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The ACCOBAMS Survey Initiative (ASI) is the first synoptic large-scale survey of
the entire ACCOBAMS Area and as such it plays a key role in filling the current
gaps in our biological and ecological knowledge of large vertebrate species
occurring in the region. Data gathered during the ASI were analyzed in a distance
sampling surface-modelling framework to assess the summer distribution,
densities and patterns, as well as to investigate the correlates of these
parameters, for large vertebrate species and taxa in the Mediterranean Basin.
Static and dynamic explanatory variables, including water depth (m), distance to
depth contours (km), distance to canyons and seabed slope (km), sea surface
temperature (°C), mixed layer depth (m) and levels of chlorophyll-a (mg/l), were
considered to predict density and compute its variance spatially at a resolution of
10x10 km. A strong longitudinal gradient from low densities in the east to high
densities in the west is shared by most taxa. In addition, several taxa also showed
a less marked latitudinal gradient varying in direction according to species, and
finally, a few of them exhibited patchy distributions.
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1 Introduction

In the context of the general decline of biodiversity, the need for
monitoring programs at large spatial and temporal scales is widely
recognized (Balmford et al., 2005; Pereira and Cooper, 2006;
Tiralongo et al., 2019), where the aim is to assess changes
in species occurrence to predict long-term responses to
anthropogenic pressures and global changes. In this context,
measuring distributions and densities of species is crucial to
inform conservation and management (Grand et al., 2007).

Historically, the systematic collection of data to assess baseline
species population parameters and species responses to stressors
has been heterogeneous across the Mediterranean Basin (Bianchi
and Morri, 2000) and this is particularly true for cetaceans
(Mannocci et al., 2018a). While existing knowledge on the
distribution and occurrence of megafauna is abundant during
the summer and in the western and northern sectors of the
Mediterranean, relatively little information exists for other
seasons and for the eastern and southern portions of the basin,
where knowledge is primarily anecdotal. This uneven distribution
of research effort, limited in both space and time, has led to large
gaps in our knowledge of marine megafauna occurrence and
distribution. The need for systematic surveys across the entire
Mediterranean region has been stressed by many. In response, the
Agreement on the Conservation of Cetaceans of the Black Sea,
Mediterranean Sea and Contiguous Atlantic Area (ACCOBAMS)
organized and conducted in 2018 the ACCOBAMS Survey
Initiative (ASI) project (Panigada et al., 2023) aimed at
monitoring marine megafauna and anthropogenic activities with
the ultimate goal of contributing to fill the current gaps
in knowledge.

Large scale multi-species monitoring programs for megafauna
have been established outside the Mediterranean Sea (e.g., CODA,
2009) with the primary goal to obtain the first comprehensive
estimates of abundance of encountered species and to evaluate these
estimates in an ecological and conservation context. To date, the
continuation of these well-established programs and the planning of
new ones is not only justified by their effectiveness to inform
management and conservation decisions but is also a legal
requirement under the European Union Habitats and Marine
Strategy Framework Directives (HD and MSED respectively) and,
albeit in a less prescriptive way, by the Barcelona Convention.

The Mediterranean Sea, although in general considered an
oligotrophic sea, is a hotspot of biodiversity, hosting several
endemic and rare species. At the same time, it is also subject to
ever increasing anthropogenic pressures, with the potential to afflict
critical habitats, Important Marine Mammal Areas (Tetley et al.,
2022) and the species therein, therefore posing a serious threat to
their persistence.

Amongst cetaceans, eleven species, considered sub-populations
of their north Atlantic counterparts, are known to occur regularly in
the Mediterranean Sea (ACCOBAMS, 2021a): the fin whale
Balaenoptera physalus (Linnaeus, 1758), the sperm whale Physeter
macrocephalus (Linnaeus, 1758), the Cuvier’s beaked whale Ziphius
cavirostris (Cuvier, 1823), the common dolphin Delphinus delphis
(Linnaeus, 1758), the long-finned pilot whale Globicephala melas
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(Traill, 1809), the Risso’s dolphin Grampus griseus (Cuvier, 1812),
the killer whale Orcinus orca (Linnaeus, 1758), the striped dolphin
Stenella coeruleoalba (Meyen, 1833), the rough-toothed dolphin
Steno bredanensis (Cuvier, 1823), and the common bottlenose
dolphin Tursiops truncates (Montagu, 1821). For most of these
populations, the Mediterranean Basin is the relevant unit for
monitoring, assessment and conservation actions.

Alongside cetaceans, in the Mediterranean Sea, 73 species of
sharks, rays and chimaeras have been recorded (Dulvy et al., 2016),
with 31 species endangered or critically endangered. Some shark
species, particularly large predatory ones, have suffered a steep
decline from >96 to >99.99% in the last decades, often due to
overfishing and bycatch (Ferretti et al., 2008). Similarly, of 32
species of rays that are found in the Mediterranean, half are
facing extinction risk (Dulvy et al., 2016). Together with species
of conservation concern, the Mediterranean is home to
commercially lucrative species such as the swordfish (Xiphias
gladius (Linnaeus, 1758)) and the bluefin tuna (Thunnus thynnus
(Linnaeus, 1758)), whose stocks have dramatically reduced due to
overexploitation and whose fishery has been subjected to strong
restrictive and rebuilding measures introduced by the International
Commission for the Conservation of Atlantic Tunas (ICCAT)".

