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SUZANNE BECK', ANDREW D. FOOTE>, SANDRA KOTTER’, OLIVIA HARRIES®, LAURA MANDLEBERG’,
PETER T. STEVICK’, PADRAIG WHOOLEY? AND JOHN W. DURBAN’

Marine Biodiversity Research Group, Galway—Mayo Institute of Technology Dublin Road, Galway, Ireland, *Center for
GeoGenetics, Natural History Museum of Denmark, University of Copenhagen, @ster Volgade 5-7, DK-1350 Copenhagen K,
Denmark, *Hebridean Whale and Dolphin Trust, 28 Main Street, Tobermory, Isle of Mull, PA75 6NU, UK, *Irish Whale and
Dolphin Group, Dereen, Rossmore, Clonakilty, Co. Cork, Ireland, *Marine Mammal and Turtle Division, Southwest Fisheries
Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, 89o1 La Jolla Shores Drive,

La Jolla, CA 92037, USA

An assemblage of killer whales that has been sighted in waters off the west coast of the British Isles and Ireland has previously
been shown to be isolated from other North Atlantic killer whale communities based on association patterns. By applying a
Bayesian formulation of the Jolly - Seber mark-recapture model to the photo-identification data compiled from opportunistic
photographic encounters with this population of killer whales, we show that such sparse and opportunistically-collected data
can still be valuable in estimating population dynamics of small, wide-ranging groups. Good quality photo-identification data
was collected from 32 encounters over 19 years. Despite a cumulative total of 77 identifications from these encounters, just ten
individuals were identified and the remaining 67 identifications were re-sights of these ten animals. There was no detected
recruitment through births during the study and, as a result, the population appears to be in a slight decline. The demography
of the population was highly skewed towards older individuals and had an unusually high ratio of adult males, and we suggest
that demographic stochasticity due to a small population size may be further impacting the population growth rate. We rec-
ommend that this population be managed as a separate conservation unit from neighbouring killer whale populations.

Keywords: killer whale, Orcinus orca, mark-recapture, population decline, citizen science

Submitted 19 November 2012; accepted 17 July 2013

INTRODUCTION

Effective conservation management to ensure the viability of
marine top predators requires the delineation of population
units and the monitoring of population dynamics within
these units (Taylor, 1997). The status of killer whales in the
UK and adjacent waters is not well known (Joint Nature
Conservation Committee, 2007). They are listed on the
Scottish Biodiversity List and with other sea mammals as a
priority group of species on the latest UK Biodiversity
Action Plan, which states that there is no evidence for ‘mod-
erate or marked decline’. However, these conclusions are
based on sparse, mostly non-effort-based sightings data that
do not include individual identification. In recent decades,
north-east Atlantic killer whale populations have been
subject to a number of anthropogenic threats, including bioac-
cumulation of organic pollutants (Law et al., 1997; McHugh
et al., 2007; Wolkers et al., 2007); prey depletion (Canadas
& de Stephanis, 2006); and exploitation by both lethal and
live-capture  fisheries (Q@ien, 1988; Sigurjonsson &
Leatherwood, 1988). In locations where long-term studies of
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photographically-identified individuals facilitate long-term
monitoring of discrete communities, such factors have been
shown to have population-level impacts (Olesiuk et al,
1990; Matkin et al., 2008, 2012; Ford et al., 2010; Poncelet
et al., 2010).

