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Abstract
Accurately locating the foraging areas of diving marine predators is central to understanding their ecology and implementing
conservation and management regulations. This study compares horizontal and vertical approaches of identifying seal foraging areas. We analysed GPS locations and dive data obtained from GPS/GSM tags fitted on eight grey seals (Halichoerus
grypus) and nine harbour seals (Phoca vitulina). In the horizontal dimension, we used the First Passage Time to identify
Area-Restricted Search (ARS) behaviour. In the vertical dimension, we used two dive criteria indicating benthic foraging
behaviour: dive shape and vertical descent speed. The two approaches were spatially compared using the Index of Differences in Spatial Pattern. We found that the two approaches highlight similar hotspots when pooling all individuals of the
same species. However, the degree of overlap varied considerably at the individual level. Some individuals performed most
of their likely foraging dives (vertical dimension) in areas where they also displayed ARS behaviour (horizontal dimension),
while others performed these dives both in and outside ARS zones. We suggest that comparing foraging areas detected from
horizontal and vertical approaches (1) can strengthen the confidence in the efficiency of approaches to accurately spatialize
the actual foraging effort of a diving predator at the scale of a colony (sampled with several individuals); and (2) provides
more comprehensive insights into potential interindividual differences in foraging strategies as some divergent individual
strategies may not be detected using only horizontal movements.

