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ABSTRACT: The Baltic Sea region is impacted by pollution, noise, offshore construction, shipping,
fisheries, eutrophication and climate change. Seals are important top predators here, but little is
known about their at-sea distribution. Using satellite telemetry data from 90 harbour seals Phoca
vitulina and 65 grey seals Halichoerus grypus together with haulout counts, we modelled habitat
suitability and relative population densities across the region. We used generalized additive mixed
models (GAMMs), incorporating a range of static and dynamic environmental variables. Habitat
suitability of both species was positively related to proximity to haulouts, explaining 25—30% of the
total deviance. Other important variables, explaining 2.5—6 % of the deviance in habitat suitability,
were increased wave exposure and colder sea surface temperature for harbour seals and wave expo-
sure and higher sea bottom oxygen saturation for grey seals. Harbour seals showed a preference for
more coastal habitats than grey seals. The analyses revealed an imbalance between habitat
suitability and actual distribution, particularly for grey seals, where some areas with high suitability
had low seal densities. This likely reflects the dramatic population fluctuations of seals in the area
over recent centuries related to hunting and pollution. Overlap of suitable habitats between the spe-
cies in the southern and western Baltic indicates interspecific competition that will likely increase
as grey seals recolonise their previous range. Our study constitutes the first comprehensive analysis
of seal distribution in the Baltic area and is a valuable tool for managers and ecologists assessing
pressures and ecosystem interactions in an area where anthropogenic activities are increasing.

KEY WORDS: Central place forager * Density maps - Interspecific competition - Pinniped -
Species distribution model - SDM - Satellite tracking - Phoca vitulina - Halichoerus grypus

1. INTRODUCTION

Coastal marine habitats around the world are
affected by pollution (Sonne et al. 2020), offshore con-
struction and shipping (Duarte et al. 2021), fisheries
(Jackson et al. 2001), eutrophication (Maure et al.
2021) and climate change (Meier et al. 2022). Marine
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apex predators are often used as indicators for eco-
system health as they are affected by changes at lower
trophic levels and shape ecosystems by top-down
regulation (Moore 2008, Hazen et al. 2019). Their dis-
tribution provides valuable information regarding
interactions with other ecosystem components in
time and space.
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Four marine mammals inhabit the Baltic Sea eco-
system: harbour porpoise Phocoena phocoena, ringed
seal Pusa hispida, harbour seal Phoca vitulina and
grey seal Halichoerus grypus. The semi-enclosed na-
ture of the Baltic Sea means that pollutants and other
anthropogenic impacts accumulate, leading to drastic
environmental effects (Reusch et al. 2018). In the past
century, all 4 species have undergone substantial de-
clines in abundance due to overhunting, reproductive
deficiencies caused by pollutants, bycatch in fishery,
overfishing and eutrophication leading to food web
disruption (Heide-Jorgensen & Harkoénen 1988, Har-
ding & Harkonen 1999, Kokko et al. 1999, HELCOM
2009, Olsen et al. 2018, Dietz et al. 2026).

At-sea distribution of marine predators is heavily
impacted by prey distribution (Benoit-Bird et al. 2013,
Bennington et al. 2020). Both grey and harbour seals
are piscivores and opportunistic foragers, adapting
their diet to locally and temporarily available species
(Wilson & Hammond 2016, Scharff-Olsen et al. 2019,
Kappa et al. 2026). Distributions of fish are governed
by a range of geophysical and biological factors, such
as depth, fronts, currents, stratification and salinity, as
well as human impacts from fisheries, offshore con-
struction, dredging, sand extraction and pollution
(Nian et al. 2021, Perelman et al. 2023, Gord6-Vilaseca
et al. 2024, Rosciszewski-Dodgson & Cirella 2024).
Species' responses to environmental variability are
often approximated through species distribution
models (SDMs), used in ecology and conservation for
assessing habitat suitability (Elith & Leathwick 2009,
Guisan et al. 2013). Conceptually rooted in ecological
niche theory (Guisan & Zimmermann 2000), SDMs are
statistical techniques aimed at identifying the envi-
ronmental conditions that species use and rely on for
their ecological requirements, which are extrapolated
to the surface area of interest (Peterson et al. 2011).

Harbour and grey seals are important predators in
temperate and subarctic coastal and shelf waters of
the North Atlantic (Hall & Russell 2018, Teilmann &
Galatius 2018). In the Baltic Sea region, harbour seals
range from the Skagerrak in the northwest, through
the Kattegat and the Danish Straits to the southwest-
ern Baltic, with genetically distinct populations in the
Skagerrak, Kattegat, southwestern Baltic and around
Kalmarsund in the central Baltic Sea (see Fig. 1 for
place names) (Goodman 1998, Olsen et al. 2014). Grey
seals range throughout the Baltic area; although in
the southern Baltic Sea, Danish Straits and Kattegat,
densities are low, as they have only recently started
recolonising after local extinctions in the early 20
century (Galatius et al. 2020, 2024b). All grey seal col-
onies in the Baltic Sea are connected by gene flow but

are genetically distinct from grey seals in the North
Sea (McCarthy et al. 2025).

