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As apex predators, cetaceans play an essential ecological role in marine
ecosystems. Fluctuations in the abundance of these top predators linked to
human activities can have detrimental consequences for the entire ecosystem.
Cetaceans face numerous anthropogenic threats that can have both short and
long-term effects. To ensure their conservation, it is necessary to identify changes
in seasonal distributions at small and large scales. We aimed to model the seasonal
distribution of the most abundant cetacean species in the European Atlantic waters
and the Mediterranean Sea by assembling datasets collected over 16 years of
surveys using a standardised line-transect protocol. Data were homogenised,
detection functions fitted and effective strip widths estimated. We extracted
environmental variables integrated over the water column, which we
transformed using a principal component analysis (PCA). The dimensions of the
PCA were then integrated as explanatory variables in a generalised additive model,
taking seasonal and spatial effects into account to predict the seasonal cetacean
distribution. We were able to highlight changes in the spatial distribution and/or
density of cetaceans throughout the year at a large scale, considering
environmental extrapolation areas to predict where environmental variables
were sampled during the surveys. For minke (Balaenoptera acutorostrata) and fin
(B. physalus) whales, densities varied over the seasons but not the distribution,
suggesting a seasonal migration outside the survey areas. For common dolphins
(Delphinus delphis), bottlenose dolphins (Tursiops truncatus) and harbour
porpoises (Phocoena phocoena), densities varied little but distributions did over
the seasons. Finally, pilot whales (Globicephala spp), Risso's (Grampus griseus) and
striped (Stenella coeruleoalba) dolphins showed little seasonal variation in their
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distribution. Using monthly dynamic environmental variables at depth and PCA
dimensions in habitat models, we produced maps of the seasonal distribution of
cetaceans in the Mediterranean Sea and the European Atlantic waters to help fill
gaps in our knowledge of cetacean distribution.

KEYWORDS

species distribution models, bottlenose dolphin Tursiops truncatus, common dolphin
Delphinus delphis, fin whale Balaenoptera physalus, harbour porpoise Phocoena
phocoena, Lagenorhynchus spp, minke whale Balaenoptera acutorostrata, pilot
whales Globicephala spp

1 Introduction

As apex predators, cetaceans play an essential ecological role in
marine ecosystems (Pirotta et al, 2019). They participate in
transferring nutrients and biomass between the deep and surface
environments through their excretions. They can sequester carbon
and promote primary production (plankton) by releasing their
excreta to the surface (Doughty et al, 2016). They are also
involved in the top-down regulation of lower trophic levels (Hunt
and McKinnell, 2006). A reduction in the abundance of cetaceans
leads to an increase in the abundance of mesopredators and
invertebrate predators, and an increase in this abundance reduces
prey abundances (Baum and Worm, 2009). Variations in the
abundance of these top predators linked to human activities can
therefore have detrimental consequences for the whole ecosystem.
Cetaceans face numerous anthropogenic threats that can have
short-term effects by directly killing individuals (bycatch, Peltier
et al,, 2016, ship strikes, Schoeman et al., 2020) and long-term
effects by reducing the fitness or physical condition of species (noise
and chemical pollution, Murphy et al., 2018; Miller et al., 2022,
ingestion of plastic debris, Unger et al.,, 2016).

Variations in the distribution of cetaceans expose them to
different combinations of pressures, that should be considered
when assessing their conservation status. It is, therefore, necessary
to monitor cetacean populations and to have a good knowledge of
their habitat use but also to identify changes in seasonal distribution
at small and large scales, as some human activities have specific
seasonal temporalities (e.g., fishing seasons, summer tourist
activities). This knowledge can be used to identify high-risk areas
and to implement appropriate mitigation measures (Breen et al.,
2017; Pennino et al., 2017).

To identify and/or predict species geographical distributions,
scientists commonly use species distribution models (SDMs), which
relate species observation data to the ecological or spatial
characteristics of the environment (Elith and Leathwick, 2009).
By analysing the conditions under which a species is (or is not)
observed, models allow the similarity of conditions at each site to be
estimated and the potential species distribution to be predicted
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(Franklin, 2010). Surface environmental variables are commonly
used as proxies for prey distribution in SDMs to explain cetacean
distributions (Redfern et al., 2006; Elith and Leathwick, 2009;
Roberts et al., 2016; Redfern et al., 2017; Rogan et al., 2017), and
recently variables that characterise the water column have emerged
as relevant factors in modelling species distributions (Becker et al.,
2016; Brodie et al., 2018; Waggitt et al., 2020; Virgili et al., 2022).
Dynamic variables that characterise the deep ocean layers are likely
to have a greater influence on the deep prey fields on which
cetaceans feed than surface parameters alone.

The line-transect distance sampling method, which involves
counting animals using a moving platform along linear transects to
estimate species densities (Buckland et al, 2001), is often used to
collect sighting data implemented in SDMs. At fine scales, surveys
typically use a single platform (a boat or aircraft), but at large scales,
multiple platforms are often used to cover the entire area (one or more
boats and/or one or more aircraft), so a standardised protocol must be
implemented to ensure homogeneous and consistent coverage.

Unfortunately, due to financial and logistical constraints, large-
scale surveys are rare (e.g., SCANS surveys in European waters in
2005, 2016, 2022, Hammond et al., 2013; Rogan et al., 2017;
Hammond et al, 2021; Gilles et al.,, 2023) and generally
conducted in summer (optimal season), whereas smaller surveys
can be conducted over several seasons. Consequently, to study
seasonal changes in species distributions at large scale, it is
necessary to assemble datasets collected during various surveys at
different spatial and temporal scales. This collation requires the
homogenisation of data collected by different platforms (different
equipment, observation heights, data collection software, etc) and
the application of standardised protocols facilitates data processing.

Recently, data assembling has been useful for modelling species
distributions in the North Atlantic Ocean (e.g., Roberts et al., 2016;
Waggitt et al., 2020; Virgili et al.,, 2019). In particular, Roberts et al.
(2016) aggregated 23 years (from 1992 to 2014) of aerial and ship-
based cetacean surveys to model the cetacean distribution in the US
Atlantic and Gulf of Mexico. Waggitt et al. (2020) aggregated aerial
and ship surveys from 1980 to 2018 to model the cetacean
distribution in the Northeast Atlantic Ocean. In our study, we
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assembled datasets collected over 16 years of surveys (from 2005 to
2021) using a standardised line-transect protocol to model the
seasonal distribution of the most abundant cetacean species in the
European Atlantic waters and the Mediterranean Sea. In the
European Atlantic waters, we have extended the prediction zone,
particularly in the south, and used more recent data than Waggitt
etal. (2020), which could strengthen the results of their study by using
both overlapping and different datasets and a different methodology.
In the Mediterranean Sea, most of the data came from the ASI survey,
we have not only used the aerial component as in Canadas et al.
(2023), but we have also aggregated data from the boat component
and aerial and boat data collected off the French coast. We used
monthly dynamic environmental variables that describe the water
column to consider mechanisms that influence species distribution at
depth. Following the methodology of Lambert et al. (2018), we
performed a Principal Component Analysis (PCA) to describe the
environment as a whole from the monthly dynamic environmental
variables and integrated the PCA dimensions in Generalised Additive
Models (GAMs) to predict the seasonal cetacean distributions.
Highlighting seasonal changes or consistency in species
distributions could help establish marine protected areas and
Important Marine Mammal Areas, or manage human activities
where species are concentrated during certain seasons.
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2 Materials and methods

2.1 Study areas

This study focuses on two study areas, the European Atlantic
waters (from 34° to 70°N and from 15°W to 17°E) and the
Mediterranean Sea (all the Mediterranean basin from 30° to 46°N
and from 6°W to 37°E; Figure 1).

European Atlantic waters are characterised by a complex
hydrography, with water masses flowing mainly from west to
east, driven by the northern and southern branches of the North
Atlantic Drift (Marzocchi et al., 2015). On the continental shelf,
currents are mainly driven by tides and wind, but the main flow is
from south to north. The area is also characterised by the presence
of heterogeneous habitats, with shallow continental shelves along
the European coast, steep continental slopes and deep canyons
down to 5,000 m. The average temperature varies between 7 and 15°
C at the surface and between 5.5 and 7.5°C at 1,000 m. Productivity
is variable, it increases from south to north, with nutrient-rich deep
waters rising to the surface in certain areas, such as off Galicia and
west of Ireland (Raine, 1990; Bode et al., 2009).

