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in the Baltic Sea
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Ursula Siebert3 and Žilvinas Kleiva1

1Lithuanian Sea Museum, Klaipeda, Lithuania, 2Marine Research Institute, Klaipeda University, Klaipeda,
Lithuania, 3Institute for Terrestrial and Aquatic Wildlife Research, University of Veterinary Medicine
Hannover Foundation, Büsum, Germany
The ethical considerations and scepticism over the ecological benefits have

fuelled debate about the rehabilitation of wildlife. Although there is evidence that

many rehabilitated species are able to survive after rehabilitation, there is a

paucity of research on the behaviour of rehabilitated pinnipeds, including grey

seals (Halichoerus grypus). In this study, 14 rehabilitated grey seal juveniles were

equipped with biotelemetry devices in order to conduct remote post-release

monitoring and to investigate ontogeny of their movements in the Baltic Sea. The

study revealed that their movements were similar to wild, non-rehabilitated grey

seal pups when leaving their natal site: at first, they exhibited highly exploratory

behaviour with largely transient movements, then switched into a resident

movement pattern, while maximising foraging and minimising travelling time.

Neither sex nor year of release, which varied in terms of rehabilitation time and

body mass, had a significant effect on the ontogeny of these movements.

Movements were significantly influenced by the time after release, suggesting

that rehabilitated juveniles have gained experience and developed their

movements over time in order to survive in the wild.
KEYWORDS

Argos satellite tracking, marine top predator, wildlife rehabilitation, post-release
monitoring, pinnipeds
1 Introduction

In order to reduce anthropogenic impacts on natural habitats, a number of

conservation tools have been established, including the rehabilitation of wildlife

(Robinson et al., 2021; Kwok et al., 2021). During the rehabilitation, temporary care is

provided for weak, sick or orphaned animals until the individuals become healthy and are
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released back into their natural environment (O’Hara, 2019;

Robinson et al., 2021; Sayer et al., 2021). However, ethical

questions and scepticism over the ecological benefits have fuelled

debate on rehabilitative treatment of wildlife (Moore et al., 2007;

Mullineaux, 2014; Jensen et al., 2017). Sceptics argue, that

rehabilitation raises concerns due to risk of disease introduction

into the wild populations and genetic changes from disruption of

natural selection and host-pathogen co-evolution (Jensen et al.,

2017). In addition, elevated stress for animals undergoing care can

be counterproductive or even traumatic to the animal as an inciting

event (Moore et al., 2007; Mullineaux, 2014). On the other hand, the

need for rehabilitation often arises from anthropogenic causes,

therefore, there is an obligation to rectify impacts made by

humanity, and studies indicate that some species are fully capable

to adapt to their natural environment after rehabilitation (Sangster

et al., 2020; Hanson et al., 2021; Sayer et al., 2021; Robinson et al.,

2021; Cope et al., 2022).

Pinnipeds are one of the most frequently rehabilitated marine

mammals worldwide (Simeone et al., 2024). While there is evidence

that wildlife rehabilitation is a beneficial tool in conservation efforts

directly and indirectly through education, there is a lack of research

on the behaviour of rehabilitated pinnipeds with post-release

monitoring (Sayer et al., 2021; Cope et al., 2022). However,

monitoring them once they are released is a challenge. Pinnipeds

spend a significant proportion of time at sea, submerged, or hauled-

out on land, rocks or remote islands, limiting the possibility for visual

observations (Alava, 2017; Carter et al., 2017; Horning et al., 2017,

Horning et al., 2019; Sayer et al., 2021). With rapid technological

advancement over the past several decades, a suite of bio-telemetry

devices are now available that can remotely monitor animals in these

challenging environments (Hussey et al., 2015; Heylen and

Nachstheim, 2018; Ronkon et al., 2018). Although bio-telemetry is

rapidly increasing the ability to study the behaviour and distribution

of marine mammals across their range, the equipment is relatively

expensive (Sequeira et al., 2019; Sayer et al., 2021), and this is one of

the main reasons for the lack of such studies on rehabilitated animals.

Post-release monitoring is crucial for rehabilitation centres

(Mullineaux, 2014; Bubac et al., 2019; Sayer et al., 2021) as their

goal is to release animals that survive and behave naturally in their

native habitat (Wimberger et al., 2010; Sangster et al., 2020), however,

the purchase and application of bio-telemetry devices can be

challenging due to limited funding (Garces, 2022).

Three seal species are native to the Baltic Sea: ringed seals (Pusa

hispida), harbour seals (Phoca vitulina) and grey seals (Halichoerus

grypus) (HELCOM, 2018; Ahlgren et al., 2022). The distribution of

the species during foraging and annual migrations covers the entire

sea, although there are no terrestrial haul-out sites in Latvia and

Lithuania (HELCOM, 2018). The Baltic grey seal (Halichoerus

grypus grypus) is the most abundant and widespread pinniped in

the Baltic Sea (HELCOM 2018; HELCOM, 2023; Suuronen et al.,

2023). These marine mammals are included in the Red Lists of the

International Union for Conservation of Nature (IUCN) (Bowen,

2016), HELCOM (2013, 2023) and Lithuania (Rasǒmavičius, 2021).

