal Group
was mainly represented by demersal and benthodemersal fauna, with only 2 stenotopic species: Caelorhynchus caelorhynchus and the juveniles of Aristaemorpha foliacea, which are characterized by
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feeding habits linked to infaunal and epibenthic
prey (Madurell & Cartes 2006, Kapiris et al. 2010).
Nezumia sclerorhynchus, Hymenocephalus italicus,
Galeus melastomus, Hoplostetus mediterraneus and
Plesionka martia represent the main indicator species in the group, exhibiting a eurytopic habitus,
likely to be due to their feeding behaviour: G.
melastomus is a generalist predator of epibenthic
and benthopelagic species (Carrassón et al. 1992),
H. mediterraneus feeds on suprabenthic and benthopelagic prey (Madurell & Cartes 2005), and P.
martia is an active predator on macrozooplankton
and benthic resources (Cartes 1993), with a population in the NW Ionian Sea structured in an ontogenetic pattern and depth distribution as reported by
Maiorano et al. (2002). Similarly, N. sclerorhynchus
and H. italicus were grouped with eurytopic species,
exhibiting pelagic and suprabenthic diets (Madurell
& Cartes 2006). The separation between the bathyal
assemblage of juveniles and adults of A. foliacea as
stenotopic and eurytopic species, respectively, is
interesting and consistent with the ontogenetic shift
in the diet (Kapiris et al. 2010).
Considering the fishing effort, no difference was
observed between epibathyal and bathyal assemblages, which represent the main fishing grounds in
the NW Ionian Sea. Most fishing resources are represented by Parapenaeus longirostris on the upper
slope and A. foliacea and A. antennatus on the slope,
with higher levels of exploitation associated with P.
longirostris (Maiorano et al. 2010, Russo et al. 2017).
The combination of canyon effects and the
impacts of fishing activities are most likely to have
shaped the biodiversity and community composition
of these habitats (Ramirez-Llodra et al. 2010). However, with the available information it is only possible to roughly disentangle the role of environmental
and fishing factors in distinguishing between the 2
clusters. The interpretation of bathyal clusters is
given by the indicator species, stressing the importance of the SOM and IndVal combination in the
analysis.

Spatio-temporal patterns and BD
The BD results summarise a patchy distribution of
habitats, the variability of environmental factors and
fishing pressures resulting in a complex environmental system for the N W Ionian Sea. The results
highlight that large contributions to BD are due to
bathymetric differences in the N W Ionian Sea.
Highly variable hydrodynamic and environmental
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conditions characterize the coastal shallow areas,
which thus result in high patchiness and high variability of spatial diversity. This explains the high
contribution of coastal clusters (2 and 6) to regional
BD. N otably, the highest contribution to BD was
from sites belonging to Cluster 2 (Coastal Demersal
Group, see LCBD), which was also characterized by
a high variety of habitat types. In bathyal areas,
benthopelagic and demersal groups (Clusters 1 and
4, respectively) are subject to much more stable
conditions, resulting in a lower contribution to BD
for sites in these areas. N evertheless, sites belonging to Cluster 1 are generally ranked higher in
terms of LCBD than those belonging to Cluster 4,
which can be related to the proximity to canyons of
the former. Fisheries pressure might also induce
variability, thus influencing BD since a higher ranking for LCBD was observed for grounds characterized by the Coastal Demersal Group, occurring at
depths < 50 m, which shows a significantly lower
fishing pressure than areas inhabited by the Coastal
Benthopelagic Group. The fishing impacts on bathyal groups (Clusters 1 and 4) are harder to understand, because these clusters are characterized by
similar fishing effort. However, the higher LCBD in
the area inhabited by the Bathyal Benthopelagic
Group could be supported by the ‘refuge effect’ of
submarine canyons (Fernandez-Arcaya et al. 2017),
and by the low impact of trawling activities on benthopelagic species that characterize this group. Further analyses might be required, however, to understand the influence of fishing pressure on BD
compared to that of canyon proximity. Similarly,
more work is needed to understand whether fishing
pressure has a different influence on the basis of
depth, i.e. if it shows increasing patchiness in
coastal areas and increasing homogeneity in deep
areas.
The species contribution to BD within the clusters
shows an interesting overlap with the main indicator
species identified by the IndVal. In some cases, the
contribution of species to BD seems to be driven by
their high abundance in the clusters (thus high IndVal), such as A. antennatus in the bathyal assemblage, or in other cases by specific relationships with
habitats, such as L. depurator in the Coastal Benthopelagic Group characterized by DE. The combination
of species abundance and frequency of occurrence at
the sites computed by the IndVal (Dufrêne & Legendre 1997) supports the overlap of results with BD,
where the only abundant species regularly occurring
at the sites are the indicators in each cluster and rank
high in the contribution to BD.
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The decrease over time of the BD contribution
(YCBD) is robust because sampling gear and sampling sites were not changed as defined in the MEDITS protocol (Bertrand et al. 2000), and the number of
sampling sites, although changing from 74 in the
period 1995−2001 to 70 sites in 2002−2012, was found
to be irrelevant to the trend identified. Conversely,
the observed decrease in the bathyal benthopelagic
group, which started at the end of the 1990s (see
Fig. S2), could still represent a possible explanation
for the trend in BD over time (Fig. 8a). The dynamics
of bathyal assemblages in the Ionian Sea are affected
by changes linked to the EMT, which showed an
inversion of circulation at the end of the 1990s
(Civitarese et al. 2010). The changes are confirmed
by the temporal group dynamics along the bathymetric gradient, where the temperature seems to be a
relevant driver in the assemblage dynamics
(Fig. 8b,c). Many observations made at the dynamic
population level for several species (e.g. A. foliacea
and A. antennatus) have shown a significant response to the environmental changes connected to
EMT (Capezzuto et al. 2010, D’Onghia et al. 2012a).
Important changes also seem to have occurred in the
same period in the coastal groups, with a high occurrence of the coastal benthopelagic group up to 2000,
likely due to the phytoplanktonic bloom which occurred in the same period (D’Ortenzio et al. 2003).
Therefore, the causes of the trend in variance of the
sample seems to be related to biological phenomena,
which are admittedly difficult to disentangle and
might require further work and additional information (e.g. data on changes in fishing effort over time).

