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Abstract Monitoring trends in abundance of pinnipeds

typically involves counting seals at terrestrial haul-out sites

during the breeding season. Counts of seals made at other

times of the year are typically lower; however, it is often

unknown whether this is because fewer animals are present

or whether lower counts simply reflect a reduction in haul-

out probability. Here we illustrate how photo-identification

data from an individual-based study of harbor seals (Phoca

vitulina) can be used to estimate seasonal variation in

abundance and site fidelity. Monthly data collected over a

two-year period were analyzed using a mark-recapture

mark-resight model accounting for individuals transition-

ing between observable and unobservable states. Levels of

site fidelity were high throughout the year and abundance

estimates showed no seasonal pattern. This suggests that

individual seals used haul-out sites to the same extent

throughout the year, and that peaks in counts during the

breeding season are a result of seasonal changes in haul-out

probability. The results of this study have implications for

understanding population sub-structuring, gene flow and

disease spread.
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Introduction

Monitoring trends in population abundance plays an

important role in conservation efforts (Yoccoz et al. 2001;

Taylor et al. 2007). For pinniped species, this typically

involves counting seals at their terrestrial haul-out sites

during the breeding season or molt when seals are most

likely to be observed out of the water (Braham et al. 1980;

Bowen et al. 2003; Jeffries et al. 2003; Baker and Johanos

2004). Less effort is usually applied at other times of the

year but, where information exists, counts are generally

lower (Sullivan 1980; Hindell and Burton 1988; Thompson

et al. 1996, 1997; Salwicka and Sierakowski 1998). How-

ever, it is often unknown whether fewer individuals are

present at these other times of year, or whether temporal

variation in counts reflects a change in haul-out probability.

This can make it difficult for conservation managers to

assess the importance of different haul-out sites outside the

breeding season; constraining management decisions

where these are based on count data alone.

Understanding levels of site fidelity can provide crucial

information on population sub-structuring and connectiv-

ity, which are important metrics for effective conservation

management and understanding disease spread. Many

colonial species, both sedentary and migratory (Blancher

and Robertson 1985; Cooch et al. 1993; Ganter and Cooke

1998; Pomeroy et al. 2000; Matthiopoulos et al. 2005;

Gamble et al. 2007), exhibit site fidelity. However, in the

literature this concept is generally described in relation to

between or within-year breeding season site fidelity,

whereas less is known about the function and use of these

sites at other times of the year. While less relevant for

migratory species that move to wintering grounds, many

pinnipeds rely on terrestrial sites for resting throughout the

year. Both genetic and re-sighting studies of pinnipeds
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have shown evidence of site fidelity or philopatry to certain

sites or areas (Kretzmann et al. 1997; Pomeroy et al. 2000;

Fabiani et al. 2006; Hoffman et al. 2006; Campbell et al.

2008). These studies also indicate that, although a popu-

lation may appear continuous, sub-structuring and genetic

differentiation may still occur, which may have implica-

tions for the efficacy of management if this has not been

identified (Hoffman et al. 2006).

In Europe, conservation measures to protect European

harbor seal (Phoca vitulina) populations have been devel-

oped in response to the EU Habitats and Species Directive

(Council Directive 92/43/EEC). These include the desig-

nation of protected areas (e.g., Special Areas of Conser-

vation), primarily haul-out sites and surrounding waters, to

conserve their vital habitat (Baxter 2001). Information

from the monitoring programs associated with these des-

ignations can inform understanding of various aspects of

their population dynamics, including levels of population

sub-structuring and connectivity (e.g., Goodman 1998),

disease spread (e.g., Härkönen et al. 2006), and the impacts

of anthropogenic stressors (e.g., Inger et al. 2009). As in

many other groups of animals (e.g., Hestbeck et al. 1991), a

major constraint of such data is the lack of the ability to

follow individuals over time, limiting inferences about the

extent to which changes in abundance at different sites are

driven by either movement or distinct local dynamics.

Marking and telemetry studies can be used to explore this

issue (Härkönen and Harding 2001; Sharples et al. 2009;

Hamilton et al. 2014). However, these are typically con-

strained by a small sample of individuals, low re-sighting

rates of visual tags, and the relatively short time period

over which telemetry devices can be attached to seals.

