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Abstract

Gray seals were first observed breeding in the Dutch Wadden Sea in 1985, after
centuries of absence. The breeding colony there is now the largest on the European
continent. We describe the changes in gray seal numbers and their geographical
expansion, and estimate how these processes were influenced by immigration from
other colonies. Counts of hauled out animals were carried out between 1985 and
2013, monitoring three different periods of the seals’ annual cycle. Using priors
determined for the UK population, a Bayesian demographic model was fitted to pup
numbers to estimate the population parameters driving the growth. This included
immigration of subadults into the breeding population, which contributed to an
average growth rate in the pup counts of 19%/yr, much higher than expected in a
closed population. This immigration may account for approximately 35% of the
total annual growth. In addition, at least 200 gray seals from the UK visit the area
temporarily. Recovery of the population in the Netherlands occurred more than 50
yr after gray seals were protected in the UK. These time scales should be taken into
account when studying long living marine mammals, e.g., in impact and conserva-
tion studies.

Key words: gray seal, Halichoerus grypus, population development, Bayesian demo-
graphic model, North Sea, Dutch Wadden Sea, aerial survey, molt, pups, migration.

Local extinction has occurred in many mammalian species, often as a result of
a changing environment or human activities (Hoffmann et al. 2011, Schipper
et al. 2008). However, in some cases recovery may occur through immigration
from populations nearby, if conditions are favorable. Gray seals (Halichoerus grypus
Fabricius, 1791) in the Netherlands are such a case. After centuries of virtual
absence, they have recolonized Dutch waters and shown rapid population growth
in recent decades.
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The Wadden Sea, enclosed by a row of islands, forms the border between the east-
ern part of the southern North Sea and the Netherlands, Germany, and Denmark.
Subfossil remains, some of which date back to 10,000 B.C. (Joensen et al. 1976,
Reijnders 1978, van Bree et al. 1992), show that gray seals were present in all Wad-
den Sea regions prior to the 6th century. As gray seal pups remain ashore during the
nursing and the postweaning period, they are an easy target for hunters (Hewer
1974). It is likely that in the late Middle Ages intensified hunting pressure in the
area, related to human settlement, was the cause for the virtual disappearance of gray
seals (Reijnders et al. 1995). Hunting also affected gray seals in other areas around
the North Sea, but small populations persisted in the relatively remote areas of the
United Kingdom (UK). Hunting restrictions introduced in the UK in 1914 under
the Gray Seals Protection Act (Lambert 2002) allowed the species there to recover
and subsequently colonize the Wadden Sea and adjacent areas once again (Reijnders
et al. 1995). The numbers in continental Europe have grown and the species is now
afforded protection under several conventions and treaties in Europe (H€ark€onen et al.
2007, Brasseur et al. 2011).
Recovery of gray seal stocks has been reported in much of its range including in

the western Atlantic, in Canada, and the coast of the U.S.A. (Bowen et al. 2003,
Wood et al. 2011), in the Baltic Sea (Harding and H€ark€onen 1999) and in the eastern
Atlantic (Duck and Thompson 2007, H€ark€onen et al. 2007, Abt and Engler 2009).
Reijnders et al. (1995) described the initial colonization of gray seals in Dutch
waters. Gray seals were sporadically reported from the mid-1950s onwards (van Haaf-
ten 1975), but it was not until 1980 that the first colony was established on a rela-
tively high sandbar between the islands of Vlieland and Terschelling. The first pup
born at this Dutch colony was only observed in 1985 (Reijnders et al. 1995),
although prior to this pups were occasionally found along the Dutch coast. These
early pups mainly originated from the east coast of the UK as deduced from tagged
animals (Bonner 1972). Currently, the colony in the Dutch Wadden Sea is the largest
on the European continent (H€ark€onen et al. 2007, Brasseur et al. 2013).
Since gray seals were virtually absent from Dutch waters prior to the 1980s, the

establishment of a breeding population must have been initiated by immigrants from
most likely the nearest large colonies located along the North Sea coasts of the UK
(Hewer 1974). For example, pup production in the UK grew between 1980 and
2010 from 1,617 (SCOS 2006) to 10,107 (SCOS 2013). As the colonies in the UK
grew, the influx of animals into Dutch waters possibly increased as well. Some of
these started to breed in the Netherlands, while others may have visited the Dutch
waters only on a temporary basis. If so, more animals would be present in Dutch
waters than could be expected based on the yearly pup production, especially outside
the breeding season.
Understanding population demography and how it is shaped by local reproduc-

tion, mortality, and immigration, based on counts alone is challenging, because
pinnipeds spend a large proportion of time in the water, out of sight. In many areas,
the number of seal pups born was used to infer the total number of animals in the
area (Bowen et al. 2007, Duck and Thompson 2007). However, the maximum num-
ber of pups counted during a survey is always an underestimate of the total annual
pup production. At the time of a survey, some pups are yet to be born, while others
are not counted, as they may have already left the colony, or died (Boveng et al.
1998). Moreover, changes in population demography (H€ark€onen and Harding 2001)
and exchanges with other populations nearby (this study) might affect the number of
animals present in a way which is not deducible from pup counts alone.
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The main objective of this study is to describe the changes in the number of gray
seals and their geographical expansion in the Dutch Wadden Sea. In particular, we
seek to understand if and how these changes have been influenced by temporary or
permanent immigration.