Usefulness of results
The analysis of indicator species by cluster has
highlighted the possibility of using such species as
flagships or at least as indicators for the entire assemblage. The distinction between stenotopic and eurytopic species evaluates the degree of membership of
a species to 1 or more habitat, providing the basis for
future studies on the food web relationships between
different faunal groups or assemblages. The analysis
of the average environmental and fishing variables
related to the hauls aggregated into clusters has provided evidence of the ecological reasons behind the
classification and of the recognition pattern achieved
by the SOM. According to BD, the clusters describe
the contribution of different assemblages to the subregional diversity, highlighting how the ecological
patterns are affected by species composition, envi-

ronmental and fishing factors, as well as their temporal dynamics.
The analyses reported here represent preliminary
phases for identification and characterization of species aggregations before modelling marine trophic
webs. Species composition, environmental factors
and key species characterizing the clusters highlight
that these represent well-defined assemblages in
space and time. Thus, these aggregations could be
considered as units within which to identify functional groups useful in the framework of spatial modelling of marine food webs and ecosystems (e.g. Ecospace or Atlantis, Plaganyi 2007, Grüss et al. 2018).
Furthermore, the use of aggregation species for the
assessment of the marine food web state, which is
required by Descriptor 4 of the EU Marine Strategy
Framework Directive (MSFD) (Tam et al. 2017), and
the indicator of species importance (such as IndVal)
could be a sound method for the recognition of the
most important species groups in a community to be
used as indicators. These groups might be treated as
surveillance indicators of food web changes (sensu
Shephard et al. 2015) and thus used to identify the
environmental status of the framework of the MSFD
(EC 2008).

CONCLUSIONS
The structure, distribution pattern and temporal
dynamics of demersal assemblages have been characterized with environmental variables across a multiple spatial scale using SOM, clustering methods,
the IndVal index and analysis of BD. The ranking of
species importance inside the group allowed us to
explore the assemblage from 2 points of view: the
first considered the species aggregation defined by
the biomass and temporal occurrence, and the second considered the position of individual species
with respect to their habitat association. The set of
these analytic tools showed sensitivity in the pattern
recognition of the species groups composing the
assemblage through environmental variables and
ecological traits of indicator species. This is very
interesting for modelling approaches which use the
functional groups of species to represent marine food
webs (Plaganyi 2007) because they require sound
criteria in order to define groups as realistically as
possible. In addition, the analysis of environmental
variables and fishing pressure showed different gradients structuring the demersal assemblage, with
different levels of influence distributed at different
spatial scales.
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The response of the demersal community to climate change and anthropogenic disturbances is not
easy to detect because of the increase in sensitivity
of marine populations to climate variability due to
fishing impacts (Perry et al. 2010), and the dynamics of functional groups in the demersal assemblage
may be affected by mitigation processes, such as
compensation among species, confusing the effects
of fishing impact on assemblages (Rochet et al.
2013). Thus, additional studies in terms of changes
in functional group composition in the long term
are required for a better understanding of the
observed fluctuations.
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