The Mediterranean Sea is a semi-enclosed sea with a relatively
small continental shelf. The Strait of Sicily connects the western and
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Total observation effort in the European Atlantic waters (left) and the Mediterranean Sea (right). The data comes from seven different organisations.
Aveiro Univ. (PO): University of Aveiro (Portugal), DCCAE (IR): Department of Communications, Climate Action and Environment (Ireland), Pelagis/LR
Univ. (FR): Pelagis/La Rochelle University (France), AZTI (SP): AZTI foundation (Spain), IEO (SP): Spanish Institute of Oceanography (Spain), SMRU (UK):
Sea Mammal Research Unit (United Kingdom), ACCOBAMS: Agreement on the Conservation of Cetaceans of the Black Sea, Mediterranean Sea and
contiguous Atlantic area. Survey effort by season and region is shown in Supplementary Figures S1, S2. Coordinate reference system: ETRS89-

extended/LAEA Europe - EPSG:3035.
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eastern basins. Most surface waters come from the Atlantic Ocean
via the Strait of Gibraltar and flow in a cyclonic direction along the
continental shelf at average depths between 0 and 200 m. Below,
between 200 and 600 m depth, the intermediate Levantine water
flows, which is the warmest and saltiest water mass within the
Mediterranean Sea. This intermediate Levantine water is involved
in the formation of all deep waters below 600 m (deep waters of the
Adriatic, Aegean, Tyrrhenian and western Mediterranean Sea;
Millot and Taupier-Letage, 2005). The average depth in the
Mediterranean Sea is around 1,500 m and the maximum depth is
around 5,100 m in the Ionian Sea. The water surface temperature
varies from 10 to 15°C in winter and from 21 to 30°C in summer.
The temperature hovers around 12°C at 1,000 m. It is one of the
saltiest seas. The Mediterranean Sea is an oligotrophic sea except at
the mouths of major rivers.

2.2 Data collation

To cover as much of the study areas as possible and to increase
the amount of data that can be used in the habitat models, effort and
observation data from different organisations were collated, in a
non-exhaustive manner (following Virgili et al., 2019). The data
were collected from surveys conducted by aircraft and boats
between 2005 and 2021, i.e.,, 16 years of data, in spring (March to
May coverage), summer (June to August), autumn (September to
November) and winter (December to February). As a minimum, all
the datasets had to record the Beaufort sea state along the transects.
A single common dataset was created by aggregating all survey
datasets with standardised units and formats. Effort data were
linearised and divided into segments of approximately 10 km.
Cetacean sightings were collected using a line-transect distance
sampling protocol (Buckland et al., 2001). For each sighting, the
species, the number of individuals, the observation conditions and
the perpendicular distances from the transects were recorded.
Sightings were assigned to the effort segments during which they
were recorded.

The total distance covered in good conditions was approximately
422,400 km in the European Atlantic waters and 79,600 km in the
Mediterranean Sea (Figure 1; Supplementary Table S1). In the
European Atlantic waters, about 52% of the total effort was
performed by aircraft and 48% by boat and in the Mediterranean
Sea, 86% was performed by aircraft and 14% by boat (Table I;
Supplementary Figure SI). Observation height/altitude varied
between surveys (Table 1). Most aircraft transects in both regions
were conducted at altitudes between 150 and 250 m and speeds
around 150 km/h (speed was not always provided). In the
Mediterranean Sea, most boat transects were conducted with a
platform at 5 m, while in the European Atlantic waters, the
observation height was more variable, with the 16 m platform being
the most common (speed was not always provided). The observation
effort was not homogeneous between the different seasons. In the
European Atlantic waters, 38% of the effort was performed in summer,
28% in spring, 18% in autumn and 16% in winter (Supplementary
Figure S1). In the Mediterranean Sea, autumn data (4% of the effort)
were combined with summer data (96% of the effort).
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TABLE 1 Percentage of effort conducted by each platform
height/altitude.

% effort EAW

Platform height/altitude % effort MED

Aircraft 51.7 85.5
50-150 m 0.1 0.1
150-250 m 50.6 83
>250 m 1 24
Boat 48.3 14.5
5-6 m 0.9 12.4
6-7 m 8 0
7-8 m 6.9 0
8-9m 24 0
10 m 0.8 0
12m 1.7 0
14 m 4.6 0
16 m 23 2.1

EAW, European Atlantic waters; MED, Mediterranean Sea.

Nine species or species groups of cetaceans were studied in the
European Atlantic waters and four were studied in the
Mediterranean Sea (Table 2). The number of sightings for the
other species was insufficient to allow robust modelling of their
distribution. Long- (Globicephala melas) and short- (G.
macrorhynchus) finned pilot whales are encountered in the area
(Sabatier et al., 2015) but difficult to identify at the species level,
especially from the air; thus, they were grouped. Atlantic white-
sided (Lagenorhynchus acutus) and white-beaked (L. albirostris)
dolphins (hereafter called Lagenorhynchus) were also grouped
together, mainly because the number of sightings was too low for
each species and partly because Lagenorhynchus species are difficult
to distinguish from the air.

The number of sightings was not consistent between seasons for
all species (Table 2). The difference was particularly marked for
certain species. Virgili et al. (2018) recommend a minimum of 50
sightings to fit habitat models, a number that should evolve
depending on the size of the study area. To ensure that this
number was reached, for some species, data from summer and
autumn, and from winter and spring, were combined in the
European Atlantic waters. Before combining the sighting data, we
checked that there were no significant differences between the
combined seasons in terms of sighting distributions (visually on
the maps), but also in terms of group sizes (using Student’s t-tests).
Analyses of variance were used to group the seasons with the closest
medians and ranges for the environmental variables. This was done
for fin whales (Balaenoptera physalus), minke whales (B.
acutorostrata) and Risso’s dolphins (Grampus griseus). For
Lagenorhynchus, the number of sightings was sufficient only in
summer, so only the summer distribution was modelled. For striped
dolphins (Stenella coeruleoalba), the number of sightings in winter
was too low, so we did not model the winter distribution. The study
did not include observations where common dolphins could not be
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TABLE 2 Number of sightings and individuals by species and season.

10.3389/fmars.2024.1319791

Species/ Code Scientific name
group
European Atlantic waters Spring Summer Autumn Winter
Bottlenose dolphin TURTRU Tursiops truncatus 406 (5,375) 363 (2,454) 283 (2,371) 232 (1,419)
Common dolphin DELDEL Delphinus delphis 1,604 (20,513) 1,452 (22,588) 2,394 (23,726) 636 (5,588)
Fin whale BALPHY Balaenoptera physalus 45 (66) 783 (1,009) 239 (327) 10 (11)
Harbour porpoise PHOPHO | Phocoena phocoena 1,005 (1,286) 3,481 (4,767) 109 (204) 962 (1,511)
Minke whale BALACU Balaenoptera acutorostrata 79 (81) 241 (252) 51 (56) 14 (14)
Pilot whales GLOSPP Globicephala melas/ 243 (2,660) 189 (1,017) 119 (679) 40 (123)
G. macrorhynchus
Risso’s dolphin GRAGRI Grampus griseus 62 (234) 73 (312) 33 (100) 29 (117)
Striped dolphin STECOE Stenella coeruleoalba 66 (1,269) 116 (2,001) 149 (3,115) 13 (142)
Lagenorhynchus 6 (28) 263 (1,163) 4 (31) 7 (16)
Lagenorhynchus LAGSPP albirostris/
L. acutus
Mediterranean Sea Summer Autumn
Bottlenose dolphin TURTRU Tursiops truncatus 219 (1,718) 11 (121)
Fin whale BALPHY Balaenoptera physalus 103 (150) 0 (0)
Risso’s dolphin GRAGRI Grampus griseus 70 (444) 0 (0)
Striped dolphin STECOE Stenella coeruleoalba 495 (9,021) 5(39)

The number of individuals is given in brackets. In the European Atlantic waters, for fin whale, minke whale and Risso’s dolphin, data from summer and autumn, and winter and spring were
combined for the analyses. Only summer data were used for Lagenorhynchus and winter data were not used for striped dolphins. In the Mediterranean Sea, summer and autumn data were pooled.
Spring: March to May, Summer: June to August, Autumn: September to November, Winter: December to February.

distinguished from striped dolphins. For the group of pilot whales,
the number of sightings in winter was low, but we still modelled
their distribution because, as pilot whales are generally concentrated
along continental slopes, their distribution is easier to model and
the number of sightings may be lower. In the Mediterranean Sea, as
with effort data, summer and autumn data were combined for all
species as there was insufficient effort in autumn to allow modelling.

2.3 Detection functions and effective
strip widths

To fit the detection functions and estimate the Effective Strip
Widths (ESWs), we pooled the data from the two regions (European
Atlantic waters and Mediterranean Sea). For each species,
perpendicular distances between the sightings and the transects
were used to fit detection functions. Platform and observation
height/altitude influence cetacean detection, so we defined
observation height classes for which detection functions were
fitted. We defined three classes: two classes for boat platforms (5-
10 m and 10-20 m) and one class for the aircraft platform. When the
number of sightings in the boat surveys was insufficient, we pooled
data from the two boat classes. The speed of the platform also affects
detection, but this information was not available for all surveys, so
we have not included it in the analyses.