Recent work using photo-identification data and genetic
analysis of tissue samples has provided the first information
on population structuring in the north-east Atlantic, and
suggests that killer whales sighted in UK or Irish waters
belonged to several distinct populations including highly
divergent matrilineal lineages (Foote et al., 2009, 2010,
2011). Photo-identification data and field observations indi-
cate that relatively large numbers of individuals are associated
with the north-east Atlantic mackerel stock in the North Sea
during the autumn (Luque et al., 2006; Foote et al., 2010).
Photo-identification data have also shown that approximately
50 individuals are highly site-faithful and return each year
during the spring and summer months to the Northern Isles
(Shetland and Orkney) and the north-east of Scotland, and
are known to feed on grey and harbour seals and occasionally
eider ducks (Foote et al., 2010; Beck et al., 2012). These indi-
viduals are linked through association patterns to a large
number (>200) of individuals photo-identified off the east
coast of Iceland (Foote et al., 2010; Beck et al., 2012), and so
appear to be a part of a larger population.
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In contrast, previous analysis of data on individual identi-
fications of an assemblage of killer whales found off the west
coast of Scotland, Ireland and Wales, suggested it was isolated
from other local killer whale groups based on association pat-
terns (Foote et al, 2010). These individuals have not been
identified in any of the 108 photo-identification encounters
recorded from the Northern Isles and the north-east of
Scotland between 2005 and 2011, or matched with the large
photo-identification catalogues from Iceland and Norway
(Foote et al., 2010; Foote, unpublished data). Re-sightings of
individuals from this group indicate this community’s range
includes the west coast of Scotland, waters around Ireland
and the waters off the south-west coast of Wales, and that
they are site faithful, with all individuals having been seen
off the west coast of Scotland in at least two different years
(Foote et al., 2010). All individuals within this population
share the same ‘sloping’ eye patch shape, which is relatively
distinct from the eye patch pattern of most other individuals
photographed around Scotland and other parts of the north-
east Atlantic. This also suggests a degree of reproductive iso-
lation, in addition to social isolation.

Here, we further analyse photo-identification data collected
between 1992 and 2011 around the west coast of the UK and
Ireland by the Hebridean Whale and Dolphin Trust (HWDT)
and the Irish Whale and Dolphin Group (IWDG) during
dedicated boat-based cetacean surveys on the SV ‘Silurian’
and collected opportunistically from the public and local
whale watching communities through the establishment of
sightings networks.

MATERIALS AND METHODS

A pool of photographs taken between 1992 and 2011 in UK
and Irish waters was used for this study. All of the photo-
graphs were taken on an opportunistic basis without any
special protocol. Photographs were taken by trained field
workers on HWDT surveys, and by members of the public.
Photographs were graded on photographic quality and the
distinctiveness of the individual. Photographs in which the
fin and saddle filled less than 10% of the photograph, were
not in focus, were poorly lit or in which the animal was not
parallel to the camera were excluded. The best photograph
of each individual from each encounter was then selected.

Approximately 60% of opportunistic encounters resulted in
suitable quality photographs for use in photo-identification
studies of all or most individuals present. Each photographed
whale was given a rating (M) of how well marked they were,
ranging from o to 2 following previous studies (Poncelet et al.,
2010). Individuals were classified as: ‘well-marked’ (M = 2) if
they were sufficiently distinctive for re-identification without
the risk of false positives or negatives (Figure 1A), based
on the presence of symmetric long-lasting markings such as
fin-nicks, or collapsed dorsal fin; M = 1 if they had markings
that could fade over the long-term or were asymmetrical, such
as scars or pigmentation on the saddle patch (see Simild &
Lindblom, 1993); or unmarked (M = o) if there were no
clearly visible nicks or scars (Figure 1B).

For some photographed individuals we were able to estab-
lish stage of maturity and sex class; this was partially achieved
using body size. The presence of secondary sexual character-
istics could be used to identify adult males. Individuals that
were full-grown adult males when first observed were
assumed to be >18 years old at that date. Some female-sized
individuals did not develop secondary sexual characteristics
from when they were first photographed, and if sufficient
time had passed when last observed, they were confirmed as
adult females rather than sub-adult males. Individuals that
were adult female size when first observed and did not sub-
sequently grow were assumed to be >14 years old at that date.

