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ABSTRACT: Most marine ecosystems are experiencing increasing cumulative impacts from cli-
mate change, fishing, shipping and land-based pollution. The resulting ecosystem responses are
challenging to monitor. Studying the space use of top marine predators may provide insight into
how these ecosystems react to these impacts. However, natural populations are composed of
unique individuals that differ in many ways, including how they use space. Here, we used data from
a multidecadal biotelemetry research program on grey seals in the Northwest Atlantic to investi-
gate temporal changes in space use in the context of environmental changes and increasing popu-
lation size. We quantified temporal changes in monthly home range size, shape and distribution of
grey seals in the Gulf of St. Lawrence between 1992 and 2022, while also quantifying interindivid-
ual differences. We found that the monthly home ranges of grey seals have increased in size and
shifted in distribution over the last 3 decades, indicating that the seals appear to have expanded
their space use. We detected individual differences in mean home range characteristics and their
level of variability, suggesting that individual identity plays a role in the large-scale space use of
grey seals. We also found negative correlations between the mean and level of variability in both
home range size and shape, hinting at the potential presence of different tactics within the popula-
tion. This study highlights how top marine predators can modify their behaviour to adapt to envi-
ronmental changes and illustrates the importance of considering interindividual differences when

exploring population space use patterns.
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1. INTRODUCTION

Understanding how organisms adapt to their en-
vironment has been a fundamental endeavour in ecol-
ogy. As many ecosystems are now facing a period of
rapid environmental changes due to human activity
and/or climate change, it has become increasingly
important to measure how organisms respond to
these changes. Because of the speed of these changes,
the initial response often consists of behavioural
changes (Sih et al. 2011, Tuomainen & Candolin 2011).
Behavioural responses can be beneficial or maladap-
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tive, depending on whether they increase or de-
crease fitness. Species, populations and even indi-
viduals can also have varying degrees of behavioural
plasticity in how they can adapt to changes in envi-
ronmental conditions. By studying how organisms
respond to these changes, we can gain a deeper
understanding of ecosystem health and how resilient
they are to changes (Jessup et al. 2004, Moore 2008,
Boersma 2008). This knowledge can ultimately help
make informed decisions about how to protect, pre-
serve and manage wild species (Lescroél et al. 2016,
Hazen et al. 2019).
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Worldwide, most marine ecosystems are experi-
encing increasing cumulative impacts from climate
change, fishing, shipping and land-based pollution
(Halpern et al. 2019). These ecosystems are complex
and highly dynamic and they can respond to environ-
mental changes at comparable or even faster rates
than terrestrial systems (Poloczanska et al. 2013,
Antdo et al. 2020). Monitoring marine ecosystems
can, however, be challenging due to their vast spatial
extent and 3-dimensional nature, as most ecological
processes occur underwater and are therefore not
easily observable. It can thus be difficult to document
environmental changes, identify important ecolo-
gical processes and predict the response of marine
ecosystems over time (Poloczanska et al. 2016).

Wide-ranging generalist marine predators inte-
grate information from the whole food chain and can
respond to ecosystem changes (Moore 2008, Boersma
2008). They can react to changes in prey communities
(Horn & Whitcombe 2015) as well as climatic and
environmental conditions (Weise & Harvey 2008,
Sydeman et al. 2015, Fleming et al. 2016). They also
play a key role in ecosystem structure and function
(Estes et al. 2016). As such, top marine predators may
act as indicators of ecosystem responses (Hazen et al.
2019), and studying their variations through time may
bring key insights into how ecosystems are faring
(Adame et al. 2020). Examining the movement met-
rics of these predators, such as foraging trip duration
and distance (Wilcox et al. 2018), or space use met-
rics, such as timing of migration (Moore 2008) and
home range size (Schofield et al. 2010), could reveal
changes in spatial distribution, habitat use or forag-
ing behaviour in responses to changes in the eco-
systems. For example, foraging trips of male Cali-
fornia sea lions Zalophus californianus more than
doubled in distance and tripled in duration during a
year of anomalously high sea temperature and low
productivity compared to the previous year (Weise et
al. 2006). Identifying definitive explanations for why
these changes occurred may be challenging, as top
marine predators' responses can be complex and inte-
grate multiple environmental changes (Wolf & Man-
gel 2008, Warlick et al. 2023).

Natural populations are composed of unique indi-
viduals that differ in many ways. This often results in
behavioural, morphological and life history variation
within a population. While part of this variation can
be attributed to ontogeny and sex, a large amount of
interindividual variation exists within these groups,
which can have important effects on the dynamics of
an ecosystem (Bolnick et al. 2003, 2011). Intra- and
interspecific interactions, such as competition and

predation risk, as well as abiotic factors, such as envi-
ronmental conditions, can be perceived differently by
individuals. Consistent differences in the perception
of external factors, in combination with individuals'
past experiences, internal state and genotype, can
drive individual differences in movement (Shaw 2020).
These differences can, in turn, lead to individual vari-
ation in foraging search performance, habitat prefer-
ence, home range utilization patterns and space use
tactics (Austin et al. 2004, Lai et al. 2017, Bastille-
Rousseau & Wittemyer 2019) that can ultimately af-
fect the population, community and ecosystem (Spie-
gel et al. 2017, Shaw 2020).

The Northwest Atlantic ecosystem (see Fig. 1A) has
been changing rapidly over the last decades (Bernier
et al. 2023). Among the changes have been drastic
shifts in the biotic communities. In the 1980s, the eco-
system was dominated by long-lived piscivorous
groundfish including the Atlantic cod Gadhus mor-
hua, which was considered a keystone species and
one of the largest sources of piscivory in the system
(Savenkoff et al. 2007, Bundy et al. 2009). During the
1990s, many commercial groundfish stocks such as
redfish Sebastes spp. and white hake Urophycis tenuis
suffered serious declines (Bundy et al. 2009). Most
notable was the Atlantic cod stock, which collapsed
due to overfishing and unfavourable environmental
conditions (Lilly et al. 2013). Since then, fish com-
munities have switched from being dominated by
long-lived piscivorous groundfish to the dominance
of small-bodied forage species such as short-lived
pelagic fish and invertebrates (Bundy et al. 2009).
Despite a decade-long fishing moratorium, the stock
has shown little to no signs of recovery, mainly due to
the high natural mortality of large adult cod (Shelton
et al. 2006). Fisheries-induced evolution (Hutchings
2005, Swain 2011) and grey seal predation (Choui-
nard et al. 2005) have been suggested as explanations
for this increased mortality. Conversely, some marine
mammal populations, mainly grey seals Halichoerus
grypus and harp seals Pagophilus groeanlidicus, have
increased over the last decades (Hammill et al. 2021,
2023). As a result, marine mammals, including seals,
have replaced cod as the top predators in this eco-
system since the 1990s (Bundy et al. 2009).

Grey seals are medium-sized pinnipeds found in the
Northwest Atlantic, primarily along the continental
shelf from the Atlantic coast of Canada to the north-
east USA (Lavigueur & Hammill 1993), where they
form a single population (Wood et al. 2011). They
were abundant prior to the mid-1800s, but their
numbers have since been reduced due to high levels
of harvesting (Hammill et al. 2023). Historical esti-
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mates of abundance are not available, but during the
early 1960s, the estimated abundance was believed to
be at an historical low, at around 5000—10 000 animals
(Hammill et al. 2023). During the 1960s, however, the
population started growing exponentially at a mean
rate of 1.095 (9.5% increase yr—!) until the mid-1990s
(Hammill et al. 2023). Population growth rate, i.e. pro-
portional change in population size, then started
decreasing, and population growth, i.e. the actual
change in the number of individuals in the popula-
tion, started decreasing in the 2010s (Hammill et al.
2023). In 2021, the grey seal population was estimated
at more than 360000 individuals in the Northwest
Atlantic and was still growing (Hammill et al. 2023).
The increase in population size is thought to be due to
a combination of decreased predation, decreased
competition for food, increased protection measures
and changes in environmental conditions (Bowen
2011). For example, the collapse of cod stocks in the
Northwest Atlantic removed a significant predator
from the system and may have released predation
pressure on important prey such as sand lance Ammo-
dytes spp., increasing their availability to grey seals
(Bundy et al. 2009, DFO 2011, Swain et al. 2015).