Frontiers in Marine Science 05

For each species or species group and each observation height
class, detection functions were fitted with or without the Beaufort sea
state as a covariate using a multiple covariate distance sampling
(MCDS) method (Marques and Buckland, 2003). The Beaufort sea
state was the only detection variable common to all surveys, so it was
the only detection variable tested in the models. Detection functions
were fitted using the ‘dfuncEstim’ function of the ‘Rdistance’ R-
package (McDonald et al, 2019) and half-normal or hazard rate
distributions. The best models were selected using the Akaike
information criterion (AIC; Buckland et al., 2015). Once detection
functions were fitted, we estimated ESWs (Buckland et al., 2001).

2.4 Habitat-based density modelling

2.4.1 Environmental variables

To determine whether the cetacean distribution was related to
surface or water column oceanographic processes, several depth
classes were defined to extract environmental variables. These
classes were defined according to the distribution of water masses
in the European Atlantic waters and the Mediterranean Sea.

In the European Atlantic waters, the first class considered was
the surface. The cetacean distribution may be related to processes at
the surface, or these processes may influence those at depth. The
second class was defined as the zone extending vertically from 0 to
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600 m. The waters between 0 and 600 m have the characteristics of
the central waters of the North Atlantic Ocean. The third class
extended from 600 to 1,500 m. In the Bay of Biscay, between 600
and 1,500 m, the Mediterranean waters flow through Gibraltar. The
fourth class extended from 1,500 to 3,500 m and corresponded to
the deep waters of the Northeast Atlantic Ocean. The last class
extended from 3,500 m to the bottom of the sea and corresponded
to the Antarctic waters (Koutsikopoulos and Le Cann, 1996). This
last class is inaccessible to cetaceans but can influence the upper
layers by upwelling cold water.

In the Mediterranean Sea, four depth classes were considered:
“surface”, “0-200 m”, “200-600 m” and “600 m-bottom”. Waters
between 0 and 200 m depth come from the Atlantic Ocean and enter
the Mediterranean Sea through the Strait of Gibraltar. Below, there is
the intermediate Levantine water, averaging between 200 and 600 m,
which is the warmest and saltiest in the Mediterranean Sea. Finally,
below 600 m, the deep waters circulate, partly formed by the
Levantine intermediate water (Millot and Taupier-Letage, 2005).

To model species distributions, we extracted static variables,
which did not vary with time and were independent of depth
classes, and dynamic variables, which varied with time, for each of
the defined depth classes (Table 3).

For static variables, we extracted the bathymetry at a 0.02°
resolution (cell size from 1.4 to 4.2 km?, https://www.emodnet-
bathymetry.eu/) and then calculated the slope (inclination of the
bottom) and roughness (difference between the maximum and
minimum depths of the pixels surrounding the central pixel)

TABLE 3 Environmental variables used for species density modelling.

Initial spatial

Environmental variables

10.3389/fmars.2024.1319791

from it (function ‘terrain’ from ‘raster’ R-package, Hijmans,
2023). The cells were then aggregated to match the cell size of the
dynamic variables, i.e., 0.083° (cell size from 24 to 73 km?) in the
European Atlantic waters and 0.042° in the Mediterranean Sea (cell
size from 14.9 to 18.5 km?).

For dynamic variables, we extracted monthly variables for each
year between 2000 and 2021. We obtained water temperature,
current vectors, salinity, chlorophyll-a concentration and net
primary production for each depth class from the Copernicus
website (https://data.marine.copernicus.eu/products). We also
extracted sea surface height, bottom temperature and mixed layer
depth. The spatial resolution of the variables was 0.083° in the
European Atlantic waters and 0.042° in the Mediterranean Sea,
except for chlorophyll-a concentration and net primary production,
which was 0.25° (cell size from 221 to 661 km?, not available at finer
resolution at a large scale). From these variables, temperature
gradients, eddy kinetic energy, chlorophyll-a concentration
gradients and net primary production gradients were calculated
(function ‘getGradients’ from ‘grec’ R-package, Lau-Medrano,
2024). For each dynamic variable, monthly climatological
averages were calculated for each month over the 2000-2021
period and associated with the effort segments and prediction grids.

2.4.2 Principal component analysis

Based on Lambert et al. (2018), instead of using environmental
variables directly in the SDMs, we transformed them using a PCA
(Jongman et al, 1995). This technique allows transforming

e resolution Source Effect on pelagic ecosystems

EAW/MED (°)
Static
Bathymetry (m) 0.02/0.02 A Shallow waters can be associated with high primary production.
Slope (°) 0.02/0.02 A Combined with the currents, high slopes lead to prey aggregation.
Roughness (m) 0.02/0.02 A gplxeglllli rrlcg):?:ri;ses ;:;ii:actz utI}:;t the bottom is very steep which can lead to local
Dynamic
Temperature — Temp (°C) 0.083/0.042 B Temperature influences the prey distribution and their aggregation.
Temperature gradients - gTemp (°C) 0.083/0.042 B Spatial temperature gradients reveal the location of thermal fronts where prey aggregates.
Currents (m®.s %) 0.083/0.042 B Strong currents mix the water and aggregate prey.
Eddy kinetic energy - EKE (m”s ) 0.083/0.042 B Reveals the location of eddies where sediment is resuspended and prey aggregates.
Chlorophyll-a concentration — 0.25/0.042 B Chlorophyll-a concentration is an indicator of the resources available for prey and
CHL (mg.m™?) therefore of the prey availability.
E;tpp(rri:zi;y_ %%'ﬁolc)iuction - 0.25/0.042 B Net primary production is an indicator of prey availability.
Sea surface height - SSH (m) 0.083/0.042 B High height is associated with high mesoscale activity and increased prey aggregation.
Mixed layer depth - MLD (m) 0.083/0.042 B The prey availability increases with the depth of the MLD.
Bottom temperature bottomT (°C) 0.083/0.042 B The upwelling of cold water causes nutrients to rise and prey to concentrate.

All dynamic variables were extracted at a monthly resolution for each depth class, from 1 January 2000 to 31 December 2021. Monthly means were calculated over the entire period. Source A:
Emodnet (https://www.emodnet-bathymetry.eu/); Source B: Copernicus (https://data.marine.copernicus.eu/products). EAW, European Atlantic waters; MED, Mediterranean Sea.
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correlated variables into new variables (or dimensions) that are
decorrelated with each other and summarising information by
reducing the number of variables (thus limiting computational
time). The environmental space is characterised by different PCA
dimensions that aggregate several environmental variables. A PCA
aims to reduce the number of variables while retaining as much
information as possible. Each dimension explains a percentage of
the total variability. To avoid losing too much information, we
chose a number of dimensions that explained at least 70% of the
total variability, i.e., five dimensions, which also corresponded to a
slower decrease in the percentage of inertia. We finally reduced the
29 environmental variables to five dimensions.

2.4.3 Models

In each study area, habitat models were fitted for each species or
species group using GAMs (Hastie and Tibshirani, 1987). These
models establish functional relationships between the number of
individuals observed and environmental variables, in this case, the
dimensions of the PCA. We included each of the five PCA
dimensions in the model, specifying a season factor for each
dimension. In this way, we obtained one curve per season for each
dimension, curves that may be different if the environment chosen by
the species varies over the year or very similar if the relationship
between the species and its environment varies little over time.

We also included a spatial effect in the model, as a predictor
with an interaction between latitude and longitude, to account for
variability that would not be explained by the variables. This spatial
effect would represent some other mechanisms not captured by the
environmental variables included in the modelling approach
(Paradinas et al., 2023).

Models were fitted to the number of individuals per segment
with a Tweedie distribution to account for overdispersion in the
count data (Foster and Bravington, 2013). We set a maximum of
three inflexion points (i.e., four degrees of freedom), which allows
the model to fit the complexity of the curve to the data while
avoiding overfitting. The number of individuals observed per
sampling unit was corrected by the area sampled by including an
offset in the model, calculated as 2 x segment length x ESW. The
‘mgcv’ R-package (Wood, 2017) was used to fit the GAMs. The
explained deviance, expressed in %, reflects the goodness offit of the
model; the higher the deviance, the better the model.