Introduction
Understanding how marine predators search and move
through their environment to acquire food is central to
understanding their ecology and implementing specific
conservation and management regulations (e.g. Costa 1993;
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Croll et al. 1998). However, studying diving top predators
is particularly challenging because these animals live and
move in an expansive three-dimensional environment. It is
often difficult to directly observe their foraging behaviour
underwater. The development and advancement of bio-logging devices and technologies over the last three decades
have vastly improved our ability to study the movements and
behaviours of animals at sea. Telemetry tags including the
recording and transmission of high-frequency locations and
dives can provide essential information on the behaviour of
diving top predators, including foraging (e.g. Cooke et al.
2004; Ropert-Coudert et al. 2009; Carter et al. 2016). Telemetry and bio-logging devices are increasingly deployed on
several marine predators including sharks (e.g. Nasby-Lucas
et al. 2009; Nakamura et al. 2011), sea turtles (e.g. Chambault et al. 2016; Freitas et al. 2018), sea birds (e.g. RopertCoudert et al. 2004; Zimmer et al. 2008; Kokubun et al.
2010; Sommerfeld et al. 2013) and marine mammals (e.g.
Austin et al. 2006; Heerah et al. 2014; Prieto et al. 2014) to
study their movements and foraging behaviour.
Because it is complicated to obtain ground-truth information on actual prey captures, most telemetry studies
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have focused on indirect clues, based on location and/or
dive data, to identify foraging behaviour in the horizontal and/or vertical dimensions (Schreer and Testa 1996;
Fauchald and Tveraa 2003; Robinson et al. 2007; Bailleul
et al. 2008). These studies were based on the Optimal Foraging Theory, which suggests that predators’ movements
are shaped by the optimisation of food acquisition while
minimizing costs to access this resource (Stephens and
Krebs 1986). Horizontal approaches are typically based on
the identification of Area-Restricted Search (ARS) behaviour—an increase in residency within an area (Johnson
et al. 1992; Fauchald et al. 2000)—and assumes that predators focus their search effort in areas where prey density
is high (Kareiva and Odell 1987; Fauchald 1999; Thums
et al. 2011). Vertical approaches are based on the assumption that diving predators’ movements, especially airbreathing diving predators (Kooyman 1965), are shaped by
a maximization of time at depths where they can find their
prey, following the optimal diving theory (Kramer 1988;
Houston and Carbone 1992; Carbone and Houston 1996).
Previous studies based on vertical approaches focused on
number of dive metrics such as dive duration, dive shape,
ascent and descent speeds or bottom phase duration to
characterize the foraging behaviour of diving predators,
depending on species-specific strategies (Schreer and
Testa 1996; Lesage et al. 1999; Fedak et al. 2001; Baechler
et al. 2002; Austin et al. 2006).
Most studies that aimed at detecting diving marine predators’ foraging behaviour typically used only one approach,
either in the horizontal (e.g. Thompson and Miller 1990;
McConnell et al. 1999; Jonsen et al. 2005; Breed et al. 2009)
or the vertical (e.g. Schreer and Testa 1996; Baechler et al.
2002) dimensions separately. In some cases, additional
information from feeding activity proxies, such as drift
rates, head-acceleration or stomach temperatures, have been
used to characterize a foraging behaviour (e.g. Lesage et al.
1999; Thums et al. 2011). Other studies compared the foraging areas obtained from location and dive data to provide a
best understanding of their efficiency in detecting foraging
(Robinson et al. 2007; Dragon et al. 2012; Ramasco et al.
2015). Some researchers found that outputs from horizontal
approaches did not match the foraging areas predicted by
dive data in northern elephant seals and Laysan albatrosses
(Robinson et al. 2007), while others reported a positive
relationship between foraging behaviours studied in horizontal and vertical dimensions in harbour seals (Ramasco
et al. 2015) as well as a correlation of these behaviours with
foraging success indicators in both dimensions in southern
elephant seals (Dragon et al. 2012). Others have supported
that incorporating both horizontal and vertical movements
in a single approach increases the robustness of the assessment of southern elephant seals’ foraging effort (Bailleul
et al. 2008; Bestley et al. 2015; Vacquié-Garcia et al. 2015).
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Previous studies mostly compared approaches focusing on
their ability to detect foraging effort, but the spatial overlap of foraging areas inferred from horizontal or vertical
approaches still needs to be quantified, as well as the potential influence of individual strategies.
The harbour seal (Phoca vitulina) and the grey seal
(Halichoerus grypus) are two phocid species that both
range in sympatry in the North Atlantic and can share the
same haulout sites as well as potentially similar foraging
grounds (e.g. Thompson et al. 1996; Vincent et al. 2017).
They typically move and feed within short distances of the
coast, i.e. few tens of kilometres from the shore for harbour seals and to few hundreds of kilometres for some grey
seal individuals (e.g. Thompson et al. 1996; Härkönen and
Harding 2001; Harvey et al. 2008; Cunningham et al. 2009;
Vincent et al. 2017). Both harbour and grey seals spend most
(around 80–85%) of their time at-sea diving (e.g. Thompson et al. 1991; Thompson and Fedak 1993; Lesage et al.
1999), although they can spend prolonged periods at the
surface, likely resting and/or digesting food, especially on
long trips (Russell et al. 2015). Both seal species are usually considered as benthic foragers and therefore typically
perform U-shaped dives while foraging and V-shaped dives
while transiting (Thompson et al. 1991; Bjørge et al. 1995;
Lesage et al. 1999; Baechler et al. 2002; Beck et al. 2003;
Bowen et al. 2006). Most of the studies trying to detect harbour and grey seals’ foraging behaviour from dive data (i.e.
in the vertical dimension) used dive shape as a prior component of seals diving behaviour (e.g. Lesage et al. 1999;
Baechler et al. 2002; Bowen et al. 2006; Vincent et al. 2016).
Other studies on these species also used movement data in
the horizontal dimension and analysed horizontal speed
(e.g. McConnell et al. 1999), focused on trajectory tortuosity (Austin et al. 2006), or used state-space modelling (e.g.
McClintock et al. 2013; Russell et al. 2015) for example to
detect foraging behaviour. To our knowledge, only the study
of Ramasco et al. (2015) compared the horizontal and vertical approaches used to detect harbour seals’ foraging behaviour, and highlighted a strong positive relationship between
foraging indices in both dimensions when focusing on seals’
benthic strategy. However, no such study is available for
grey seals, and none is spatializing foraging areas for both
species. We therefore had almost no baseline on these seal
species to confirm if such approaches could spatialize the
same foraging areas.
This study compares the horizontal and vertical
approaches to determine their effectiveness at spatially characterizing the foraging areas of two diving marine predators, the harbour seal and the grey seal. Our objective was
to quantify the overlap of foraging areas detected from the
horizontal and vertical approaches (i.e. ARS behaviour in
the horizontal dimension vs. benthic diving behaviour in
the vertical dimension). A strong overlap between potential
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foraging areas inferred from both methods would strengthen
our confidence in their ability to successfully identify actual
foraging areas. A low overlap would suggest that at least
one of two approaches either wrongly identifies foraging
instead of other behaviours, or fails to detect (parts of) the
predator’s feeding behaviour. In both cases however, a low
overlap would highlight alternative strategies of those diving
predators that do not strictly follow the theoretical assumptions made in (one of) the two approaches.