Materials and Methods

Data Collection

From 1985 to 2013, surveys were carried out during three periods in the gray seals’
annual cycle: the molting season (March–April), the summer season, which is their
most intensive foraging period (June–September, Beck et al. 2003), and the pupping
season (November–February). Prior to 2001, hauled out gray seals were counted from
marine conservation vessels during the pupping and molting seasons. In the period
1997–2001, the animals spread to different haul-out sites during the molting season
and the boat surveys covered only part of the seals’ distribution. Therefore, from
December 2001 onwards, aerial surveys dedicated to gray seal counts replaced the
boat surveys. As the range of gray seals grew, aerial surveys expanded to the western
Wadden Sea in 2002 and to the entire Dutch Wadden Sea in 2007. Since 1959,
annual harbor seal, Phoca vitulina, aerial surveys in the summer months provided for
fortuitous data on gray seal occurrence in summer.
Aerial surveys were conducted from a fixed wing, single engine aircraft, flying at

approximately 500 ft (~150 m) at 160–200 km/h. Surveys were conducted between 2
h before and 2 h after low tide and were aimed at low tides between 1000 and 1600
local time (Reijnders et al. 2003). Surveys were performed on good weather days, with
rainfall <8.5 mm daily precipitation (measured over the period 0800 UTC preceding
day to 0800 UTC present day), and winds generally below 25 kn (up to 6 Beaufort).
In the early years, seal numbers were scored directly during the flight and additional
comments were recorded on tape. From 1997 to 1999, areas with seals were photo-
graphed using an analog camera with slide film. From 2000 onwards, a digital camera,
and a GPS unit was used to record the location of the photographs taken. At least two
experienced observers counted animals from the projected pictures.
For this study, only data from 1985 onwards were used. For the pup counts, data

from November, December, and January were included. Pup counts after extremely
high tides (>2.0 m relative to Amsterdam Ordnance Datum [NAP] at Vlieland) were
excluded from the analysis, because such tides may wash many pups away, and others
were rescued and taken to rehabilitation centers, causing an underestimate in the
counts. As at the beginning of the breeding season, consecutive counts prior to the
first birth were zero, only the last zero count before the first non-zero count was used.
Counts from March, April, and May were considered molting counts. Molting data
from the years 1997–2000 were excluded from the analysis as they were incomplete.
In 2013 molting counts were impeded by the weather (Brasseur et al. 2013), and
therefore were not included in the study. All counts carried out from June through
September were included as summer counts.

Comparison of Population Growth Rates

To describe the changes in gray seal numbers in the Netherlands, the growth rates
observed in the counts during the different seasons were determined. These reflect the
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speed at which the recolonization took place, allowing for comparison with other
areas, but also the ability to examine differences between seasons. The latter could
help for example, to recognize the underlying processes for the growth in numbers
during the different seasons.
A generalized linear model (McCullagh and Nelder 1989) was used to estimate ini-

tial population size and population growth rate for each of the three time series of sea-
sonal counts. We used a quasi-Poisson error distribution and log link function. All
data from the pupping and summer time series were used to estimate population
growth rates in these periods. For the molting season, only the annual maximum
count was used. For each seasonal time series (pupping, molting, and summer), the
expected count (C) was modeled as:

Ct ¼ eb0þb1t ð1Þ
where t was the number of years after 1985, b1 the exponential population growth
rate, and eb0 the initial population size. Season was included in the model as a factor,
and interaction between season and year was included to investigate whether there
were differences in growth rates among the three time series. Parameter estimates and
confidence limits were calculated using bootstrapping (Davison and Hinkley 1997,
Canty and Ripley 2010). Models were fitted using the “glm” function in R3.0.2
(R Development Core Team 2013).

Breeding Population Demographic Model

Next, a Bayesian demographic model was fitted to the pup counts to estimate total
numbers of animals involved in breeding, i.e., the breeding population size and the
demographic parameters that shape the observed changes in the breeding population
(Matthiopoulos et al. 2014). This allowed us to estimate for example, the immigra-
tion of UK born juveniles into the Dutch breeding population.
The Bayesian demographic model fitted to pup data consisted of two components.

The first component modeled the probability of a pup being present as a function of
the timing of birth, mortality, and postweaning departure of pups. Departure was
defined as the moment the pup was no longer identifiable as such (due to postwea-
ning molt) or when the pup had left the breeding colony. The second component was
a demographic model dictating the height of the curve, which was a function of the
total reproductive output of the mature population. The shape of the curve defining
the pup presence probability was defined as:

cðtÞ ¼ pbðtÞ � pdðtÞ � mðtÞ ð2Þ
where t was the number of days after 1 November, pb(t) was the birth probability,
pd(t) was the departure probability and m(t) was the mortality. On Sable Island, Can-
ada (Bowen et al. 2003, 2007) and in the UK (Duck and Thompson 2007, Lonergan
et al. 2011), independent data on mortality and the developmental stages of pups
were collected. Such ground-based data were not available for this study. Boveng
et al. (1998) and Reijnders et al. (1997) estimated mortality in Antarctic fur seals,
Arctocephalus gazella, and harbor seals, Phoca vitulina, respectively, by recording the
decline in pup counts after the peak in pup numbers. However, in gray seals the dura-
tion of lactation is relatively short (17–20 d; Boness and James 1979, Pomeroy et al.
1999), and next to mortality, the decline in pup numbers was largely driven by a
departure of pups after a variable postweaning molting period (9–31 d, Hall 1998,
Noren et al. 2008) or storms flushing the animals off the breeding grounds. It was