2.4.4 Predictions

After fitting the models, we predicted seasonal species
distributions in the European Atlantic waters and the
Mediterranean Sea (0.1x0.1° spatial resolution, cell sizes between
45 and 100 km? in the European Atlantic waters and between 87
and 106 km? in the Mediterranean Sea, depending on latitude).
When there was sufficient data, we made a prediction for the spring,
summer, autumn and winter seasons. When the amount of data was
insufficient, we combined summer and autumn data and winter and
spring data. In the European Atlantic waters, the prediction zone
was defined by the maximum coverage of the surveys and applied to
all seasons. The prediction zone extended from 35°N to 70°N and
from 20°W to 10°E. In the Mediterranean Sea, the prediction zone
in summer/autumn extended over the entire basin.
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To quantify the uncertainty associated with the predictions, we
calculated the coefficient of variation (CV) associated with each cell
in the prediction grid, where CV = mean/standard deviation. We
transformed the CV values into classes corresponding to
the percentiles.

2.4.5 Gap analysis

As the prediction zones were not fully covered by the surveys
(Figure 1), we performed a gap analysis of the environmental space
not covered during the surveys to identify areas where extrapolation
would not be representative of the sampled environmental space
(Bouchet et al., 2020). The aim was to spatially extrapolate the
predictions only in areas where the environmental variables were
within the range of values of the environmental variables sampled
during the surveys. The predictions (or extrapolations) made in gap
areas are considered less reliable because the model had no
information on the species presence in these environments.
Analyses were performed by season in both study areas using the
‘dsmextra’ R-package (Bouchet et al, 2019). Finally, unreliable
extrapolation areas were identified by black colours in the
prediction maps, and therefore, no prediction was provided in
these extrapolation areas. The extrapolation areas depended on
the distribution of effort and not on the species, so they were the
same for all species but varied by season.

3 Results
3.1 Species presence

In the European Atlantic waters, common dolphins (Delphinus
delphis), bottlenose dolphins (Tursiops truncatus), fin whales,
Risso’s dolphins, striped dolphins and pilot whales were recorded
mainly in the Bay of Biscay, off the Portuguese coast and west of
Ireland (Supplementary Figure S3). Lagenorhynchus were observed
in the northern North Sea, northern Scotland and northern and
western Ireland. Harbour porpoises (Phocoena phocoena) and
minke whales were observed everywhere except in the oceanic
waters of the Bay of Biscay. In the Mediterranean Sea, all species
were mainly observed in the western Mediterranean Sea, with
virtually no sighting data in the south and east of the
Mediterranean Sea (Supplementary Figure S4). Striped and
bottlenose dolphins were also observed in the Aegean and
Adriatic Seas, and a few sightings of Risso’s dolphins were
recorded in these two areas. Sightings of fin and pilot whales were
mainly restricted to the Liguro-Provencal basin.

3.2 Detection functions and ESWs

The platform had a significant effect on the detection
probability, with shorter distances observed in aircraft surveys
than in boat surveys (Supplementary Figure S5). Detection
probabilities varied by species, with larger animals being more
visible at greater distances, except for minke whales, which are
relatively cryptic. Detection functions were all fitted with the
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Beaufort sea state as a detection variable, except for minke whales
and Lagenorhynchus, for which there were not enough sightings for
all sea state classes. The detection probability decreased with
increasing Beaufort sea state. It was therefore more difficult to
detect animals when sea conditions deteriorated. This effect was
more or less pronounced depending on the species; the closer the
curves were, the less effect the Beaufort had on detection. For fin
whales, for example, detection was relatively unaffected by the
Beaufort sea state in aircraft surveys, but the effect was more
pronounced in boat surveys. For bottlenose dolphins, the
Beaufort sea state had a clear effect on detection for boats whose
observation platform was under 10 m above the sea surface.

These detection functions were used to estimate ESWs
(Figure 2). In general, ESWs were lower for aircraft than for boats
because, in boat surveys, observations are made towards the
horizon, whereas in aircraft surveys observations are performed
below the platform. As the Beaufort sea state increased, the ESWs
decreased. Small species such as the harbour porpoise, which is
difficult to observe, had lower ESWs (less than 0.5 km by boat) than
larger species such as the fin whale (up to 3.8 km by boat).

10.3389/fmars.2024.1319791

3.3 Characterisation of the environment
using PCA

Each dimension of the PCA was driven by different variables
(Figure 3). In the European Atlantic waters, dimension 1 was mainly
driven by variables characterising the deep layers of the water column,
such as depth, temperature, temperature gradients and currents below
600 m; dimension 2, by surface and subsurface currents and eddies
above 600 m; dimension 3, by surface and subsurface temperatures
above 600 m; dimension 4, by primary production variables
(chlorophyll-a concentration and net primary production) above 600
m; and dimension 5, by topography, in this case slope and roughness.

In the Mediterranean Sea, dimension 1 was mainly driven by
dynamic variables characterising the deep layers of the water
column, such as temperature, currents and eddies below 200 m,
dimension 2, by dynamic surface variables (temperature,
temperature gradient, currents, eddy kinetic energy), dimension 3,
by surface and subsurface chlorophyll-a concentration, dimension
4, by surface and subsurface net primary production and dimension
5, by slope and roughness, as in the European Atlantic waters.
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FIGURE 2

Effective strip widths (ESWs) estimated for each species and each Beaufort sea state class. Symbols represent mean values and horizontal bars
represent confidence intervals. Beaufort sea state classes are represented from 0 (excellent conditions) to 5 (poor conditions). Large uncertainties
reflect a low number of data for the sea state under consideration. This is particularly true for low Beaufort sea states in boat surveys, as few
observations have been made in these conditions. Aircraft surveys are usually conducted in very good conditions, which reduces the confidence
intervals. Mean: estimated mean value for all Beaufort sea states. Species codes are available in Table 2.
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Results of the principal component analysis (PCA) in the European Atlantic waters (A) and the Mediterranean Sea (B). 1) Histograms represent the
variance explained by each PCA dimension. We chose to keep the dimensions that explained at least 70% of the variance, i.e., 5 dimensions. 2) The
correlation plots represent the variables that drove each dimension. The larger and darker the circle, the more important the variable. Dim:
dimension, Temp: temperature, gTemp: temperature gradients, EKE: eddy kinetic energy, CHL: chlorophyll-a concentration, NPP: net primary
production, MLD: mixed layer depth, SSH: water surface height, Temp bottom: bottom temperature, surf: surface.

3.4 Models and predictions

Extrapolation areas were the same for all species but varied by
season. In the European Atlantic waters, extrapolation areas were
larger in spring and winter, especially in the north of the prediction
zone and off the Bay of Biscay and the Iberian Peninsula. In
summer, a large part of the area was sampled during the surveys,
so the extrapolation areas were very limited. In autumn, only the
northern part of the prediction zone was considered as an
extrapolation, so the surveys were sufficient to sample the range
of the environmental variables. In the Mediterranean Sea, the
extrapolation areas were very limited because almost the entire
Mediterranean Sea was sampled in summer.

Frontiers in Marine Science

All prediction maps are available in the PrediWhales application
(http://peladev.univ-Ir.fr:3838/pelagis/PrediWhales_v2/).

3.4.1 European Atlantic waters
3.4.1.1 Bottlenose dolphin

The bottlenose dolphin model explained 26.7% of the deviance
(Figure 4). All dimensions were significant. The functional
relationships between density and explanatory variables varied
greatly between seasons. For dimensions 1 (currents and bottom
temperatures) and 3 (surface temperatures), the relationships were
reversed in autumn compared to the other seasons, positive for
dimension 1 and negative for dimension 3. The relationship with
surface and subsurface currents and eddies (dimension 2) was
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FIGURE 4

Relationships obtained for each model in the European Atlantic waters. The curves represent the relationships obtained between cetacean density
and explanatory variables (the five dimensions of the PCA) for each season according to the different dimensions of the PCA (Figure 3). Explained
deviances of the models fitted for each species are shown in percentages between brackets. The stars (*) represent the significance of the variable;
the higher the number, the more significant the variable. If there is no star, the variable is not significant. Spring: March to May, Summer: June to
August, Autumn: September to November, Winter: December to February.

strong and negative in spring compared to the other seasons. The
biological variables (chlorophyll-a and net primary production,
dimension 4) had a stronger negative effect in autumn than in the
other seasons. The relationships with the static variables (slope and
roughness, dimension 5) were similar and positive in summer and

Frontiers in Marine Science

spring and negative in winter and autumn. These relationships
resulted in a change in the distribution of bottlenose dolphins over
the year, particularly in autumn (Figure 5). In spring and summer,
the highest densities were predicted along the continental slope
from the Spanish coast to western Ireland and to a lesser extent on
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Seasonal distributions predicted for bottlenose dolphins (a), common dolphins (b) and fin whales (c) in the European Atlantic waters. Black cells
represent extrapolation areas where the environmental space did not correspond to the environmental space sampled during the surveys.
Uncertainty maps are available in Supplementary Figure S6. ind/km?: individuals per square kilometre, Spring: March to May, Summer: June to

August, Autumn: September to November, Winter: December to February.

the continental shelves. In winter, the highest densities were
predicted on the continental shelves from Spain to western
Ireland. In autumn, the highest densities were predicted beyond
the continental slope, mostly in western Ireland. Bottlenose
dolphins were predicted to avoid the shelf edge in autumn due to
the low number of sightings in this area. The highest uncertainties
were estimated in the northern part of the study area (beyond 55°
N), but also off the Bay of Biscay and off the Portuguese coast, due to
the low number of sightings in the southern part of the study area
(Supplementary Figure S6).