Grey and harbour seals may compete for space and
resources. In areas where prey composition has been
analysed, there are considerable dietary overlaps
(Wilson & Hammond 2016, Scharff-Olsen et al. 2019).
In addition, investigations have shown substantial
overlap in habitat use (Thompson et al. 1996, Jones et
al. 2013), also close to shore (McConnell et al. 1999,
Dietz et al. 2003, Cordes et al. 2011). In Orkney, Shet-
land and the Firth of Tay in Scotland, recovery of grey
seal populations has coincided with abundance
declines of harbour seals, although no direct link has
been established (SCOS 2014). Similar dynamics have
occurred in the western North Atlantic (Hammill et
al. 2010).

Information on seal distribution in the larger Baltic
Sea region is available from monitoring programmes,
where seals are counted at their haulouts during the
moulting season and in some areas also during the
pupping season (Galatius et al. 2014). This informa-
tion is limited to haulout distribution and only per-
tains to these specific periods of the annual cycle.
There have been local investigations of seal distribu-
tion based on satellite telemetry (e.g. Sjoberg & Ball
2000, Dietz et al. 2013, Oksanen et al. 2014, van Beest
et al. 2022), but knowledge regarding pan-Baltic at-
sea distributions is lacking. This also prevents com-
parisons with grey and harbour seal at-sea distribu-
tions in the neighboring North Sea region (Carter et
al. 2022, 2026).

Both harbour and grey seals are listed under
Annexes II and V of the European Union's Habitats
Directive, meaning that special areas of conservation
must be designated and that exploitation and pres-
sures must be compatible with favourable conserva-
tion status. Identifying important habitat for seals is
thus important, and increasingly so, as anthropogenic
pressures are increasing.

In the current study, we aimed to produce habitat
suitability and relative at-sea density maps for grey
and harbour seals in the Baltic Sea area using telem-
etry and census data from the last 2 decades. Seal
distribution is of profound interest in studies of eco-
system processes throughout the area, and in the
management of populations in relation to anthropo-
genic pressures. Additionally, grey seals are cur-
rently expanding their range and recolonising the
southern and western parts of the area, where har-
bour seals currently dominate. Hence, we aimed to
use the resulting models to evaluate the emerging
competition between the 2 species in these areas of
increasing overlap.
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2. MATERIALS AND METHODS
2.1. Study area

The study area comprises the Baltic Sea and its
adjacent Kattegat and Skagerrak seas (Fig. 1). The
Baltic Sea is a semi-enclosed sea in northwestern
Europe and the World's largest brackish water basin,
stretching 1200 km from 54 to 66°N, covering tem-
perate and subarctic climate zones. It is connected to
the North Atlantic through the narrow and shallow
Danish Straits, Kattegat and Skagerrak. There is sub-
stantial variation in salinity from 0.1—0.4 % in the Bay
of Bothnia through the central Baltic to 2.0—2.5% in
the Kattegat (Leppdranta & Myrberg 2009) and 3.4%
in the Skagerrak (Kristiansen & Aas 2015). The Baltic
Sea region is generally shallow, with a mean depth of
54 m and maximum depth of 459 m (Meier et al. 2022).
Sea surface temperature varies markedly by area and
season (Bradtke et al. 2010). These differences in tem-
perature and salinity mean that biodiversity varies
greatly, with higher biodiversity in more saline areas
(Kniebusch et al. 2019).
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2.2. Tracking data

We compiled all available telemetry data from har-
bour seals spanning the area from the Skagerrak to the
western Baltic Sea. No data were available from the
isolated population in Kalmarsund, and hence, the
inner Baltic area was not covered for harbour seals.
Grey seal data spanned the entire Baltic Sea region,
except the Kattegat (Fig. 1). A total of 99 harbour seals
(59 males, 38 females, 2 unknown sex) and 70 grey
seals (45 males, 17 females, 8 unknown sex) were cap-
tured and tagged with GPS or Argos satellite tags at 22
haulout sites across Denmark and Sweden (both spe-
cies), Norway (harbour seals) and Estonia (grey seals).
In Finland, only male grey seals were captured in fish
traps. All seals were tagged between 2000 and 2024
(Tables S1.1 & S1.2 in Section S1 in the Supplement at
www.int-res.com/articles/suppl/meps15206__supp.
pdf). A description of capture and handling methods
used in each country is provided in Section S1.
Tracking data collected with GPS tags were cleaned by
removing the few outlier locations (n = 12 and 22 for
harbour and grey seal data, respectively) that were