Material and methods
Telemetry data
The study was conducted in the eastern English Channel,
which is characterized by shallow waters on the continental
shelf (mostly shallower than 50 m deep) and strong tidal
currents. Both harbour and grey seals forage in this area
and haul out along the coast of northern France (Fig. 1). We
obtained telemetry data from harbour and grey seals captured in the Baie de Somme (France) in 2008 and 2012 and
focused on the data obtained before breeding and moulting
seasons, i.e. when seals need to replenish their body reserves
and increase their foraging activity (Thompson et al. 1994;
McConnell et al. 1999; Beck et al. 2003; Breed et al. 2009).

Fig. 1  Study area and haulout sites used within the study area by
tagged harbour and grey seal individuals captured in the Baie de
Somme BDS. Other haulout sites used by the tagged seals were Baie
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We therefore excluded data obtained from the beginning
of the breeding period in this area (after 1st June 2009 for
harbour seals and after 1st October 2012 for grey seals;
Härkönen et al. 2007; Vincent et al. 2017), i.e. when seals
usually drastically decrease their foraging effort. We analysed data only from the eastern part of the English Channel
to exclusively focus on the area where the tracked seals were
densely located in space (80% of grey seals’ GPS locations
and all harbour seals’ ones were located in this area). We
chose to exclude peripheral data that was too widespread to
accurately test spatial analysis on the foraging areas.
Nine harbour seals (one adult female and eight subadult/
adult males) and eight grey seals (subadult and adult males)
were fitted with Fastloc™ GPS/GSM tags developed by Sea
Mammal Research Unit (University of StAndrews, UK).
Harbour seals were captured in October 2008 and grey seals
in May 2012. These tags include a Fastloc™ GPS, a GSM
modem, and wet-dry, pressure and temperature sensors, as
well a microprocessor (McConnell et al. 2004). Tags were
set to obtain a GPS location every 20 min when the seal
was at the surface at sea; however, this frequency could be
irregular at times because of long periods spent underwater
by seals, or to a low satellite availability. We used a speedfilter algorithm that rejected locations that would require an
unrealistic horizontal seal speed (McConnell et al. 1992).
Considering the strong currents in this area (up to 2.3 m s−1

d’Authie BDA, Baie de Canche BDC, Walde WAL and Goodwin
Sands GS. Bathymetry data was obtained from SHOM (2015)
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measured in this area, Sentchev and Yaremchuk 2007) that
may potentially be added to the seal’s apparent horizontal
displacement, the consistency of seals trajectories were
visually inspected and a maximum horizontal speed filter
of 2.5 m s−1 for harbour seals and 3.2 m s−1 for grey seals
were set. Ninety nine percent of the GPS locations, both
on land and at sea, were within 50 m of the true location
(Wildtrack Telemetry Systems Limited 2019). When a seal
reached depths exceeding 1.5 m it was considered as a dive
and the following parameters were measured: start date and
time, maximum depth, dive duration, the “percent area” [see
sect. “Foraging dive analysis (vertical approach)”] and nine
intermediate depth points (each 10% of the dive duration).
Each dive locations were spatially interpolated from GPS
locations.
We defined a trip as the whole horizontal movement at
sea (i.e. succession of GPS locations at sea) that occurred
between two consecutive haulout events. Only trips that
occurred entirely in the study area and outside the breeding
period were included in the analyses.