The deployment of satellite-linked time—depth
recorders (hereafter referred to as satellite trans-
mitters or tags) on grey seals has provided an oppor-
tunity to study haulout behaviour, movements and
diving behaviour of individual seals over a period of
many months. Here, we used data from a multideca-
dal tagging program on grey seals to investigate tem-
poral changes in space use within a context of major
environmental changes and increasing population
size. We specifically aimed to quantify temporal
changesin home range area, shape and distribution of
grey seals in the Gulf of St. Lawrence (GSL) between
1992 and 2022. We also quantified the level of interin-
dividual differences in each of these home range
characteristics. Based on the ecosystemic changes
described above, we assumed that the beginning of
our time series corresponds to a period of higher
resource availability and lower intraspecific competi-
tion due to lower population size and that intraspe-
cific competition for resources should increase across
time with the changes in prey availability and in-
creased population size. We thus hypothesized that
seals would exhibit temporal changes in their home
range areg, shape and distribution. We expected that
seals in the 1990s and 2000s used few 'optimal’ habi-
tats, i.e. high-quality habitats maximizing their fitness
(Rosenzweig 1981), located near a central haulout site
to limit the energetic cost of travelling (Orians & Pear-
son 1979). As population size increases, we expect

seal density to increase and resource availability to
decrease near main haulout sites (Birt et al. 1987,
Elliott et al. 2009), resulting in the use of more distant
feeding areas and longer travel times (Lewis et al.
2001, Ballance et al. 2009). As foraging distances
increase, individuals have an incentive to limit travel
costs by alternating between multiple central haulout
sites (Chapman et al. 1989, McLaughlin & Montgo-
merie 1989). We thus expected that seals in the 1990s
and 2000s used fewer and more localized feeding and
haulout sites compared to seals in the 2010s and
2020s. We predicted that home range would become
larger, more linear and extend northward with time as
a result of seals using more space, moving more and
using previously unused or seldom used areas.

2. MATERIALS AND METHODS
2.1. Data collection and processing

A total of 124 grey seals were captured in the GSL
and equipped with satellite transmitters at 6 deploy-
ment sites in the north, south and center of the GSL
(Fig. 1A) between 1992 and 2022 (Table 1). For a
detailed description of animal handling, see Harvey
etal. (2008). The transmitters were a mix of SDR-T16s,
Mk10s and SPLASH10s from Wildlife Computers
(n = 69) and satellite relay data loggers from Sea
Mammal Research Unit (n = 54).

We extracted Argos locations from all transmitters.
Argos locations tend to be error prone and, as is typi-
cally the case in marine mammal telemetry studies,
most of our locations fall into the less precise quality
classes (A and B; CLS 2016). To quality control our
locations, we applied a continuous-time state—space
model to each seal track with the ‘fit_ssm()' function
from the R package 'aniMotum' (Jonsen et al. 2023).
The function first applies a pre-filter to identify and
reject outliers. The pre-filter removes duplicate ob-
servations and keeps only one observation when
multiple observations occur within 60 s of each other.
It then uses the ‘sda()' function of the R package ‘trip’
(Sumner 2011) to identify outlier locations, which
uses a combination of speed, angle and distance tests
to identify and exclude locations that are biologically
unrealistic (Freitas et al. 2008). We used a maximum
travel rate of 5m s™! to identify unrealistic locations,
meaning that we removed locations that required
swimming speeds of >5 m s~! unless they were within
5 km of the previous position. We used angles of 15°
and 25° with lengths of 2500 and 5000 m to iden-
tify implausible location ‘spikes', meaning that we
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Fig. 1. (A) Deployment sites of grey seals receiving satellite tags in the north, center and south of the Gulf of St. Lawrence
(GSL). (B) Temporal coverage of each satellite tag ordered by the year of deployment

removed positions with angles of <15° and distance
from a previous position of >2500 m as well as posi-
tions with angles of <25° and distance from a previous
position of >5000 m. Then, a correlated random walk
model was applied to the observed locations that
have passed the pre-filter to estimate the 'true’ loca-
tions and uncertainty around each coordinate while
accounting for error-prone observations. We refer to
these locations as fitted locations.

2.2. Home ranges
2.2.1. Estimation

Satellite transmitters were not always deployed at
the same time of year and did not collect data over the
same duration or period (Fig. 1B). To cope with the
variability in deployment duration and data availabil-
ity, we calculated monthly home ranges. We then
assessed changes in monthly home range character-
istics between 1992 and 2022. We estimated monthly
95% home ranges for each individual using dynamic
Brownian bridge movement models (DBBMMs; Kran-
stauber et al. 2012). This type of model calculates the
probability that an animal was present in an area, i.e.
the utilization distribution (UD), during the period

of interest using point locations along its trajec-
tory, modelling the animal's movement according to
Brownian motion. One of the advantages of DBBMMs
is they allow the inclusion of uncertainty around the

Table 1. Deployment of 124 satellite transmitters on grey
seals in the north, south and center of the Gulf of St. Lawrence
(GSL) between 1992 and 2022

— Deployment — —Adult — Juvenile  Total
Year Location M F F M

1992 South GSL 3 3
1993 North GSL 3 3
1994 North GSL 1 3 1 5
1996 South GSL 2 2 4
1997 South GSL 1 2 2 1 6
1999 South GSL 3 2 2 7
2003 South GSL 3 1 3 7
2004 North GSL 1 1 2
2004 South GSL 5 3 1 6 15
2008 South GSL 2 2
2013 South GSL 3 3 1 1 8
2014 Center GSL 2 5 2 9
2015 Center GSL 4 3 4 4 15
2017 Center GSL 2 1 2 3 8
2019 Center GSL 4 1 1 2 8
2021 Center GSL 1 2 3 3 9
2022 Center GSL 1 6 1 1 9
2022 South GSL 3 1 4
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locations in the calculation of the UD, which can be
included in the calculation of the home ranges. To
do this, we assumed that the standard errors of the x
and y coordinates of each fitted location represented
semi-minor (x.se) and semi-major (y.se) axes of an
error ellipse. We then calculated the radius of a circle
with an area equivalent to the area of the ellipse
described by these 2 error measurements using the
following equation: €radius = 4/ X.5€ X y.se. We used
the radius value as the error measure for the location.
Home ranges were calculated with the R package
‘move’ (Kranstauber et al. 2023) using a window size of
7, @ margin of 3 and a raster resolution of 1000 m. An
individual required a minimum of 9 d in a month where
at least one location was observed for its monthly
home range to be estimated. Months with less than
9 d of data were excluded from the analyses.

2.2.2. Characteristics

We calculated the area (in km?) of the generated
monthly home ranges. We quantified their shape with
an index of linearity using McGarigal & Marks's
(1995) shape index = Perimeter / [2/ (n X area)]. An
index of 1 indicates a perfectly circular home range,
while higher values indicate more linear home ranges.
Shape index values ranged from ~1 to ~12 (Fig. 2). For
the home range distribution, we extracted the coordi-
nates of the centroids of each monthly home range.

2.3. Statistical models

We modelled home range area, shape index and
centroid distribution (i.e. coordinates of the centroid)
using Bayesian mixed models fitted with the R pack-
age 'brms' (Blirkner 2017, 2018). We fitted a model for
each home range characteristic, 2 univariate models
for area and shape index and a multivariate model
for centroid distribution. We used weakly informative
priors for all parameters except for model intercepts,
for which moderately informative priors were used
(further details in the sections below). Continuous
population-level effect (fixed effects) variables were
centered and scaled to help model fit and intercept
interpretation.

Grey seals exhibit sexual and age differences in
space use and foraging behaviour (Breed et al. 2006,
2011). To account for these differences, we included
a sex and age categorical variable (hereafter referred
to as 'sex—age') with 4 levels (adult male, adult fe-
male, juvenile male and juvenile female) in all models.