identified based on unrealistic move-
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movements were defined as relocation
events where a seal moved faster than
2.5 m s~! between 2 GPS locations and
thereafter returned with the same speed
to the first location (van Beest et al.
2019). Argos satellite tags provide less
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precise position data than GPS tags and
these were consequently filtered using
the Argos- Filter v7.03 following Dietz et
al. (2013). Further processing of track-
ing data included removal of locations
on land and locations collected within
24 h after tagging to reduce behavioural
bias caused by capture and tagging (van
Beest etal. 2018). Following Carter et al.
(2022), we removed locations collected
during the breeding and moulting sea-
sons (grey seals: February—June, har-
bour seals: June—August), as behaviour
during these seasons is not represen-
tative of the key foraging season. After
this procedure, we only retained indi-
viduals with at least 10 d of tracking
data to give all seals meaningful repre-
sentation, thus removing 6 harbour and
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time in the western Skagerrak (Riaz et al. 2026),
outside the boundaries of the area for which environ-
mental data were available (see Section 2.4.2 below).
In the end, we retained data from 90 harbour seals and
65 grey seals (Fig. S1.1, Tables S1.1 & S1.2).

Given the temporal differences in position interval
between GPS and Argos tags, as well as tag program-
ming between countries, the data were interpolated
and standardised to a constant 4 h time step interval
using a continuous-time state space model imple-
mented in the R package ‘aniMotum’ (Jonsen et al.
2023). This procedure is particularly useful when
combining GPS and Argos tracking data, as it incor-
porates differences in accuracy level of positional
estimates during the standardisation process. When
the time difference between 2 subsequent GPS or
Argos locations was >24 h, the track was split into
separate movement bursts prior to standardisation.
The final data sets comprised 37 832 at-sea locations
for harbour seals (Fig. 2A), and 43 544 at-sea locations
for grey seals (Fig. 2B).

Harbour seal

2.3. Haulout counts

Counts of seals (from Denmark, Norway, Sweden,
Germany, Poland, Estonia and Finland; Russian data
were not available) on known haulouts were collected
by aerial, boat and drone surveys. Although no grey
seals were tagged in Germany and Poland, annual
censuses were done during the moulting periods in
late May to early June for grey seals (Hiby et al. 2007,
Galatius et al. 2024a) and August for harbour seals
(Harkonen et al. 1999, Galatius et al. 2021). Descrip-
tions of the count methods used are provided in Sec-
tion S6. For each seal species and haulout, count data
were averaged across all survey years for further ana-
lyses (Fig. 3).

2.4. Species distribution modelling

SDMs are a broad class of numerical models that
aim to predict distribution, density or habitat suitabil-
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Fig. 2. (A) Tracking data of 90 harbour seals and (B) 65 grey seals colour coded by year of tagging (release). Black circles high-
light locations where individual seals were tagged (size of the circle is proportional to the number of seals tagged). The dashed
lines in (B) indicate the spatial extent of the area used by harbour seals in panel (A). Country names are given in full in Fig. 1
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ity of a species across space and time using environ-
mental data (Elith & Leathwick 2009). We followed
the analytical approach of Carter et al. (2022) to pre-
dict habitat suitability for both seal species separately
and weighting the predicted outputs by haulout
counts to compute relative at-sea density maps across
the study areas.

2.4.1. Use—availability study design

SDMs typically contrast environmental conditions
at presence or used locations to those encountered at
available locations, also known as a ‘use—availability'
study design (Johnson 1980, Warton & Aarts 2013).
Under this study design, preference for a particular
habitat type or environmental condition is inferred
where its use is disproportionate to its availability
(Aarts et al. 2008, Beyer et al. 2010). In our case, the
standardised at-sea seal locations were the used loca-
tions. Available locations were randomly drawn from
a circular buffer around each used location with the

radius set to the maximum distance from a known
haulout by any seal in the cleaned tracking data set
(grey seals: 711 km, harbour seals: 314 km), ensuring
that all available locations were potentially accessible
to the seals (Matthiopoulos et al. 2020). We generated
several availability data sets that varied in the ratio of
the number of used:available locations (1:1, 1:5, 1:10,
1:15, 1:20, 1:25 and 1:30) to assess at which ratio
model estimates stabilised and thus adequately cap-
tured the variation in environmental conditions pre-
sent within the study areas, which is a critical aspect
for robust SDM inference (Northrup et al. 2013). The
results suggested that model estimates stabilised at a
use:availability ratio of 1:10 for harbour seals and 1:20
for grey seals (see Section S2 for more details). These
ratios were subsequently used in further analyses.