First Passage Time analysis (horizontal approach)
The First Passage Time (FPT) analysis is a heuristic method
that is aimed at measuring changes in the general pattern of
an animal’s movements along a pathway to detect an AreaRestricted Search (ARS) behaviour (Fauchald and Tveraa
2003). This is characterized by a decrease of the horizontal
speed and an increase of the turning angle, i.e. an increase
of residency within an area (Kareiva and Odell 1987). The
analysis consists of calculating the FPT along a trip by sliding circles of different radii, r, to detect which one is the
most representative of an ARS behaviour (Fauchald and
Tveraa 2003). The FPT was calculated every 0.25 km (i.e.
regularized locations) along each trip for circles of radius
r varying from 0.5 to 5 km by 0.5 km, from 5 to 10 km by
1 km and from 10 to 100 km by 10 km. The analysis failed
for some very short trips: FPT value could not be calculated
for trips with less than 20 segments of 0.25 km. High FPT
values were expected in areas where the animal performed
ARS behaviour. The most representative scale for ARS during a trip corresponds to the radius r where var[log(FPT)] is
maximised; this is termed S(r) (Fauchald and Tveraa 2003).
Lavielle’s (1999, 2005) non-parametric segmentation process was applied to select parts of the trips associated with
an ARS behaviour at the scale r corresponding to max(S(r)).
Each trip was therefore divided into K segments with homogeneous mean and variance (Barraquand and Benhamou
2008). The number of segments, K , and their limits were
determined using the functions lavielle, chooseseg and
findpath included in the package adehabitatLT in R v.3.4.1
(R Development Core Team 2018). Each trip with at least
one ARS was divided into K segments. We defined that, at
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most, half of the trip’s segments with the highest mean of
FPT could be associated with an ARS behaviour; when K
was even, we associated K∕2 segments with an ARS behaviour, and when K was uneven, K∕2−0.5 segments. We then
selected locations of dives performed during the detected
ARS behaviour to provide a common base when spatially
comparing hotpots determined by the horizontal and vertical approaches.
Average trip durations as well as average scales of
ARS behaviour detected from the FPT analysis were compared between the two seal species using a non-parametric
unpaired Wilcoxon rank sum test, as data were non-normal.
Statistical significance was considered to be P < 0.05.
Dives selected from this filtering process are hereafter
mentioned as “dives in ARS”.

Foraging dive analysis (vertical approach)
Two foraging criteria were used to select likely foraging dives in the vertical approach: dive shape and vertical
descent speed. In most geographical areas, harbour and grey
seals are considered to be benthic feeders, therefore mostly
performing U-shaped dives when foraging (Thompson et al.
1991; Lesage et al. 1999; Beck et al. 2003). We were highly
confident in this statement in our study area as diet analysis
performed on scat samples collected during spring and summer from the same haulout site (baie de Somme) indicated
that both species mostly focus on flatfish species (Spitz et al.
2015 and Planque et al. unpubl data). Both species have
the physiological capacity of easily accessing those flatfish
given the low bathymetry of the study site (Fig. 1). In line
with their benthic feeding habits, we decided to focus on
U-shaped dives. The dive shape was determined using the
Time Allocation at Depth (TAD) index (Fedak et al. 2001).
This is a dimensionless index, independent of dive duration
and maximum depth that considers the estimated Minimum
Cost of Transport Speed (MCTS) to avoid the influence of
descent and ascent phases on its calculation. It therefore
reveals a two-dimensional time-depth dive profile (TAD
equation in Vincent et al. 2016).
The TAD values vary from 0 to 1, where 0 means the
seal spent most of its diving time close to the surface with
only a brief descent to the maximum depth and 1 indicates
that it spent most of its diving time at the maximum depth
(U-shaped dive). We calculated the MCTS value for each
individual following the methods of Vincent et al. (2016).
It is important that MCTS is determined individually as it
depends on individual strategies, physiological conditions
and swimming capacities.
To take into account individual variability in foraging
strategies (e.g. Baechler et al. 2002; Austin et al. 2006), we
standardized the selection of likely foraging dives (TAD
and vertical descent speed thresholds) to select the same
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proportion of dives from one individual to another. Because
we lacked ground-truthing data to validate which TAD and
vertical descent speed thresholds would be the most relevant to select real foraging behaviour, we decided to select
a restrictive number of dives (~ 22.5%) that may most likely
be characterized by a benthic foraging behaviour. However,
we recognize that some true foraging dives may have been
excluded as we chose restrictive thresholds. Likely foraging dives selection was based on a two-step procedure: (1)
U-shaped dives selection (TAD threshold), and (2) exclusion
of selected U-shaped dives that could more likely be associated with a sleeping or resting behaviour (vertical descent
speed threshold). As a first step, we chose to keep the most
U-shaped dives for each individual by selecting individual
dives with the 25% highest TAD values. Although U-shaped
dives performed by harbour and grey seals are usually associated with foraging behaviour, these two seal species are
also known to sleep on the seafloor in shallow areas, which
also produces U-shaped dives (Thompson et al. 1991). These
sleeping or resting dives are characterized by a low vertical speed, especially during descent and ascent phases,
while foraging behaviour is rather associated with a high
vertical speed (Thompson et al. 1991; Lesage et al. 1999;
Sjöberg and Ball 2000; Ramasco et al. 2014). As a second
step, we therefore decided to exclude 10% of the previously
selected U-shaped dives, associated to the lowest vertical
descent speeds (calculated during the first tenth of the total
dive duration). Dives selected from this filtering process are
hereafter mentioned as “faster U-shaped dives”.