Individuals 6 yr old and older were considered adults,
while younger individuals were classified as juveniles
(Hammill & Gosselin 1995, Harvey et al. 2008). Grey
seals in the GSL also exhibit a seasonal life cycle con-
sisting of periods of intense foraging pre- and post-
reproduction, prolonged haulout during the repro-
duction and the molt and reduced foraging effort
in the summer (Beck et al. 2003b,c). We thus in-
cluded a categorical variable in all our models repre-
senting the period of the year: pre-breeding foraging
effort (October—December), breeding (January), post-
breeding foraging effort (February—April) and summer
foraging (June—September). Because this foraging
pattern is affected by reproduction, it may vary be-
tween juveniles and adults and between males and
females (Breed et al. 2006). We therefore included an
interaction between the sex—age and period variables
in our models. We quantified temporal changes in
home range area, shape index and coordinates of the
centroid using thin plate regression splines on the
year of deployment with the 's()’ function from the
‘mgcv' package (Wood 2003). We included an inter-
action between the year of deployment spline and the
period of the year. This resulted in 4 different splines
being produced per model: one for each period of the
year; i.e. summer, pre-breeding, breeding and post-
breeding. This allowed us to diagnose temporal
changes independently for each period of the year.
During our study period (1992—2023), telemetry
technology developed rapidly, and modern satellite
transmitters usually produce more frequent and pre-
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cise locations. The deployment location also changed
from the north of the Gulf in the 1990s to the south of
the Gulf in the early 2000s and mainly in the center of
the Gulf since 2014 following changes in grey seal dis-
tribution and access to animals. We thus included dif-
ferent control variables in our model to ensure that
the temporal changes in home ranges reflect a biolog-
ical process and not a consequence of the methodol-
ogy. For home range area, we included the mean error
of the locations used to estimate the home range, as
higher error on the locations leads to more uncer-
tainty in the estimation of the UD and larger home
ranges. For the shape index model, we included the
number of locations used to calculate the home range,
as more locations could result in a more detailed and
linear home range leading to a higher shape index. For
the coordinates of the home range centroid, we in-
cluded the deployment location as a categorical con-
trol variable (i.e. north, south or center of the Gulf).
Inter- and intraindividual variation in home range at-
tributes were investigated using double hierarchical
generalized linear models (DHGLMs). These models
consist of 2 parts: the mean model, which models the
variation and differences in the means of the response
variable, and the dispersion model, which focuses on
modelling the residual variation (Lee & Nelder 2006,
Cleasby et al. 2015). The term 'double’ refers to the
fact that these models allow for fixed and random ef-
fects on both the mean and the dispersion part of the
model (Lee & Nelder 2006, Cleasby et al. 2015). We
fitted a random intercept of individual identity on
both the mean and dispersion models. We could then
estimate interindividual differences (i.e. individual dif-
ferences in trait values) and intra-individual variation
(i.e. individuals' level of variability or dispersion)
(Cleasby et al. 2015). We then calculated the agree-
ment repeatability, adjusted repeatability and coeffi-
cient of variation of the between-individual differences
and within-individual variation (Nakagawa & Schielzeth
2010). We included a correlation term between the
mean and dispersion models' random intercepts of in-
dividual identity to quantify associations between indi-
vidual's mean trait value and their level of variability
(Hertel et al. 2020, O'Dea et al. 2022). We also included
arandom intercept for year of deployment on both the
mean and dispersion models to account for interannual
variability not explained by multidecadal trends.

2.3.1. Area

For area, we fitted a univariate DHGLM using a log-
normal distribution. Monthly home range area (mean

model) was modelled as a function of log-transformed
mean location error, period of the year, individual's
sex—age class, the interaction between period of the
year and sex—age class and thin plate regression
splines on the year of deployment for each the period
of the year. Group-level variables consisted of ran-
dom intercepts of individual identity and year of
deployment. Residual variation in monthly home
range area (dispersion model) was modelled as a
population-level intercept with random intercepts of
individual identity and year of deployment. We in-
cluded a correlation term between the mean and dis-
persion models' random intercepts of individual
identity and year of deployment, respectively.

We used a wide prior centered around similar esti-
mates of home range size found in grey seals on the
Scotian shelf (Lidgard et al. 2020) for the population
intercept of the mean model. We set the prior dis-
tribution as a normal distribution with a mean of 7.7
and a standard deviation of 0.7 on the link scale. For
the effect of log-transformed mean location error, we
set a normal prior distribution with a mean of 0.5 and
a standard deviation of 0.5. For the correlation matrix,
we set a prior Lewandowski-Kurowicka-Joe (LKJ) dis-
tribution with a scalar parameter of 1 resulting in a
uniform density across the correlation matrix. The
rest of the priors were weakly informative distribu-
tions in the form of normal distributions centered
around 0 with standard deviations of 0.7 for popula-
tion-level effects and 1 for group-level and smooths
terms. Model equations, brms formulas, prior distribu-
tions, convergence diagnostics, trace plots and R code
for all analyses, tables and figures are presented
in Supplement 1 at www.int-res.com/articles/suppl/
m755p133_supp/ (for all Supplements). The results
of a simulation study assessing the capacity of the
statistical approach to tease apart inter- and intra-
individual differences in home range characteristics,
while accurately estimating the effects of population
level variables, considering the data available, are
presented in Supplement 2.

2.3.2. Shape

For shape, we fitted a univariate DHGLM using a
lognormal distribution. Monthly home range shape
(mean model) was modelled as a function of number of
locations, period of the year, individual's sex—age
class, the interaction between period of the year and
sex—age class and thin plate regression splines on the
year of deployment for each the period of the year.
Group-level variables consisted of random intercepts
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of individual identity and year of deployment. Residual
variation in monthly home range shape (dispersion
model) was modelled as a population-level intercept
with random intercepts of individual identity and year
of deployment. We included a correlation term between
the mean and dispersion models' random intercepts of
individual identity and year of deployment, respectively.

We set the prior distribution for the population
intercept of the mean model as a normal distribution
with a mean of 2.3 and a standard deviation of 0.7 on
the link scale. For the effect of the number of loca-
tions, we set a normal prior distribution with a mean
of 0.5 and a standard deviation of 0.5. For the correla-
tion matrix, we set a prior LKJ distribution with a sca-
lar parameter of 1 resulting in a uniform density
across the correlation matrix. The rest of the priors
were weakly informative distributions in the form of
normal distributions centered around 0 with standard
deviations of 0.7 for population-level effects and 1 for
group-level and smooths terms. Model equations,
brms formulas, prior distributions, convergence diag-
nostics and trace plots are presented in Supplement 1.

2.3.3. Distribution

For distribution, we fitted a bivariate DHGLM using
Gaussian distributions, with one equation describing
the latitude and one equation describing the longi-
tude of the centroids. We also included a first-order
autoregressive term (AR1) grouped by individual
identity in both equations because the coordinates of
the centroid of an individual's monthly home range
are in part dependent on the coordinates of the cen-
troid of the previous month. Centroid coordinates
(mean models) were each modelled as a function of
deployment location, period of the year, individual's
sex—age class, the interaction between period of the
year and sex—age class and thin plate regression
splines on the year of deployment for each the period
of the year. Group-level variables consisted of ran-
dom intercepts for individual identity and year of
deployment. Residual variation in centroid coordi-
nates (dispersion model) was modelled as a popula-
tion-level intercept with random intercepts of individ-
ual identity and year of deployment. We included a
correlation term between the mean and dispersion
models' random intercepts of individual identity and
year of deployment, respectively.

We set the prior distributions for the population in-
tercepts of the mean models as wide priors centered
around the middle of the GSL using normal distributions
with means of 45.5 and —62 with standard deviations

of 5 for latitude and longitude, respectively. For the
autoregressive term, we set a normal prior distribution
with a mean of 0.5 and a standard deviation of 0.5. For
the correlation matrix, we set a prior LKJ distribution
with a scalar parameter of 1 resulting in a uniform den-
sity across the correlation matrix. The rest of the priors
were weakly informative distributions in the form of
normal distributions centered around 0 with standard
deviations of 10 for population-level effects and 1 for
group-level and smooths terms. Model equations, brms
formulas, prior distributions, convergence diagnostics
and trace plots are presented in Supplement 1.

3. RESULTS
3.1. Methodological considerations

As anticipated, the mean error of the locations used
to estimate the home range had a positive effect on
home range area (Table 2). The number of locations
used to calculate the home range also had a positive
effect on the shape index, meaning that a larger number
of locations resulted in a more linear home range
(Table 2). Finally, deployment location influenced
centroid latitude and longitude. Individuals tagged in
the north had more northern centroids compared to
individuals tagged in the center or the south. Individ-
uals tagged in the center of the Gulf (which is also the
most easterly deployment location; Fig. 1A) had more
eastern centroids compared to individuals tagged in
the southern or northern Gulf (Table 2).

3.2. Ontological and seasonal effects

We found differences in monthly home range areas
across sex—age classes (Table 2, Fig. 3A). Adult males
generally had larger home range areas than adult
females, and this difference was particularly impor-
tant during the post-breeding period. There was less
difference in home range area between juvenile males
and females. They only differed in the summer months,
with juvenile females having smaller home range than
juvenile males. Juveniles had similar home range
areas to adults during the summer, pre-breeding and
breeding periods but had intermediate home range
areas between those of adult males and females dur-
ing the post-breeding months. We also found differ-
ent seasonal patterns between sex—age classes. Both
juvenile and adult females had their smallest monthly
home ranges in summer. They expanded their home
range during the pre-breeding period and maintained
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Fig. 3. Ontological and seasonal variation in monthly home range (A) area, (B) shape index, (C) centroid latitude and (D) cen-

troid longitude as a function of sex—age classes of grey seals. Dots represent the predicted values of the response from the

models when other population-level numerical variables are fixed at their mean value and categorical values are fixed at their

reference value (deployment location of Brion Island). Error bars: lower and upper bounds of the 95% credibility interval of the

response. Letters indicate statistically different groups: lowercase letters above bars: differences between periods of the year

within each sex—age class (Table S1); uppercase letters below bars: differences between sex—age classes within each period of
the year (Table S2)

larger home ranges during the breeding and post-
breeding periods. Adult males had similar home
range sizes during the summer and pre-breeding
months followed by an increase in home range size
during the breeding period. In contrast with other
sex—age classes, adult males displayed another in-
crease in home range area in the post-breeding months.
Juvenile males showed no clear seasonal variation in
home range area.