4 MARINE MAMMAL SCIENCE, VOL. **, NO. **, 2014



not possible to discern between departure of pups and mortality based on the survey
data, and therefore in this part of the model, m(t) could not be estimated as a separate
parameter.
The cumulative distribution function for the birth of pups pb(t) was described

using a logistic probability density function. Field observations suggested a forward
shift in the pupping date, which was captured by allowing the mean birth date to
vary as a linear function of year:

pbðtÞ ¼ logit�1 b1ðti � lbirth � b2YÞ½ � ð3Þ
where logit�1ðÞ ¼ expðÞ

1þexpðÞ, lbirth was the mean birth date when Y = 0, b2Y describes
the annual linear change in birth date, and b1 was the slope of the logistic function
and is a measure of the between-individual variability in birth date. Similarly, the
pup departure probability was described as:

pbðtÞ ¼ logit�1 b1ðti � lbirth � lduration � b2YÞ½ � ð4Þ
where lduration was the mean pup presence duration.
The demographic part of the model (Fig. 1) was defined by the vital processes of

immigration, survival, and fecundity (Caswell 2001). Initial population size was
defined in the model by a parameter estimating the number of mature individuals,
N6+, in 1985. To capture the subsequent immigration, the model included a parame-
ter apup, which estimated the influx of 1 yr old seals as a proportion of the number of
pups born on the UK east coast the preceding year (Fig. 1). Thus, the number of 1 yr
old seals in Dutch waters was modeled as:

N1;t ¼ /pupN0;t�1 þ apupN
UK
0;t�1 ð5Þ

where /pup was the survival of pups and Nx,t was the number of seals of age x at time
t. The numbers of pups born along the UK east coast NUK

0 were obtained from SCOS

Figure 1. Population demographic changes influenced by survival of pups (/pup) and adults
(/adult), adult fecundity (the product of female fecundity [f6+] and the proportion of females
[F]), and immigration, which is a function of the number of pups born on the UK east coasts
(apup). Temporary import from the UK observed during molting season and summer were
expressed as amolt and asummer. The number in each circle represents the age-class. Reproduc-
tion in a particular age class occurs prior to survival into the following age class.
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(2010, table 3 of SCOS-BP 10/1) for 1985–2004 and from SCOS (2013, table 2 of
SCOS-BP 13/01) for 2005–2012. The expected number of pups during a survey was
the product of the total annual pup production (N0) and the pup presence probability
(c). The actual pup counts during the i’th survey (Pi) were assumed to follow a Pois-
son distribution:

Pi � PoissonðN0;iciÞ ð6Þ
Survival was estimated separately for pups (/pup) and (sub)adults (/adult). Estimates
of survival and fecundity (f6+) were not available for the Dutch population, so infor-
mative priors from the UK (SCOS 2012) were used (table 1 of SCOS-BP 12/02). The
gray seals occur in adjacent waters and these parameters were likely to be similar. For
juvenile survival, a new, less informative prior was suggested in SCOS (2012).
Although this change in prior was not accepted for the UK, we felt the less informa-
tive prior would be appropriate for the Dutch situation because extensive rescue
efforts for pups in the Netherlands may affect pup survival. The ratio between the
number of females and males (F) was defined as beta-distribution with an upper limit
of 2:1, corresponding to a mean female-male ratio of 0.55 (Table 1). This parameter
was fixed and not estimated by the model. No useful prior information was available
for the parameters lduration, lbirth, b2Y, b1, a’s, and N6+, and hence these were defined
as uniform distributions with boundaries as specified in Table 1.

Table 1. Priors used in the population model.

Parameter Name Distribution Mean SD Reference

Informative priors
/adult Adult survival 0.8 + 0.2 Beta (1.6, 1.2) 0.91 0.05 SCOS-BP 12/02
/pup Pup survival Beta (2.87, 1.78) 0.62 0.20 SCOS-BP 12/02
f6+ Fecundity 6+ 0.6 + 0.4 Beta (2, 1.5) 0.83 0.09 SCOS-BP 12/02
m Summer haul-out

fraction
Normal (0.25, 0.4) 0.25 0.40 This study

F Female fraction [1+ Beta (2, 8)]/[2+
Beta (2, 8)]

0.55 0.06 This studya

Vague priors
lduration Pup durationb Uniform (26, 57)
lbirth Mean birth date Uniform (10, 80)
b1 Variability in pup

duration
Uniform (30, 80)

b2 Annual shift in
birth date

Uniform (–2, 2)

N6+, t=0 Initial number of
individuals

Uniform (1, 100)

apup Relative import
fraction

Uniform (0.0001, 0.02)

asummer Relative import
summer

Uniform (0.00001, 1)

amolt Relative import
molt

Uniform (0.00001, 1)

aSimilar to female:male ratio = 1 + gamma (2, 0.1) as suggested in SCOS-BP 12/02, but
with upper limit of 2:1.