3.4.1.2 Common dolphin

The model obtained for the common dolphin explained 30.2% of
the deviance (Figure 4). All dimensions were significant. Although
this was more pronounced for certain dimensions, the relationships
differed between seasons. This suggested that animals did not have
the same habitat preferences throughout the year. In spring, the
relationship with bottom currents and temperatures (dimension 1)
was reversed compared to the other seasons, but all were generally
weak. Relationships with surface and subsurface currents and eddies
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(dimension 2) were positive, weak and similar between the four
seasons. The relationship with surface and subsurface temperatures
(dimension 3) was reversed in autumn compared to the other
seasons. The relationships with chlorophyll-a concentration and
primary production (dimension 4) were similar and negative in
summer and winter and positive in spring and autumn, with
strong variations. The relationships with slope and roughness
(dimension 5) were partly different in summer compared to the
other seasons, but all were weak. In autumn and winter, common
dolphins were predicted mainly on the continental shelf of the Bay of
Biscay and along the Spanish and Portuguese coasts, with the highest
densities in autumn (Figure 5). In spring and summer, they were
predicted mainly on the continental slope, with higher densities in
Portuguese waters in spring, while in summer, the densities were
similar in the Bay of Biscay and in Portuguese and Spanish waters,
with a movement towards Irish waters. The uncertainties associated
with the highest predictions were estimated mainly in the northern
part of the study area and offshore in the oceanic zone due to the
lower number of surveys and fewer sightings in our dataset
(Supplementary Figure S6).
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3.4.1.3 Fin whale

For fin whales, effort and sighting data were aggregated in summer
and autumn, and in winter and spring. The model explained 53.6% of
the deviance (Figure 4). All dimensions were significant. The
relationships varied relatively little between the two seasons, except
for dimension 4 (chlorophyll-a concentration and primary
production), for which the relationships were reversed between the
two seasons, positive in summer/autumn and negative in winter/spring.
All relationships were strong and negative except for dimension 3. The
distributions were very similar between summer/autumn and winter/
spring (Figure 5). Fin whales were mainly concentrated in the oceanic
area of the Bay of Biscay and off the west coast of Ireland, Spain and
Portugal. The highest densities were predicted in the Bay of Biscay, with
densities being much higher in summer/autumn than in winter/spring.
Uncertainties were much higher in the north and east of the study area,
where relatively few individuals were observed during the surveys we
aggregated (Supplementary Figure S6).

3.4.1.4 Harbour porpoise
The harbour porpoise model explained 35.5% of the deviance
(Figure 4). All dimensions were significant. For dimension 1

10.3389/fmars.2024.1319791

(bottom temperatures and currents), the relationships were
strong, positive and similar between seasons. For dimensions 2
and 4 (surface and subsurface currents and eddies, biological
production), the relationships differed between the four seasons
with stronger variations in spring and autumn. For dimension 3
(surface and subsurface temperatures), the relationship in autumn
was reversed (positive) compared to the other seasons, but all were
weak. For dimension 5 (slope and roughness), the relationships
were similar in autumn and spring, reversed in summer and almost
flat in winter. The highest porpoise densities were predicted in the
North Sea, especially in the south and west, and along the
Norwegian coast (Figure 6). They were also predicted to occur on
the continental shelf of the Bay of Biscay, in the Celtic Sea and west
of Ireland. In winter, the highest densities were estimated in the
south and east of the North Sea (mainly because survey effort in
winter in the northern part of the North Sea was low), while at other
times of the year, the densities were more homogeneous, although
porpoises were mainly concentrated in the south and west of the
North Sea. The uncertainties associated with the highest predictions
were found in the oceanic zone beyond the continental slope, where
the animals were very rarely observed (Supplementary Figure S7).
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3.4.1.5 Minke whale

The minke whale model explained 19.4% of the deviance
(Figure 4). Only dimensions 1, 2 and 4 were significant. For these
dimensions (bottom temperatures and currents, surface and
subsurface currents and eddies, biological production), the
relationships differed seasonally and were essentially reversed and
strong, while for dimensions 3 and 5, the relationships were flat. This
suggested a change in distribution or density. Although the
distributions were similar between the two seasons, densities were
higher in summer/autumn than in winter/spring (Figure 6). In both
seasons, minke whales were predicted to occur mainly in the north of
the study area, beyond 50°N, in the North Sea, west of Ireland and in
the Norwegian Sea, but also off Portugal. The densities in the Bay of
Biscay were low. The very high densities predicted on the shelf edge in
the north of the study area in summer/autumn were probably due to
model overfitting but were not entirely inconsistent with the
predictions of Waggitt et al. (2020) and were consistent with the
offshore movement of animals in autumn (Risch et al, 2014).

10.3389/fmars.2024.1319791

Uncertainties were much higher off the Bay of Biscay, in the
eastern North Sea and the far north of the study area because
minke whales were rarely observed in these areas (Supplementary
Figure S7).

3.4.1.6 Pilot whales

The pilot whale model explained 38% of the deviance (Figure 4).
All dimensions were significant except dimension 4. The
relationships varied little between seasons, regardless of dimension,
suggesting little change in their distribution. In fact, the distribution
of pilot whales in the European Atlantic waters varied very little
between seasons (Figure 7). Pilot whales were predicted mainly on the
continental slope throughout the area from Portugal to northern
Scotland. Densities were higher in spring than in summer and
autumn, and even higher than in winter. In spring, there was a
higher concentration of individuals in the north and west of Scotland
and off the Iberian Peninsula. The highest uncertainties were found in
the English Channel, the North Sea and off the coast of Spain, as these
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Seasonal distributions predicted for Risso’s dolphins (a), striped dolphins (b) and Lagenorhynchus species (c) in the European Atlantic waters. Black
cells represent extrapolation areas where the environmental space did not correspond to the environmental space sampled during the surveys.
Uncertainty maps are available in Supplementary Figure S7. ind/km?: individuals per square kilometre, Spring: March to May, Summer: June to

August, Autumn: September to November, Winter: December to February.
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areas had virtually no observations and low sampling effort in the
aggregated surveys (Supplementary Figure S8).

3.4.1.7 Risso’s dolphin

The Risso’s dolphin model explained 20.3% of the deviance
(Figure 4). Only dimension 3 was significant. The relationships
differed only for dimension 3 (surface and subsurface
temperatures), where they were strong, positive and then negative
in summer/autumn and negative and then positive in winter/spring.
For the other dimensions, relationships were all flat. Given the
discrepancies in the relationships, we did not expect different
predictions (Figure 7). The highest densities of Risso’s dolphins
were predicted in western Scotland and the Celtic Sea in both
seasons. In the Bay of Biscay and off Portugal and Spain, the
predictions were slightly more divergent. In winter/spring, higher
densities were predicted beyond the continental slope, while in
summer/autumn, the highest densities were predicted on the
continental slope and shelf. The uncertainties associated with the
predictions were high in the north and east of the study area, as
relatively few Risso’s dolphins were observed during the surveys due
to the cryptic behaviour of Risso’s dolphins at the surface
(Supplementary Figure S8).

3.4.1.8 Striped dolphin

The number of striped dolphin sightings in winter was not
sufficient to give satisfactory results (cf. Table 2), so we decided to
fit the model for the spring, summer and autumn seasons. The model
explained 54% of the deviance (Figure 4). Only dimensions 1, 3 and 4
were significant. For dimensions 1, 2, 3 and 5, the relationships varied
relatively little over the seasons and were generally weak. However,
the relationships with biological production variables (dimension 4)
varied considerably, with the autumn relationship being particularly
strong. The distribution of striped dolphins varied relatively little
between spring, summer and autumn (Figure 7). However, densities
varied and were much higher in summer and autumn than in spring,
which may indicate that animals arrive in the study area during the
summer. Striped dolphins were predicted beyond the continental
slope, with higher densities predicted oft Portugal. The uncertainties
associated with the highest predictions were mainly found in the
north of the study area, where the number of surveys was low and
there were virtually no sightings of striped dolphins (Supplementary
Figure S8).