The patterns of occurrence and distribution of species are
influenced by a variety of physical, biological, and environmental
parameters operating at different spatial and temporal scales (e.g.,
Hillebrand, 2004; Whitehead et al., 2008; Tittensor et al., 2010;
Torreblanca et al, 2022), as well as by the variability of these
parameters due to natural fluctuations and human induced changes
(e.g., MacLeod, 2009; Lu et al., 2023; Snell et al., 2023).

The presence of decreasing eastward longitudinal gradients in
the Mediterranean Sea has been reported for primary productivity,
as well as for the distribution and abundance of benthic and pelagic
species (Danovaro et al., 1999; Quignard and Tomasini, 2000; Ben
Rais Lasram et al., 2009; Lopez-Sandoval et al., 2010; Bonnet et al.,
2011; Danovaro et al., 2020). Bonnet et al. (2011) described the
Western Mediterranean as oligotrophic and the Eastern
Mediterranean as ultra-oligotrophic, reporting that planktonic N,
fixation has a clear decreasing trend from West to East. The authors
also found that the N, fixation in the western basin can sustain up to
35% of new primary production, while it seems negligible in the
eastern basin. In the Strait of Gibraltar, there are overlapping, and
inverse flows of water, whereby Atlantic waters enter at the surface
and Mediterranean waters leave at depth. As a result, the surface
water currents produce a general flow of Atlantic waters towards the
east with many eddies and diversions of branches on its way,
resulting in the formation of cyclonic circuits due to the Coriolis
effect. There is no return system at the surface; the return occurs in
the intermediate layers coming from the Levantine basin which has
a general movement towards the west but also following large
cyclonic circuits (Rodriguez Martinez, 1982; Miller and
Ketchum, 1983).

1 https://www.iccat.int/Documents/Recs/compendiopdf-e/2022-09-
e.pdf
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The purpose of this paper is to explore if the same prevailing
longitudinal distribution gradients from west to east, and other less
marked or less prevalent patterns, are observed particularly in
cetaceans, but also in some elasmobranchs and large fish of both
conservation and commercial importance. We discuss the results
alongside the significant variables that likely explain the predicted
estimates and that can help to understand the observed patterns and
gradients. The present work, focused on spatial patterns in densities
of marine megafauna and their possible ecological significance, is
paralleled by another paper dealing with basin-wide abundance
estimates of cetaceans and their monitoring and conservation
implications (Panigada et al., 2023).

2 Materials and methods

2.1 Study area

The entire Mediterranean expands up to 2.6 million km* (of
which we covered around 73%) with an average depth of 1,460 m,
and a maximum depth of 5,267 m along the Hellenic Trench in the
Tonian Sea (Rodriguez Martinez, 1982). In general, the
Mediterranean Sea has a quite narrow continental shelf, with a
few exceptions such as the eastern coast of Tunisia and the Adriatic
Sea, and large areas of open deep sea (Coll et al., 2010) (Figure I.1 in
Supplementary Materials). The morpho-bathymetry, the water
circulation (Figure 1.2 in Supplementary Materials) and the
general oceanographic conditions of the Mediterranean Sea are
complex (e.g., Bethoux, 1979; Bas, 2009; Brosolo et al., 2012). The
basin is characterized by several regional and local features and
strong environmental patterns (Danovaro et al., 1999) with both
longitudinal and latitudinal, as well as depth gradients, affecting
primary and biological productivity. It is also considered as a
concentration basin, where evaporation is higher particularly in
the eastern basin, increasing salinity and decreasing sea level, which
in turn promotes the flow of Atlantic water into the Mediterranean
(Rodriguez Martinez, 1982; Miller and Ketchum, 1983). The sea
surface temperature (Sst) in the Mediterranean has two very
different regimes, in winter (typically December to March) and
summer (usually June to September) with spring and autumn being
transition periods (Pastor et al., 2018). During summer, when this
survey was carried out, the highest Sst values are found in the south-
eastern Mediterranean, the Lybian coast and, in some years, the
south Tyrrhenian Sea. While the coolest areas are in the Alboran
Sea/Strait of Gibraltar and the Gulf of Lyon (Pastor et al., 2018).

2.2 Survey design and data collection

The Mediterranean region (excluding the waters off Lybia and
Egypt) was divided in 32 blocks to best accommodate logistical
needs, presence of airports, jurisdictional boundaries and
robustness of the sampling design. Transects were designed
systematically with equal coverage probability, with an equal-
angle zig-zag configuration, using the software Distance 7.3
(Thomas et al., 2010). The survey, conducted in passing mode
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(Dawson et al., 2008), was planned with a ratio effort/area varying
between 2.7 and 3.6% in each block. Specific details on survey
design are provided in Panigada et al. (2023).

A distance-sampling approach was used for marine mammals
and large fish, such as elasmobranchs. Accordingly, for these taxa,
the declination angle to the sighting was collected when the animal
or group of animals were abeam to the plane, and subsequently used
to calculate the perpendicular distance to the transect used to
account for animals/groups detectability via distance sampling
methods (Buckland, 2001). On the other hand, a strip-sampling
approach was used for sun fish (most probably Mola mola
(Linnaeus, 1758), as it is the most common sunfish in the
Mediterranean, over Mola alexandrine (Ranzani, 1839) (Sawai
et al., 2018), although definitive species could not be
distinguished from the airplane).