A discovery curve was plotted to assess how the number of
individuals identified photographically related to the amount
of data collected. To assess population dynamics more
formally we fitted the Jolly-Seber mark-recapture model to
the annual photo-identification histories to estimate both
additions and losses to the population (Seber, 1982).
Specifically, we used a Bayesian formulation of the model
(Royle & Dorazio, 2008; Fearnbach et al., 2012) to incorporate
inherent uncertainty resulting from the sparse photo-
identification dataset, and communicate this uncertainty in
the form of direct probability distributions. As all individuals
were identifiable when only high-quality photographs were
used, we included all individuals in the analysis. We assigned
flat (uniform) prior distributions between o and 1 to each of
the annual probabilities of identification, survival and entry
into the population, and derived statistics for annual abun-
dance, N;, number of deaths, D, (or permanent emigrants),
and recruits, R,, from the model parameters; the population

Fig. 1. (A) Individual with a significant natural mark (‘M quality value = 2; photograph N. Van Geel); (B) individual without any significant natural mark (‘M’

quality value = o; photograph G. Leaper).
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growth rate A, = R,/D, was estimated as the ratio of births to
deaths in each year, t.

The model was fitted using Markov Chain Monte Carlo
(MCMC) sampling using WinBUGS software (Lunn et al.,
2000), after augmenting the data for the ten observed individ-
uals with up to ten possible unobserved individuals (Royle &
Dorazio, 2008). Inference was based on 10,000 repeated draws
from the posterior distribution of each model parameter con-
ditional on the observed data, following MCMC convergence
(Brooks & Gelman, 1998), and the estimates of parameter
values across MCMC iterations was used to estimate the prob-
ability that the population growth rate, A, in each year was less
than one (ie. declining). We employed the same MCMC
simulation approach to generate predictive observations
from the model to examine goodness-of-fit (Gelman et al,
1996). We calculated the summed absolute discrepancies to
the model for both the predicted and observed data (e.g.
Durban et al.,, 2010) and compared the distributions of these
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Fig. 2. A map of the British Isles and Republic of Ireland, showing the location
of encounters from which high quality photographs allowing individual
identification were collected. White circles indicate the locations of two
recent stranded killer whales (see text for details).
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Fig. 3. Discovery curves showing the cumulative number of individuals
identified with increasing effort indicated by the cumulative number of killer
whales photo-identified (including re-sights) from encounters on 43 days
between 1992 and 2011.

Table 1. Distinctiveness, re-sighting history and estimated age-class of identified individuals.

Minimum age estimate

Maturity when last sighted

M 1992 1995 1998 2000 2001 2004 2005 2007 2008 2009 2010 2011

D

>35
>35
>30
>35
>30
>15
>

Adult male

X
X

Wo1

Adult male
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discrepancy measures to estimate the exceeding tail area prob-
ability, termed the posterior predictive P-value.

To further investigate social structure within this popu-
lation we conducted an analysis to estimate the strength of
dyadic associations and identify preferred associates using
SOCPROG 2.4 (Whitehead, 2009). The strength of association
between dyads was measured using the simple ratio index,
which generates a statistically unbiased estimate of association
and is appropriate when association is defined by presence in
the same group during a sampling period (Ginsberg & Young,
1992).

RESULTS

Photographs from 53 photographic encounters collected
between 1992 and 2011, from the west coast of Scotland,
Ireland and Wales (Figure 2) were analysed, and images
were of sufficient quality for individuals to be positively

identified from 32 of these encounters. After just two encoun-
ters with high quality images all well-marked individuals (M =
2) had been photo-identified. After a further fifteen encounters
with high-quality images, ten individuals had been photo-
identified. No new individuals were identified in a subsequent
15 encounters, in which a cumulative total of 33 individuals
were photo-identified, but were all re-sights (Figure 3), thus
indicating that all or most of the individuals are now known.