2.4.2. Environmental data

Twelve environmental variables were considered as
candidate predictor variables in the species-specific
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Fig. 3. Surveyed haulout locations (in red) and mean annual counts of (A) harbour seals (N = 462 haulouts) and (B) grey seals
(N = 841 haulouts) during the period 2000—2024. Circle size is proportional to the number of seals counted
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SDMs (Table 1; Figs. S3.1 & S3.2 in Section S3). These
variables were selected because of known influence
on habitat suitability and movement behaviour of
seals or their prey in the Baltic Sea and transition zone
to the North Sea (Sjoberg & Ball 2000, Bergstrom et al.
2013, Dietz et al. 2013, Oksanen et al. 2014, van Beest
et al. 2019, 2022). Static environmental variables
included: '‘bathymetry' (m), ‘seabed rugosity' (m) and
‘sediment type' (categorical variable including sand,
mud, coarse and mixed sediments). Dynamic environ-
mental variables included: ‘'wave exposure’ (m?s™!),
‘current velocity' (m s~!), ‘'mixed layer thickness' (m),
‘sea surface salinity' (PSU), 'sea surface height' (m),
‘'sea surface temperature' (°C), ‘sea bottom oxygen'
(mmol m~3), ‘sea ice cover' (%) and ‘distance to
known haulout site' (km).

Multicollinearity among the 12 candidate predictor
variables was substantial, with variance inflation fac-
tors >20 and Spearman's rho >0.7 for various variable
combinations across the spatial extent of both study
areas. To reduce bias and uncertainty due to multicol-
linearity, we used a stepwise procedure to remove 1 of
2 correlated predictor variables and repeated this
until all variables had variance inflation factors <5
and Spearman's rho <0.5. To decide which of 2 corre-
lated variables was to be retained, we compared Bay-

esian information criteria (BIC) values of univariate
SDMs and retained the variable producing the lowest
BIC. We relied on BIC instead of other criteria, e.g.
Akaike's information criterion (AIC), as BIC imposes
a stronger penalty on model complexity and is con-
sidered more reliable for identifying the most infor-
mative predictor (Aho et al. 2014). Based on this
procedure, bathymetry, mixed layer thickness, and
ice cover were removed as candidate predictor vari-
ables from both the harbour and grey seal SDMs. Sea
bottom oxygen and surface salinity were removed as
candidate predictor variables for the harbour seal
SDM. For the grey seal SDM, we removed sea surface
height and sea surface temperature. Ultimately, 7
predictor variables remained in each species-specific
SDM (Figs. S3.1 & S3.2 in Section S3).

For each used and available point in the seal data
sets, we georeferenced the x,y coordinates with the
environmental raster layers and extracted the values
of the 7 environmental conditions retained as species-
specific SDM predictor variables using the R package
‘terra’ (Hijmans et al. 2024). For the dynamic vari-
ables from Copernicus (daily products), we georefer-
enced the location data and the environmental raster
layers by matching them based on both spatial
coordinates and the corresponding date of the year.

Table 1. Overview of the 12 candidate environmental variables, the spatial resolution of the raster data and the source of the

data. Dynamic variables from Copernicus had a temporal resolution of 1 d. The column 'Included in model' indicates whether

the variable was included in the final model after accounting for multicollinearity (see Section 2.3.2 for details), where No: not

included in the harbour seal and grey seal models; Yes: included in both harbour seal and grey seal models; Harbour: included
in harbour seal model only; and Grey: included in grey seal model only

Variable Unit Spatial Source®®® Included

resolution in model
Bathymetry m 500 m HELCOM No
Seabed rugosity m 500 m Calculated from bathymetry data using the Yes

R package 'terra’ Hijmans et al. (2024)
Sediment type 4-class factor 150 m EMODnet Yes
‘Wave exposure m 250 m EMODnet Yes
Current velocity ms™! 1800 m Copernicus Yes
Mixed layer thickness m 1800 m Copernicus No
Sea surface salinity PSU 1800 m Copernicus Grey
Surface height m 1800 m Copernicus Harbour
Surface temperature °C 1800 m Copernicus Harbour
Sea-bottom oxygen mmol m™3 1800 m Copernicus Grey
Sea ice cover % 1800 m Copernicus No
Distance from haulout site km 500 m Calculated from haulout location data using Yes
the R package 'terra’ Hijmans et al. (2024)

“HELCOM: https://metadata.helcom.fi/
PEMODnet: https://emodnet.ec.europa.eu/en/
“Copernicus: https://data.marine.copernicus.eu/product/BALTICSEA_MULTIYEAR_PHY_003_011/
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2.4.3. Statistical analyses

All analyses were conducted using R version 4.5.1
(R Core Team 2025). Species-specific SDMs were
fitted using generalized additive mixed models
(GAMMs) through the ‘bam' function in the R pack-
age 'mgcv' (Wood 2020). Each SDM was fitted using
the equation:

g(P)=Bo + Bi + fi(X1x) + Loxox) + oo F Ip(xp) + Vi + Cp + €
(1)

Here, P is the expected outcome of the binomial
response variable, with used locations coded as 1 and
available locations coded as 0 and the error family

specified with the logit link function: g(p) = 1n< 1 f D )