Environmental conditions potentially affecting the detectability
of the animals (e.g. Beaufort sea state, glare severity and angle,
turbidity, cloud coverage and an overall subjective assessment of the
detection conditions) were recorded at the beginning of each
transect and whenever they changed. Data collected during
sightings included species (identified to the lowest possible
taxonomic level), school size and declination angle (measured
with a hand-held clinometer) in the case of species for which a
line transect approach was used.

More specific details on data collection are provided in
Panigada et al. (2023), while a description of the field procedures
and protocols for data collection are described in Lambert et al.
(2019) and followed well established procedures in aerial distance
sampling surveys (e.g., Laran et al.,, 2017).

2.3 Data analysis

2.3.1 Areas and subareas

The study area has been subdivided into 5 areas for the analyses
(Figure 1.3 in Supplementary Materials), defined as the Atlanticl
(33,720 km?), the Western Mediterranean (MedW - 499,002 km?),
the Central Mediterranean (MedC - 601,262 l<1n2), the Adriatic Sea
(135,783 kmz), and the Eastern Mediterranean (MedE - 632,983
kmz), totaling 1,902,749 km?. Although the study area was
originally divided in 32 strata, for the purpose of this study, larger
sectors were used for the final analysis (referred to as “Areas” in
Figure 1.3 in Supplementary Materials) to better reflect existing
knowledge on the ecology and distribution of the observed species.

2.3.2 Model-based analysis

Design-based analyses of the dataset arising from the ASI are
presented and discussed by Panigada et al. (2023). Data on
Chelonids (e.g., Caretta caretta) were integrated with existing
datasets in the region and are presented and discussed by
(DiMatteo et al.,, 2022); consequently, they are not included in
this study. For the aims of this paper, density surface models within
a distance sampling framework were used to predict species’ density
as a function of environmental, oceanographic and physiographic
covariates (the list of tested covariates is presented in Table I11.2 in
the Supplementary Materials). A spatial grid at a resolution of
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10x10 km was overlaid to the survey area to associate explanatory
covariates values to on-effort segments within each grid cell to
predict density spatially. The resolution of the grid cells was chosen
as the finest consistent resolution that captures all available
covariates. Covariate values were then assigned to the centroid of
each grid cell.

The count of groups in each segment was used as the response
variable. The density of groups was modelled using a Generalized
Additive Model (GAM) with a logarithmic link function, and a
Tweedie error distribution, very close to a Poisson distribution but
allowing for some over-dispersion. The general structure of the
model was:

N, = expexp | Inln(a;) + 6y + > fi(zx)
k

where the offset a; is the effective search area for the i’ segment
(calculated as the length of the segment multiplied by twice the esw),
O is the intercept, f; are smoothed functions of the explanatory
covariates, and z;, is the value of the k™ explanatory covariate in the
i segment. The esw was obtained for each species or species group
from their detection function, according to the covariates included
in it. The abundance is then estimated by multiplying the density by
the survey area.

Abundance for each taxon in each grid cell was estimated by
multiplying the abundance of groups, predicted from the best fitting
model, by the mean group size estimated for each area or the
modelled group sizes if spatial variation was observed. In the case of
modelled group sizes, the observed group size of each sighting was
taken as a response variable, no offset was used, and the distribution
family was negative binomial. For fin whales, however, given the
very small group sizes, the number of animals was modelled directly
(instead of two steps). The same framework was used as the one
used for the model of groups but using the number of individuals
instead of the number of groups as the response variable.

Variance of abundance was estimated by a parametric bootstrap
procedure, also called “posterior simulation” (Miller et al., 2022).
The delta method was used to combine the coefficient of variation
(CV) from the bootstrap with the CV from the detection function
and from the model. The 95% Confidence Interval (CI) was
obtained using the final CV and assuming the estimates were
lognormally distributed. All modelling was carried out using the
statistical software R.4.0.3 (R Core Team, 2020) using the mgcv 1.8-
33 package (Wood, 2017).

For some small areas not surveyed (highlighted in Figure 1.3 in
Supplementary Materials), predictions were extrapolated from
surrounding areas and according to their environmental
covariates. However, no extrapolation was produced for the large
un-surveyed area in the south-eastern portion of the Mediterranean
Sea, as the environmental covariates in such a large area in the edge
of the study area might be too different and outside the ranges
measured in the surveyed areas.

For those species for which robust model-based analyses could
not be performed due to a limited sample size, density estimates
based on Conventional Distance Sampling (CDS) analyses were
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calculated per Area. Additionally, to highlight potential latitudinal
or longitudinal gradients and to help compare the distribution of
sighting location by species or functional group, a plot of staggered
distribution of sightings coordinates was created. For each species
or functional group, the ridges in the plot show the probability
density function of the sightings’ latitude and longitude estimated
via a kernel density method. Plots were prepared using the
stat_density_ridges() function in the package ggridges (Wilke,
2022) for the software for statistical analyses R (R Core Team,
2023) with an automatic scaling of the ridgelines computed at 2.77.