During the study period, the community consisted of five
adult males (Wo1, Woz2, Wo4, Wos and Wo8), two confirmed
adult females (Wo3 and Woy) based on having been first
identified between 1992 and 1998 and not growing subsequent
to those first encounters, and three individuals that could be
adult females or sub-adult males (W06, Wog9 and W10), as
the first photographs of these individuals were collected
between 2005 and 2008 (Table 1). One individual (Wo4), an
adult male, has not been photographed since 2001 and is
the only identified individual that may have died during the
study period (all other individuals were photo-identified in
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Fig. 4. Estimates of the abundance (N), number of deaths (D), recruits (R) and population growth rate (A) for each year 1993 -2010. Estimates from years 1992
and 1993 were omitted because capture probability was fixed in the model to ensure parameter identifiabillity (e.g. Fearnbach et al., 2012). Vertical lines represent
the full range of the posterior distribution for each parameter and boxes represent the 95% highest posterior density interval containing the posterior median

(horizontal line).
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2012). The remaining four adult males are estimated to
be close to, or have surpassed, the mean life expectancy of
31 years found for Pacific resident killer whales (Olesiuk
et al., 1990; Table 1). No calves have been photographed in
association with any of these individuals. The average inter-
calf interval is approximately 6 years in other killer whale
populations (Olesiuk et al, 1990; Kuningas et al., 2013).
Two of the adult females (Wo3 and Wo7) were photographed
as early as 1992 and 1998 and have been photographed at
regular intervals (Table 1), and based on this average inter-calf
interval would have been expected to have borne at least two
calves each during this period if they were still reproductive.

The estimated probability of identification was low,
with the medians of posterior probability distributions
for the annual estimates averaging 0.3 (range of posterior
medians = 0.07-0.75). However, the estimated identification
probabilities were generally higher due to greater coverage in
more recent years, providing increased power for estimating
population dynamics towards the end of the time series.
Despite greater uncertainty due to sparser observations at
the start of the time series, estimates of abundance appear con-
sistent across the time period (Figure 4A), with a most recent
posterior median estimate of N = 9 whales (95% highest pos-
terior density estimate (HPDI) = 7-9). Not unexpectedly,
therefore, estimates of mortalities were low across the time
series (Figure 4B), averaging less than one death per year,
with a maximum posterior median estimate of only two
deaths in any year (95% HPDI = 0-8), and 14 years with a
posterior median of zero deaths. However, the number of
recruits has also been low across the entire series
(Figure 4C), with posterior median estimates of zero births
in 16 of the years, and a maximum posterior median of just
one birth in any year (95% HPDI = 0-7). As a result, there
is evidence of a small population decline (Figure 4D), with
the posterior median estimate for A, falling below one (popu-
lation decline) for each year of the study. The probability of
annual population decline was relatively high across the
years (range = 0.66-0.99), with increasing probability in
recent years (P(A, < 1) > o0.9 for the last six years of the
study) when the posterior distribution for A, was more
precise. Despite the sparse photo-identification data, there
was good agreement between the discrepancy of observed
and predicted data supporting that the model was a plausible
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Fig. 5. Average-linkage cluster analysis of all individuals photo-identified and
linked by association within this community.

fit. The posterior predictive P-value equalled 0.62, indicating
that the discrepancy of the data was similar (close to o.5) to
replications under the model (Gelman et al., 1996).

A previous unweighted social network indicated that all
individuals within this community are linked by association
patterns and none have been seen in association with any
other individuals (Foote et al., 2010). The association index
estimated here and presented as a dendrogram (Figure 5)
shows there are clear preferred associates, and in each case
this is an adult male and adult female (or putative adult
female) pair.

DISCUSSION

The photo-identification data, although sparse and opportu-
nistic, suggest that these ten photo-identified individuals
form a small isolated population, which appears to be in a
slight decline. Small population size and population declines
can be due to high mortality, low fecundity or both. Studies
on population dynamics in other declining killer whale
populations have found that decreased survivorship across
all age ranges is driving population trends, and have identified
several common causes, including bioaccumulation of organic
pollutants, prey depletion and lethal interactions with fisheries
(Caniadas & de Stephanis, 2006; Matkin et al., 2008, 2012; Ford
et al., 2010; Poncelet et al., 2010). Potential threats to the killer
whales on the west coast of Scotland include many of those
listed above. However, whilst interpreting such sparse data
as analysed in this study is difficult, it would appear that the
apparent recent small decline is due to low recruitment,
rather than higher than expected adult mortality. This appar-
ent decline is, therefore, somewhat different to the patterns
observed in other populations, and may suggest a different
underlying driver.