The term f, is the global intercept and f; is the fixed
effect for the categorical variable sediment type (i =
1...4). The terms fj(xyx) + fo(xox) + ... + fp(Xpx) are the
continuous covariates fitted as cubic regression
splines with shrinkage, meaning that uninformative
terms could be penalised to zero, effectively making
them linear (Wood 2020). The optimal number of
knots (k) of the spline function was determined for
each covariate separately by trialling different values
(3 =k =<8) and selecting the value for k that minimised
the BIC value of the model (Figs. S4.1 & S4.2 in Sec-
tion S4). The terms Y; + Cj are the random effects for
the observation 'year' and 'country of tagging', which
were fitted using the 're’ basis spline. This was done to
indirectly account for the unbalanced data (i.e. differ-
ences in tracking duration across individual seals)
and to ensure that data-rich years and countries did
not have disproportionate influence on overall
trends. Finally, €, has a first-order autoregressive
(AR1) correlation structure implemented through the
R package ‘itsadug’ (van Rij et al. 2022). The AR1
structure was incorporated to reduce serial autocor-
relation in model residuals [€;] by treating each
movement burst (see Section 2.2 above) as a separate
time series, i.e. no autocorrelation between move-
ment bursts. Following Carter et al. (2022), we in-
cluded a weighting function in each SDM, where
used points had a value of 1 and available points had
avalue of 0.1 (1/10) in the harbour seal data set, while
available points had a value of 0.05 (1/20) in the grey
seal data set. Doing so ensured that each set of avail-
able points contributed the same weight to the model
as the corresponding point that was used.

Once the final structure of the species-specific
SDMs was determined, we evaluated model fit by ex-
tracting the amount of deviance explained for the full

model as well as for models from which each covariate
was dropped one by one. We evaluated predictive
performance using the k-fold cross-validation proce-
dure as proposed by Wiens et al. (2008) and adapted
by Carter et al. (2022) for GAMMSs based on use:avail-
ability ratios greater than 1:1. Briefly, individual seals
were randomly assigned to 1 of 3 folds. The GAMM
was then fitted to 2 folds, and predictions were made
for the remaining fold (Wiens et al. 2008). Predictive
performance of the GAMM was then evaluated by the
coefficient of the Spearman rank correlation between
binned predicted probabilities and the area-adjusted
frequency of presences (Wiens et al. 2008).

2.4.4. Habitat suitability maps

The output of the species-specific GAMMs included
partial response curves for each environmental vari-
able on the log-odds scale. Habitat suitability raster
maps (spatial resolution of 1 % 1 km) were sub-
sequently generated for each species separately by
predicting (on a probability scale) the combined ef-
fects of all environmental conditions across the study
areas. For the dynamic environmental variables used
in the spatial prediction of habitat suitability (Table 1),
we averaged the values across the year 2022. For the
variable 'distance to haulout site', we calculated a
raster layer considering all known haulout locations in
the study areas, as opposed to the seal- and haulout
site-specific calculations used in the GAMM analyses.

To incorporate uncertainty into the habitat suitabil-
ity predictions, we used a Bayesian posterior simula-
tion approach (Marra & Wood 2012, Wood 2020,
Carter et al. 2022). Specifically, 100 simulations of the
model coefficient vector were drawn from a multivar-
iate normal distribution, with the mean equal to the
estimated coefficients and the covariance equal to the
unconditional variance—covariance matrix from the
fitted GAMMs. For each simulation, we computed the
linear predictor by multiplying the model matrix with
the simulated coefficients, then applied the inverse
logit transformation to obtain predictions on the
response scale (Manly et al. 2002). For each raster
cell, we then calculated the mean predicted probabil-
ity and associated 95% credible intervals (i.e. the 2.5
and 97.5'" percentiles across simulations).

To minimise risk of extrapolating model predictions
into areas with novel conditions (i.e. environmental
values for which the model has no training and testing
data, thus making predictions unreliable), a multivari-
ate environmental similarity surfaces (MESS) analysis
was performed. Following Elith et al. (2010), we used
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seal presence locations with associated environmental
values as input points and then estimated (dis)similar-
ities with the combination of environmental conditions
across the entire study area. The MESS analysis was
performed for each seal species separately. Predictions
of habitat suitability derived by the GAMMSs were sub-
sequently restricted (i.e. masked) to areas where envi-
ronmental conditions were within the range used by
the seals (i.e. MESS similarity value of >0; Fig. S5.1 in
Section S5). Results of the MESS analyses identified
deeper waters in the Skagerrak off the coast of
Norway and colder waters in the northern parts of the
Gulf of Bothnia to be dissimilar (i.e. MESS similarity
value of <0) from the conditions used by the seals.

2.5. Relative population density maps

Spatial predictions of relative at-sea population
density were generated per haulout site and species
using the corresponding habitat suitability model.
Specifically, for each haulout site, raw habitat suit-
ability predictions (on the logit scale) were back-
transformed using the inverse logit as in the habitat
suitability prediction explained above. Each haulout-
specific prediction surface was then weighted by the
mean number of seals counted on each haulout dur-
ing all surveys. The weighted, haulout-specific pre-
diction surfaces were then summed into a cumulative
surface layer for the whole study area. The cumulative
surface was then normalized by dividing each raster
cell value by the total sum of all predicted values and
scaled to a percentage, such that the surface sums to
100% (Carter et al. 2022). The unit of the resulting
map represents the percentage of the at-sea popula-
tion estimated to be present in a cell at any one time
(% at-sea km™2). Cell-wise lower and upper 95% cred-
ible intervals of the relative density maps were calcu-
lated for each haulout using the same Bayesian poste-
rior simulation approach as described above for the
habitat suitability maps.