They are also protected under the European Union Habitats

Directive and listed in Annexes II and V (Council of Europe,

1979; European Union, 1992).
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Grey seals do not breed or moult on the Lithuanian coast

(HELCOM, 2018), which is densely populated by humans.

Nevertheless, weak and sick Baltic grey seal pups are brought to

shore by currents and found on the coast of Lithuania every year.

Baltic grey seals prefer to breed on ice, but the trend of decreasing

ice cover in the Baltic forces females to give birth to their pups on

the land (Jüssi et al., 2008; HELCOM, 2023). Breeding success is

considerably greater when they bread on ice (Jüssi et al., 2008), and

additionally, early ice break-up may cause pups to enter the water

earlier or more often, which affects their thermoregulation

(HELCOM, 2023). This consequence of climate change is thought

to be one of the main reasons why these pups end up on Lithuanian

shores emaciated and sick. As grey seals are a nationally protected

species in Lithuania, they have been rehabilitated at the Lithuanian

Sea Museum since 1987.

The investigation of ontogeny of foraging behaviour in juvenile

grey seals presents a unique opportunity, given that they do not

receive any parental assistance in this regard. In the wild, the

weaning process occurs abruptly when mothers return to the sea

to replenish their energy stores after lactation phase (Mellish et al.,

1999; Bowen et al., 2006). Prior to their initial foraging trip, weaned

pups undergo a fasting period that lasts between nine and forty days

(Bennett et al., 2007; Noren et al., 2008). Consequently, the pups

neither receive parental guidance nor support with regard to the

identification of food sources, the location of suitable prey, or the

techniques required to capture it. While certain behaviours are

genetically predetermined, other aspects of foraging behaviour

appear to be the result of learning and experience. After entering

the marine habitat for the first time, pups mainly exhibit

environmental exploration behaviour (Nowak et al., 2023; Carter

et al., 2020; Peschko et al., 2020). Over time and with experience, the

duration of their foraging trips decreases, their movements become

more tortuous and their behaviour is linked to foraging (Carter

et al., 2017, Carter et al., 2020; Peschko et al., 2020; Nowak et al.,

2023). The timing and scale of these changes exhibit variation

between the sexes and regional sub-populations (Bennett et al.,

2010; Carter et al., 2017). Nevertheless, typically adult-like

movement strategies are adopted within four months (Carter

et al., 2020), and characterised by discrete foraging trips, with the

seals commuting between preferred foraging grounds and terrestrial

haul-out sites (Russell et al., 2015).

In the case of juvenile grey seals admitted to rehabilitation

centres, the loss of their mothers usually occurs prematurely,

resulting in the first months of their lives being spent in human

care. The initial stages of these individuals’ lives diverge from the

typical trajectory of wild seals, prompting inquiries into whether the

ontogeny of foraging behaviour adheres to a comparable pattern to

that of wild, non-rehabilitated individuals and whether this can be

shaped by the specific rehabilitation programmes implemented in

different rehabilitation centres. However, there is a knowledge gap

in the published studies regarding the movements and behaviour of

rehabilitated seals. This makes it challenging to draw meaningful

comparisons between the results of different studies.

In this study, 14 rehabilitated grey seal juveniles were equipped

with Argos satellite tags in order to conduct a remote post-release

monitoring and to investigate the development of foraging trip
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characteristics. Specifically, we looked into foraging trip duration

and distance changes over time as a measure of how juvenile seals

adapt their movement patterns in the new environment. We also

studied the development of behavioural states within each foraging

trip as the seals develop foraging skills and tactics. To accomplish

this, a state-space model was applied to investigate the movement

behaviour of grey seal juveniles in the Baltic Sea. State-space models

are an effective instrument for location data quality control and the

derivation of behavioural inferences from animal tracking data

(Patterson et al., 2008).

To date, there are no published studies investigating the

ontogeny of horizontal movements of grey seal juveniles in the

Baltic Sea by analysing trip characteristics and behavioural states.

This is true for both rehabilitated and wild, non-rehabilitated seals

making this study an important baseline for the dispersal and

movement ecology of grey seal juveniles in the Baltic Sea.
2 Materials and methods

2.1 Study area

The Baltic Sea is a shallow, brackish semi-enclosed and non-tidal

water body (Rutgersson et al., 2014; Szymczycha and Pempkowiak,

2016; Olli et al., 2022). It covers an area of approximately 400,000

km2 with a coastline of 8,000 km, and is located in northern Europe

(Rosentau et al., 2017; Rana et al., 2021). The large latitudinal extent,

significant freshwater inflows from the mainland and limited saline,

oxygen-rich inflows from the Atlantic Ocean result in strong

differences in water characteristics between the different parts of

the Baltic Sea (Omstedt et al., 2014; Lappe and Umlauf, 2016; Kaskela

and Kotilainen, 2017). This has a significant impact on the

distribution and assemblage of prey available to seals, which

together with water and topographic characteristics (Szymczycha

and Pempkowiak, 2016; Rosentau et al., 2017; Lehmann et al.,

2021) may influence the ontogeny of foraging behaviour (Nowak

et al., 2023). Grey seals forage and travel in the entire Baltic Sea (van

Beest et al., 2019), although no haul-out sites occur along the Latvian

and Lithuanian coasts (HELCOM, 2018).
2.2 Study animals and tag deployments

The grey seal pups were rehabilitated at the Lithuanian Sea

Museum’s Baltic Sea Animal Rehabilitation Centre, which is located

in Smiltyne, Lithuania. After rehabilitation, juveniles were released

into their natural habitat. The release site was at the Baltic Sea

(55.65042 N, 20.82925 E), approx. 20 km from the Lithuanian coast,

and juveniles were transported there by boat.