bLower value (26) based on Noren et al. 2008. Upper value, lactation duration (Pomeroy
et al. 1999) of 17 d plus the maximum fasting duration of 40 d (Bennett et al. 2010).
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The Relative Contribution of Seasonal Influx of Gray Seals in Dutch Waters

Studies from the UK suggest that female gray seals show high site fidelity during
the breeding season (Pomeroy et al. 2005), and hence it seemed safe to assume that
the pup counts depended only on the local breeding population. However, molting
and summer counts may be affected by adults and subadults using Dutch waters tem-
porarily. Such possible temporary immigration was estimated by comparing the esti-
mated size of the breeding population with the size of the population present during
the summer and molting counts.
The size of the summer population was estimated based on tagging data, which

could be used to correct for the proportion of animals at sea. In 2006–2008, 12 suba-
dult and adult gray seals (seven females ranging in total length from 132 to 212 cm
and five males ranging from 140 to 196 cm) were equipped with GSM-relayed data
loggers (GPS-Phone Tags, SMRU). The tags were glued to the hair on the back of
the head of the animals (Fedak et al. 1983). The loggers contained sensors to measure
geographic position (Fastloc), depth (pressure sensor) and whether the unit was dry or
wet (conductivity sensor). When the data logger was dry for at least 10 min, the seal
was recorded as being hauled out. Haul-out events were summarized into 2 h blocks,
in which the percentage of time hauled out was recorded. Haul-out summary data
from 2 h before and after low tide between 1000 and 1600 UTC were used to esti-
mate the percentage of time individuals spent hauled out. The total population size
could then be estimated by dividing the seal count by the mean haul-out fraction
(Ries et al. 1998, Matthiopoulos et al. 2004, Hayward et al. 2005, Lonergan et al.
2011).
An intercept-only generalized mixed model (GLMM) was fitted to the 2 h haul-

out fractions from these months. The intercept was treated as a mixed effect term,
where the random component was allowed to vary by individual (Pinheiro and
Bates 2000). The fixed effect estimate and corresponding uncertainty were used to
estimate haul-out fractions at a population level. Models were fitted using the
“glmmPQL” function of the “MASS” package in R (R Development Core Team
2013).
The contribution of temporary immigrants to the summer population was esti-

mated with the demographic model by including a parameter asummer; the proportion
of UK gray seals in addition to the Dutch seals from the local breeding population.
The proportion of summer immigrants, as a fraction of the UK east coast gray seal
population, was assumed to be the same each year. Thus, the summer counts S were
modeled as:

S�Poisson m N0�6þ þ asummerN
UK
0�6þ

� �� � ð7Þ

where m was the haul-out fraction during the summer months. The logit–1 of m
had a prior distribution of Gaussian (g, r), and g and r were, respectively, the
mean and corresponding standard error estimate of the intercept (reflecting haul-
out probabilities) estimated from the tagging data with the GLMM described
above. The temporary visitors in summer were assumed to be a fraction (asummer)
of the estimated total number of gray seals residing along the UK east coast prior
to breeding NUK

0�6þ (Appendix SCOS-BP 13/02, p. 109 in SCOS 2013). There was
no UK estimate available for 2013. Instead, this was obtained by projecting the
2012 estimate (i.e., 20,300) using the mean UK east coast population growth from
2003 to 2012 (i.e., 1.027). This resulted in an estimate of 20,858 individuals for
2013.

BRASSEUR ET AL.: RECOVERY OF DUTCH GRAY SEALS 7



Similarly, the contribution of temporary immigrants to the molting population
was estimated by including a parameter amolt as the proportion of nonpup UK gray
seals in addition to the Dutch seals from the local breeding population. Due to fre-
quent foraging trips, pups of the year were assumed to have the same haul-out frac-
tion m during the molting season. The fraction of nonpup seals hauled out during
the molting season is not known, because the molt causes tags to fall off. A mini-
mum estimate of population size during the molting season was based on assuming
that all adults and subadults were hauled out, so the molting counts M were mod-
eled as:

M� Poisson mN0 þ N1�6þ þ amoltN
UK
1�6þ

� � ð8Þ
Conservatively one could say that if the number observed during the molting season
was similar to, or higher than the maximum number estimated based on the pup
counts, it was likely that animals from elsewhere were in the area. The prior distribu-
tions of asummer and amolt were assumed to follow uniform distributions (Table 1).

Model Fitting

The Bayesian demographic model was fitted using WinBUGS14.2 Parameters of
the model were estimated from all the data, with the following restrictions: (1)
Summer and molting data were used to estimate asummer and amolt, but the other
demographic parameters were based on pupping data only. (2) The summer haul-
out fraction m and the fraction of females in the population F were not updated by
the likelihood function. These restrictions were implemented with the WinBUGS
function “cut” (Spiegelhalter et al. 2003). With the sparse demographic data, it was
not possible to update the summer haul-out fraction (derived from tagging data) or
estimate the fraction of females in the population, so we chose to treat them as non-
stochastic values, although with uncertainty specified by the prior. The model was
fitted using three MCMC chains, each containing 10,000 steps, with thinning of
10. The first 100 samples were excluded (i.e., burn in period), resulting in 900 pos-
terior samples of each chain. Convergence was assessed by examining the history of
each chain, comparing posterior distributions starting with different initial values,
and comparing different chains. The three chains were combined for inference. The
R-code used in the data analysis described above can be found in Appendix S1.