We found limited differences in home range shape
indices between sex—age classes within periods of
the year. All sex—age classes had similar home range
shapes during each period of the year except during
the summer months, when both adult and juvenile
females had more circular home ranges than adult
and juvenile males (Fig. 3B). There was, however,
substantial seasonal variation within each sex—age
class, and the seasonal pattern differed between the
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classes (Table 2, Fig. 3B). Home ranges of adult and
juvenile females were generally more circular during
summer, more linear during pre-breeding and most
linear during the breeding and post-breeding periods.
Adult males tended to have more circular home
ranges during the summer and pre-breeding periods,
followed by more linear home ranges during the
breeding period and an abrupt increase in home range
linearity during the post-breeding months. Juvenile
males had home ranges of similar shapes during the
summer, pre-breeding and breeding periods followed
by abruptly more linear home ranges during the post-
breeding months.

We detected differences in the distribution of home
ranges across sex—age classes and periods of the year
(Table 2, Fig. 3C,D). Home range centroids of all sex—
age classes overlapped during the summer and pre-
breeding periods. All sex—age classes tended to move
towards the south during the breeding and post-
breeding periods, but the movement was stronger for
adults than juveniles (Fig. 3C). Home range centroids
of adult males were located farthest to the west during
the summer months, shifted eastward during pre-
breeding, moved eastward again for breeding and were
farthest to the east during the post-breeding months.
During the post-breeding months, adult males’ home
ranges were located farthest to the east of any other
sex—age class. Adult females' home ranges were located
more to the east during breeding compared to summer
and pre-breeding months. There was more population-
level variation in centroid longitude during the post-
breeding period, but home ranges were not located
more to the east or west compared to other periods of
the year. Juvenile females had home range centroids
located more to the east in the post-breeding months
compared to the other periods of the year. Juvenile
males' home ranges were located more to the west
during the summer and pre-breeding periods and were
more eastward during the breeding and post-breeding
periods (Fig. 3D). Post hoc comparisons for differences
between periods of the year within sex—age classes
(Table S1) and between sex—age classes within periods
of the year (Table S2) are available in Supplement 3.

3.3. Temporal changes (1992-2022)

We identified multidecadal temporal changes in
monthly home range characteristics (Table 2). Home
ranges increased considerably in area in all periods of
the year across the 30 yr study period (Fig. 4A). Mean
model predictions for the area of the monthly home
range of an adult female at the beginning of the study

period in 1992 were 914, 1460, 1334 and 1293 km? for
the summer, pre-breeding, breeding and post-breeding
periods, respectively. For the 2022 deployments, the
mean predictions for an adult female were 3168, 3594,
3651 and 3595 km? for the same periods of the year. We
did not detect changes in home range shape over the
years (Fig. 4B). Instead, most of the observed variation
was due to methodological considerations, i.e. the ef-
fect of the number of locations used to estimate the
home range, and seasonal variation, i.e. the interactive
effect of sex—age class and period of the year. We
found some temporal changes in the distribution of
home range centroids from 1992 to 2022. We detected
no clear change in north—south coordinates (latitude)
of the centroids over the past 3 decades, but centroids
were located increasingly to the west (longitude) dur-
ing breeding and post-breeding (Figs. 4C,D & 5).

3.4. Individual differences

We found consistent interindividual differences in
average monthly home range area and shape index.
The greatest magnitude of differences relative to the
population mean was for the shape index (see coeffi-
cient of variation of the mean model, CV_,, in Table 3).
Repeatability estimates (Rp,,; mean and 95% credibility
intervals) were 0.101 (0.053—0.161) and 0.078 (0.040—
0.128) for area and shape index, respectively (Table 3).
Adjusted repeatability estimates (Rp adj,,) were 0.220
(0.096—0.374) and 0.459 (0.224—0.682) for area and
shape, respectively (Table 3). We found no interindi-
vidual differences in the average latitude and longitude
of monthly home range centroids, meaning individuals
did not consistently differ from each other in their dis-
tribution once population-level effects were considered
(Table 3). Individuals displayed differences in their
levels of variability for all home range characteristics.
The magnitude of these differences was most pro-
nounced in the shape index, followed by centroid lati-
tude, area and centroid longitude (see CV, in Table 3).
These differences were most consistent for both coor-
dinates of the centroids and less for the area and shape
index (see Rp, in Table 3). There were negative corre-
lations between the random intercepts of individual
identity of the mean and dispersion models for area
(—0.73[—0.96 to —0.40]) and shape index (—0.55 [—0.94
to —0.08]) (Table 2). Individuals with larger and more
linear home ranges were thus less variable in their
monthly home range areas and shape indices. As there
were no individual differences in the mean latitude
and longitude centroids, there were also no correla-
tions between individuals' mean trait values and their
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level of variability for these traits (latitude: 0.10 [—0.91
t0 0.95]; longitude: 0.22 [—-0.86 to 0.97]).

4. DISCUSSION

In this study, we used data from a long-term biote-
lemetry research program to investigate temporal
changes in home range characteristics of a top marine
predator in the GSL. We found significant ontologi-
cal, sexual and seasonal variation in home range area,

shape and distribution. We also found that home
ranges have increased in size and shifted in distribu-
tion over the last 3 decades. Additionally, we detected
individual differences in home range characteristics.

4.1. Ontological and seasonal effects
We found home ranges of similar size to those of

grey seals equipped with satellite transmitters on the
Scotian shelf for corresponding seasons and years of
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deployment (Lidgard et al. 2020). In both systems, adult
males had larger home ranges than adult females
throughout the year (Austin et al. 2004, Lidgard et al.
2020). This may be because males are generally larger
than females, with adult males being about 1.5 times
larger than adult females (Beck et al. 2003a), and space
use can increase with body size (Jetz et al. 2004).

We found that home ranges were the smallest and
most circular in summer for females. Their home

ranges became larger and more linear in the pre-
breeding months, corresponding to increased forag-
ing trip duration, distance travelled and distance from
shore previously found in the fall compared to
summer for grey seals in the Gulf (Harvey etal. 2011).
Contrary to females, there was no increase in home
range size or linearity in the pre-breeding months
compared to summer for males. They instead ex-
hibited their smallest and most circular home ranges
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Table 3. Interindividual differences in mean and within-individual variability of
95% monthly home range area (in km?), shape index and centroid coordinates
(latitude and longitude) of grey seals in the Gulf of St. Lawrence (GSL) between
1992 and 2022. Estimates are the mean estimate of the posterior distributions and
are accompanied by their 95% credibility intervals (95% CI). Rp: repeatability;
Rp adj: adjusted repeatability (fixed effect variance removed from denominator);

seals (Beck et al. 2000), which might
affect their foraging ability and pred-
ator escape capacity and prove more
energetically costly than useful when
energetic reserves are not necessary,

CV: coefficient of variation

especially for females. On the Scotian

shelf, they start increasing their body

Estimate  Area Shape Centroid fat percentage and total body energy
Mean Mean Latitude Longitude at a slower rate post-moult (June—
(95%C) (95% CI) Mean Mean October) and accelerate in the pre-
(95% CI) (95% CI) .

breeding months (October—January)
Mean model (Beck et al. 2003a). Males, on the other
Rpn, 0.101 0.078 0.001 0.001 hand, increase their total body energy
(0.053t00.161) (0.040t00.128)  (0.000 to 0.006) (0.000 to 0.007) and body fat percentage rapidly in the
Rp adjn 0.220 0.459 0.003 0.002 months following the end of the molt

(0.096 to 0.374) (0.224 t0 0.682)  (0.000 to 0.018) (0.000 to 0.012) , :
CV,, 0.037 0.109 0.001 —0.001 and slow down in the pre-breedmg
(0.028 t0 0.047) (0.078 t0 0.143)  (0.000 to 0.003) (—0.004 to 0.000) months (Beck et al. 2003a). This re-
Dispersion model flects the pattern of home ranges being
Rp, 0.068 0.034 0.154 0.074 larger and more linear for males com-
(0.034100.113) (0.010t00.072) (0.092t00.222) (0.043 0 0.114) pared to females in the summer but