Critically, most telemetry devices are glued on to the seals’

fur and are therefore lost during the molt if not sooner,

preventing year-round data collection. Furthermore, repeat

captures of individual harbor seals to attach telemetry

devices or read tags cannot be achieved with any certainty

because of their more aquatic breeding habits. Alterna-

tively, harbor seals have natural and distinctive individual

markings, which offer a unique and low cost opportunity to

follow individuals over time using photo-identification

techniques (Thompson and Wheeler 2008; Hastings et al.

2012; Cordes and Thompson 2013, 2014). Due to the

inaccessibility of most haul-out sites, only a few areas in

the world have proved suitable for this type of data col-

lection (Hastings et al. 2008, 2012; Mackey et al. 2008;

Cunningham 2009; Cordes and Thompson 2013, 2014).

Nevertheless, new monitoring techniques may make photo-

identification studies of harbor seals and other pinnipeds

more manageable. Here, we aim to estimate seasonal

variation in mean re-sighting rate, site fidelity, and abun-

dance of harbor seals using photo-identification and mark-

recapture modeling techniques.

Methods

Photo-identification surveys

The study was carried out in NE Scotland, within the Loch

Fleet National Nature Reserve (Thompson and Wheeler

2008; Cordes et al. 2011; Cordes and Thompson 2013,

2014). At low tide, harbor seals haul-out on inter-tidal

sandbanks approximately 130 m from the shore, allowing

individual seals to be recognized by photographic identi-

fication (see Cordes and Thompson 2013, 2014). In 2008

and 2009, daily photo-identification surveys were carried

out during the breeding seasons (June–July), while two to

six (mean = 3.2 ± 0.3 SE) surveys were conducted each

month outside the breeding season (August–May). In order

to balance the number of surveys per month two surveys

closest in time were chosen for this analysis. Individual

seals were recognized from photographs of the head and

neck region using a digital camera (Nikon Coolpix 5100)

and a telescope (20 - 60 9 80 mm Swarowski HD-ATS

80) (as described in Cordes and Thompson 2013, 2014).

Photographs of individual seals were matched by eye to a

catalogue containing left and right headshots of all seals

that had been photographed since the beginning of the

study in 2006 by the same experienced observer (LSC).

Counts of seals on the sandbanks were carried out on the

same days as photo-identification surveys.

Statistical analysis

Estimating seasonal variation in site fidelity, mean re-

sighting rate and abundance

The mark-resight model developed by McClintock and

White (2009) integrates sightings of known marked indi-

viduals that transition between observable (individuals

present in the study area) and unobservable (individuals

outside the study area or in the water) states, as well as the

number of ‘‘unmarked’’ and ‘‘marked but unidentified’’

individuals. In this study, a large proportion of the

unmarked individuals were juveniles, which were difficult

to identify consistently due to their coat characteristics, but

also included light pelage adults. ‘‘Marked but unidenti-

fied’’ individuals included animals that occasionally could

not be identified because of their position on the sandbank

and those that were molting between late summer and early

autumn. Since the number of marked individuals in the

population at any one time was not known, the poisson-log

normal mark-resight model developed by McClintock et al.

(2009) was used to estimate the monthly abundance at our

study site. This situation is common when individuals are

recognized by natural markings rather than caught for

tagging prior to sampling. Seals could also be
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photographed more than once within secondary occasions

(i.e., sampling with replacement). This model assumed

closure within primary occasions (month), whereas periods

between primary occasions were open to births, deaths, and

movement. For this reason we chose secondary occasions

within months that were closest in time [mean number of

days between secondary occasions was 2.96 (± 0.64 SE)].

Furthermore, as seals were identified by markings in their

pelage, it was assumed that no marks were lost over time.

The number of ‘‘marked and identified’’, ‘‘unmarked’’, and

‘‘marked but unidentified’’ individuals per month ranged

from 19 to 63, 0 to 17 and 0 to 6, respectively. A total of

129 individuals were included in the analysis. Sex was not

included as a covariate as it was not possible to consistently

determine the sex of the ‘‘marked but unidentified’’ and

‘‘unmarked’’ individuals.