3 General results

About 91% (55,167 km) of the planned transects (60,808 km) were
monitored on effort (Figure 1.3 in Supplementary Materials). Table IIIL.1
in the Supplementary Materials summarizes sightings’ information of
cetaceans, elasmobranchs and large fish; among cetaceans, striped
dolphins were the most commonly observed species, followed by
bottlenose dolphins and to a lesser extent, Risso’s dolphins. In 18%
of sightings (n= 146) it was not possible to discriminate between striped
and common dolphins. Among elasmobranchs, the spinetail devil ray
(Mobula mobular (Bonnaterre, 1788)) was the most sighted species,
followed by unidentified sharks. Sunfish was the most sighted large
bony fish in terms of number of encounters, although tunas
represented the larger number of individuals observed.

Table 1 shows the parameters and selected covariates for the
density surface modelling for each species or group of species for
cetaceans, and Table 2 for elasmobranch and large bony fish.
Figures 1-12 present the results of model-based abundance
estimates for those species with sufficient sightings to allow
running models. The maps present predicted numbers of animals
per 100 km®. Associated uncertainty maps (CVs) are shown in the
Supplementary Materials.

All results provided here, including Table IV.1 to Table IV.13 in
the Supplementary Materials, which show the abundances estimates
per area (Figure 1.3 in Supplementary Materials) for the species
considered in this paper come from the model-based analysis.
Results from the design-based analysis are given in Panigada et al.
(2023). Figure 13 shows the density distribution of recorded latitude
and longitude at sighting location by species or functional group.

4 Species account

For each taxon, the overall density and its distribution pattern
derived from the present analyses are highlighted. These results are
followed by taxon-specific comparisons with previous literature on
density estimates and ecology. The interpretation of the broad
picture about marine megafauna distribution patterns in the
Mediterranean Sea is left for the general discussion. The results
for the Atlantic contiguous area are not discussed in this paper. The
plots of the smooth functions for all models are shown in
Supplementary Materials.
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TABLE 1 Parameters and selected covariates for cetaceans.

Groups/Individuals Group size
Species Covariates = edf Dev. exp. (%) Covariates edf Dev. exp. (%)
Fin whales Individ. Lat 1.15 | <0.001 45.2
Lon 1.16 | <0.001
mlt_0608 0.89 = 0.0038
distshelf 1.06 | <0.001
Risso’s dolphins Groups + distcanes 0.86 | <0.001 19.6 | Lat 0.64 0.1 38.9
Grsize
Lon 1.04 | <0.001 mlt_0608 0.75 0.047
mlt_month 0.89 = <0.001 ssh_0608 1.81 = <0.001
CI 1.50 | <0.001
Striped dolphins Groups + 269 | Aspect 1.28 0.106 132
Grsize
Lat-Lon 13.67 | <0.001 Lat 0.62 0.126
depthmax 4.18 | <0.001 Lon 0.82 0.019
SD_sst_month 5.74 | <0.001
Striped or common Groups + Lon 5.62 | <0.001 27.9
dolphins Grsize
sst_0608 1.01 | <0.001 Lat-Lon 1.62 = <0.001 7.8
distslope 093 | <0.001
Small dolphins Groups + distescar 0.94 | <0.001 27.3
Grsize
Lat 127 | <0.001 Lat 0.32 0.248 4.6
Lon 6.23 | <0.001 Lon 1.03 | <0.001
depthmax 399 | <0.001
Bottlenose dolphins Groups + 153 = depthmax 2.5 0.004 18.6
Grsize
Lat-Lon 20.06 | <0.001 distcany 0.66 0.079
CI 239 <0.001 mlt_0608 0.72 0.069
sst_0608 0.92  <0.001

edf, estimated degrees of freedom; p, significance of the covariate. See Table 2 in Supplementary Materials.
4.1 Fin whale While long distance latitudinal movements of fin whales within
the Mediterranean have been reported (Panigada et al, 2017b),

Overall density estimate for fin whales was 0.8 10~ indkm™  these movements primarily occur at the beginning of the spring

(CV=0.29) (Table IV.1 in the Supplementary Materials) and mean
group size was 1.5 animals per group. The highest density was

season, while during the summer the species shows a rather limited
distributional range, concentrated in the waters of the Corso-

found in the Western Mediterranean area (2.3 10 ind.km™,
CV=0.29), notably in pelagic waters from the Ligurian Sea to
north of the Balearic Islands (Figure 3). Model-based estimated
densities were one order of magnitude lower (Adriatic Sea and
Central Med) or nil (Eastern Med) in the other areas.

This general pattern of the distribution of fin whales in the
Mediterranean basin is in accordance with previous papers (e.g.,
Forcada et al.,, 1995; Notarbartolo di Sciara et al., 2003; Notarbartolo
di Sciara et al.,, 2016; Panigada et al., 2017a). The species strong
preference for pelagic habitats, with several groups detected at
depths of 2000 metres or more, is also in line with previous
works (e.g., Cotté et al., 2009; Panigada et al., 2017b).

Frontiers in Marine Science

Ligurian-Provencal Basin (Geijer et al., 2016; Notarbartolo di
Sciara et al., 2016). The species has been reported in the eastern
basin, but in a practically negligible way (Stephens et al., 2021). The
same pattern was found in (Mannocci et al.,, 2018a).

4.2 Risso’'s dolphin

The basin-wide density of Risso’s dolphins was estimated at
13.6 107 ind.km™ (CV=0.25) (Table V.2 in the Supplementary
Materials), with highest values in the Western and, to a lower
extent, Central Mediterranean. Modelled densities in the other two
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TABLE 2 Parameters and selected covariates.