Fig. 2  Process used to spatially compare dives in ARS (horizontal
approach) to control dives [IDSP (1)] or to faster U-shaped dives
(vertical approach) [IDSP (2)]. n0 is the total number of (unfiltered)
dives, n1 is the number of dives in ARS selected from the horizontal approach, and n2 is the number of faster U-shaped dives selected
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Foraging areas identification and overlap
Seal foraging areas were determined using the spatial density of selected dive locations. We defined foraging areas
as the hotspots where most of the selected likely foraging
dives were located for each of the horizontal and vertical
approaches.
The overlap between foraging areas was quantified in
this study using the Index of Differences in Spatial Pattern
(IDSP) (Lee et al. 2010; Cronin et al. 2012). This index is
based on the comparison of two spatial points distribution
summarised on a same grid of a given number of cells. It
compares the proportion of points by grid cells and provides
a unique value ranging from 0 to 1, where 0 indicates a
complete overlap between two spatial distributions, and 1
indicates no overlap at all (equation below).
∑
�p2 − p1�
.
IDSP =
2
Where:
p1 = proportion of points of a first spatial data set per
grid cell.
p2 = proportion of points of a second spatial data set per
grid cell.
In this study, we aimed at checking if the foraging areas
from the horizontal and vertical approaches were overlaping.
However the IDSP only gives a unique value that cannot provide a dichotomic outcome (i.e. ‘overlap’ vs. ‘no overlap’)
as this value could be influenced by parameters such as the
sample size (i.e. number of points compared in both distributions) and spatial scale of distributions compared (i.e.

from the vertical approach. Spatial comparisons were performed after
standardizing the number of dives compared, by randomly selecting
n2 dives from all dives (control) and n2 dives from the set of dives
in ARS (horizontal approach). Random selection was performed with
100 bootstrap simulations of sampling errors
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number of grid cells covered). We therefore developped a
process to also calculate a baseline overlapping value, i.e. a
control case (Fig. 2). We chose to spatially compare dives
performed in ARS as selected from the horizontal approach
with (1) randomly selected dives (control), IDSP (1), and
with (2) faster U-shaped dives selected from the vertical
approach, IDSP (2). We quantified the overlaps using a common number of points for each of the spatial distributions
to avoid a statistical effect on IDSP values (i.e. giving same
weight for each point in the calculation). The number of
faster U-shaped dives selected from the vertical approach
(n2, Fig. 2) was lower than the number of dives in ARS
selected from the horizontal approach (n1, Fig. 2) in almost
all cases. We randomly selected n2 dives within the set of
dives in ARS, to keep an equivalent number of dives as
for the vertical approach. Similarly, we randomly select n2
dives within the set of all dives (n0) for the control case. A
bootstrap simulations of sampling errors process was performed by running 100 iterations when randomly selecting
dives (control and horizontal approach, Fig. 2) to quantify
potential uncertainty in IDSP calculation. IDSP values
are presented in the main text as an average value with its
range. The ultimate objective was to detect if selecting dives
based on behavioural criteria (vertical approach) resulted in
a greater spatial overlap with ARS behaviour (horizontal
approach) than when only selecting random dives (control)
[i.e. IDSP (2) < IDSP (1)], or not [i.e. IDSP (2) > IDSP (1)].
These spatial comparisons of foraging areas were done
on two levels for each species: (1) using a combination of
all dives per species (i.e. pooling the dives of all individuals
per species), and (2) on an individual level. We assume that
spatial overlaps calculated with IDSP could only be interpreted with the associated control value, at the level of all
individuals of the same species pooled or at the level of one
individual.
A special case was identified as one individual was characterized by a n1 lower that n2, thus we applied the inverse
process by chosing n1 as a common denominator in this case
and by randomly sampling the set of faster U-shaped dives
(vertical approach) rather than dives in ARS (horizontal
approach).