3.4.1.9 Lagenorhynchus

We were only able to fit a model for Lagenorhynchus in summer,
as the number of sightings in the other seasons was insufficient. The
model explained 50.7% of the deviance. Only dimension 4 was weakly
significant. The linear relationships obtained for dimensions 1 to 4
showed little complexity, suggesting fairly direct relationships with
the environmental variables. The relationships for dimensions 1, 2
and 3 were almost flat, that for dimension 4 was negative, and that for
dimension 5 was positive and then negative. Lagenorhynchus were
predicted only in the north of the study area, beyond 50°N (Figure 6).
They were predicted to occur mainly offshore close to the shelf edge in
the north-west of Scotland and on the continental shelf in the western
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North Sea. Unlike the previous species, the areas of greatest
uncertainty were predicted in the south of the area and in the far
north because Lagenorhynchus had not been observed in these areas
(Supplementary Figure S7).

3.4.2 Mediterranean Sea
3.4.2.1 Bottlenose dolphin

The Mediterranean bottlenose dolphin model explained 18.2%
of the deviance (Figure 8). Only dimensions 2, 4 and 5 were
significant. All relationships were linear, positive for dimension 1
(dynamic variables at depth) and negative and strong for
dimensions 2 to 5 (dynamic surface variables, surface and
subsurface biological productions, topography). In summer/
autumn, bottlenose dolphins were predicted mainly in the
Alboran, Ligurian, Tyrrhenian, Sicilian, Adriatic and Aegean Seas,
east of the Balearic Islands, as well as on the continental slope off the
French coast and in the Gulf of Lion (Figure 9). Very few animals
were predicted in the centre of the western basin and in the south
and east of the eastern basin. Uncertainties were very high in the
south and east of the Mediterranean Sea (Supplementary Figure S9).

3.4.2.2 Fin whale

The fin whale model explained 40% of the deviance (Figure 8).
Only dimensions 1, 3 and 5 were significant. The relationships were
more complex than those for bottlenose dolphins except for
dimension 2 (dynamic surface variables), where the relationship
was flat. The relationships were strong, positive and then negative
for dimensions 1 and 3 (dynamic variables at depth and surface and
subsurface chlorophyll-a concentration), positive for dimension 4
(surface and subsurface net primary production), and negative then
positive for dimension 5 (slope and roughness). The highest
densities were predicted off the French coast, in the Liguro-
Provengal basin (Figure 9). Individuals were also predicted in the
Alboran Sea and the Tyrrhenian Sea. No individuals were predicted
in the eastern basin beyond 11°E. However, the highest
uncertainties were estimated in the eastern basin, where there was
less survey effort (Supplementary Figure S9).

3.4.2.3 Risso’s dolphin

The Risso’s dolphin model explained 31.3% of the deviance
(Figure 8). Only dimensions 1 and 3 were significant. The
relationships obtained for dimensions 4 and 5 (surface and
subsurface net primary production and topography) were flat and
almost flat for dimension 2 (dynamic surface variables). The
relationships for dimensions 1 and 3 (dynamic variables at depth
and surface and subsurface chlorophyll-a concentrations) were
strong and positive. Risso’s dolphins were predicted mainly in the
western Mediterranean Sea, the southern Adriatic and the Ionian
Sea (Figure 9). The highest densities were predicted around the
Balearic Islands, west of Corsica, along the Algerian coast and south
of Greece. In contrast, densities were extremely low in the south and
east of the Mediterranean basin. Areas of high uncertainty were
predicted in the Alboran Sea, the Adriatic Sea and the southern and
eastern Mediterranean Sea, as very few individuals had been
observed in these areas (Supplementary Figure S9).
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Relationships obtained for each model in the Mediterranean Sea. The curves represent the relationships obtained between cetacean density and
explanatory variables (the five dimensions of the PCA) for each season according to the different dimensions of the PCA (Figure 3). Explained
deviances of the models fitted for each species are shown in percentages between brackets. The stars (*) represent the significance of the variable;
the higher the number, the more significant the variable. If there is no star, the variable is not significant. Summer: June to August, Autumn:

September to November.

3.4.2.4 Striped dolphin

The striped dolphin model explained 24.9% of the deviance
(Figure 8). All dimensions except dimension 3 were significant.
Except for dimension 3 (surface and subsurface chlorophyll-a
concentration) where the relationship was flat, all relationships
were strong, positive and then negative for dimension 1 (dynamic
variables at depth), negative for dimensions 2 and 5 (dynamic
surface variables and topography) and positive for dimension 4 (by
surface and subsurface net primary production). In summer/
autumn, dolphins were mainly distributed in the western basin
and in oceanic habitats (Figure 9). They were also predicted to occur
in the southern Adriatic and the Ionian Sea. However, densities
were very low in the southern and eastern Mediterranean Sea, partly
explained by the low sampling effort. Uncertainties were high in the
south and east of the Mediterranean Sea (Supplementary Figure S9).
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4 Discussion

In this study, we aimed to predict the seasonal distribution of the
most abundant cetacean species in the European Atlantic waters and
the Mediterranean Sea by considering processes that may influence
their distribution in the water column. To do this, we collated
sighting and effort data from several boat and aircraft surveys using
a standardised line-transect protocol. The data were homogenised,
and spatial and seasonal effects were included in the models to predict
seasonal distributions. By including environmental variables
describing the water column in a PCA, we were able to describe
the environment in three dimensions and not just the surface
environment. For species such as cetaceans, which generally feed at
depth, it is essential to consider these variables in the models to be
able to identify the mechanisms that influence species distributions.
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Depending on the species, we highlighted either similar or different
habitat uses between seasons, resulting in changes in the large-scale
spatial distribution and/or density of cetaceans throughout the year.
The distributions were predicted considering the extrapolation areas,
and we only predicted in zones where the ranges of environmental
variables were sampled during the surveys. When predicting outside
the areas sampled during the surveys, it is essential to take these
extrapolation areas into account to avoid false predictions in
uninformed zones.

4.1 Methodological considerations

In this study, we faced a spatially and temporally uneven
sampling effort. Most surveys were conducted in the summer
when the weather conditions were the most favourable, but there
were gaps during the other seasons. Mannocci et al. (2018)
identified other surveys that could have been used in the
Mediterranean Sea, but most of them were carried out in summer
and would not have filled the gaps in winter. The northern and
western Mediterranean Sea were well surveyed in summer, but the
south of the basin was not, limiting the number of sightings
available for modelling the distribution. Waggitt et al. (2020)
faced the same disparity in data in the European Atlantic waters,
although they collected a greater number of surveys with different
protocols (ESAS, strip transect and line-transect protocols). Most of
the effort they collected was between May and September,
highlighting the need for more sampling, particularly in winter.
Predictions made in areas with low coverage are necessarily more
uncertain than those made in areas with high coverage.

In the European Atlantic waters, except for Lagenorhynchus, we
obtained distribution maps for two or four seasons, which allowed
us to highlight possible changes in distribution over the year. We
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defined a time scale of 3 or 6 months, although a monthly scale
might be more appropriate for understanding species distributions,
as it was done in Waggitt et al. (2020). Here, the number of sightings
per month was insufficient for most species and the model would
not have been able to fit relationships across all months. Virgili et al.
(2018) have shown that at least 50 sightings should be used to model
species distributions, depending on the size of the study area.
Therefore, for the less common species, we had to combine data
collected in summer and autumn, and in winter and spring. This
certainly had an impact on models and predictions, especially for
species whose distribution changes in mid-season or for migratory
species, such as the minke and fin whales (Risch et al., 2014; Gauffier
et al,, 2018, 2020). Combining data from two seasons may obscure
changes in behaviour and be confounded by seasonal variations in
survey effort. Spring and autumn are transitional months for
migratory species, and combining them with months when
changes in distribution are more limited, such as in summer, may
obscure some of the patterns. More sampling outside the summer
months would be very beneficial, but in the absence of more
consistent effort between seasons, we have aggregated it.

We collected data over 16 years, assuming that cetacean
distributions were stable over time and only varied seasonally.
This was a strong assumption that can be refuted. For example,
the SCANS surveys, conducted in the summers of 1994, 2005 and
2016, respectively, showed changes in summer distribution for most
of the species studied. For the harbour porpoise, for example,
Hammond et al. (2013) showed that its distribution shifted from
the north to the south of the North Sea in the interval between the
two surveys in 1994 and 2005. For the common dolphin, a shift was
observed between the 2005 and 2016 surveys, indicating interannual
variation in the species distributions. However, to detect a change in
distribution between years, it would have been necessary to have
equivalent spatial coverage in each year, which would have allowed
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a year effect to be introduced into the model. As the annual spatial
coverage of the surveys was highly variable, the inclusion of a year
effect would have reflected the distribution of the surveys rather
than the actual annual species distribution.