Groups/Individuals

Species Covariates Deviance explained (%)
All rays Individuals Lat-Lon 19.27 <0.001 33.83
mlt_month 3.83 <0.001
ssh_0608 5.89 <0.001
sst_0608 4.58 <0.001
Spinetail devil ray Individuals Lat 3.58 <0.001 29.71
Lon 1.10 <0.001
ssh_0608 4.79 <0.001
Sharks Individuals Lat 6.18 <0.001 38.81
Lon 6.99 <0.001
distshelf 0.96 <0.001
mlt_0608 0.88 <0.001
Sunfish Individuals Lat-Lon 21.12 <0.001 36.36
Swordfish Individuals distescar 4.48 <0.001 20.86
Lat 0.95 <0.001
Lon 7.01 <0.001
CI 1.06 <0.001
SD_sst_month 091 <0.001
Tuna Groups Lat-Lon 22.55 <0.001 31.37
Group size Lat-Lon 23.7 <0.001 87.81

The meaning of the covariates can be consulted in Table 1; edf, estimated degrees of freedom; p, significance of the covariate. See Table 2 in Supplementary Materials.

areas were only 3 10~ ind.km™. The mean group size was 6 animals Our results agree with previous knowledge supporting a higher
per group (CV=0.18). Highest densities were in oceanic waters from  occurrence of this species in the Western part of the Mediterranean Sea
the Alboran Sea, north of the Balearic Islands to off the central  (Gomez de Segura et al., 2008; Laran et al., 2017). Although the species
Algerian slope (Figure 4). Smaller concentrations were found oft the s often considered to be associated with continental slopes, during the
slope of Provence and Liguria. ASI it was sighted mainly in offshore oceanic environment.

Fin whales

Vi oﬁ \sanJ\anAEerz (Balaenoptera physalus)

45°N+

e

Predicted | ACCOBAMS Survey Initiative
- 10 Aerlal Survey /] Areas not surveyed by plane
05 Predicted abundance of animals
- per 100 km2 cell
0

FIGURE 1
Predicted abundance of fin whales.
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FIGURE 2
Predicted abundance of Risso’s dolphins.

The Risso’s dolphin in the Mediterranean basin is one of the
least-known cetacean species and has been the subject of only few
dedicated studies (e.g., Azzellino et al., 2016; Borrell et al,, 2021;
Cipriano et al,, 2022; Luna et al., 2022; Minoia et al., 2023). The
species is known for its strong habitat preferences, with individuals
primarily encountered in relatively small groups, favoring slope
areas, mainly in the north-western Basin (Bearzi et al., 2011). They
are also regularly reported in the Alboran Sea, the Gulf of Vera and
the Provengal basin, where their range includes deep offshore waters
(Canadas et al., 2002; Canadas et al., 2005; Laran et al., 2017).
Mannocci et al. (2018a) showed higher densities over the
continental shelf across the Mediterranean Sea (only depth was
included in their models), with most of their observations occurring
in the Western Mediterranean and only a few in the Central
Mediterranean and southern Adriatic.

4.3 Common bottlenose dolphin

The overall density of bottlenose dolphins was estimated as 28.4
107 indkm™ (CV=0.15) (Table V.3 in the Supplementary
Materials), with a mean group size of 7.4 animals (CV=0.17).
Highest densities were in the Adriatic area (60 107 indkm™) and
lowest densities in the Eastern Mediterranean area. More specifically,
the distribution was patchy, with favorable sectors in predominantly
shelf and slope habitats of the Alboran, northern Balearic Islands-to-
Gulf of Lion, northern Tyrrhenian, northern Adriatic, southern
Sicily-Malta-Tunisian shelf, and the Aegean subareas, separated by
extended stretches of low densities (Figure 5).

The present results are in gross agreement with existing
knowledge on the coastal and shelf preferences of this species
(Bearzi et al., 2009; Mannocci et al., 2018a). However, the
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FIGURE 3
Predicted abundance of bottlenose dolphins.
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FIGURE 4
Predicted abundance of striped dolphins.

bottlenose dolphin is also present in oceanic waters, albeit at lower
densities, and this seems to be more notable in winter (Laran
et al., 2017).

4.4 Striped and common dolphins

The two species are considered jointly because an uncertainty
often lies in distinguishing common and striped dolphins from a
plane during an aerial survey. Therefore, a specific species
assemblage (striped or common dolphin) was used when a clear
distinction between both species was not possible. The overall
estimated density of this category was 111.7 107 indkm™ (CV=
0.19) (Table IV.4 in the Supplementary Materials). Another
assemblage was called “small dolphins”, which included striped,
common and unidentified small dolphins (which were most
probably one of these two species), with an estimated density of
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390.2 107 ind.km™ (CV=0.09) (Table IV.5 in the Supplementary
Materials). Regarding this last assemblage, the Western
Mediterranean area displayed densities of 972.9 107 ind.km™,
about one order of magnitude above the other three areas; lowest
densities were in the Adriatic and Eastern Mediterranean areas.
More specifically, the vast majority of sightings of both groupings
were recorded from the Alboran Sea, the Balearic Sea, the Gulf of
Lions to the Ligurian Sea (Figure 5, Figure 6, Table IV.4 and Table
IV.5 in the Supplementary Materials). Almost no sightings of this
guild were recorded in the northern Adriatic Sea and the
Levantine Basin.