Grey seal pups admitted to the rehabilitation centre suffered

from various health conditions including dehydration and

malnutrition, parasitic, bacterial and viral infections, injuries,

lesions and bite marks from conspecifics. Upon admittance, the

majority of pups still had some or all of their lanugo fur, indicating

that they had recently undergone weaning or abandonment while

still being dependent. It is worthy of note that grey seal pups are
Frontiers in Marine Science 03
born with a lanugo fur, which is not waterproof. Consequently, they

are unable to enter the water until they have shed this fur and

attained their adult coat (Hall and Russel, 2018). The average weight

of juveniles was 13.9 ± 1.95 kg (mean ± standard deviation). When

animals were deemed clinically healthy, exhibited normal behaviour

and weighed more than 40 kg (average weight at weaning for wild

grey seal pups), all seals were released back into their natural

habitat. In total, eighteen randomly selected seals (eleven males

and seven females) were equipped with a satellite tag and were

subsequently released: eight of them on September 23rd, 2022; ten

on July 30th, 2023 (Table 1). Additionally, a flipper tag with a

unique code, colour and the name of Lithuanian Sea Museum was

attached to the seals’ left hind flipper.

SPLASH10-297 tags (Wildlife Computers, Redmond, WA)

were glued to the seals’ fur on the upper back using epoxy resin

(Devcon 5 Minute Epoxy 14270), according to the manufacturer’s

instructions. The tag weight was 132 g (size: length - 86 mm, width -

55 mm, height - 29 mm). Devices were attached one day before the

release into the wild. These remain on the animal until the following

annual moult (Heylen and Nachstheim, 2018; Field et al., 2012).

Further details on the tagging system and programming may be

found in section 2.3.

Four individuals were excluded from the analysis due to

relatively short deployment durations (Table 1). This was caused

by the mortality of two individuals, and two tag failures. In order to

identify these events, previous movements, the tag’s signal strength

and frequency, dry time, temperature and depth histograms were

evaluated. If a tag had reported normally and then stopped all

transmissions, it was assumed that the seal was alive, but the tag

itself was damaged or fell off. Detached tags would sink and not

transmit if detached at sea. If a tag started to continuously transmit

high-quality location data, indicating that the seal was floating at

the surface or lying on the land for too long, mortality of the animal

was assumed.

Both of the seals which suffered mortality stopped their

transmissions near the coast of Estonia. One of them was reportedly

bycaught in fishing gear, the other one’s cause of death remains

unknown. After two weeks, the tag stopped all transmissions and re-

started them a month later, but the locations remained high quality for

several days, with constant depth and temperature, indicating that the

animal was floating on the surface. The other two cases were attributed

to tag failure, since tags had reported normally and then stopped all

the transmissions.
2.3 Location data filtering and analysis

The SPLASH10-297 tags provide location estimates via the

Argos satellite network using the Doppler shift. Typical location

errors range between 500 m and 10 km (Costa et al., 2010). To

account for this, a state-space model (SSM) was fitted to the animal

tracks using the “aniMotum” package (Jonsen et al., 2023) in the R

software version 4.3.2. In a first step, locations were filtered

exceeding a maximum speed of 3 m/s in accordance to previous

studies on grey seals (Nowak et al., 2020; Planque et al., 2020; Baylis

et al., 2019). The SSM then provided improved, regularised location
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estimates at 2 h intervals, by taking the associated location

uncertainties (Argos location quality class, semi-major axis, semi-

minor axis, ellipse orientation) into account. Since the SSM

implemented in “aniMotum” does not consider potential barriers

to animal movement, the predicted path follows over land, which is

implausible for marine species such as grey seals. Therefore, the

“pathroutr” package (London, 2020) was used to efficiently re-route

locations from land back to water. Further details on this approach

may be found in Jonsen et al. (2023).

In addition, the SSMs provide behavioural state estimation

along the movement track. The SSM estimates the persistence of

consecutive pairs of seal relocations along an entire track,

identifying segments of relatively low or high persistence (Jonsen

et al., 2018) movements. Move persistence, an index of movement

behaviour (gt), is a continuous (0 – low persistence, 1 – high

persistence), time-varying latent variable that represents changes

in movement pattern based on autocorrelation in travel speed and

direction (Jonsen et al., 2023, Jonsen et al., 2018). Thus, it was

assumed that track segments of low movement persistence

represented a resident behavioural state indicative of area-

restricted search and foraging (gt values from 0 to 0.5), while

segments of high movement persistence characterised a transient

behavioural state indicative of travelling (gt values from 0.5 to 1).