2.6. Species co-occurrence

To assess inter-specific differences in habitat suit-
ability and relative population density, we calculated
Schoener's D niche overlap index (Schoener 1968)
and Warren's I niche similarity index (Warren et al.
2008). To do so, we cropped the grey seal prediction
surfaces for habitat suitability and relative population
density to the same spatial extent as used for the har-
bour seal analyses (i.e. focus on the southwestern

region where both species co-occur). We then calcu-
lated the D and I metrics for the mean and associated
lower and upper 95% credible interval raster layers,
where 0 indicates no overlap or similarity between
species and 1 indicates complete overlap or similarity
in habitat suitability and relative population density.

3. RESULTS
3.1. Habitat suitability

The environmental covariates in the species-specific
GAMMs explained a total of 54.1 and 64.2% of the de-
viance in habitat suitability for harbour seals and grey
seals, respectively (Table S7.1 in Section S7). The pre-
dictive performance of the GAMMs, estimated using
k-fold cross validation, was considered adequate with
a mean (SD) r, of 0.897 (0.06) and 0.723 (0.182) for har-
bour seal and grey seal models, respectively.

Predicted mean habitat suitability maps for both
species are provided in Fig. 4 (see Figs. S7.1 & S7.2in
Section S7 for the predicted lower and upper 95%
credible interval layers). For both seal species, dis-
tance to haulout was the primary driver of habitat suit-
ability, explaining 24.6 and 29.2% of the total deviance
explained for harbour and grey seals, respectively,
with predicted habitat suitability declining with in-
creasing distance from haulouts (Fig. S7.3 and
Table S7.1 in Section S7). For harbour seals, sea sur-
face temperature was the second most important pre-
dictor of habitat suitability, explaining 3.5% of de-
viation with a preference for mean annual water
temperature of <9.75°C, followed by wave exposure
explaining 2.5% of the deviance (Fig. S7.3). The re-
maining variables included in the harbour seal GAMM
explained <3% of the total deviation (Table S7.1). For
grey seals, sea bottom oxygen was the second most
important predictor of habitat suitability, explaining
5.9% of deviation with a preference for areas with ox-
ygen levels >300 mmol m~3, while increased wave ex-
posure explained 4.7% of the deviance (Fig. S7.3). The
remaining variables included in the grey seal GAMM
explained <5% of the total deviation (Table S7.1).

3.2. Relative population density

The mean relative density maps for both seal species
are provided in Fig. 5 (see Figs. S7.4 & S7.5in Section S7
for the predicted lower and upper 95% credible inter-
val layers for harbour seals and grey seals, respec-
tively). The relative density of harbour seals was high-
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est along the west coast of Sweden and the outer Oslo
fjord (Fig. 5A). The map also revealed hotspots of har-
bour seal densities around the islands Hesselg, Anholt
and Leesg in the Kattegat, and, moreover, that the har-
bour seal density declined rapidly south of the Danish
Straits, towards German waters and the Baltic Sea. The
relative density of grey seals was highest within the
Archipelago Sea, offshore from the Swedish and Finn-
ish coasts (Fig. 5B). Grey seal densities remained high
farther north into the Bothnian Sea and south towards
the Gulf of Riga, while the density declined farther
eastinto the Gulf of Finland. The grey seal density also
steadily declined towards the Baltic Proper, the south-
western Baltic and into the Kattegat (Fig. 5B).

3.3. Species co-occurrence

Focusing on the predicted habitat suitability and
relative at-sea population density maps of grey and

harbour seals in the southwestern Baltic Sea region
(Fig. S7.6 in Section S7), we found that the mean pro-
portion of overlap (Schoener's D) exceeded 0.5 for
both maps, while the mean proportion similarity
(Warren's I) exceeded 0.75 for both maps (Fig. 6).
Importantly, D and I values were consistently higher
when computed from the predicted habitat suitability
maps compared to those derived from the relative at-
sea density maps (Fig. 6), implying that the densities
of both species are not at equilibrium with their suit-
able habitat.