Results

Expansion of Gray Seals Throughout the Wadden Sea

The first pups born in the Netherlands were observed in 1985 between the Islands
of Vlieland and Terschelling (no. 1, Fig. 2; Reijnders et al. 1995). By 2013, gray
seals had expanded their range from the one central area, to the west and later to the
eastern Wadden Sea and south into the Delta area bordering Belgium. Despite such
an expansion in range in the Dutch Wadden Sea, the area first colonized remained by
far the most important breeding site with more than 90% of pups being born there.
Most animals were also seen in this area throughout the year.

2Available at http://www2.mrc-bsu.cam.ac.uk/bugs/winbugs/contents.shtml.
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Population Growth Rates

During the past 30 yr, gray seal numbers counted in the Dutch Wadden Sea have
grown exponentially from a few seals in the early 1980s to a maximum of 3,062 indi-
viduals counted during the molt in the spring of 2012. During the pupping season
(winter) of 2013/2014, 412 pups were counted and in the summer a maximum of
1,169 seals (of all age classes) were counted in 2013. The estimated growth rates
based on pup counts was 19% (CL 15, 23), on molting counts 15% (CL 14, 17), and
on summer counts 15% (CL 14, 16). These rates were not significantly different (F =
1.9349, df = 2, P = 0.1466). The initial numbers of animals estimated for each time
series were 2.3 pups, 65.2 molting seals, and 17.9 seals hauled out during summer.

Breeding Population Demography

Figure 3 shows the pup counts compared to the model estimates. In general, the
estimated number of pups fits well with the survey results. Between 1985 and 2013,
the mean date of birth shifted forward an estimated 1.27 d/yr (b1 in Fig. 4, Table 2).
In the winter of 1985–1986, when the first seals were assumed to have given birth in
the area, the mean date of birth was estimated to be 7 January and pup numbers were
estimated to peak on 21 January. In contrast, in 2013 the estimated mean birth date
was 2 December, and the estimated peak in pup numbers was 16 December, which
implies a forward shift of 36 d in 28 yr. In 2013, pupping began in November and
the last pups were born by mid-January. Pups remain (recognizable) onshore for an
estimated 28.2 d (lduration, Fig. 4, Table 2). Assuming a suckling duration of 17 d
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Figure 2. Expansion of the distribution of gray seals in the Dutch Wadden Sea (W, in
inlay) from 1985 to 2013. Black stars represent the location of the first and most important
haul-out sites for gray seals in the Dutch Wadden Sea. 1. First area colonized by gray seals in
1980; pupping started in 1985; 2. first gray seal observed in 1988; first group >5 in 1997; 3.
first gray seal observed in 1988; first group >5 in 2000; 4. first gray seal observed in 1989; first
group >5 in 1998; 5. first gray seal observed in 1998; first group >5 in 2001; 6. first gray seal
observed in 1997; first group >5 in 1998; 7. first gray seal group >5 in the Dutch delta area
(D, in inlay) 2003 (Strucker 2006); 8. first gray seal observed in 2009; first group >5 in 2009.
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(Pomeroy et al. 1999), this would imply an average postweaning period of at least 11
d. The estimate of pup production has increased from 0 in 1979 to 488 in 2013
(Fig. 3). The demographic model estimates that in recent years the ratio between
pup production and total population size is about 0.16.
Adult survival was estimated to be 0.95 (Table 2), which is considerably higher

than the prior (Fig. 4). In contrast, the estimated pup survival was 0.59 (Table 2),
slightly lower than the mean of the prior distribution. To explain the rapid popula-
tion growth, the model could also have increased pup survival. Figure 5 shows that
large changes in pup survival leads to only small changes in adult survival.
The estimated fecundity f was 0.79 (Table 2), which coincides with the (relatively

wide) prior distribution (Table 2, Fig. 4). The parameter apup describing the influx
of 1 yr old individuals from the UK, was estimated at 0.0133 (Table 2.), which cor-
responds to ~134 animals in 2013. The estimated fecundity was negatively correlated
with /adult and apup (Pearson correlation = –0.28 and 0.36, respectively). This
implies that increases in one can be compensated by increases in the other, and may
explain the inability of the model to accurately estimate this parameter f.

Comparison of the Summer, Molting and Breeding Population Size

The parameter amolt is estimated to be 0.0122 (Table 2), suggesting that at least
255 animals temporarily visited the Wadden Sea during the molting season in 2013
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Figure 3. Observed (▲, ○) and estimated (line) number of pups by month and year. Trian-
gles (▲) represent the observed pups used to estimate model parameters, open circles (○) rep-
resent the number of pups observed after an extreme tide event (>2 m NAP). These data were
excluded when fitting the population model.
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(Fig. 6). The parameter asummer is estimated to be 0.0093 (Table 2), which suggests
that in the summer of 2013 at least 195 UK “visitors” were present in the Dutch
Wadden Sea.