Models were built with constant and time variation on

mean re-sighting rate (a), individual heterogeneity (r), and
transition probabilities (c0 and c00). We allowed for time

variation on the number of unmarked individuals in the

population during primary periods (U), while apparent

survival (/) was held constant, as this was not part of the

objectives of the study (see Table 1). In addition we tested

for a seasonal pattern in a by grouping months into periods

whereby October–February contained the winter period,

March–April and August–September incorporated the

periods pre and post breeding season, while May–July

encompassed the breeding season. We ran two models

which included this seasonal pattern in mean re-sighting

rate: one where the seasonal pattern was the same between

years, a(season), and another that allow seasonal patterns

to be different between the 2 years, a(season ? year). We

use the transition probability from observable to observable

as a proxy for site fidelity. This probability was obtained by

subtraction (1 - cj00). For each primary occasion (month)

the derived parameters population size (N) and the overall

mean re-sighting rate (k) were estimated. We assume that

the sighting probabilities of the sample of marked indi-

viduals are representative of the entire population. Fur-

thermore, we assume that the time interval between

secondary occasions is short enough to satisfy the

assumption of closure (see Neal et al. 1993). The statistical

analysis was carried out in MARK (White and Burnham

1999), and models were assessed based on AICc scores and

AICc weight (Burnham and Anderson 1998).

Results

The mark-resight analysis revealed one top model {a(t) r(.)
U(t) /(.) c00(.) c0(.)}, which accounted for 0.999 of the AICc

weight, and was 14 AICc scores better than the second top

model (Table 2). Overall mean re-sighting rates (k) showed
a distinct seasonal pattern peaking around June–July in

both years (Fig. 1). The model showed no support for

temporal variation in transition probabilities (c00 and c0),
and site fidelity (1 - c00) was estimated at 0.89 [95 % CI

(0.85, 0.93)]. The constant individual heterogeneity level

(rj
2; log scale) was estimated at 0.15 [95 % CI (0.01,

1.66)]. Abundance showed no seasonal variation and

averaged around 90 seals per month (Fig. 2). Monthly

mean counts of seals during 2008 and 2009 were variable,

but generally higher during the summer months (Fig. 3).

Discussion

Here we have shown that although monthly counts of seals

exhibit a seasonal peak during the breeding season, this did

not equate to more individuals being present during this

period, as the estimated abundance of seals remained fairly

constant across months in both years. Rather this seasonal

Table 1 Mark-resight model parameters, derived parameters, and descriptions

Description

Parameters

Uj Number of unmarked individuals in the population during primary interval j

aj Intercept for mean re-sighting rate (log scale) during primary interval j. When there is no individual heterogeneity (rj
2 = 0) aj can be

interpreted as the overall mean resighting rate for the entire population (once back-transformed from the log scale)

rj
2 Individual heterogeneity level (log) during primary interval j

/j Apparent survival between primary intervals j and j ? 1

cj00 Probability of transitioning from an observable state at time j to an unobservable state at time j ? 1. Equivalent to transition probability

WOU of Kendall and Nichols (2002)

cj0 Probability of remaining at an unobservable state at time j ? 1 when at an unobservable state at time j. Equivalent to 1 - WUO of Kendall

and Nichols (2002)

Derived parameters

kj Overall mean re-sighting rate for primary occasion j

Nj Total population size during primary occasion j (Uj ? nj), where nj is the number of marked individuals in the population
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peak in counts likely reflects a temporal change in overall

mean re-sighting rate, which also peaked during the

breeding seasons. Female harbor seals spend more time

hauled out during the breeding season nursing their pup

before commencing foraging trips in July as pups are being

weaned (Thompson et al. 1989, 1994), and males may be

more likely to rest on sandbanks prior to the mating season

in July–August during which they will spend more time in

the water seeking mating opportunities (Van Parijs et al.