CV, 1.361 4.181 2.061 0.787 imilar for both duri th

(0.888 to 1.940) (2.310t0 6.471) (1.229 to 3.078) (0.448 to 1.223) simriar 1or both sexes during the pre-
breeding period. Individuals might also

during both the summer and pre-breeding periods. In
the Gulf, summer appears to be a period of localized
and overlapping space use for all sex—age classes, as
there were no clear differences in monthly home
range area, shape or distribution. During this period,
grey seals in the Gulf foraged closer to haulout sites
and stayed closer to shore (Harvey et al. 2011). Their
foraging trips were also shorter and they travelled less
distance overall (Harvey et al. 2011). There are sev-
eral possible explanations for this pattern of apparent
reduction in foraging effort during summer (Breed
et al. 2006, 2009). One explanation is that it might
be linked to resource availability. Summer may be a
period of high prey availability, leading to reduced
intraspecific competition, reduced foraging effort and
lower spatial segregation. On the Scotian shelf, for
example, seals keep gaining body mass during the
summer (Beck et al. 2003a) despite apparent reduced
foraging effort (Breed et al. 2006, 2009). Males, how-
ever, might require more space to fulfill their dietary
and energetic needs (Jetz et al. 2004) due to their
larger size and broader range of prey species (Beck et
al. 2007) and not be able to reduce their space use as
much as females in the summer despite high resource
availability. Alternatively, individuals might choose
to reduce their food intake to avoid carrying more fat
than necessary in the warm summer months. Blubber
represents stored energy reserves that will be im-
portant during the breeding period but also alters
buoyancy and affects the diving behaviour of grey

reduce their at-sea activity during the
summer months in response to increased predation
risks. White shark Carcharodon carcharias presence
in the GSL increases during the summer months
(Franks et al. 2021, Bowlby et al. 2022) and an increase
in shark occurrence is associated with reduced off-
shore foraging and limited at-sea activity in grey seals
(Moxley et al. 2020). Again, this effect could be im-
portant for females, as they increased their space use
in the fall, a period when predators gradually leave
the Gulf (Franks et al. 2021). Thus, one may expect
that male grey seals may be more available to preda-
tion by sharks during the summer period.

The difference in home range area between adult
males and females was most important during the
post-breeding months. Grey seals are capital breeders,
relying on stored energy for reproduction (Iverson et
al. 1993), making breeding energetically costly for
both males and females (Beck et al. 2003a, Lidgard
et al. 2005). The post-breeding months are a critical
period of energy recovery for females, as the timing of
embryo implantation seems to be linked with body
condition (Boyd 1984), but not so critical for males
who continue losing body energy and fat in favour of
lean mass (Beck et al. 2003a). This is also the period
with the greatest differences in diet composition
between males and females, with females targeting
few, specific high-calorie species and males consum-
ing a greater quantity and diversity of low-energy
prey (Beck et al. 2007). This is reflected in their space
use, with males having larger, more linear home
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ranges than females. At this time, we also observed
the largest spatial separation between home range
centroids of adult males and females. A similar pat-
tern was found in Scotian shelf grey seals, with males
travelling more, spending a lower proportion of their
time foraging and being spatially segregated from
females (Breed et al. 2006, 2009).

4.2. Temporal changes

Over the past decades, the GSL has undergone im-
portant changes in species composition. In the early
1990s, overfishing and exceptionally cold water condi-
tions led to the collapse of several groundfish species,
such as Atlantic cod and American plaice Hippoglos-
soides platessoides, which remain at historical lows
(Bernier et al. 2018). Meanwhile, the northwest Atlantic
grey seal population grew considerably, increasing
from ~90 000 seals in 1990 to >360 000 in 2021 (Rossi et
al. 2021). Grey seals appear to have responded to these
environmental changes and/or their population in-
crease by expanding their space use. Although grey
seals are not considered social foragers, there is evi-
dence of intraspecific competition during foraging
(Lidgard et al. 2012), resulting in young of the year
being excluded to deeper offshore waters in periods of
lower resources availability (Harvey et al. 2008, Breed
et al. 2013). The increase in home range area found in
this study could indicate an increase in intraspecific
competition due to population growth and/or changes
in the abundance of resources. Larger home ranges
can indicate an increase in energy expenditure for in-
dividuals, particularly the smaller juveniles, which
could provide a mechanism for the reduced population
growth in recent years (Rossi et al. 2021).

The last few decades were also a period of environ-
mental changes in the Gulf, characterized by reduced
winter sea ice cover (Bernier et al. 2018, Galbraith et
al. 2022). Grey seals in the GSL historically used sea
ice as a breeding platform. With the decline in sea ice
cover, they have shifted to breeding sites on small and
isolated islands (Hammill et al. 2017). As the seal
population increased, these breeding colonies have
also been expanding. In the Gulf, they are located, on
average, more to the west than historical breeding
sites (e.g. Sable Island). This shift in breeding site
location is coherent with the shift we observed in the
distribution of monthly home ranges to the west dur-
ing the breeding and post-breeding periods. Reduced
sea ice cover in the GSL could also open up foraging
habitats that were previously inaccessible during the
winter and spring months.

4.3. Individual differences

We found individual differences in average monthly
home range size and shape as well as individual differ-
ences in the level of variability of home range size,
shape and distribution. A previous study in the Sco-
tian shelf ecosystem found that individual identity
explained a good proportion of the variance found in
grey seal movements at a fine scale (Lidgard et al.
2020). Our results suggest that individual identity may
also play a role in the space use of grey seals at a larger
scale (see also Austin et al. 2004). We also found
negative correlations between individual average
home range size and linearity and their level of varia-
bility, meaning that individuals with larger or more
linear monthly home ranges were more predictable.

In this study, individual differences in space use
could potentially indicate the presence of different
tactics within the population. These differences oc-
curred even within sex—age classes and deployments,
echoing the fact that grey seals of the same age and
same sex can exhibit interindividual variation in
space use and foraging behaviour (Russell et al. 2014).
One explanation for this pattern could be the pres-
ence of generalist and specialist feeding tactics in the
population resulting in different space use patterns.
Populations composed of both generalist and special-
ist individuals have indeed been observed in seabirds
and marine mammals (Tinker et al. 2012, Catry et al.
2014, Kernaléguen et al. 2016, McHuron et al. 2016,
Riveron et al. 2021, Franco-Trecu et al. 2022). Individ-
uals may display a range of alternative movement and
foraging tactics, from mobile individuals occupying
larger home ranges, exhibiting higher movement and
having lower site fidelity to resident individuals with
smaller home ranges, lower movement and higher site
fidelity. Similar variable behavioural patterns have
been observed in fishes and terrestrial mammals
(Harrison et al. 2015, Lai et al. 2017, Villegas-Rios et
al. 2017, Webber et al. 2020, Eldgy et al. 2021).

5. CONCLUSIONS

We found temporal changes in home range charac-
teristics of grey seals in the context of multidecadal
environmental change and population growth in the
GSL. Home ranges increased in size over time in all
periods of the year, hinting at overall poorer foraging
conditions, perhaps because of increased competi-
tion, and providing a possible mechanism for the
slowing of population growth in recent years. Future
studies should look at the links between home range
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characteristics and foraging patterns to confirm that
these changes are driven by foraging behaviour. Grey
seals also shifted the distribution of their breeding
and post-breeding home ranges over the course of the
study period, possibly in response to reduced sea ice
cover and associated changes in whelping areas.
Further studies should examine foraging behaviour,
diet, morphometrics and/or demography to reveal a
more complete picture of the mechanism regulating
grey seals' responses to these ecosystemic changes.

Finally, even after considering methodological,
ontological and seasonal variation, we found interin-
dividual differences in space use among individuals
of the same population. This re-enforces the recent
literature suggesting that we should consider individ-
ual-level differences when looking at species or
population tendencies in space use (Spiegel et al.
2017). Further studies should determine how these
individual differences in space use are correlated to
each other and if it is possible to identify spatial tac-
tics or syndromes within the population. If we use top
marine predators as ecosystem sentinels, it may be
important to consider these individual differences.
Different spatial tactics or syndromes could, for ex-
ample, reveal different changes in the ecosystem
(Hertel et al. 2020).

Acknowledgements. We thank numerous members of field
crews for seal captures, tag deployments and data collection,
especially J. F. Gosselin, P. Carter, S. Turgeon and S. Mon-
grain. We thank V. Harvey and T. Jeanniard du Dot for help
with data recovery. We thank C. den Heyer, D. Lidgard and
H. Bowlby for their contribution to 2022 deployments (trans-
mitters and data). This work was supported by Fisheries and
Oceans Canada (DFO), the Natural Sciences and Engineer-
ing Research Council of Canada (NSERC) and the Fonds de
Recherche du Québec Nature et technologies (FRQNT).
Animal handling and tagging was approved by animal care
and DFO permits.