Any movements between haul-out events were defined as a

foraging trip, covering distances of ≥1 km, and a duration of
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≥6 hours. Argos locations within the vicinity of haul-out sites are

often discarded in the analyses due to the difficulty of interpreting

behaviour near haul-out sites (Vincent et al., 2016), therefore

shorter trips were omitted. The tags used in the study carried

wet-dry sensors, thus we were able to identify haul-out behaviour

and locations. An hour was assumed as “dry” if tag measured dry

for more than 60% of the hour, and “wet” if it was deeper than 2 m

for more than 60% of the hour. The trip distance was defined as

summed distances between each consecutive pair of interpolated

locations between two haul-out events, and calculated using the

function “trackDistance” from the R package “trip” (Sumner et al.,

2009). The trip duration was assumed as the time period between

the first and last location after and before a haul-out event, as

indicated by the wet-dry sensor. However, as the definition of the

haul-out was established, it is important to emphasise that the

precise duration and distance of a trip cannot be calculated

with certainty.
2.4 Statistical analysis

All statistical analyses were conducted in R version 4.3.2 using R

studio 2023.12.0.369 for macOS. Generalised additive mixed models

(GAMMs) were used to investigate the effect of sex (male/female),

release year (2022/2023) and trip sequence number since release
TABLE 1 A summary of the rehabilitation information and resulting deployments data for all rehabilitated seals.

Seal
ID

Admission
date

Admission
weight

Sex
Rehab.
duration
(days)

Release
date

Life
Stage

Release
Weight
(kg)

Tracking
duration
(days)

Total
number
of trips

Cumulative
distance
(km)

S1 2022-03-21 15.4 Male 186

2022-09-23

Juvenile
(6-
7

months)

59 157 27 3,667.6

S2 2022-03-24 13.45 Male 183 55.5 131 13 4,640.9

S3 2022-03-29 13.5 Male 178 55.5 179 36 5,835.1

X* 2022-04-02 11.7 Male 174 50.1 48 – –

S4 2022-04-09 12.7 Male 167 55 129 18 3,648.4

S5 2022-04-09 12.1 Female 167 49.3 149 26 5,267.3

S6 2022-04-12 13.3 Female 164 51.7 162 28 4,799.3

X** 2022-04-17 15.3 Female 159 52.1 1 – –

S7 2023-03-11 12.8 Female 109

2023-06-28

Juvenile
(3-
4

months)

40.2 105 71 3,676.6

S8 2023-03-15 11.5 Female 105 43 131 45 5,416.2

S9 2023-03-23 13.8 Male 97 45.6 133 35 5,358.4

S10 2023-03-30 14.7 Male 90 45.8 131 36 4,696.3

S11 2023-04-03 13.2 Male 86 44.5 87 39 2,890.9

X* 2023-04-05 12.6 Female 84 41.6 29 – –

X** 2023-04-06 15 Male 83 41.5 12 – –

S12 2023-04-06 18 Male 83 50 87 42 4,827.2

S13 2023-04-07 12.2 Female 82 40.5 143 42 7,763.4

S14 2023-04-08 18.7 Male 81 54.5 149 35 5,634.1
The presence of an X (* mortality, ** tag failure) in the Seal ID column signifies that the data pertaining to the specified individual was not incorporated into the present study.
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Kuncienė et al. 10.3389/fmars.2024.1449023
(i.e. number of trips after release) on the three response variables:

trip duration, trip distance and proportion of behavioural states

(resident/transient) during each trip. Furthermore, an interaction

term between sex and trip sequence number was added to analyse

sex-specific ontogenetic trends over time. In order to assess

development of trip characteristics since release, the consecutive

trip sequence number was used as a metric instead of time. This was

based on the relatively large inter-individual variability in trip

duration and distance.

All GAMMs were fitted using the function “gamm” and F values

were found using the function “summary” from the “mgcv” package

(Wood, 2017). Trip duration and distance were modelled with a

gamma distribution, and the proportion of a behavioural states with

a binomial distribution. Number of knots (k) were selected

according to the estimated degrees of freedom (EDF), k-index as

well as p-value obtained with the function “gam.check”. In order to

account for individual variability, seal identities were included as

random effects. Diagnostic plots were inspected to assess overall

model fit and to accept the final model under the assumptions of

homoskedasticity and normality of residuals. Diagnostic plots

included Q-Q, histogram of residuals, residuals vs linear predictor

as well as observed vs fitted values. Additionally, autocorrelation of

residuals was tested, using residual autocorrelation plotting

functions in R. As temporal autocorrelation was identified, an

auto-regressive model of the order 1 (AR1) was included to the

model, completely removing the autocorrelation (Marton, 2017).

Model selection was based on the Akaike’s Information

Criterion (AIC) and the difference in AIC between candidate

models from the package “MuMIn” (Burnham and Anderson,

2002), using the “dredge” function. Thus, the most parsimonious

model was the one with all diagnostic plots meeting the required

assumptions, the lowest AIC value with a delta (Di) <2 and highest

deviance explained. Model selection followed the steps described by

Symonds and Moussalli (2010).
2.5 Ethics approval

The collection of orphaned or sick seal pups from the wild, their

rehabilitation and release back into the Baltic Sea with tags was

carried out in accordance with national legislation of the Republic

of Lithuania. State Food and Veterinary Service registered and

granted a veterinary registration number (LT 96-21-002) to the

Baltic Sea Animal Rehabilitation Centre of the Lithuanian Sea

Museum, which allows this institution to carry out rehabilitation

of wild animals legally. According to the Lithuanian Wildlife Act

(Date of adoption 1997-11-06; summary version from 2021-05-01

to 2024-04-30), keeping of wild animals for the purposes of care and

treatment does not require a separate permit from the government

and is therefore not presented here. However, seal tagging was

conducted under the permissions (SR-215 and SR-216) of the

Environmental Protection Agency of the Republic of Lithuania.
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3 Results

3.1 Spatial usage in the Baltic Sea

The rehabilitated Baltic grey seal juveniles were tracked during

two periods: in 2022-2023 and 2023-2024. Both release events took

place at the same location (55.65042 N, 20.82925 E) in the Baltic

Sea, approx. 20 km from the coast, when seals were released directly

into the water (Figure 1).