Discussion

Gray seal population dispersion and growth in the Wadden Sea

It is evident that the number of gray seals in the Wadden Sea has grown exponen-
tially between 1985 and 2013. Starting in the 1980’s with a few vagrant seals, the
counts during the pupping season of 2013 yielded 412 pups, and our model esti-
mates 488 to be born in total. This would represent a breeding population of 3,088
animals. The first gray seals formed a small haul-out colony in the area between the
islands of Vlieland and Terschelling (Reijnders et al. 1995). As the population grew,
gray seals gradually expanded their range to haul-out sites throughout the entire
Dutch Wadden Sea, though by far the largest groups are still observed where the first
colony formed. Smaller, but growing colonies, are also seen to the east along the Ger-
man Wadden Sea coasts (Czeck and Paul 2008, Abt and Engler 2009), south in
the Dutch Delta (Strucker et al. 2010), and even further south in northern France
(Dupuis 2011).
The average growth rate in pup numbers observed in the Dutch Wadden Sea was

estimated at 19% (CL 15%–23%) which is much higher than observed elsewhere or
can be explained assuming natural growth in a closed population. For example,

Figure 4. Prior (gray lines) and posterior (histograms, black lines) of the demographic
parameters for the model fitted to pup data only. Red lines indicate the fixed fraction for haul-
out and females.
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during 25 yr the observed annual rate of increase in pup production on Sable Island
in Canada averaged 12.8% (Bowen et al. 2003). For a shorter period (i.e., 5 yr) similar
growth was seen in the colony of Donna Nook in the UK (Duck and Thompson
2007). The growth rates in this paper also contrast with the statement derived from
other demographic analyses, which show that maximum annual rates of increase in

Table 2. Posteriors.

Parameter Name Mean SD 2.50% Median 97.50%

/adult Adult survival 0.95 0.027 0.899 0.951 0.996
/pup Pup survival 0.586 0.188 0.239 0.588 0.888
f6+ Fecundity 6+ 0.79 0.104 0.616 0.788 0.982
m Summer haul out fraction 0.253 0.041 0.182 0.251 0.341
F Female-Male ratio 0.544 0.024 0.507 0.541 0.597
lduration Pup duration 28.2 1.237 26.17 28.14 30.68
lbirth Mean birth date 67.45 1.346 64.74 67.47 70.04
b1 Variability in pup duration –1.274 0.05 –1.369 –1.276 –1.173
b2 Annual shift birth date 0.219 0.012 0.199 0.219 0.245
N6+, t=0 Initial number of adults 2.858 2.152 1.044 2.157 9.026
apup Relative import pup 0.013 0.003 0.009 0.013 0.019
asummer Relative import summer 0.009 0.01 0 0.007 0.033
amolt Relative import molt 0.012 0.007 8.0E–04 0.012 0.027
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Figure 5. Correlations of the MCMC samples between adult survival, and the relative
import of young animals from the UK (left), pup survival, and the relative import of young
animals from the UK (middle) and between pup survival and adult survival (right).
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closed populations of gray seals do not exceed 11% (Harwood 1978, Harding and
H€ark€onen 1999). Initially, when the colonies had just settled in the Dutch Wadden
Sea, the unstable population structure of the new colony could have explained an
apparent higher growth rate. However, here we show persisting high growth rates
over more than 30 yr, during breeding but also in the molting and summer counts,
possibly indicating seals continuously immigrating into the area.

Sources of Immigration

While this study shows that local reproduction is at least responsible for part of
the increase in observed numbers, the influx of animals from other areas was actually
the driver for the initial recolonization and continues to play a prominent role in the
growth. The immigrating animals most likely come from the eastern North Sea coast
of the UK, where the population is relatively large with growing numbers (SCOS
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Figure 6. (a) Modeled population estimates based on the model fitted to pup data only, and
hence excluding temporary visitors; (b) estimated and observed molting counts; (c) estimated
and observed summer counts. For comparison, the dashed line of the estimated Dutch popula-
tion size is repeated in every graph. Shaded areas indicated 95% confidence intervals.
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2010), and distances are small enough for the animals to traverse. Young gray seals
are known to swim relatively large distances (McConnell et al. 1999) and have been
recorded on several occasions to cross the channel between the UK and the Nether-
lands (Coulson 1964, Bonner 1972, Hewer 1974, Reijnders et al. 1995). Even very
young pups may cross the channel. White coated pups bearing color marks applied at
the Farne Islands3 have been found alive on the Dutch coast. In addition, weaned gray
seal pups marked at the Isle of May, in Scotland were reported in the Netherlands
(Hall et al. 2001). Our population model suggests that on average 1.3% of the pups
born on the east coast of the UK immigrate into the Dutch breeding population each
year. This amounts to slightly less than 35% of the annual growth of the breeding
population in most recent years (Fig. 7).4

Adult animals would also easily cover the distance from the eastern UK coasts to
the Wadden Sea, though the idea of adult animals moving between areas could
appear to contradict other studies showing that gray seals tend to show high site
fidelity. However, those studies only measured site fidelity within one phase in the
seals’ annual cycle and not between seasons (Wilmer et al. 2000, Harrison et al.
2006). Site fidelity is observed during breeding (Twiss et al. 1994; Pomeroy et al.
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Figure 7. (a) Estimate of the total number of 1-yr-old gray seals in the Dutch Wadden Sea,
compared to the estimated import of young animals from the UK; (b) Estimated pup produc-
tion compared to counts and for some years, number of gray seals in rescue center. Data on res-
cue was obtained from Ecomare4 and diverse public media (Anonymous 2000–2012). For the
data on the rescued seals only the years are presented where data covering the breeding season
was available (1 December–15 May the next year). In other years it was not clear when seals
were collected or the data were incomplete. The data from Ecomare shows that only 6 out of
271 gray seals rescued in this period were older than a few months.