Striped dolphins could be unequivocally identified in 258
encounters. The estimated basin wide density for striped dolphin
was 234.7 10 ind.km™ (CV=0.15) (Table IV.6 in the Supplementary
Materials), with densities in the Western Mediterranean about 5-10
times higher than anywhere else. The highest densities were mostly
found in slope and oceanic waters along the northwestern part of the
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FIGURE 5
Predicted abundance of undetermined striped or common dolphins.
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FIGURE 6
Predicted abundance of small dolphins (striped, common dolphins).

Western Mediterranean area, from the Alboran Sea to the Ligurian
Sea, all the way through the Balearic Islands and off the Gulf of Lion.
The Tyrrhenian Sea, the Moroccan and Algerian plateau and the
waters of the Ionian Sea and the southern Adriatic Sea showed
slightly lower densities (Figure 4).

Overall, only 32 sightings of common dolphins, mostly
encountered in the western portion of the Basin and in the Strait
of Sicily, have been recorded during the aerial surveys (Table ITL.1 in
the Supplementary Materials), mainly between latitude 33-38°
North. No spatial modelling could be done for this species due to
the small sample size.

The striped dolphin has previously been observed primarily in
the offshore waters of the Mediterranean Sea, where the largest
groups were also observed, indicating a strong preference for deep
pelagic waters (e.g., Azzellino et al., 2008). Overall, the present data

support the existing evidence that the western basin represents the
most important striped dolphin habitat in the region (Mannocci
et al., 2018a).

Regarding the common dolphin, Mannocci et al. (2018a), with a
much larger dataset, showed an extreme gradient in which the
density was high in the Alboran Sea, being very low or close to zero
in the rest of the Mediterranean, except for a small patch in the
north-eastern section of the Aegean Sea and northern Adriatic Sea.
Vella et al. (2021) did a compilation of knowledge on this species in
the Mediterranean, reporting similar distribution patterns.
Therefore, this survey corroborates previous knowledge that
common dolphins have a strong longitudinal gradient, with most
of their density concentrated in the West and very little as we
progress to the East. This result shows the strongest pattern in the
staggered distribution plot in Figure 13.
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FIGURE 7

Observations of beaked whales, sperm whales and long-finned pilot whales.
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FIGURE 8
Predicted abundance of spinetail devil ray.

4.5 Sperm, pilot and Cuvier's
beaked whales

Sperm whales, being deep divers, are difficult to detect from
airplanes, and only 10 groups were detected (Table IIL.1 in the
Supplementary Materials). They were encountered in both the
eastern and western basin, with sightings only recorded within
35° to 40° of latitude North, mainly along the Hellenic Trench and
in the offshore waters of the Sea of Sardinia (Figure 7). With such
low number of observations, it was not possible to create a detection
function and therefore estimate abundance from the aerial survey.
A density estimate is provided, however by Boisseau et al.
(submitted) from acoustic survey of the ASI vessel-based survey.
Mannocci et al. (2018a), which had enough observations to model
sperm whale density, found the highest densities in the Western
Mediterranean and western Ionian Sea, in agreement with the
abundance estimates from acoustic surveys (Lewis et al., 2018)
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and data from the vessel-based component of the ASI (Boisseau
et al., submitted).

Long-finned pilot whales were only encountered west of 12° E of
longitude, with a strong preference for deep pelagic waters. Largest
groups of this species were observed in the Alboran Sea, along the
coast of Morocco and in the Gulf of Lion. Relatively smaller pods
were observed in the Ligurian Sea within the waters of the Pelagos
Sanctuary (Figure 7). The distribution of sightings and estimated
abundance confirms the almost exclusive presence of this species in
the Western Mediterranean Sea (Canadas and Sagarminaga, 2000;
Notarbartolo di Sciara, 2016; Verborgh et al., 2016; Mannocci
et al., 2018b).

Cuvier’s beaked whales have been mostly sighted in areas rich in
canyons in the Ionian Sea and the Hellenic Trench, the deep
southern Adriatic Sea, the Central Tyrrhenian Sea, the Balearic
and the Alboran Seas (Figure 7). The ASI results confirm existing
knowledge on the basin-wide presence of the Cuvier’s beaked whale
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FIGURE 9
Predicted abundance of shark specimens.
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FIGURE 10
Predicted abundance of swordfish.

and, at the same time, confirm that the species occurs in relatively
small patches at low densities. Mannocci et al., 2018a predicted
higher densities in areas between 1000 and 2000 m depth across the
whole basin using only static covariates (depth and slope), despite
most of the observations being in the Alboran Sea. Cafadas et al.,
2018 found similar patterns as the observations registered here, with
the highest densities in the Alboran Sea, and other patches of high
density in the Ligurian Sea, Central Thyrrenian Sea and Ionian Sea.
Being a deep diving species, ship-board surveys with an acoustic
array represent an important complement to study the distribution
of this species (Boisseau et al., submitted).