Results
Characteristics of data recorded
Harbour seals tagged in this study were tracked for an
average of 140 ± 50 days, and grey seals for 96 ± 36 days.
During the tracking period, grey seals performed most of
their trips within the eastern English Channel, i.e. the study
area (80% of all GPS locations, Fig. 3b), and harbour seals
stayed exclusively within it (Fig. 3c). In the horizontal
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dimension, we focused our analyses on 780 grey seal trips
and 1211 harbour seal trips. These trips lasted an average
of 161.3 ± 176.5 h for grey seals and 66.4 ± 75 h for harbour seals. They included 24,714 GPS filtered locations for
grey seals and 9906 for harbour seals (1.6% of grey seal and
3.4% of harbour seal GPS locations were rejected by the
swimming speed filter). In the vertical dimension, a total
of 210,788 and 377,878 dives were recorded for grey and
harbour seals respectively (additional results in electronic
supplementary material, App. 1).

Foraging behaviour determined using
the horizontal approach
At least one ARS was detected by the FPT analysis for 290
of the 780 grey seal trips and 538 of the 1211 harbour seal
trips. These trips with ARS represented 85.5 ± 5.6% of time
spent at sea by each grey seal individual and 75.8 ± 10.4%
of time spent at sea by each harbour seal individual. The
detected areas of restricted search determined for grey seals
were larger, on average (weighted by the trip duration), than
those for harbour seals: the average ARS radius associated
with grey seals was 11.9 ± 12 km compared to 2.1 ± 2.9 km
for harbour seals (Wilcoxon rank sum test, W = 87,124.5,
P < 0.001). Trips with ARS were longer for grey seals than
for harbour seals: 187.8 ± 178.1 h vs. 74.2 ± 75.2 h respectively (Wilcoxon rank sum test, W = 68,482, P < 0.01) (additional results in electronic supplementary material, App. 2).

Foraging behaviour determined using the vertical
approach
The Minimum Cost of Transport Speed (MCTS) per
individual averaged at 1.8 ± 0.2 m s−1 for grey seals and
1.6 ± 0.1 m s−1 for harbour seals. Selecting the highest 25%
of TAD values per individual gave an average TAD threshold of 0.88 ± 0.05 for grey seal dives and 0.91 ± 0.04 for harbour seal dives. The vertical descent speed thresholds used
to exclude the 10% slowest U-shaped dives were on average
0.44 ± 0.31 m s−1 for grey seals and 0.32 ± 0.18 m s−1 for
harbour seals (additional results in electronic supplementary
material, App. 3).

Spatial overlap of foraging areas
The highest spatial densities of dives in ARS (horizontal
approach) and faster U-shaped dives (vertical approach)
were considered representative of the seals’ foraging areas.
For both species, the main foraging areas determined by the
two approaches showed substantial overlap when pooling
all individuals of the same species (Fig. 4). The two maps
revealed the same main foraging hotspots between horizontal

Marine Biology

(2020) 167:25

Page 7 of 14

25

Fig. 3  a All harbour and grey seal tracks from individuals captured
in the Baie de Somme, BDS, b and c grey and harbour seal tracks
selected for each individual. The eastern English Channel is deline-

ated by the black dotted line in map a. Coloured lines in maps b and c
represent individual trips included in the analyses

and vertical approaches. However, there were some spatial
differences between the two approaches for grey seals as
the vertical approach revealed widespread potential secondary foraging areas that were undetected by the horizontal
approach.
Quantifying the spatial overlaps between foraging areas
obtained from the horizontal approach to random dives
(control) (grey boxes in Fig. 5), as well as to foraging areas
obtained from the vertical approach (black boxes in Fig. 5)
revealed differences in overlap. When pooling all individuals

of the same species (“All individuals” in Fig. 5), the overlap
in foraging areas was higher when comparing dives in ARS
(horizontal approach) with faster U-shaped dives (vertical
approach), than when comparing them with random dives
(control). Indeed, the Index of Differences in Spatial Pattern
(IDSP) values were respectively IDSP (2) of 0.326 [range:
0.322–0.329] and IDSP (1) of 0.358 [0.351–0.364] for grey
seals, and IDSP (2) of 0.235 [0.232–0.237] and IDSP (1) of
0.304 [0.300–0.308] for harbour seals.
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Fig. 4  Grey and harbour seal foraging areas determined using the
horizontal (left) and vertical (right) approaches. The foraging areas
are represented on grids of 2.5 × 2.5 km cells and characterized by the
spatial density of dives in ARS selected from the horizontal approach

and faster U-shaped dives selected from the vertical approach. Cores
to extended foraging areas are represented by 90% kernel densities of
foraging locations (black lines). BDS Baie de Somme, the capture site