It is important to note that, unlike Waggitt et al. (2020), we did
not fully account for detection biases (availability and perception
biases) associated with cetacean observations. Detection biases are
difficult to estimate and depend on the region, the species and the
height and speed of the observation platform (boat vs. plane,
sailboat vs. motorboat, high vs. low observation platform, etc.).
This bias should be estimated for each species and each survey by
setting up specific double platform protocols (e.g., Canadas et al.,
2004; Lambert et al., 2019; Hammond et al., 2021), which is rarely
done. Perception biases were estimated when fitting the detection
functions and estimating the ESWs by taking into account the
platform, the observation height/altitude and that animals were less
detectable when observation conditions were unfavourable. For
example, ESWs were larger for boat surveys with an elevated
platform than for aerial surveys, because sightings are generally
recorded below the aircraft. However, we did not attempt to
account for availability bias, i.e. biases related to the availability of
animals at the surface or subsurface for observation.

In this study, the prediction zone was defined according to the
maximum spatial coverage of the surveys, i.e. according to the
spatial coverage of the summer surveys. The prediction zone should
have varied according to the season, but the aim of the study was to
predict the species distributions at the same scale for the different
seasons. We therefore extrapolated geographically but were careful
to predict only in the environmental interpolation zones, i.e. the
zones where the ranges of environmental variables were within the
range of values sampled during the surveys (Bouchet et al., 2020). It
is important to consider these extrapolation areas because SDMs
tend to predict extreme densities in unsampled areas. However, it
should be borne in mind that even if the environmental
extrapolation zones are taken into account, certain areas remain
poorly sampled, such as the southern and eastern Mediterranean
Sea, the North Sea and the north of the British Isles, and predictions
are therefore more uncertain.

Using different methodologies and partially shared common
datasets, we identified distribution patterns common to Waggitt
et al. (2020) in the European Atlantic waters and Cafadas et al.
(2023) in the Mediterranean Sea. With a larger number of datasets,
Waggitt et al. (2020) was able to predict species distributions on a
monthly scale. The number of sightings in our dataset was more
limited and we were forced to gather data on a seasonal scale.
Comparing the distribution maps between the different studies
allowed the results to be validated, but also to identify areas that
differed and that would benefit from more sampling to validate the
predictions. Getting generally similar broad patterns was really
encouraging. As pointed out by Waggitt et al. (2020), GAMs can
tend to overfit the results and lead to overdispersion, which is visible
on certain maps (e.g., the map of minke whales in summer/
autumn). However, the consistency of the results between the two
studies shows the relevance of using GAMs with a Tweedie
distribution, as shown, for example, in the studies of Redfern
et al. (2017); Virgili et al. (2019) and Canadas et al. (2023).
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4.2 Modelling species distribution from
variables at depth

Cetacean distribution is generally driven by prey distribution,
which in turn is driven by oceanographic and biological processes
such as currents and primary production (Astarloa et al., 2021;
Garcia-Baron et al., 2020; Louzao et al, 2019; Orphanides et al.,
2023). Most cetacean prey is found either in the water column or
close to the sea bed, or is changing distribution. For example, whiting
(Merlangius merlangus) and sandeels (Ammodytes spp) have benthic/
demersal and pelagic phases. Minke whales, fin whales and common
dolphins feed largely on pelagic prey (Olsen and Holst, 2001; Aguilar
and Garcia-Vernet, 2018; Dool and Bosker, 2022), while pilot whales
and Risso’s dolphins feed on benthic prey (Spitz et al., 2011; Santos
et al, 2014), and harbour porpoises, Lagenorhynchus, bottlenose
dolphins and striped dolphins feed on pelagic and demersal prey
(Santos and Pierce, 2003; Ringelstein et al., 2006; Hernandez-Milian
et al., 2016; Dool and Bosker, 2022). Surface variables are therefore
not the only ones to influence the distribution of prey at depth. The
strongest and most significant relationships were obtained with the
dimensions carried by the dynamic variables characterising the water
column and the biological production at the surface, subsurface and
depth, regardless of the habitat used by the cetacean prey, except for
Risso’s and Lagenorhynchus in the European Atlantic waters. This
may reflect that all oceanographic and biological processes, both at
the surface and at depth, influence the distribution of cetaceans and
that it is necessary to consider all three dimensions of space to predict
their distribution (Becker et al., 2016; Waggitt et al., 2020; Virgili
et al, 2022). In addition, the significance of the variables differed
between the two major study areas, which may indicate a difference in
habitat use by species between the Mediterranean Sea and the
European Atlantic waters. As the dimensions in the two regions
were not supported by the same variables, a more detailed analysis or
even a PCA common to both regions would allow a better
comparison of the significance of the variables. The significance of
the variables is also likely to vary within a region, particularly in
European Atlantic waters, especially where there are large areas of
epicontinental sea (e.g. the North Sea), compared to seas more
influenced by the Atlantic (e.g. the Celtic Sea).

The development and increasing availability of environmental
variables that describe the ocean in three dimensions is leading to a
better understanding of species distributions, and we can only
encourage their use in SDMs. Indeed, Becker et al. (2016) and
Virgili et al. (2022) showed a model improvement when depth
variables were included in the modelling of cetacean distributions.
The constraint associated with this use of variables that characterise
the water column is the very high number of variables. In this study,
we divided the water column into different water masses and
calculated the mean values of the variables in the different classes
defined, but we could have considered a different division (every
100 m, for example), which would have considerably increased the
number of variables. To overcome this problem, instead of using
environmental variables directly in the models, we transformed all
the variables into five dimensions using a PCA, following the
methodology of Lambert et al. (2018). The PCA dimensions were
linear combinations of the raw environmental variables and offered
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two main advantages for habitat modelling: (i) the number of
variables included in the models was reduced, and (ii) the
problem of collinearity between environmental variables was
eliminated (e.g., between chlorophyll-a concentration and net
primary production or between depth and slope). We were not
able to fully explain the species distributions using depth variables
(explained deviances less than 100%), but the results obtained were
very satisfactory (explained deviances between 18% and 54%) and
very consistent with sightings collected during the surveys and with
their known distribution (e.g., Lambert et al., 2017a, b; Waggitt
etal., 2020). The main limitation associated with the use of PCA was
the interpretation of the models. Here, we were only able to identify
the variables that drove the PCA dimensions and to compare the
relationships between seasons but not to interpret the results in
terms of habitat preferences. However, as our main objective was to
predict the species distributions, this method proved to be efficient.

4.3 Seasonal cetacean distributions

Distribution maps must be interpreted with caution, as they
represent relative (not absolute) densities and the species
distribution at large spatial scales and over several decades.
Density surface models fitted to large-scale data cannot predict
the distribution of subpopulations such as bottlenose dolphin
coastal populations either in the Atlantic Ocean or in the
Mediterranean Sea (Louis, 2014; Gnone et al., 2011). For these
populations, fine-scale monitoring is more appropriate and the
predictions obtained in our study mostly relate to the offshore
ecotypes, particularly for bottlenose dolphins.

In the European Atlantic waters, we predicted three general
distribution patterns. Some species showed seasonal variations in
density but similar distribution patterns. We might assume that
these variations may be due to the migration of animals, as a
significant decrease in density necessarily leads to a departure of
animals. This was the case for minke and fin whales. The
distribution maps were very similar to those of Waggitt et al.
(2020) in the north of the study area but, we also predicted
relatively high densities off Spain and Portugal for both species in
the two seasons. In the Bay of Biscay, as for Waggitt et al. (2020), fin
whale densities were high in summer/autumn and lower in winter/
spring and minke whale densities were low in summer/autumn but
in contrast, minke whale densities in winter/spring were higher. In
the European Atlantic waters, these species, mainly fin whales, have
been shown to migrate seasonally between high latitude summer
feeding grounds and low latitude winter breeding grounds (Risch
et al, 2014; Aguilar and Garcia-Vernet, 2018). In the case of fin
whales, the fact that similar curves were obtained for the two
seasons (Figure 4) supports the idea of possible migration.
Physiological processes such as feeding and reproduction underlie
these changes in density.