1997). Furthermore, the analysis did not support temporal

variation in transition probabilities (c00 and c0), which we

used as a proxy for site fidelity, suggesting that site fidelity

(1 - c00) remained at a constant and high level throughout

the year. At our study site individual seals have also shown

high levels of between-year site fidelity (between-year

recapture probability = 0.97 [95 % CI (0.92, 0.99)];

Cordes and Thompson 2014) indicating that breeding

groups may be relatively discrete, and highlighting the

need for site-specific management.

Other photo-identification work found more monthly

variation in abundance, however sample size was relatively

small, recapture rates low and the study did not account for

unmarked and marked but unidentified individuals (Cun-

ningham 2009). Most telemetry studies involve gluing tags

to the fur, meaning that data are unavailable around the

molt. Consequently, these studies generally do not repre-

sent the same individuals throughout the year, and sample

size is also limited by the number of individuals caught and

the costs of tags (Thompson et al. 1989; Cunningham et al.

2009; Sharples et al. 2009). Nevertheless, similar to our

study Sharples et al. (2009) found abundance estimates to

be consistent across nearly 2 years for months outside the

molting period, while count data varied substantially.

There was some evidence of temporal variation in the

proportion of time spent hauled out but again the summer

breeding season and molt had very little if any coverage

(Cunningham et al. 2009; Sharples et al. 2009). Thompson

Table 2 Mark-resight models

with associated DAICc scores,

weights, number of parameters,

and deviance

DAICc AICc weight Number of parameters Deviance

a(t) r(.) U(t) /(.) c00(.) c0(.) 0.00 0.999 52 3980.7

a(t) r(.) U(t) /(.) c00(t) c0(.) 14.11 0.001 74 3943.6

a(t) r(.) U(t) /(.) c00(.) c0(t) 16.24 0.000 73 3948.1

a(season) r(.) U(t) /(.) c00(.) c0(.) 22.82 0.000 30 4052.1

a(season ? year) r(.) U(t) /(.) c00(.) c0(.) 23.69 0.000 33 4046.5

a(t) r(.) U(t) /(.) c00(t) c0(t) 34.86 0.000 95 3912.6

a(t) r(t) U(t) /(.) c00(.) c0(.) 37.71 0.000 75 3964.8

a(.) r(.) U(t) /(.) c00(.) c0(.) 151.53 0.000 29 4182.9

Fig. 1 Monthly variation in derived estimates of overall mean re-

sighting rate (k) with 95 % confidence limits throughout 2008 and

2009

Fig. 2 Monthly variation in derived estimates of abundance (N) with

95 % confidence limits throughout 2008 and 2009 (for clarity the y-

axis was restricted to 200, however, the variability around the

estimates for the first two months in 2008 was much greater with

upper confidence limits reaching 827 and 258, respectively)

Popul Ecol

123



et al. (1989) found higher haul-out probabilities during the

breeding season and early molt whereas individuals

appeared to spend more time offshore during the winter,

even though individuals continued to utilize local haul-out

sites within the study area.

Previous understanding of long-term patterns of site

fidelity in harbor seals has largely been dependent upon the

results of a single intensive branding study in Swedish

waters. There, intensive long-term and large-scale re-

sighting effort revealed marked spatial segregation of

harbor seals by sex and age (Härkönen and Harding 2001).

Furthermore, that study suggested that, depending on

context, single colonies could act as either isolated sub-

populations or as part of a network of colonies. For

example, low levels of dispersal could be enough to rapidly

spread disease among colonies, but may be insufficient to

prevent sub-structuring if females show natal site fidelity

and dispersal primarily results from male movements. Our

study highlights the value of photo-identification studies

for identifying levels of site fidelity, opening up new

opportunities for understanding population dynamics and

applying appropriate conservation measures. Furthermore,

our study highlights how this modelling framework can be

applied to a wide range of species, which show seasonal

changes in site use and where individuals cannot always be

accurately identified (fur dye, ringing, tagging, or other

natural markings). With recent advances in remote moni-

toring techniques (e.g., high definition surveys, drones;

Anderson and Gaston 2013) multi-site photo-identification

studies of harbor seals and other pinnipeds may now be

more practicable (including ice-dependent species in

remote locations), permitting the investigation of between

site movements and population sub-structuring that could

provide new insights into their demography as well as

potential gene flow and disease transmission.
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