4.6 Rays

Rays, most of them being identified as spinetail devil rays, had
an overall surface density of 13.2 10~ ind.km™ (Cv=0.15) (Tables

IV.7 and IV.8 in the Supplementary Materials) and the western and
Central Mediterranean areas had the highest densities at about 20
107 ind.km™. The central part of the Western Mediterranean, from
Valencia and the Balearic Islands to Corsica and Sardinia, shows the
highest density values (Figure 8 for spinetail devil rays).

Notarbartolo di Sciara et al. (2015) estimated a summer density
of 25.7 10-3 ind.km-2 (Cv=0.13) in the northern part of the
Western Mediterranean between 2009 and 2013, in the same
order of magnitude as the estimates reported here for the
Western Mediterranean (0.0285 individuals per km?).

4.7 Sharks

Sharks, only about 10% of which were identified as blue shark
Prionace glauca (Linnaeus, 1758), had an overall surface density of
13.9 107 indkm™ (CV=0.26) (Tables V.9 and IV.10 in the
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Predicted abundance of tuna.

Supplementary Materials), with the highest densities found in the
Adriatic Sea, followed by the western and Central Mediterranean
areas. The distribution pattern for sharks was fairly patchy, with
spots of high densities around the Balearic Islands and along the
Tyrrhenian coast of Italy, and other patches in the northern and
southern Adriatic, on the Tunisian plateau and in the Alboran Sea
(Figure 9). The Eastern Mediterranean area was uniformly low in
shark density.

4.8 Swordfish

The basin-wide swordfish surface density was estimated at 14
107 indkm™? (CV=0.11) (Table IV.11 in the Supplementary
Materials), with highest figures found in the Western
Mediterranean (24.4 107 indkm™), and values one order of

magnitude lower in the Eastern Mediterranean. Hotspots of

swordfish densities were from the Alboran Sea and the Algerian
coast to the Gulf of Lion, and to a lesser extent in the Tyrrhenian,
the western Ionian and the central Adriatic (Figure 10).

Similarly, Lauriano et al. (2017) estimated a summer density of
10 107 indkm™ in the same area between 2009 and 2010, in the
same order of magnitude as the estimates from ASI for the Western
Mediterranean (0.024 individuals per km?).

4.9 Sunfish

The ocean sunfish was present at the surface at an overall
density of 14.9 107 indkm™ (CV= 0.36) (Table IV.12 in the
Supplementary Materials), with up to 47.9 10~ indkm™ in the
Western Mediterranean and low to very low densities everywhere
else. The hotspot of highest density was in the north of the Western
Mediterranean, from the shelf of the Gulf of Lion all the way to
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Ligurian Sea through oceanic waters of the northern Algero-
Provencal Basin (Figure 11). Patches of intermediate densities
were found in either shelf or oceanic waters, in the northern
Adriatic Sea, the Alboran Sea and the north-eastern
Levantine Basin.

By comparison, densities of 1000 10~ ind.km™> were estimated
in the North Western Mediterranean during the summer with
hotspots in the Gulf of Lion and along the Provengal slope in the
summer, and further offshore in the middle of the north-Western
Mediterranean in the winter (Grémillet et al., 2017). This estimate is
much higher than the present one for the same area, even when one
consider that Gremillet et al.,’s estimate was corrected for
availability bias by using a g(0) = 0.4 to account for time spent at
the surface by ocean sunfish.

4.10 Tuna

Tunas (all species observed) were present at the surface at an
overall density of 252.7 107 ind.km™ (CV=0.39) (Table IV.13 in the
Supplementary Materials), with up to 898.3 10 indkm™ in the
Western Mediterranean and much lower densities everywhere else.
Tunas were encountered mostly in the north-Western
Mediterranean (Balearic Sea, Gulf of Lyon and Ligurian Sea,
Figure 12), where they had the larger number of individuals per
group. They were also encountered, with smaller group sizes, in the
eastern Thyrrenian Sea and the Adriatic Sea, and to a lesser extent
in the Aegean Sea and South of Sicily. Only one group was observed
in the easternmost part of the basin.

5 General discussion
5.1 Strengths and weaknesses

This paper presents the model-based results of the first large-
scale synoptic aerial survey of the entire Mediterranean region
conducted in the summer of 2018, and provides the baseline density
estimates and maps for several large vertebrates occurring in the
basin, including cetaceans, elasmobranchs and large teleosts.

Although the values presented here are underestimates of the
actual densities, as they have not been corrected for availability and
perception biases, known to negatively affect estimates, we consider
this limitation not to significantly affect the possibility of comparing
the observed spatial patterns. With the exception of sperm whales,
we can assume consistent diving behavior of each species across the
study area, and therefore the availability biases are likely to be
consistent over the monitored area. Male and female sperm whales
segregate at different latitudes across most of their range when non
breeding, with single males occurring at higher latitudes primarily
engaging in feeding activities, and females occurring at lower
latitudes within family units. This social structure is accompanied
with striking differences in the use of habitats between the two sexes
as well as different diving ad feeding behaviors (e.g., Pirotta et al.,
2011; Pirotta et al.,, 2020a; Pirotta et al., 2020b). As a result,
availability bias for males and females observed during aerial
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surveys might be different. During the ASI, most of sperm whale
sightings were recorded at lower latitudes where family units rather
than adult males are known to occur (e.g., Gannier et al., 2002) and
as such the estimates presented here might be more relevant to
groups or family units of this species. For this species, abundance
estimated from visual aerial line transect distance sampling surveys
is likely to be negatively biased because of the long dive times of
these species, and passive acoustic approaches might produce more
robust estimates (e.g., Barlow and Taylor, 2005; Boisseau et al.,
submitted; Lewis et al., 2018). The perception bias, although more
variable across the region because of the differences in observers’
experience, was mitigated by a pre-survey training for all observers
and teams. It should also have been minimized by the use of similar
airplanes, all implementing identical standardized protocols,
including the compulsory use of bubble windows and the same
flight speed and altitude. In addition, it is unlikely that the possible
differences in observer experiences and perception biases could
have any spatial trend, potentially biasing the results presented here.