3Personal communication from David Steel, Head Warden, National Trust, The Farne Islands, North-
umberland, U.K., October 2013.

4Personal communication from Ecomare, Ruijslaan 92, Texel 1796 AZ, The Netherlands, June 2014.
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2000a, b, 2005) and during summer, after the molt (Karlsson et al. 2005), but few
studies have been conducted throughout the year. Animals could move around, still
showing site fidelity at given moments. Tagging data collected just after the molt in
the Wadden Sea show that large-scale trips occur. For example in 2005 four of the six
satellite-tracked seals (two males ~1.80 m and two females ~1.70 m) tagged just after
the molt, swam from the Dutch Wadden Sea to the UK during the summer. Two
even traveled as far as the Orkney Islands, almost 1,000 km (Brasseur et al. 2010).
The present study shows that both during the molting counts and the summer counts
more animals seem to be present than would be expected based on the size of the
breeding population. Further studies (e.g., photo id and/or genetic studies) are needed
to understand fully the mechanism of exchange between the various colonies within
the North Sea.
Using the count results during the molting and summer, we estimate that a num-

ber of animals must come to the area outside the breeding season as “visitors.” These
estimates are most probably underestimates. The demographic model fitted to the
pup counts estimates that if all adults and a proportion of the young of the year were
ashore during the molting season in 2012 the total local population should count
2,769 individuals. However, quite a lot more (3,062) were seen during a molting
count on 3 April 2012, indicating that there should be animals from elsewhere. The
model estimates that in addition to the local animals, on average 1.2% of nonpup
UK gray seals from the North Sea coasts are in the area (Table 2.). This corresponds
to 200–250 individuals annually in the past 10 yr (2004–2013). However, the
assumption that all molting animals are present ashore is quite unlikely. An
unknown proportion may be at sea at the time of the survey, so even more “visitors”
may be present in the Dutch part of the North Sea during this period. Moreover, we
could not take into account that like the UK seals, some of the seals of the Dutch
breeding population could have chosen to molt outside the Wadden Sea. Conse-
quently, an even higher proportion of gray seals seen during the molting season
might actually be seals breeding in the UK, or other areas. With the current data, it
is not possible to estimate the extent of this exchange more accurately.
The demographic model suggests that also in summer more seals use the Wadden

Sea than would be expected based on the size of the breeding population (0.9%;
Table 2, 150–200 animals/yr). This estimate relies on the estimated haul-out fraction
(i.e., 0.25) derived from the telemetry data. Despite the relatively small number of
animals used to determine the correction factors, the correction factor seems to be
realistic as they were similar to other studies (i.e., 0.31 in August alone, Lonergan
et al. 2011). The relatively low haul-out fraction also coincides with the observations
by Beck et al. (2003) that shows that a large proportion of seals are feeding in this
period.

Limitations

To estimate the breeding population, the total pup production was modeled based
on the pup counts. There are a few apparent abnormalities in the fit of the estimated
number of pups to the original pup counts. In most years, when storms resulted in
extreme high tides during the pupping season, this lead to lower numbers of observed
pups (e.g., in 1992, 1994, 1997, 2005, and 2006). We decided therefore to omit pup
counts after these surges. However, in some years (e.g., 1993, 1999, and 2001) high
tide did not affect the pup numbers and the difference between the observed and
expected number of pups is relatively small. In 1999 a storm occurred on 4 December
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(~222 NAP). As this was several weeks prior to the mean birth date this may not
have affected many individuals. Larger model residuals also occurred during the first
surveys in 2002, 2004, and 2008, which seems to suggest that the forward shift of
the pup presence curve was larger in those years. Finally, in some years (e.g., 2008
and 2009) the observed number of pups was higher than predicted by the model.
This could be due to relative larger fecundity or sudden increase in the influx of
mature females.
Compared to ground surveys carried out in other areas (i.e., the UK and Canada;

Pomeroy et al. 1999, Bowen et al. 2007), aerial surveys in the Netherlands give a
shorter period in which pups are recognized as pups (lduration); estimated here at 28.2
d. It might be that from the air any remnants of white hair on the molting pup are
easily missed, and therefore pups are easily confused with older animals, or with har-
bor seals using the same haul-out sites. In addition, pups might actually disappear
earlier than in other countries because they are easily washed off the breeding site.
Another source of error in our pup counts lays in the fact that in some years a large

proportion of pups were picked up by seal rehabilitation centers, in some years affect-
ing 50%–98% of the total number of pups born (Fig. 7). It is unknown if and how
the rescuing of pups by seal centers has affected the counts and consequently the esti-
mation of pup production. News clippings suggested that most pups were collected
after the peak in pups, or after the first winter storm. As we omitted the data col-
lected after the storms, and even in the years these occurred, we carried out a number
of surveys before the peak in pups, we expect that the numbers in the rescue centers
would not affect our estimates too much. More detailed data on these rescue practices
are not available.
Our results of the population model (Fig. 4) show a relatively high adult survival