Seal juveniles dispersed widely across the Baltic Sea and showed

a high inter-individual variability in directionality, but there were a

few main areas targeted, including the north-eastern, southern and

south-western parts of the Baltic Sea (Figure 1). Until the tags

stopped transmitting, S3 and S4 - were in the bay of Gdansk near

Poland, S1 and S6 - in the bay of Greifswald near Germany, S14 – in

the bay of Mecklenburg near Germany and Denmark, S8 – the

Öresund between the Danish and Swedish coasts, S2 – near the

island of Bornhlom, S9 and S10 - near the Swedish island Gotland,

S13 – near the island of Öland, S12 and S5 – in the bay of Hanö and

south-eastern coast of Sweden, S7 and S11 – near the islands of

Estonia, including Saaremaa, Hiiumaa and Vormsi. None of the

juveniles appeared near the coasts of Lithuania, Latvia, Finland and

Russia until the tags stopped transmitting.
3.2 Trip characteristics

During the study period, juveniles made a total of 493 trips,

covering 68,121.7 km. These values varied between individuals: the

number of trips ranged from 13 to 71, and cumulative distances

from 2,890.9 to 7,763.4 km (Table 1).

In terms of trip characteristics, the median duration among the

individuals varied quite widely from 14 h to 132 h, and the distance

from 14.9 to 169.7 km. The maximum values for trip duration and

distance covered 1,800h (75 days) and 3,460.8 km, respectively. In

general, median for trip characteristics were 20 ± 8.74 h and 26.6 ±

11.74 km (Figure 2).

Statistical analysis revealed that neither the year of release nor

sex influenced the ontogeny of trip characteristics. The interaction

between sex and trip sequence number was also not significant, and

therefore was not retained in the final model. However, the trip

sequence number since release had a significant impact on both the

trip duration (F=7.24 p<0.0001) and distance (F=7.91

p<0.0001) (Figure 3).

The model predictions show that the duration and distance of

trips peaked during the first trips. Thus, the previously reported

maximum values of the trip characteristics were found within the 1-

2 months after release. With seemingly every trip, and as time

passed after the release, trips became shorter in both duration and

distance, until stabilised. Following the 20th trip, a stable pattern

appears to emerge, with trip duration and distance approximating

2.5 to 4 days and 60 to 120 km, respectively (Figure 3).
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3.3 Behavioural states

In this study, we also aimed to determine whether the year of

release, sex and trip sequence number had an influence on the

allocation of behavioural states across the trips of rehabilitated grey

seals. In the map representing behavioural states of rehabilitated

seals (Figure 4) can be seen that low move persistence seems to

occur mainly in coastal areas and around islands. Thus, grey seal

juveniles seem to cross the Baltic Sea in many ways but do not stop

for foraging in the deeper, more offshore parts in most cases.

Statistical analysis showed that release year and sex had no

significant effect on the ontogeny of behavioural states of

rehabilitated seals. There was also no effect of the interaction

between sex and trip sequence number. However, similarly as in the

case of trip characteristics, trip sequence number significantly affected

the probability of behavioural states (F=8.61, p<0.0001) (Figure 5). As

predicted by the model, the patterns of behavioural states changed

rapidly. By the 10th trip, the proportion of transient movements

reached a maximum, subsequently declining, while the proportion of

resident movements reached a minimum, subsequently increasing.

After the 20th trip, a stable pattern of mostly resident movements and

few phases of transient movements seemed to be established.
4 Discussion

Rehabilitation is not a new concept and has been carried out

globally for centuries (O’Hara, 2019). While there is evidence that
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many rehabilitated species are able to survive after rehabilitation,