For other species, we predicted changes in distribution, while
overall densities remained stable. For the common dolphin, we
showed that animals were predicted to be mainly on the
continental slope in spring and summer, whereas they were
distributed over the continental shelf in autumn and winter. These
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results confirm those of Murphy et al. (2013) and Lambert et al.
(2017a). This seasonal change could be related to the migration of
pelagic prey (Pusineri et al., 2007; Meynier et al., 2008), moving from
the edges of the continental shelf in summer to more coastal habitats
in winter. This migration can vary from year to year, both in terms of
how far north they move seasonally and the extent to which they
occupy shelf seas. The fact that we obtained different curves in
autumn and spring (Figure 4) supports this hypothesis. These
could be transitional periods, possibly associated with either a
change in diet or a shift in available prey. For harbour porpoises,
we have little data from the North Sea, but the predictions obtained
were consistent with the recent distribution obtained by Gilles et al.
(2016), with a westward concentration of animals in spring and
summer, consistent with the distribution of whiting and cod (Gadus
morhua, Ransijn et al., 2021). In autumn and winter, the predictions
were more consistent with those of Waggitt et al. (2020), with a
concentration of animals to the east and south of the North Sea,
consistent with the distribution of sprat (Sprattus sprattus) and
herring (Clupea harengus, Ransijn et al., 2021). This change in
distribution may be partly related to a change in the distribution of
harbour porpoise prey such as sandeels (Santos and Pierce, 2003;
Gilles et al., 2016), but other prey or factors may also be involved. In
French waters, harbour porpoise densities were lower in summer and
much higher in spring, with a more offshore distribution in summer
than in winter. These results were consistent with and supported
those of Lambert et al. (2017a) and changes in distribution may be
related to prey availability. For bottlenose dolphins, we predicted a
shift between the continental shelf and the shelf edge during the year,
while Waggitt et al. (2020) predicted consistently high densities on
the shelf edge. The strong annual changes in the distribution in
certain areas, such as the Celtic Sea, are not visible here (Rogan et al.,
2018). The diet of bottlenose dolphins is highly diversified, including
gadoids and cephalopods, and they can forage in different habitats
(Spitz et al., 2006; Hernandez-Milian et al, 2015). This shift may
therefore be related to a change in diet or a shift in prey availability.

Pilot whales, Risso’s dolphins and striped dolphins showed little
change in their distribution over the seasons, which was very
consistent with Waggitt et al. (2020)’s results. We also showed a
concentration of species off Spain and Portugal where
environmental conditions are favourable. Distributions may
change little because their diets are more adaptable than those of
other species and they manage to find their food in all seasons. Pilot
whales were mainly concentrated offshore and along the shelf edge,
as previously shown by Rogan et al. (2017). According to Spitz et al.
(2011), unlike other deep-diving species, pilot whales can forage on
both the continental shelf and in the oceanic habitat and they can
exploit different trophic levels depending on the season (de
Stephanis et al., 2008), so they are highly adaptable. Risso’s
dolphins were not restricted to shelf edges, they were also
predicted on the continental shelf and in oceanic waters as
previously shown by Jefferson et al. (2014). The stomach contents
of Risso’s dolphins vary geographically, with mainly benthic squid
found in the Bay of Biscay (Spitz et al, 2011), while octopus
(Eledone cirrhosa) were also found in the UK, with fish and
crustaceans in smaller proportions (MacLeod et al., 2014). These
species are largely distributed in the Northeast Atlantic Ocean,
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which explains the wide distribution of Risso’s dolphins. Striped
dolphins were mainly predicted in the south of the study area with
the highest densities predicted off Portugal. Contrary to Waggitt
et al. (2020), we did not predict seasonal variations in species
densities. Striped dolphin distribution is mainly driven by their prey
distribution. Stomach content analysis revealed the presence of
lanternfish (Notoscopelus kroeyeri and Lobianchia gemellarii) and
squid (Teuthowenia megalops and Histioteuthis spp) in the
stomachs, which are all oceanic species (Ringelstein et al., 2006).

For Lagenorhynchus, we only had enough data for modelling
during the summer, so we were unable to predict their seasonal
distribution. Their distribution range lay to the north of the study
area. The predicted distribution combined the distribution of the two
species included in the group, the distribution of the demersal feeder
white-beaked dolphin in shelf waters (Reid et al., 2003; Canning et al,,
2008; Jansen et al., 2010; Evans and Waggitt, 2020) and the
distribution of the pelagic feeder Atlantic white-sided dolphin near
the shelf edge (Reid et al., 2003; Wall et al., 2013; Hernandez-Milian
et al., 2016; Evans and Waggitt, 2020). Our results were very
consistent with their known seasonal distribution in the Scottish
waters (Canning et al., 2008; Wall et al., 2013) and with the summer
predictions of Waggitt et al. (2020).

In the Mediterranean Sea, we only predicted the summer/
autumn species distribution. Effort was fairly homogeneous, but a
clear west-east gradient in the sightings was observed
(Supplementary Figures S2, S4). The predictions were consistent
with those of Canadas et al. (2023), mainly in the western and
northern central basins, and we both found lower densities in the
eastern basin. Bottlenose dolphins showed a preference for coastal
and shelf waters. They are a generalist species whose diet and
foraging behaviour appear to be area-dependent (Bearzi et al,
2008), moving inshore during the summer to calve, which
explains the absence of the species in oceanic areas. Fin whales
were predicted only in the western basin, mainly in the Liguro-
Provengal Basin, an area known to concentrate fin whales and krill
in summer (Geijer et al., 2016; Notarbartolo di Sciara et al., 2016).
No individuals were observed in the eastern basin while few
individuals have already been observed (Stephens et al, 2021).
Risso’s dolphins were widely distributed in oceanic waters, except
in the south and east where little or no observation effort has been
performed, with the highest densities predicted on continental
slopes and near offshore islands, as previously shown by Bearzi
et al. (2011). They feed mainly on mesopelagic squid, which
explains their concentration in slope areas. Striped dolphins were
mainly concentrated in the western and north-central basins in
oceanic waters. They are generally found in different habitats due to
their opportunistic feeding habits (Azzellino et al., 2008).

4.4 Application for species conservation

The distribution of cetaceans is thought to be mainly related to
the distribution and availability of their prey, but human activities
such as offshore wind farms, shipping and fishing can also affect
cetacean distribution as they often overlap (Avila et al., 2018; Evans
etal., 2021). The influence of these threats on species distribution is
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difficult to model and incorporate into SDMs, but the distribution
predicted in the study can be used to inform conservation, in
particular by allowing human activities to be planned in areas where
they will have less impact because of lower concentrations of
animals. Not all human activities have the same impact on
species. Small species such as harbour porpoises, striped dolphins
and especially common dolphins in the Bay of Biscay are vulnerable
to bycatch in fishing gear (Peltier et al., 2016; IJsseldijk et al., 2021;
Margalo et al., 2021). Larger cetacean species, such as fin whales, are
more sensitive to collisions with vessels (ferries, cargos, etc.; Evans
etal., 2011; Schoeman et al., 2020). For example, the area off the Bay
of Biscay in summer/autumn would be particularly sensitive for fin
whales, yet it is an area frequently crossed by commercial and
passenger vessels (Halpern et al., 2015; Pirotta et al., 2019). Routing
vessels away from the concentration area would certainly be
beneficial for fin whales. For common dolphins, the prediction
maps clearly showed a concentration of individuals on the
continental shelf of the Bay of Biscay in autumn and winter.
Peltier et al. (2021) showed that this is an area where common
dolphins stranded on the French coast and showing signs of bycatch
are likely to have been caught. For example, the use of noncatching
fishing gear in this area would be preferable. The prediction maps
also show a concentration of harbour porpoises in the North Sea,
one of the most anthropised seas in the world, with intensive
development of offshore wind farms, accidental captures and
intense shipping (Halpern et al., 2015). Activities need to be
regulated to limit the impact on this species.

Working on a large scale enables to meet international
conservation objectives for marine megafauna, such as those set
by the OSPAR Convention in the North-East Atlantic Ocean or
ACCOBAMS in the Mediterranean Sea, or to identify Important
Marine Mammal Areas. The benefits are even more obvious when
we focus on mobile species such as cetaceans. It is then possible to
work at a population scale. The study of seasonality could also allow
the establishment of dynamic marine protected areas according to
the seasons. Distribution maps alone are not enough to identify
high-risk areas. Other parameters, such as the concentration of
ships, the time the animals spend in an area and the species life
cycle, need to be considered, but this work can contribute to more
targeted measures for conservation of cetacean species.

5 Conclusion

By combining 16 years of surveys, we predicted the seasonal
distribution of the most abundant cetacean species in the European
Atlantic waters and the Mediterranean Sea using environmental
variables integrated over the water column instead of the usual
surface variables. We identified areas of species concentration
where human activities should be restricted. For example, this
study has confirmed previously identified areas with high densities
of common dolphins in the Bay of Biscay to limit bycatches, or areas
with high densities of fin whales in the European Atlantic waters and
the Mediterranean Sea, to limit collisions with shipping (commercial
or passenger). The results presented here reinforce the results
obtained from earlier studies using different datasets or
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methodologies and demonstrate the need for adequate survey effort
in space and time. At present, these data are not available in winter in
most areas, there are still large gaps where survey effort is low, for
example in the southern and south-eastern Mediterranean Sea, the
northern and north-western parts of the study area in European
Atlantic waters, and in many areas off the shelf. Improved seasonal
coverage will allow us to better predict where species occur.
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