The calculation of IDSP at individual level revealed differences from one individual to another. In the case of 5
out of 8 grey seals and 5 out of 9 harbour seals there was a
stronger overlap in likely foraging areas when comparing
spatial distributions from horizontal and vertical approaches
(lower IDSP values) than when comparing the horizontal
approach with the control case (higher IDSP values) (individual headers in green in Fig. 5). The other individuals
were rather characterized by the opposite case, i.e. stronger
overlap between the horizontal approach and the control case
(individual headers in red in Fig. 5).
Grey seal individuals G07 and G08 illustrate the two main
types of results obtained from the process used to spatially
compare likely foraging areas (Fig. 6). The likely foraging
areas determined for grey seal G07 had less spatial overlap when comparing the horizontal approach to the vertical
approach than when comparing them to random dives (control) (IDSP (2) of 0.506 [0.499–0.514] and IDSP (1) of 0.425
[0.409–0.441]). This result is due to the selection of faster

U-shaped dives both within and outside ARS zones (horizontal approach; top maps in Fig. 6). The foraging areas of
grey seal G08 exhibited a greater spatial overlap when comparing hotspots from horizontal and vertical approaches than
when comparing the horizontal approach with the control
case (IDSP (2) of 0.239 [0.229–0.25] and IDSP (1) of 0.55
[0.533–0.568]). In this case, most of the faster U-shaped
dives were located where the individual also exhibited an
ARS behaviour (bottom maps in Fig. 6).

13

Discussion
This study revealed that both horizontal and vertical
approaches detected the same hotspots of likely foraging
areas for harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) when combining the data from all individuals of the same species. This result is crucial as it strengthens our confidence in the efficiency of both approaches to
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Fig. 5  Index of Differences in Spatial Pattern (IDSP) values calculated when comparing the spatial distribution of foraging areas
determined by the horizontal approach to those using dives selected
randomly [control, light grey boxes, IDSP (1)] and those determined
using the vertical approach [black boxes, IDSP (2)]. IDSP was calculated for all individuals pooled of the same seal species and for each
individual separately. Each box describes the distribution of IDSP

values generated from 100 bootstrap iterations (see Fig. 2). Headers are shaded in green when spatial overlap between dives in ARS
(horizontal approach) and faster U-shaped dives (vertical approach)
was stronger than the overlap with random dives (control), i.e. IDSP
(1) > IDSP (2). Headers are shaded in red in the opposite case, i.e.
IDSP (1) < IDSP (2)

accurately spatialize the actual foraging effort of a diving
predator at the scale of a colony (sampled with several individuals). However, our study also highlighted that differences in individual strategies may have a major influence
on the efficiency of approaches to spatialize foraging areas
at the individual scale. While both approaches tested here
resulted in the same hotspots at sea for most seals in both
species, the lack of overlap detected for some other individuals suggested that at least one of the two approaches would