there is a lack of post-release monitoring of rehabilitated pinnipeds,

especially with respect to their behaviour (Mullineaux, 2014; Bubac

et al., 2019; Sayer et al., 2021; Cope et al., 2022). In this study, we

conducted remote post-release monitoring and aimed to analyse the

development of horizontal movement patterns of rehabilitated grey

seal juveniles in the Baltic Sea.
4.1 Spatial usage in the Baltic Sea

The study revealed that the rehabilitated seals targeted areas in

the north-eastern, southern and south-western parts of the Baltic

Sea, including the bays of Gdansk, Mecklenburg, Greifswald and

Hanö, the islands of Bornholm, Gotland, Öland, Saaremaa,

Hiiumaa and Vormsi, the Öresund and the south-eastern part of

the Swedish coast. Until the tags stopped transmitting, none of the

juveniles appeared near the coasts of Lithuania, Latvia, Finland and

Russia. According to current knowledge, all of the targeted areas

have known haul-out sites (HELCOM, 2018; Galatius et al., 2020),

and therefore it appears that rehabilitated seal juveniles have joined

wild grey seal colonies in the Baltic Sea. As for the Lithuanian and

Latvian coasts, there are no known seal haul-out sites along these

countries, and the rehabilitated seals have not settled in these areas

either (HELCOM, 2018). However, for reasons that remain

unknown, none of the rehabilitated seals have appeared near the

coasts of Finland or Russia, although grey seal haul-out sites also

exist in these areas (Loseva et al., 2023; HELCOM, 2018). It is
FIGURE 1

Map showing the horizontal movements of rehabilitated grey seal pups (N=14) in the Baltic Sea. Release site is indicated by a black star. Visualisation
was done in Qgis 3.30.0-s Hertogenbosch for macOS. The data set of administrative boundaries at country level belongs to EuroGeographics and
UN-FAO (https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/countries/).
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possible that the presence of seals near the coasts of these countries

was not detected due to the small sample size of the study and the

relatively short monitoring period, as the tags used in the study have

a limited battery lifespan (Sequeira et al., 2019; Sayer et al., 2021). It

is therefore possible that they appeared in mentioned areas at a later

date when they were no longer being remotely monitored.

For long-termmonitoring, internal tags can be used. These offer

the advantage of a death signal, which could prove beneficial for

post-release monitoring of rehabilitated animals. However, an

application requires anaesthesia and surgery to insert the devices,

as well as the involvement of skilled personnel and veterinary care.

Furthermore, these devices have the disadvantage of not being able

to provide the periodic signals which are traditionally used to check

that the tags are still deployed and to ensure the quality of the data

(Horning et al., 2008; Horning and Mellish, 2009; Horning et al.,

2017). The summary data are transmitted only post-mortem, once

the positively buoyant device has been released from the

decomposing or consumed body (Horning et al., 2017).

Therefore, their use should be carefully considered in light of

these limitations.
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Flipper tagging represents another option for long-term

monitoring of rehabilitated seals. Although this technique does

not allow for continuous tracking of the animals at sea, some seals

can be resighted and identified when they haul-out (Sayer et al.,

2021). This cost-effective method has been used for decades to

assess survival, home range, migration, population development,

and a plethora of other research questions (Hastings et al., 2017; van

Neer et al., 2020). However, tag loss is a common occurrence that

must be taken into account to prevent biased estimates of vital rates

(Testa and Rothery, 1992; Vincent et al., 2002; Hastings et al., 2017).
4.2 Development of trip characteristics and
comparison with wild, non-
rehabilitated juveniles

In terms of the factors influencing the development of

horizontal movements of rehabilitated seals, it was found that the

trip characteristics were significantly influenced by the trip

sequence number after release, i.e. a measure of time after release.
FIGURE 2

Box plots showing the duration (A) and distance (B) of trips for each individual disaggregated by sex. Median values of each individual are
represented at the upper part; overall minimum, median and maximum values are shown in the top-centre of box plots. Black dashed line shows
overall median value. The values on the y-axis were log-transformed in order to account for outliers and achieve a better data visualisation.
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FIGURE 4

Map showing the behavioral state of rehabilitated grey seal pups in the Baltic Sea. The state was characterised by the gt value: lower values indicate
resident areas, higher values indicate transit areas. Visualisation was done in R 4.3.2 using R studio 2023.12.0.369 for macOS (https://cran.r-
project.org/bin/macosx/).
FIGURE 3

Model-predicted development of trip duration (A) and distance (B) over time, represented as number of trips since release. Solid lines show
population mean responses, with associated GAMM-based 95% confidence intervals (shaded areas).
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In other studies analysing the behaviour of wild, non-rehabilitated

grey seal pups after leaving the colony, time was also identified as a

significant factor (Carter et al., 2017, Carter et al., 2020; Peschko

et al., 2020; Nowak et al., 2023).

Nevertheless, minor discrepancies were identified in the

duration of behavioural development between rehabilitated and

wild, non-rehabilitated juveniles. Carter et al. (2020) found that grey

seal pups developed their adult-like movement strategies within

four months of leaving the natal site. Our results show, that trip

characteristics of rehabilitated seals stabilised over the first 1-2

months of their lives at-sea, suggesting that they gained experience

more quickly. It is important to note that during rehabilitation, seals

spend much of their time in the pools where they are fed, and this

may be the reason for the faster adaptation, whereas wild, non-

rehabilitated animals may need more time to become accustomed to

the marine environment after being weaned. Furthermore, it is

essential to consider the impact of seasonal variations. Grey seal

pups are born and weaned during February-March in the Baltic Sea

(Jüssi et al., 2008) and during November-January in the North Sea

(Abt and Engler, 2009). In contrast, those that have been

rehabilitated are typically released back into the sea during the

warmer season. This suggests that wild, non-rehabilitated seals may

be exposed to more extreme environmental conditions, including

storms, colder water temperatures, reduced prey availability. Such

circumstances may also be a contributing factor to the challenges

encountered in the development of the movements of wild, non-

rehabilitated pups.