LITERATURE CITED

]\(Adame K, Elorriaga-Verplancken FR, Beier E, Acevedo-
Whitehouse K, Pardo MA (2020) The demographic de-
cline of a sea lion population followed multi-decadal sea
surface warming. Sci Rep 10:10499

] Antdo LH, Bates AE, Blowes SA, Waldock C and others
(2020) Temperature-related biodiversity change across
temperate marine and terrestrial systems. Nat Ecol Evol

. 4927-933

A Austin D, Bowen WD, McMillan JI (2004) Intraspecific vari-
ation in movement patterns: modeling individual behav-
iour in a large marine predator. Oikos 105:15—30

] Ballance LT, Ainley DG, Ballard G, Barton K (2009) An ener-
getic correlate between colony size and foraging effort in
seabirds, an example of the Adélie penguin Pygoscelis
adeliae. J Avian Biol 40:279—288

]\( Bastille-Rousseau G, Wittemyer G (2019) Leveraging multi-
dimensional heterogeneity in resource selection to define
., movement tactics of animals. Ecol Lett 22:1417—1427
A Beck CA, Bowen WD, Iverson SJ (2000) Seasonal changes in
buoyancy and diving behaviour of adult grey seals. J Exp
. Biol 203:2323—-2330
N Beck CA, Bowen WD, Iverson SJ (2003a) Sex differences in
the seasonal patterns of energy storage and expenditure
in a phocid seal. J Anim Ecol 72:280—291
] Beck CA, Bowen WD, McMillan JI, Iverson SJ (2003b) Sex
differences in diving at multiple temporal scales in a size-
dimorphic capital breeder. J Anim Ecol 72:979—993
] Beck CA, Bowen WD, McMillan JI, Iverson SJ (2003c) Sex
differences in the diving behaviour of a size-dimorphic
capital breeder: the grey seal. Anim Behav 66:777—789
] Beck CA, Iverson SJ, Bowen WD, Blanchard W (2007) Sex
differences in grey seal diet reflect seasonal variation in
foraging behaviour and reproductive expenditure: evi-
dence from quantitative fatty acid signature analysis.
J Anim Ecol 76:490—502
Bernier RY, Jamieson RE, Moore AM (2018) State of the
Atlantic Ocean synthesis report. Can Tech Rep Fish
Aquat Sci 3167:1—-149
Bernier RY, Jamieson RE, Kelly NE, Lafleur C, Moore AM
(2023) State of the Atlantic Ocean synthesis report. Can
Tech Rep Fish Aquat Sci 3544:1—-219
] Birt VL, Birt TP, Goulet D, Cairns DK, Montevecchi WA
(1987) Ashmole's halo: direct evidence for prey depletion
by a seabird. Mar Ecol Prog Ser 40:205—208
] Boersma PD (2008) Penguins as marine sentinels. Bioscience
. 98:597-607
A Bolnick DI, Svanback R, Fordyce JA, Yang LH, Davis JM,
Hulsey CD, Forister ML (2003) The ecology of individ-
uals: incidence and implications of individual specializa-
. tion. Am Nat 161:1-28
A Bolnick DI, Amarasekare P, Araujo MS, Biirger R and others
(2011) Why intraspecific trait variation matters in com-
munity ecology. Trends Ecol Evol 26:183—192
Bowen WD (2011) Historical grey seal abundance and
changes in the abundance of grey seal predators in the
., northwest Atlantic. Can Sci Advis Sec Res Doc 2011/026
A Bowlby HD, Joyce WN, Winton MV, Coates PJ, Skomal GB
(2022) Conservation implications of white shark (Car-
charodon carcharias) behaviour at the northern extent of
their range in the Northwest Atlantic. Can J Fish Aquat
. Sci79:1843—1859
A Boyd IL (1984) The relationship between body condition and
the timing of implantation in pregnant grey seals (Hali-
choerus grypus). J Zool 203:113—123
] Breed GA, Bowen WD, McMillan JI, Leonard ML (2006) Sex-
ual segregation of seasonal foraging habitats in a non-
migratory marine mammal. Proc R Soc B 273:2319—-2326
#'Breed GA, Jonsen ID, Myers RA, Bowen WD, Leonard ML
(2009) Sex-specific, seasonal foraging tactics of adult
grey seals (Halichoerus grypus) revealed by state—space
analysis. Ecology 90:3209—3221
] Breed GA, Bowen WD, Leonard ML (2011) Development of
foraging strategies with age in a long-lived marine pred-
ator. Mar Ecol Prog Ser 431:267—279
] Breed GA, Don Bowen W, Leonard ML (2013) Behavioral signa-
ture of intraspecific competition and density dependence in
colony-breeding marine predators. Ecol Evol 3:3838—3854
] Bundy A, Heymans JJ, Morissette L, Savenkoff C (2009)
Seals, cod and forage fish: a comparative exploration
of variations in the theme of stock collapse and eco-


https://doi.org/10.1038/s41598-020-67534-0
https://doi.org/10.1038/s41559-020-1185-7
https://doi.org/10.1111/j.0030-1299.1999.12730.x
https://doi.org/10.1111/j.1600-048X.2008.04538.x
https://doi.org/10.1111/ele.13327
https://doi.org/10.1242/jeb.203.15.2323
https://doi.org/10.1046/j.1365-2656.2003.00704.x
https://doi.org/10.1046/j.1365-2656.2003.00761.x
https://doi.org/10.1006/anbe.2003.2284
https://doi.org/10.1111/j.1365-2656.2007.01215.x
https://doi.org/10.1016/j.pocean.2009.04.010
https://doi.org/10.1002/ece3.754
https://doi.org/10.3354/meps09134
https://doi.org/10.1890/07-1483.1
https://doi.org/10.1098/rspb.2006.3581
https://doi.org/10.1111/j.1469-7998.1984.tb06048.x
https://doi.org/10.1139/cjfas-2021-0313
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1086/343878
https://doi.org/10.1641/B580707
https://doi.org/10.3354/meps040205

148

Mar Ecol Prog Ser 755: 133—150, 2025

system change in four Northwest Atlantic ecosystems.
., Prog Oceanogr 81:188—206
A Birkner PC (2017) brms: an R package for Bayesian multi-
level models using Stan. J Stat Softw 80:1—-28
] Biirkner PC (2018) Advanced Bayesian multilevel modeling
with the R package brms. RJ 10:395—411
X Catry T, Alves JA, Gill JA, Gunnarsson TG, Granadeiro JP
(2014) Individual specialization in a shorebird population
with narrow foraging niche. Acta Oecol 56:56—65
] Chapman CA, Chapman LJ, McLaughlin RL (1989) Multiple
central place foraging by spider monkeys: travel conse-
quences of using many sleeping sites. Oecologia 79:
. 906-511
M Chouinard GA, Swain DP, Hammill MO, Poirier GA (2005)
Covariation between grey seal (Halichoerus grypus)
abundance and natural mortality of cod (Gadus morhua)
in the southern Gulf of St. Lawrence. Can J Fish Aquat
., Sci62:1991-2000
X Cleasby IR, Nakagawa S, Schielzeth H (2015) Quantifying
the predictability of behaviour: statistical approaches for
the study of between-individual variation in the within-
., Individual variance. Methods Ecol Evol 6:27—37
A CLS (2016) Argos user's manual. https://www.argos-system.
org/wp-content/uploads/2023/01/CLS-Argos-System-
User-Manual.pdf (accessed 14 June 2023)

DFO (Fisheries and Oceans Canada) (2011) Impacts of grey
seals on fish populations in eastern Canada. Can Sci
Advis Sec Sci Advis Rep 2010/071

] Eldgy SH, Bordeleau X, Lawrence MJ, Thorstad EB and
others (2021) The effects of nutritional state, sex and
body size on the marine migration behaviour of sea trout.
Mar Ecol Prog Ser 665:185—200

] Elliott KH, Woo KJ, Gaston AJ, Benvenuti S, Dall' Antonia L,
Davoren GK (2009) Central-place foraging in an Arctic
seabird provides evidence for Storer-Ashmole's halo.

. Auk 126:613—-625

N Estes JA, Heithaus M, McCauley DJ, Rasher DB, Worm B
(2016) Megafaunal impacts on structure and function of
ocean ecosystems. Annu Rev Environ Resour 41:83—116

] Fleming AH, Clark CT, Calambokidis J, Barlow J (2016)
Humpback whale diets respond to variance in ocean cli-
mate and ecosystem conditions in the California Current.