4. DISCUSSION
4.1. Habitat suitability
We present the first comprehensive species distri-

bution models for grey seals and harbour seals in the
Baltic Sea region. As central place foragers often
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grey seals in the southwestern Baltic Sea region

return to the same or few specific haulouts, seal distri-
bution can be expected to be determined by the avail-
ability of haulouts on one hand and distribution of
food resources on the other hand (Vance et al. 2021).
In line with this, both species showed strong habitat
preferences related to distance to haulouts, with har-
bour seals being more constricted to areas close to
haulouts than grey seals, in agreement with previous
studies (e.g. Dietz et al. 2013, Carter et al. 2022,
Carter et al. 2026). For harbour seals, suitability was
low along the German coast, possibly because many
haulouts have been destroyed by excavation of sand,
gravel and rocks (von Nordheim et al. 2011). Suitable
at-sea habitats for grey seals were distributed
throughout the modelled part of the Baltic Sea area,
with the least suitable areas being farther from the
coastline. An exception was the southeastern Baltic,
bordered by the coasts of Latvia, Lithuania, the Rus-
sian exclave Kaliningrad and much of the Polish
coast, where habitat, also along the coastline, was pre-
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dicted to have relatively low suitability. One factor
behind this may be the availability of only 1 haulout
locality in the area, at the Vistula River in Poland
(Fig. 2B). No grey seals were tagged in this area, but
individuals tagged elsewhere used the area (Fig. 2).

Around the UK, where there is much more variation
in sea depth than in our study area, harbour seal
habitat preference was inversely related to depth
(Carter et al. 2022). We did not find this relationship in
our area, which is uniformly shallow, except for deeper
waters in the northern Skagerrak, which seem to be
rarely used by harbour seals (Figs. 1 & 2A). Harbour
seal habitat suitability was also associated with colder
surface water temperatures and increased wave expo-
sure. Low surface water temperatures may be associ-
ated with upwelling, which may again be associated
with prey availability (Lehmann & Myrberg 2008).
Wave exposure was also important for grey seal distri-
bution and may be a proxy for prey density, being a
predictor of distribution for several Baltic fish species
(Bergstrém et al. 2013). Since the early 20" century,
the Baltic Sea has experienced increasing oxygen de-
pletion related to excess eutrophication (Conley et al.
2009, Gustafsson et al. 2012, Carstensen et al. 2014,
Meier et al. 2019). As fish will likely avoid areas with
low oxygen concentrations (Randall 1970, Stramma et
al. 2012, Miethe et al. 2014), it is unsurprising that grey
seal habitat suitability is positively related to increased
oxygen concentration. Harbour seals may show a simi-
lar pattern, but the most severely affected areas in the
Baltic are outside of our modelled range for harbour
seals, potentially precluding us from detecting a rela-
tionship. Also, most of the oxygen-depleted areas in
the Baltic are in deeper parts, farther from shore, thus
likely having greater impact on grey seals.

4.2. Historical context

The harbour and grey seal populations in the Baltic
area have experienced drastic abundance fluctuations
since the 19" century due to culling, hunting, pollu-
tion and virus epidemics (Harding & Harkonen 1999,
Harkonen et al. 2006, Harkonen & Isakson 2010, Dietz
et al. 2021, Carroll et al. 2024, 2025). As a result, both
grey and harbour seals are still recolonising parts of
their former range (Galatius et al. 2020, 20244,b). This
has implications for our models. In some of the areas
of recolonisation, such as the South Funen Archipel-
ago and Little Belt for harbour seals and the Kattegat
for grey seals, no seals were tagged, and model results
in these areas are largely extrapolations of data from
areas with seal positions. In these areas, the density

models are based on current survey data, which will
lead to underestimates relative to seal densities at car-
rying capacity. Both grey and harbour seals are
known to show considerable site fidelity to breeding
and haulout sites as well as foraging areas (Pomeroy et
al. 2000, Harkonen & Harding 2001, Karlsson et al.
2005, Dietz et al. 2013, Nowak et al. 2025), which will
likely result in inertia of expansion to new areas. Com-
parison of the estimates of actual density with the hab-
itat suitability reveals that for both species, the den-
sities do not thoroughly align, as areas with high
predicted suitability do not necessarily have high
density. For grey seals, densities are greatest in the
Stockholm Archipelago and the Finnish Archipelago
Sea, with lower densities towards the southwestern
Baltic, even though the habitat suitability in the latter
region is predicted to be equally high. There have al-
ready been signs of density dependence in Finland in
terms of links between available prey quality and nu-
tritional condition and reproductive rate of grey seals
(Kauhala et al. 2017, 2019), so the imbalance between
habitat suitability and actual distribution likely re-
flects inertia in expansion of grey seal distribution.