Neither sex nor year of release had a significant effect on trip

duration and distance in rehabilitated seals. Nowak et al. (2023)

found a similar result in their study and intrinsic factors such as

body mass did not influence the development of trip characteristics

of wild, non-rehabilitated grey seal pups in the Scotian Shelf. Baylis

et al. (2019) studied the spatial usage of grey seal pups along the

Iceland coast, and also found that body mass provided little insight

into individual variation in reported movements. The effect of sex

was only weakly supported in the study of Nowak et al. (2023) and
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was therefore not retained in the final model. On the other hand,

Carter et al. (2017) found that sex did not influence trip duration,

but did influence trip distance in the Celtic and Irish Seas. However,

no compelling evidence was observed to suggest such a difference in

the North Sea. This suggests that the results of the study may also

depend on the geographical region and local environmental

conditions. The different subspecies of seals being compared may

also be relevant: the Baltic Sea is home to subspecies Halichoerus

grypus grypus, while grey seals from the North Atlantic Ocean

belong to the Atlantic subspecies Halichoerus grypus atlantica

(Galatius et al., 2020; Olsen et al., 2016). Nevertheless, this study

analysed the behaviour of 5 females and 9 males, which may be an

insufficient sample size to reveal subtle statistical differences

between the sexes.

We also found that the very first trips immediately after release

were the longest in terms of trip duration and distance. Based on

model predictions, the first trips lasted about 20 days and covered

1100 km, on average. Long first trips may indicate an exploratory

behaviour, which is also common in wild, non-rehabilitated grey

seal pups after leaving their natal haul-out site (Nowak et al., 2023;

Peschko et al., 2020). Additionally, it is a characteristic of many

seabird species, including juvenile grey-headed albatross

(Thalassarche chrysostoma), wandering albatross (Diomedea

exulans), king penguin (Aptenodytes patagonicus), and other

pinnipeds, such as northern fur seals (Callorhinus ursinus)

(Frankish et al., 2022; Orgeret et al., 2019; Riotte-Lambert and

Weimerskirch, 2013; Lea et al., 2010). The observation of analogous

behavioural patterns between species and even taxa suggests that

the development of foraging behaviour in the wild can often be

explained by the exploration-refinement hypothesis. This

hypothesis predicts that foraging behaviour is learned during

individual exploratory behaviours in early life, and eventually

canalised with age and experience (Votier et al., 2017). However,

it is important to note that all of the aforementioned species are

abandoned at their natal site and naïve when they venture to the sea

for the first time. They do not receive parental guidance in foraging
FIGURE 5

Model-predicted ontogeny of behavioural states over time since release. Solid lines show population mean responses, with associated GAMM-based
95% confidence intervals (shaded areas). Red denotes the movement state inferred as resident; blue denotes the movement state inferred as
transient. Proportion values are derived from move persistence gt parameter (scaled from 0 to 1).
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strategies, which may make this particular ontogenic process

relevant only to these species.

As time passed since release and rehabilitated seals gained

experience in foraging, trips became shorter and more consistent

in terms of duration and distance. Similarly, the trips of wild pups

shortened with time since leaving the colony, which the authors also

attributed to individuals gaining experience and developing their

movements (Nowak et al., 2023; Carter et al., 2020; Peschko et al.,

2020). The model prediction showed that during the period when

trip characteristics had already stabilised, the trip duration of

rehabilitated seals was approximately 2.5 to 4 days. Compared to

the results of other authors who conducted studies in other regions,

the trip duration in the Celtic and Irish Seas was around 2.5 days

(Carter et al., 2017) and 9-10 days for pups in the North Sea and

Scotian Shelf (Nowak et al., 2023; Peschko et al., 2020). Regarding

the distance of the trips, the situation was similar and varied among

regions. As predicted by the model, stabilised trip distance for

rehabilitated seals varied from around 60 to 120 km, compared to

around 50-130 km and 300-350 km in the Celtic and Irish Seas and

the North Sea, respectively (Carter et al., 2017). Thus, the results for

rehabilitated seals were similar to those for wild, non-rehabilitated

seals in the Irish and Celtic Seas, but relatively different from those

in the North Sea. However, different geographical regions may lead

to differences in movement patterns, for instance due to local

physical characteristics (McNamara and Houston, 2008; Illius and

O’Connor, 2003), prey abundance and distribution (McNamara

and Houston, 2008; Tinker et al., 2008), haul-out distribution and

availability, predation risk, etc (McNamara and Houston, 2008). All

of these factors may partly explain the differences in trip duration

and distance between regions, but the exact mechanism and

underlying processes causing these differences remain to

be determined.
4.3 Development of behavioural states and
comparison with wild, non-
rehabilitated juveniles

The study revealed that the number of trips had a significant

effect on the ontogeny of behavioural states. However, sex and year

of release (when there were variations in body mass and

rehabilitation period for juveniles) were found to have no

influence. In comparison to other studies, Nowak et al. (2023)

identified sex as a significant predictor of movement persistence,

with females demonstrating lower movement persistence than

males on the Scotian Shelf. Movement persistence is estimated

using autocorrelation in both speed and direction as a behavioural

index that varies continuously between 0 (low movement

persistence, i.e. area-restricted search) and 1 (high movement

persistence, i.e. directed travelling) (Jonsen et al., 2018).