It is important to note that Mediterranean Sea basin-wide
estimates for cetaceans and other mega vertebrates, with the
exception of Cuvier’s beaked whales (Canadas et al,, 2018) and
loggerhead turtles (DiMatteo et al., 2022), from visual surveys have
never been obtained before, thus making comparisons with existing
knowledge, for some species and geographic areas, rather difficult.
Furthermore, the ASI is the only existing snapshot of the whole
basin (all surveys in all areas done almost simultaneously over a
short period of time), while the aforementioned estimates for
Cuvier’s beaked whales and sea turtles merge datasets arising
from surveys conducted over several years, different areas and
different survey platforms. Historically, most of the effort in the
region has been allocated along coastal areas and, despite research
on cetaceans has been going on for well over three decades, several
portions of the Mediterranean have never been, or at best very
minimally, monitored in the past (Mannocci et al., 2018b). At sea
monitoring has been more substantial in the Western
Mediterranean Sea, in particular during the last decade, with
several aerial surveys focusing on marine megafauna, with a main
focus on cetaceans, and taking place in particular in its central and
north-western sectors (e.g., Gomez de Segura et al., 2006; Panigada
et al., 2011; Panigada et al., 2017b; Fortuna et al., 2014; Lauriano
et al., 2014; Bauer et al., 2015a; Bauer et al., 2015b; Notarbartolo di
Sciara et al., 2015; Laran et al., 2017; Lauriano et al., 2017; Fortuna et
al,, 2018). It is also noteworthy the ICCAT aerial surveys focusing
on bluefin tuna conducted annually, in the last decade, in the
Levatine Sea, Ionian Sea, Tyrrhenian sea and Algerian-Provengcal
Sea (e.g., Canadas and Vazquez, 2020).

Moreover, some areas in the eastern and southern portions of
the Basin remain unexplored to date. In fact, some portions of the
easternmost and southernmost Mediterranean were not surveyed
during the ASI due to logistic constraints, geopolitical issues and
lack of research permits. Accordingly, in these areas it is still difficult
to assess the occurrence, distribution and abundance of cetaceans
and marine megafauna therein. Despite pre-existing knowledge in
these areas, direct comparisons cannot be made with the present
results and further data collection and analyses are necessary to
eventually assess local trends.
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All the species considered in this study show geographical
patterns that reflect their ecological, biological and life-history
traits as well as strong eastward longitudinal gradients, with
density being relatively higher in the western portion of the
Mediterranean Sea and decreasing towards the eastern basin.
Similarly, the uncertainty on the predictions is higher in the
eastern basin, and in most cases also in the southern portions of
the study area where density has been estimated.

5.2 Dominant spatial patterns

The highest values of densities for most species presented here
were obtained for the Western Mediterranean. For eight of the 11
taxa considered here, a longitudinal gradient with highest densities
at the western end of the basin was the most prominent feature of
their distributions. Other patterns were visible in bottlenose
dolphins, which showed a predominantly patchy distribution
generally associated to shelf habitats. Similarly, although the
current data were too limited, Cuvier’s beaked whales are
considered to exhibit a patchy distribution in areas of slope with
extensive canyons. Sharks showed a combination of strong
longitudinal gradient combined with a strong patchiness of the
highest density hotspots. Finally, a latitudinal component of the
distribution was also clearly visible in fin whales, rays and sunfish,
and to a lesser extent in striped dolphins and sharks as well.

The main aggregations of fin whales were in the deeper waters of
the Corso-Liguro-Provencal Basin and the western part of the
Pelagos Sanctuary. Striped dolphins were found to have their
highest densities (>1 individual per km?) in the Alboran Sea, with
high densities also estimated across the Corso-Liguro-Provengal
Basin. The highest densities of bottlenose dolphins were
encountered west of 18°E (eastern tip of Italy). Although Risso’s
dolphins were seen in both the west and east, highest densities were
apparent in the Algerian, Corso-Liguro-Provengal and Balearic
Basins. Sperm whales exhibited clustering throughout the survey
blocks, with highest densities in the Eastern Mediterranean, which
includes the known important area for this species of the Hellenic
Trench in Greece.

According to the knowledge of decreasing longitudinal
gradients in the Mediterranean Sea from the west to the east at
the levels of primary productivity (Lopez-Sandoval et al.,, 20105
Bonnet et al., 2011), distribution and abundance of benthic and
pelagic species (Tecchio et al., 2011; Danovaro et al.,, 2020) and fish
richness (Quignard and Tomasini, 2000; Ben Rais Lasram et al.,
2009), it seems reasonable to think that the distribution of the
cetacean, elasmobranch and large fish species described in this work
is a reflection of the distribution patterns of the primary
productivity and of their prey.
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