., Glob Change Biol 22:1214—1224

,* Franco-Trecu V, Botta S, de Lima RC, Negrete J, Naya DE
(2022) Testing the niche variation hypothesis in pin-
nipeds. Mammal Rev 52:497—506

#‘Franks BR, Tyminski JP, Hussey NE, Braun CD and others
(2021) Spatio-temporal variability in white shark (Car-
charodon carcharias) movement ecology during resi-
dency and migration phases in the western North Atlan-

., tic. Front Mar Sci 8:744202

A Freitas C, Lydersen C, Fedak MA, Kovacs KM (2008) A
simple new algorithm to filter marine mammal Argos
locations. Mar Mamm Sci 24:315—325

Galbraith PS, Chassé J, Dumas J, Shaw JL, Caverhill C,
Lefaivre D, Lafleur C (2022) Physical oceanographic con-
ditions in the Gulf of St. Lawrence during 2021. Can Sci

. Advis Sec Res Doc 2022/034

N Halpern BS, Frazier M, Afflerbach J, Lowndes JS and others
(2019) Recent pace of change in human impact on the
world's ocean. Sci Rep 9:11609

] Hammill MO, Gosselin JF (1995) Grey seal (Halichoerus gry-
pus) from the Northwest Atlantic: female reproductive
rates, age at first birth, and age of maturity in males. Can
J Fish Aquat Sci 52:2757—2761

Hammill MO, Gosselin JF, Stenson GB (2017) Pup produc-
tion of Northwest Atlantic grey seals in the Gulf of St.
Lawrence. Can Sci Advis Sec Res Doc 2017/043

Hammill MO, Stenson GB, Mosnier A, Doniol-Valcroze T
(2021) Trends in abundance of harp seals, Pagophilus
groenlandicus, in the Northwest Atlantic, 1952—2019.
Can Sci Advis Sec Res Doc 2021:006

Hammill MO, Rossi SP, Mosnier A, Den Heyer CE, Bowen
WD, Stenson GB (2023) Grey seal abundance in Cana-
dian waters and harvest advice. Can Sci Advis Sec Res

. Doc2023:053
A Harrison PM, Gutowsky LFG, Martins EG, Patterson DA,
Cooke SJ, Power M (2015) Personality-dependent spatial
ecology occurs independently from dispersal in wild bur-
. bot(Lotalota). Behav Ecol 26:483—492
A Harvey V, Coté SD, Hammill MO (2008) The ecology of 3-D
space use in a sexually dimorphic mammal. Ecography
31:371—-380

Harvey V, Hammill M, Swain D (2011) Summer overlap
between a central-place forager and its prey in the south-
ern Gulf of St. Lawrence. Can Sci Advis Sec Res Doc 2010:
131

#‘Hazen EL, Abrahms B, Brodie S, Carroll G and others (2019)
Marine top predators as climate and ecosystem sentinels.
., Front Ecol Environ 17:565—574
A Hertel AG, Niemeld PT, Dingemanse NJ, Mueller T (2020) A
guide for studying among-individual behavioral vari-
., ation from movement data in the wild. Mov Ecol 8:30
A Horn MH, Whitcombe CD (2015) A shallow-diving seabird
predator as an indicator of prey availability in southern
California waters: a longitudinal study. J Mar Syst 146:
. 89-98
A Hutchings JA (20095) Life history consequences of overex-
ploitation to population recovery in Northwest Atlantic
cod (Gadus morhua). Can J Fish Aquat Sci 62:824—832
] Iverson SJ, Bowen WD, Boness DJ, Oftedal OT (1993) The
effect of maternal size and milk energy output on pup
growth in grey seals (Halichoerus grypus). Physiol Zool
. 66:61-88
N Jessup DA, Miller M, Ames J, Harris M, Kreuder C, Conrad
PA, Mazet JAK (2004) Southern sea otter as a sentinel of
marine ecosystem health. EcoHealth 1:239—245
] Jetz W, Carbone C, Fulford J, Brown JH (2004) The scaling
of animal space use. Science 306:266—268
] Jonsen ID, Grecian WJ, Phillips L, Carroll G and others
(2023) aniMotum, an R package for animal movement
data: rapid quality control, behavioural estimation and
., simulation. Methods Ecol Evol 14:806—816
A Kernaléguen L, Dorville N, lerodiaconou D, Hoskins AJ and
others (2016) From video recordings to whisker stable
isotopes: a critical evaluation of timescale in assessing
individual foraging specialisation in Australian fur seals.
Oecologia 180:657—670
] Kranstauber B, Kays R, LaPoint SD, Wikelski M, Safi K
(2012) A dynamic Brownian bridge movement model to
estimate utilization distributions for heterogeneous ani-
mal movement: the dynamic Brownian bridge movement
model. J Anim Ecol 81:738—746

Kranstauber B, Smolla M, Scharf AK (2023) move: visualiz-
ing and analyzing animal track data. R package v.4.2.6.
https://CRAN.R-project.org/package=move

] Lai S, Béty J, Berteaux D (2017) Movement tactics of a mobile
predator in a meta-ecosystem with fluctuating resources:
the arctic fox in the High Arctic. Oikos 126:937—947

] Lavigueur L, Hammill MO (1993) Distribution and seasonal


https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.1016/j.actao.2014.03.001
https://doi.org/10.1007/BF00378668
https://doi.org/10.1139/f05-107
https://doi.org/10.1111/2041-210X.12281
https://www.argos-system.org/wp-content/uploads/2016/08/r363_9_argos_users_manual-v1.6.6.pdf
https://doi.org/10.3354/meps13670
https://doi.org/10.1525/auk.2009.08245
https://doi.org/10.1146/annurev-environ-110615-085622
https://doi.org/10.1111/gcb.13171
https://doi.org/10.1111/mam.12297
https://doi.org/10.3389/fmars.2021.744202
https://doi.org/10.1111/j.1748-7692.2007.00180.x
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.5962/p.357143
https://doi.org/10.1111/oik.03948
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1007/s00442-015-3407-2
https://doi.org/10.1111/2041-210X.14060
https://doi.org/10.1126/science.1102138
https://doi.org/10.1007/s10393-004-0093-7
https://doi.org/10.1086/physzool.66.1.30158287
https://doi.org/10.1139/f05-081
https://doi.org/10.1016/j.jmarsys.2014.08.012
https://doi.org/10.1186/s40462-020-00216-8
https://doi.org/10.1002/fee.2125
https://doi.org/10.1111/j.0906-7590.2008.05218.x
https://doi.org/10.1093/beheco/aru216
https://doi.org/10.1139/f95-864

Cusson et al.: Multidecadal changes in grey seal home ranges

149

movements of grey seals, Halichoerus grypus, born in the
Gulf of St. Lawrence and Eastern Nova Scotia shore. Can
., Field Nat 107:329—340
A LeeY, Nelder JA (2006) Double hierarchical generalized lin-
ear models (with discussion). J R Stat Soc Ser C Appl Stat
L 93:139-185
N Lescroél A, Mathevet R, Péron C, Authier M, Provost P,
Takahashi A, Grémillet D (2016) Seeing the ocean through
the eyes of seabirds: A new path for marine conservation?
Mar Policy 68:212—220
] Lewis S, Sherratt TN, Hamer KC, Wanless S (2001) Evidence
of intra-specific competition for food in a pelagic seabird.
. Nature 412:816—819
A Lidgard DC, Boness DJ, Bowen WD, McMillan JI (20095)
State-dependent male mating tactics in the grey seal: the
importance of body size. Behav Ecol 16:541—-549
] Lidgard DC, Bowen WD, Jonsen ID, Iverson SJ (2012) Ani-
mal-borne acoustic transceivers reveal patterns of at-sea
associations in an upper-trophic level predator. PLOS
., ONE 7:e48962
X Lidgard DC, Bowen WD, Iverson SJ (2020) Sex-differences
in fine-scale home-range use in an upper-trophic level
marine predator. Mov Ecol 8:11
X Lilly GR, Nakken O, Brattey J (2013) A review of the con-
tributions of fisheries and climate variability to contrast-
ing dynamics in two Arcto-boreal Atlantic cod (Gadus
morhua) stocks: persistent high productivity in the
Barents Sea and collapse on the Newfoundland and
Labrador Shelf. Prog Oceanogr 114:106—125
] McGarigal K, Marks BJ (1995) FRAGSTATS: spatial pattern
analysis program for quantifying landscape structure. US
Department of Agriculture, Forest Service, Pacific North-
west Research Station, Portland, OR
A McHuron EA, Robinson PW, Simmons SE, Kuhn CE, Fowler
M, Costa DP (2016) Foraging strategies of a generalist
marine predator inhabiting a dynamic environment.
Oecologia 182:995—1005
] McLaughlin RL, Montgomerie RD (1989) Brood dispersal
and multiple central place foraging by Lapland longspur
parents. Behav Ecol Sociobiol 25:207—215
] Moore SE (2008) Marine mammals as ecosystem sentinels.
. JMammal 89:534—540
,* Moxley JH, Skomal G, Chisholm J, Halpin P, Johnston DW
(2020) Daily and seasonal movements of Cape Cod gray
seals vary with predation risk. Mar Ecol Prog Ser 644:
. 215-228
A Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian
and non-Gaussian data: a practical guide for biologists.
., Biol Rev Camb Philos Soc 85:935—-956
A O'Dea RE, Noble DWA, Nakagawa S (2022) Unifying in-
dividual differences in personality, predictability and
plasticity: a practical guide. Methods Ecol Evol 13:
278—293
Orians GH, Pearson NE (1979) On the theory of central place
foraging. In: Horn DJ, Mitchell RD, Stairs GR (eds)
Analysis of ecological systems. Ohio State University
Press, Columbus, OH, p 155—177
A Poloczanska ES, Brown CJ, Sydeman WJ, Kiessling W and
others (2013) Global imprint of climate change on marine
life. Nat Clim Chang 3:919—-925
] Poloczanska ES, Burrows MT, Brown CJ, Garcia Molinos J
and others (2016) Responses of marine organisms to cli-
mate change across oceans. Front Mar Sci 3:62
] Riveron S, Raoult V, Baylis AMM, Jones KA, Slip DJ, Har-
court RG (2021) Pelagic and benthic ecosystems drive