not accurately spatialize their foraging effort. We suggest
that the assumptions on which these approaches are based
remained relevant at the colony or species scale, while they
may not be so for some individuals exhibiting divergent foraging strategies.
We found that the two approaches highlight similar
hotspots when pooling all individual dives per species.
Indeed, selecting the faster U-shaped dives (vertical
approach) provided a stronger overlap with areas where
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Fig. 6  Likely foraging areas of two grey seal individuals (G07 at the top and G08 at the bottom) determined using the horizontal approach (centre), and vertical approach (right), and spatial
distribution of all dives without any selection (left). The foraging areas are represented on grids of 2.5 × 2.5 km cells and characterized by the spatial density of dives. Cores to extended likely
foraging areas are represented by 90% kernel densities of foraging locations (black lines)
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seals also exhibited ARS behaviour (horizontal approach)
than when selecting dives randomly (control). Many studies on marine predator foraging behaviour are based on
only one of the two approaches, either vertical or horizontal (e.g. Nordstrom et al. 2013; Oksanen et al. 2015;
Vincent et al. 2016). Our study suggests that both of them,
although based on strictly different behaviours, can detect
the same primary likely foraging areas at the scale of a
colony (sampled with several individuals). We suggest that
this type of result may be crucial for studies that aim at
determining the main foraging areas of a diving predator
with no ground truth data to validate foraging behaviour
(e.g. use of video camera, Bowen et al. 2002).
Individual foraging strategies appear to have a strong
influence on the degree of overlap between the foraging areas determined using the horizontal and vertical
approaches at the individual level. Some individuals, like
grey seal G08, performed faster U-shaped dives (vertical approach) mostly in areas where they also showed
an ARS behaviour (horizontal approach). In such a case,
the predator’s movements followed the optimal foraging theory in both dimensions, in line with findings from
other studies (Dragon et al. 2012; Ramasco et al. 2015).
However, when the overlap between hotpots identified
by the two approaches was weaker (cf. grey seal G07),
we can hypothesize that at least one of two approaches
was not appropriate to detect the foraging areas of such
individuals. It may mean that faster U-shaped dives usually occurred both in and outside ARS zones. We suggest
that, given the evidence for benthic foraging in harbour
and grey seal (Thompson et al. 1991; Lesage et al. 1999;
Baechler et al. 2002; Beck et al. 2003; Spitz et al. 2015;
Planque et al. unpubl data), most of the dives selected with
the vertical approach may truly represent foraging. Also,
we chose to be restrictive in the vertical approach (keeping
only ~ 22.5% of the most benthically dives). It is therefore
more likely that this method excluded some true foraging dives than included non-foraging ones. These faster
U-shaped dives, when located outside ARS areas, may
characterize an individual strategy of opportunistic feeding during rectilinear, transit movements at sea (Thompson
et al. 1991; Weimerskirch et al. 2007; Vincent et al. 2016).
Foraging while transiting could be a substantial strategy
performed by some individuals of a diving predator species, and should not be neglected when trying to detect
foraging areas at the scale of one individual.
The lack of overlap between areas detected by the two
approaches may also mean that one individual can potentially use two or more different strategies to forage. Neither horizontal and vertical approaches would wrongly
detect foraging behaviour, but none of them could capture
all strategies of one individual alone. An ARS behaviour could therefore be only one part of an individual
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foraging behaviour, and other types of complementary
strategies such as “foraging while transiting” could only
be detected by other approaches (e.g. vertical approach
in this study). Harbour and grey seals can also rest while
diving (Ramasco et al. 2014, 2015) or while surfacing
for prolonged periods of several hours, especially during long trips (Russell et al. 2015), and that may result in
an increase of residency in the horizontal dimension (i.e.
ARS behaviour), as similarly expected for foraging.
Improving the detection of foraging areas and our
understanding of such results can be a critical way to
achieve marine top predator species management and
conservation. A strong overlap between foraging areas
detected by both approaches would drastically strengthen
the ecological importance of predator foraging areas.
In contrast, a lower overlap would indicate that both
behaviours detected in horizontal and vertical dimensions occurred in different areas. Both results would have
implications for marine spatial planning/efficiency for the
conservation and management of such diving predators.
When identifying the foraging areas of diving predators, the use of the horizontal approach detailed here may
be adequate in the detection of the main foraging areas
as long as most or all individuals exhibit an ARS behaviour while foraging. However, our study strengthens the
assumption that foraging behaviour studied only by the
horizontal approach may lead to interpretations that are
too simplistic (McClintock et al. 2013; Bestley et al. 2015;
Carter et al. 2016). Divergent individual behaviour strategies at sea may not be detected using only horizontal
movements. The results of this study could be expanded
on and further validated by including the detection of
prey capture events in the analysis through the use of
onboard video cameras (e.g. Bowen et al. 2002), stomach-temperature sensors (e.g. Lesage et al. 1999) or jawor head- accelerometers (e.g. Viviant et al. 2010; Guinet
et al. 2014). In particular, it could be useful to determine
which approach best describes a foraging behaviour. To
our knowledge, only few studies strictly focused on the
distribution of likely foraging areas to compare the horizontal and vertical approaches. We highlighted here that
they can provide the same spatial information, depending
on the study scale (i.e. colony scale or individual scale)
and potential existence of interindividual differences in
foraging strategies.
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