4.3. Species overlap and competition

Following the local extinction of grey seals in the
Kattegat and the southern Baltic (Olsen et al. 2018,
Galatius et al. 2020), there has been little overlap of
the 2 species in the Baltic Sea region. On one hand,
this means that the habitat preferences of the species
may change during interspecific competition; on the
other hand, our models allow some insight into the
level of competition. Results of the co-occurrence
analyses revealed considerable overlap and similarity
in habitat suitability between the 2 species in the
southwestern Baltic Sea and the Kattegat. In the
southwestern Baltic, there was also similarity regard-
ing density; however, the similarity was clearly higher
for habitat suitability. This suggests that despite
shared habitat preferences, high-density areas large-
ly remain spatially segregated. Grey seal presence in
these areas is increasing (Galatius et al. 2020, 2024b),
so suitability and density trend towards higher align-
ment. This may cause enhanced competition in areas
where the habitat is predicted to be suitable for both
species, although high predicted suitability may also
mean that resources can support co-existence.
Around the British Isles, similar models have found
high predicted densities for grey seals in areas where
harbour seals have suffered rapid, dramatic declines
in relation to grey seal recovery (Carter et al. 2022).
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Although our data were collected over 24 yr, tem-
poral and spatial gaps prevent us from analysing tem-
poral patterns in the predicted habitat suitability and
densities. Harbour seal abundance shows different
trends between areas in the Baltic region. In the
southwestern Baltic Sea, the harbour seal population
is growing, despite increasing numbers of grey seals
(Galatius et al. 2021, HELCOM 2023, Carroll et al.
2025). Here, harbour seals were driven to the brink of
extinction in the 1970s (Sendergaard et al. 1976, Har-
konen & Isakson 2010), which may explain why this
population is still below the carrying capacity of the
environment and growing despite increased presence
of grey seals. In the Kattegat and Skagerrak, where
there are still few grey seals (Galatius et al. 2024b),
harbour seal abundance has been declining over the
last decade, probably because of competition with
fisheries and habitat degradation (Carroll et al. 2025).

The potential for future interspecific competition
indicated by our models is supported by observations
of declining harbour seal abundance following grey
seal recovery in other areas (Thompson et al. 2019),
overlaps in diet (Wilson & Hammond 2016, Scharff-
Olsen et al. 2019) and sources indicating that grey
seals were previously more abundant than harbour
seals in the southwestern Baltic and Kattegat (Sender-
gaard et al. 1976, Olsen et al. 2018). Besides compet-
ing for resources, it has also been documented that
grey seals may kill harbour seals in the Baltic region
(Westphal et al. 2023).

4.4. Caveats

Along with suitable haulout sites, prey density is
known to be important in determining seal habitat
suitability (Thompson et al. 1996, McConnell et al.
1999, Vance et al. 2021). Our models do not directly in-
clude prey density, but rather proxies. The models
presented here are built on more than 20 yr of teleme-
try data from this dynamic environment. There have
been drastic changes in the Baltic Sea ecosystem dur-
ing this period, including climate change, oxygen de-
pletion and fisheries activities which affect the abun-
dance, distribution and composition of fishes, as well
as activities causing disturbance of seals, such as com-
mercial and leisure activities and seal hunting (Car-
stensen et al. 2014, Hansson et al. 2018, Meier et al.
2022, Cerwenka et al. 2023, Svedang 2023, Moll et al.
2024, van Meurs et al. 2024, Lundstrom et al. 2025).
With data of higher temporal resolution, future models
could investigate the effects of changes in anthropo-
genic pressures on habitat suitability and densities.

Comprehensive coverage of an area at the scale of
the Baltic Sea is challenging, and although the seals
moved throughout most of the Baltic Sea, tagging
sites were unequally distributed, with western Esto-
nian waters and the southwestern Swedish and Danish
Baltic more comprehensively covered than other
areas for grey seals (Fig. 2B). For harbour seals, no
data were available from seals tagged along the Swe-
dish coasts of the Skagerrak and Kattegat, although
more than 40% of the seals in the area are counted
here during the moulting season (ICES 2024). Due to
low densities, grey seals were not tagged in the Katte-
gat. The indication from the analyses is that the effects
of this unequal distribution on the validity of the
models are minor; the predictive performance (k-fold)
of the models was high, indicating that the models
worked well throughout the heterogeneous habitat of
the study area. Age and sex were not considered in the
models, as separate models for different segments of
the populations would reduce the amount of data and
their spatial coverage, causing loss of predictive
power. There are known differences in movement be-
haviour between sexes and age-classes of seals, with
juveniles typically having larger ranges (Lowry et al.
2001, Dietz et al. 2013). For harbour seals, there was a
higher proportion of adults tagged in Norway than in
Sweden and Denmark, and for grey seals, all seals
tagged in Finland were males, while only a couple of
the seals tagged in Denmark were adults (Table S1.2).
The effects of such differences are partially mitigated
by excluding data from the breeding and moulting
seasons but could be a focus for future efforts on seal
habitat suitability in the region.

The haulout counts used to calculate relative den-
sities at sea represent seal distributions during the
annual moulting seasons. This is the only season dur-
ing which seals are counted throughout the study
area and distribution is known to be different during
the breeding season (Galatius et al. 2020, 2024a).
Further differences are likely to be present outside
the breeding and moulting seasons, particularly for
grey seals, which move over wider areas than harbour
seals and potentially use different areas in different
seasons (Russell et al. 2013).

4.5. Conclusions

We present the most comprehensive analysis of at-
sea habitat suitability and density of 2 apex predators
in the Baltic Sea region. As such, the outputs may
serve as valuable tools for managers and ecologists
assessing threats, pressures and interactions of these
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