differences in population and individual specializations
., inmarine predators. Oecologia 196:891—-904
A Rosenzweig ML (1981) A theory of habitat selection. Ecology
. 62:327-335
A Rossi SP, Cox SP, Hammill MO, Den Heyer CE, Swain DP,
Mosnier A, Benoit HP (2021) Forecasting the response of
a recovered pinniped population to sustainable harvest
strategies that reduce their impact as predators. ICES
. JMarSci78:1804—1814
A Russell DJF, Brasseur SMJM, Thompson D, Hastie GD and
others (2014) Marine mammals trace anthropogenic
. structures at sea. Curr Biol 24:R638—R639
A Savenkoff C, Swain DP, Hanson JM, Castonguay M and
others (2007) Effects of fishing and predation in a heavily
exploited ecosystem: comparing periods before and after
the collapse of groundfish in the southern Gulf of St. Law-
., rence (Canada). Ecol Model 204:115—128
A Schofield G, Hobson VJ, Lilley MKS, Katselidis KA, Bishop
CM, Brown P, Hays GC (2010) Inter-annual variability in
the home range of breeding turtles: implications for cur-
rent and future conservation management. Biol Conserv
. 143:722-730
A Shaw AK (2020) Causes and consequences of individual vari-
., ationin animal movement. Mov Ecol 8:12
A Shelton PA, Sinclair AF, Chouinard GA, Mohn R, Duplisea
DE (2006) Fishing under low productivity conditions is
further delaying recovery of Northwest Atlantic cod
(Gadus morhua). Can J Fish Aquat Sci 63:235—238
] Sih A, Ferrari MCO, Harris DJ (2011) Evolution and behav-
ioural responses to human-induced rapid environmental
change. Evol Appl 4:367—387
] Spiegel O, Leu ST, Bull CM, Sih A (2017) What's your move?
Movement as a link between personality and spatial
dynamics in animal populations. Ecol Lett 20:3—18
Sumner J (2011) The tag location problem. PhD dissertation,
University of Tasmania, Hobart
] Swain DP (2011) Life-history evolution and elevated natural
mortality in a population of Atlantic cod (Gadus morhua).
Evol Appl 4:18—29
] Swain DP, Benoit HP, Hammill MO (2015) Spatial distribu-
tion of fishes in a Northwest Atlantic ecosystem in rela-
tion to risk of predation by a marine mammal. J Anim
., Ecol 84:1286—1298
A Sydeman WJ, Poloczanska E, Reed TE, Thompson SA
(2015) Climate change and marine vertebrates. Science
o 350772777
A Tinker MT, Guimardes PR Jr, Novak M, Marquitti FMD and
others (2012) Structure and mechanism of diet specialisa-
tion: testing models of individual variation in resource
., usewith sea otters. Ecol Lett 15:475—483
A Tuomainen U, Candolin U (2011) Behavioural responses to
human-induced environmental change. Biol Rev Camb
., Philos Soc 86:640—657
A Villegas-Rios D, Réale D, Freitas C, Moland E, Olsen EM
(2017) Individual level consistency and correlations of
fish spatial behaviour assessed from aquatic animal
telemetry. Anim Behav 124:83—-94
A Warlick AJ, Johnson DS, Sweeney KL, Gelatt TS, Converse SJ
(2023) Examining the effect of environmental variability on
the viability of endangered Steller sea lions using an inte-
grated population model. Endang Species Res 52:343—361
] Webber QMR, Laforge MP, Bonar M, Robitaille AL, Hart C,
Zabihi-Seissan S, Vander Wal E (2020) The ecology of
individual differences empirically applied to space-use
and movement tactics. Am Nat 196:E1—-E15


https://doi.org/10.1111/j.1467-9876.2006.00538.x
https://doi.org/10.1016/j.marpol.2016.02.015
https://doi.org/10.1038/35090566
https://doi.org/10.1093/beheco/ari023
https://doi.org/10.1371/journal.pone.0048962
https://doi.org/10.1186/s40462-020-0196-y
https://doi.org/10.1016/j.pocean.2013.05.008
https://doi.org/10.2737/PNW-GTR-351
https://doi.org/10.1007/s00442-016-3732-0
https://doi.org/10.1007/BF00302920
https://doi.org/10.1644/07-MAMM-S-312R1.1
https://doi.org/10.3354/meps13346
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://doi.org/10.1111/2041-210X.13755
https://doi.org/10.1038/nclimate1958
https://doi.org/10.3389/fmars.2016.00062
https://doi.org/10.1007/s00442-021-04974-z
https://doi.org/10.1086/708721
https://doi.org/10.3354/esr01282
https://doi.org/10.1016/j.anbehav.2016.12.002
https://doi.org/10.1111/j.1469-185X.2010.00164.x
https://doi.org/10.1111/j.1461-0248.2012.01760.x
https://doi.org/10.1126/science.aac9874
https://doi.org/10.1111/1365-2656.12391
https://doi.org/10.1111/j.1752-4571.2010.00128.x
https://doi.org/10.1111/ele.12708
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1139/f05-253
https://doi.org/10.1186/s40462-020-0197-x
https://doi.org/10.1016/j.biocon.2009.12.011
https://doi.org/10.1016/j.ecolmodel.2006.12.029
https://doi.org/10.1016/j.cub.2014.06.033
https://doi.org/10.1093/icesjms/fsab088
https://doi.org/10.2307/1936707

150

Mar Ecol Prog Ser 755: 133—150, 2025

N,

]<Weise M, Harvey J (2008) Temporal variability in ocean cli-
mate and California sea lion diet and biomass consump-
tion: implications for fisheries management. Mar Ecol

., Prog Ser 373:157—172

A Weise MJ, Costa DP, Kudela RM (2006) Movement and div-
ing behavior of male California sea lion (Zalophus califor-
nianus) during anomalous oceanographic conditions of
2005 compared to those of 2004. Geophys Res Lett 33:

. L22510

A Wilcox C, Hobday AJ, Chambers LE (2018) Using expert

elicitation to rank ecological indicators for detecting cli-

Editorial responsibility: Peter Corkeron,

Nathan, Queensland, Australia
Reviewed by: D. Thompson and 2 anonymous referees
Submitted: March 14, 2024; Accepted: January 6, 2025
Proofs received from author(s): February 21, 2025

mate impacts on Australian seabirds and pinnipeds. Ecol

., Indic 95:637—644

F Wolf N, Mangel M (2008) Multiple hypothesis testing and
the declining-population paradigm in Steller sea lions.

. Ecol Appl 18:1932—1955

& Wood SN (2003) Thin plate regression splines. J R Stat Soc

. Series B Stat Methodol 65:95—114

M Wood SA, Frasier TR, McLeod BA, Gilbert JR and others
(2011) The genetics of recolonization: an analysis of the
stock structure of grey seals (Halichoerus grypus) in the
northwest Atlantic. Can J Zool 89:490—497

This article is Open Access under the Creative Commons by
Attribution (CC-BY) 4.0 License, https://creativecommons.org/
licenses/by/4.0/deed.en. Use, distribution and reproduction
are unrestricted provided the authors and original publication
are credited, and indicate if changes were made


https://doi.org/10.3354/meps07737
https://doi.org/10.1029/2006GL027113
https://doi.org/10.1016/j.ecolind.2018.07.019
https://doi.org/10.1139/z11-012
https://doi.org/10.1111/1467-9868.00374
https://doi.org/10.1890/07-1254.1