The present small population size could result from histori-
cally higher mortality rates than at present, and the cause(s)
may therefore have been historical. For example, 2435
North Atlantic killer whales were taken by Norwegian
whalers between 1938 and 1981, including a small number
from waters around North Scotland (Qien, 1988).
Alternatively, one potential historical and non-anthropogenic
cause of a low population size that would not require historical
high mortality would be if the population resulted from a
founder event by a single small group. There is some genetic
evidence for a relatively recent founder event. Sequencing of
the complete mitochondrial genome of two killer whales
that stranded on the west coast of Scotland (Figure 2) indi-
cated that they were very closely related to ‘type A’ killer
whales sampled in Antarctic waters, and distantly related to
other killer whales sampled around Scotland; that is, these
lineages were relatively recent migrants to the North
Atlantic (Foote et al, 2011; Foote, unpublished data). These
two stranded samples included a full-grown adult male in
2008 that was too decomposed to allow individual identifi-
cation (however, the timing of the stranding does coincide
with the cessation of sightings of Wo4) and a neonate in
2005. Therefore it was not possible to conclusively link these
specimens to this community, and genetic samples are
needed from the individuals photo-identified in this study to
confirm that they belong to this ‘Antarctic’ lineage.

The unusual demography of this population, which con-
sisted of 50% adult males, may indicate stochastic processes
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due to the small population size are having an effect on
recruitment. The population size may have reached a critical
point whereby it experiences inverse density dependence or
depensation (the ‘Allee’ effect) due to local factors, such as a
loss of fitness from inbreeding, demographic stochasticity
and reduced benefits of sociality (Courchamp et al., 1999;
Stephens & Sutherland, 1999; Jackson et al, 2007; Wade
et al., 2012). If the strong male-female dyadic associations
in this community represent mother - offspring relationships,
as they do in other killer whale communities (e.g. Ford & Ellis,
1999; Ford et al., 2000), it would suggest that most of these
females are at, or are close to, an age where they would be
expected to be post-reproductive (see Olesiuk et al, 1990).
Although inference of relationship based on association is
an assumption, if true it would suggest that immigration
into the community is necessary for it to survive beyond the
lifespan of the existing members.

This study highlights the value of public involvement in
widespread opportunistic sightings schemes, such as those
operated by HWDT and IWDG, when studying highly
mobile species with large home ranges and no obvious critical
habitat or high sighting area to conduct dedicated fieldwork.
The uncertainty associated with the analyses of the opportu-
nistic photographic data decreased throughout the study,
and in particular after 2005, when the number of individuals
photo-identified annually increased. We suspect that this is
due to the increase in the use of digital cameras around this
time, which increased the quality of photographs, the
number of photographs taken per encounter and the increased
ease and reduced cost with which the public could forward
photographs to the sightings networks. We therefore antici-
pate increasing use of opportunistically-collected photo-
identification data and increasing value of this data for moni-
toring of populations.

In summary, the photo-identification data suggest that this
population is isolated from neighbouring populations, is criti-
cally small (<10 individuals) and has a recent fecundity of
zero. Therefore, we recommend recognition of this population
as a discrete conservation management unit requiring that
demographics and viability of this population be monitored
independently rather than as part of the species as a whole
in UK and Irish waters. Additionally, we recommend
further direct research efforts to identify the current and his-
torical threats that could have led to such a small population
size, with biopsy sampling to facilitate genetic and contami-
nant analyses being a research priority.
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