(/adult; 0.95), and a pup survival (/pup; 0.59) that was slightly lower than the prior
(see also Table 1, 2). To explain the rapid population growth, the model could have
increased pup survival. However, Figure 5 (right panel) shows that a large change in
pup survival would lead to only a small change in adult survival. This might explain
the slightly increased adult survival, rather than pup survival. Adult and pup survival
are correlated with the relative import from the UK (apup). As expected, a higher esti-
mate for /adult would lead to a lower estimate for immigration. Because of this corre-
lation, one could hypothesize that due to the extreme rescue efforts, instead of
immigration, /adult could be extremely high. Interestingly, the contrary holds for the
relation between apup and /pup (Fig. 5). Moreover for all likely values of adult and
pup survival, apup exceeds 0.008, demonstrating that at least some relative import
occurs.

Shift in Timing of Breeding

The timing of the peak in pup numbers in the Netherlands, which currently
occurs in early December, could suggest that individuals descended from the UK
colony. Throughout the gray seals’ range in Europe, there is a geographical cline in
peak pupping: beginning in August–September in southwest Britain, between Sep-
tember and November in Scotland, and November to mid-December in eastern
England (SCOS 2010). In the Baltic, the gray seals’ pupping season is from late
February to early April (Hook and Johnels 1972). In the Dutch Wadden Sea, the
original peak was on 21 January (with a mean birth date 7 January), later than the
east coast of the UK. However since then, a shift forward of 1.27 d/yr was observed
in the Wadden Sea, with the maximum number of pups observed on the 16
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December in 2013, five weeks earlier than in 1985. The shift could suggest a grow-
ing synchronicity with the colonies on the UK coasts. However, this shift could
also be a result of the population maturing (H€ark€onen et al. 2002), or could result
from the similar phenomenon observed in the harbor seals in the Wadden Sea area
(Reijnders et al. 2010). It was suggested there, that an improvement in environ-
mental conditions sustained a long-term high annual growth rate, and a progress-
ing earlier birth date.

Why Did Gray Seal Recolonize the Wadden Sea?

There could be a number of reasons why gray seals have recolonized the area after
being absent for so many years. As gray seal numbers increased in the UK, a growing
number of seals would have moved to the southeastern North Sea in a search for new
feeding grounds and reached the Wadden Sea. The growth of the seal numbers coin-
cides well with the growth rates observed in the different colonies along the English
east coasts where the recent average change in pup production lies between 3.5% and
15.8% (SCOS 2010). Possibly, similar processes throughout the larger area of the
southern North Sea drive the increase in gray seals in our study area. Likewise, other
marine top predators in the region, such as the harbor seal and the harbor porpoise,
Phocoena phocoena, have also shown a large increase in numbers over the same period
(Camphuysen 2004, Reijnders et al. 2009). This indicates a favorable environment to
sustain larger numbers of different marine mammal species. Despite the regular loss
of pups due to bad weather during the pupping season, the continuous and relatively
high growth rates in gray seal numbers in the Netherlands, but also in the colonies in
the southern UK, suggests that the population is not close to its carrying capacity.
Presently resources, such as food and haul-out sites are apparently not limiting the
population. Although adults may come to the area outside of the pupping season,
high site fidelity during pupping season would make it unlikely for them to stay.
Therefore, immigrants into the breeding population were presumed to have arrived
as pups and subadults.
This case, where immigrants continuously arrive into the population, seems clearly

different from the southern elephant seal (Mirounga leonina) colony on Peninsula Val-
dez (Ferrari et al. 2013). There apparently, immigration from other areas occurred
only for a short time and the population developed further in relative isolation, prob-
ably within one century.
Additionally, favorable conditions in the Wadden Sea area could have enhanced

the seals to move into the area. Many sand bars in the Wadden Sea are protected
either by law or by the fact that they are not easily accessible from land. The ques-
tion is whether this might change in the future as increasing development of human
activities in the southern North Sea, such as offshore wind farming, sand mining,
tourism, fisheries, and aquaculture, could negatively affect the carrying capacity of
the area for these apex predators, and influence the exchange of gray seals between
colonies.
Finally, though this is, to our knowledge, not supported by any existing study in

gray seals, the growing number of seals hauled out could have been an incentive for
new seals to haul out as well, creating (perceived) safety in numbers. Increased density
may have a positive effect on individual fitness, known as the Allee effect (Drago et al.
2011). This could explain the persisting concentration of seals in the area initially
colonized. Possibly the presence of growing numbers of harbor seals could also insti-
gate the colonization of new areas.
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Conclusion

This study shows that large mammals, after hundreds of years of virtual extinction,
may ultimately recolonize an area and undergo rapid exponential population growth.
What are needed are favorable environmental conditions, large source meta popula-
tions, and the mobility of individuals.
In this specific case, growth of the population in the UK and subsequent recovery

in the Netherlands, occurred more than 50 yr after gray seals were protected in the
UK. In current impact assessments and conservation plans for long-lived marine
mammals, these time scales are rarely taken into account. Changes in the human use
of the southern North Sea (e.g., the recent development of wind farms) could influence
the population development, but remain unobserved during the relatively short dura-
tion of most monitoring and impact assessment studies.
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