Accordingly, the data indicates that females on the Scotian Shelf

demonstrated a greater tendency towards area-restricted search

behaviour than males. Carter et al. (2020) employed a different

methodology, but also identified sex-specific outcomes. It was found

that there were significant differences in activity budgets between

male and female Welsh pups, but not Scottish pups. The research
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indicated that Welsh females demonstrated higher probability of

remaining in a foraging state than males, equating to longer

foraging bouts. Regarding the body mass, Nowak et al. (2023)

pointed out that body mass was not a useful predictor, as we also

found in our study. Previously, it was noted that the first trips made

by grey seal juveniles immediately after release were long,

suggesting that their behaviour was exploratory rather than

targeted foraging. This hypothesis was supported by analysing the

development of move persistence since release. Based on the model

predictions, the probability of a transient state, or simply travelling

behaviour, characterised by high move persistence increased

immediately after release until it reached a peak and started to

decrease. In opposite to this, the probability of a resident state

initially decreased and then started to increase until it reached a

dominant phase. A stable pattern seems to establish following

the 20th trip with largely resident movements and only low

proportion of transient movements. This means that after an

exploratory phase, juveniles switched to a resident-dominated

behavioural pattern - maximising foraging time and minimising

travel time - suggesting that rehabilitated seals have gained

experience and adapted their foraging tactics over time in order

to survive in the wild.

The findings of other authors also support the results of our

study. In recent studies, Nowak et al. (2023) and Carter et al. (2020)

demonstrated that, following departure from the colony, non-

rehabilitated wild pups exhibited a similar behavioural pattern,

with a focus on exploration. The study conducted by Nowak et al.

(2023) revealed that, initially, move persistence was high but then

decreased over time, indicating a foraging behaviour pattern. Carter

et al. (2020) observed that with each passing week travel behaviour

became more directed and foraging behaviour more tortuous. In

both studies, the juveniles switched from exploratory to foraging

behaviour as they gained experience. It is important to note that this

manner of behavioural development is not only common to grey

seal juveniles, but has also been observed in other species of

pinnipeds and seabirds. These include juvenile southern elephant

seal (Mirounga leonina), northern fur seal, grey-headed albatross,

wandering albatross, Amsterdam albatross (Diomedea

amsterdamensis), king penguin, and ect (Delord et al., 2024; Foo

et al., 2023; Frankish et al., 2022; Campioni et al., 2019; Orgeret

et al., 2019; Riotte-Lambert and Weimerskirch, 2013; Lea et al.,

2010). These results for grey seal juveniles, as well as for seabirds

and other pinniped species, futher support the idea that the

development of foraging behaviour can be defined by the

exploration-refinement hypothesis (Votier et al., 2017). This also

appears to be a common phenomenon in rehabilitated grey seal

pups, as suggested by the results of this study.

While our findings align with those of other studies it is

important to acknowledge the potential for bias in this

investigation, as seals are also capable of undertaking foraging

trips in a direct and straightforward manner across the sea, which

are typically classified as travel trips (Vincent et al., 2016). However,

we do not anticipate that these activities constituted a significant

proportion of the time-activity budget for these animals, given the

validity of SSMs and the established link between area-restricted

search and foraging behaviour (Dragon et al., 2012).
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Furthermore, low movement persistence can be attributed to

surface behaviours such as resting at sea, which might be conflated

with foraging. Grey seal pups engage in this behaviour with some

regularity, representing approximately 27% of their time at sea on

average (Carter et al., 2020). It is therefore possible that seals are

spending extended amounts of time at the surface due to starvation

and exhaustion. However, this is unlikely as seals continue to

transmit and do not suffer mortality once this pattern is

established. Although resting may account for some proportion of

the activity budget, the areas of restricted movement are certainly

related to foraging, as resting is more likely to be associated with

digestion and recovery from active feeding (Vance et al., 2021).

The findings of our study demonstrated that both trip

characteristics and behavioural states stabilised over time, with

seals exhibiting a consistent pattern of movements between the

shore and the sea, indicating normal behaviour of the seals.

However, to fully validate this hypothesis, further analysis of

diving behaviour is required in order to establish a link between

the horizontal and vertical movements of rehabilitated seals.
5 Conclusion

In order to assess the ontogeny of horizontal movements of

rehabilitated grey seal juveniles in the Baltic Sea, Argos satellite tags

were deployed on fourteen individuals, which collected a total of 1

873 days of data following their release. The study revealed that the

seals moved towards the north-eastern, southern and south-western

parts of the Baltic Sea. None of them appeared near the coasts of

Lithuania, Latvia, Finland and Russia, as observed until the end of

deployment. Their movements were remarkably similar to those of

wild, non-rehabilitated grey seal pups after leaving their natal site,

and involved several phases: at first, they exhibited highly

exploratory behaviour with largely transient movements and long

foraging trips, then switched into a resident movement pattern with

substantially shorter foraging trips, while maximising foraging and

minimising travelling time. Neither sex nor year of release, which

varied in terms of rehabilitation time and body mass, had a

significant effect on the ontogeny of these movements. Movement

patterns were significantly influenced by the time after release,

suggesting that juveniles have gained experience and adapted their

foraging tactics over time in order to survive in the wild.

This study highlighted a gap in the field of rehabilitated grey

seals, particularly in the area of behavioural analysis, making it

challenging to draw meaningful comparisons between study results.

As the benefits of rehabilitation are still being debated, we

encourage researchers to address this knowledge gap in future

studies. Ideally, both wild and rehabilitated seals should be

studied in a comparative approach.
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