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ABSTRACT: The fin whale Balaenoptera physalus, the second largest species in the animal king-
dom to have lived on Earth, was heavily targeted during the industrial whaling era. North Atlantic
whaling for this species ended in 1987 and it is unclear if the populations are recovering. The stock
structure in the North Atlantic is still under debate, but several lines of evidence suggest that fin
whales in the Gulf of St. Lawrence may form a discrete stock with limited exchange with the rest
of the North Atlantic. We applied mark-recapture models to 21 yr of photo-identification data from
the Jacques-Cartier Passage to estimate the abundance and, for the first time, a survival rate
based on live re-sightings for this stock of fin whales. Using the Cormack-Jolly-Seber model, we
estimated a unisex non-calf apparent survival rate of 0.955 (95 % CI: 0.936 to 0.969) for the period
1990 to 2010, declining in the last 4 yr of the study. The reduced survivorship was likely caused by
a lower site fidelity combined with a higher mortality. The POPAN model yielded a super-popula-
tion estimate of 328 individuals (95 % CI: 306 to 350) for the period 2004 to 2010, and confirmed
the negative trend in apparent survival and annual abundance, indicating that the population has
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not increased since the last large-scale surveys from 1974 and 1997.
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INTRODUCTION

The fin whale Balaenoptera physalus is the second
largest species that has lived on Earth. The commer-
cial hunt in the North Atlantic ended in 1987 and the
species globally is regarded as Endangered by the In-
ternational Union for Conservation of Nature (IUCN)
(Reilly et al. 2008). Fin whales are mostly found in
temperate and high-latitude feeding grounds during
summer, and some populations undergo a migration
to warmer waters in winter (Rice 1998). However,
there is no clear migration between feeding and
breeding grounds as in humpback whales Megaptera
novaeangliae or right whales Eubalaena spp., and fin
whale songs —a male breeding display —have been
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recorded in high latitudes year round (Clark 1995).
Despite decades of exploitation and research, our
knowledge of fin whales' life history and population
structure is limited.

The International Whaling Commission (IWC) has
defined a number of stock structure hypotheses for
fin whales in the North Atlantic with 2, 3 and 4 stocks/
populations. Seven feeding grounds have been iden-
tified but it remains unknown where any of the pop-
ulations breed (IWC 2009). Genetic analysis showed
significant differences between the Mediterranean
Sea, the Northeast Atlantic, and the Northwest
Atlantic, with some mixing of the latter 2 occurring
around Iceland and Greenland (Bérubé et al. 1998,
Palsboll et al. 2004). Mitchell (1974) suggested at
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least 2 distinct stocks in the western North Atlantic,
one in the waters centered around Nova Scotia and
one off Newfoundland and Labrador, which was sup-
ported by the re-analysis of catch data from Cana-
dian shore whaling stations (Breiwick 1993). Ser-
geant (1977) hypothesized that the animals in the
Gulf of St. Lawrence (GSL) could form a separate
stock, presumably wintering in the Laurentian Chan-
nel near the entrance of the Gulf, their movements
dictated by expanding and retreating sea ice. Analy-
ses of contaminant levels (Hobbs et al. 2001) and of
song structure (Delarue et al. 2009) give support to
this hypothesis. Photo-identification studies showed
that limited exchange exists with the Nova Scotia
stock, which includes Gulf of Maine individuals
(Coakes et al. 2005, Robbins et al. 2007). We adopt
the definition of a stock from the US Marine Mammal
Protection Act (Wade & Angliss 1997), in which a
stock is defined as a demographically isolated bio-
logical population where internal demographics
(births and deaths) are far more important for the
population than external dynamics (immigration and
emigration). For the present study, we regard the
GSL as a separate stock with occasional exchange
with stocks in adjacent waters.

Mitchell (1974) analyzed data from ship-based sur-
veys and estimated that there were 340 fin whales in
the GSL and 2800 in Nova Scotian waters. Summer
aerial surveys in 1995 and 1996
yielded an estimate of 340 to 380 ani-

The Quebec stranding network recorded 20 dead fin
whales from 2004 to 2010 (Quebec Marine Mammal
Emergency Network Call Center Reports 2004-
2010), raising questions as to whether this level of
mortality is sustainable. In the present paper, we
analyze 21 years of fin whale photo-identification
data to estimate for the first time a survival rate based
on live sighting—-re-sighting data and not on whaling
data. In addition, we produce an updated abundance
estimate for the GSL stock.

MATERIALS AND METHODS
Data collection

We conducted multiple annual surveys in the
Jacques-Cartier Passage (JCP) and adjacent waters
in the GSL, Canada (Fig. 1) from 1982. Weather per-
mitting, one or several inflatable boats surveyed the
region for baleen whales. The average season lasted
from the end of May/beginning of June to mid/end of
October, with an average annual effort of 60 survey
days and ~500 h of observation. Surveys were de-
signed to maximize the photo-identification effort.
We used standard single lens reflex (SLR) 35 mm
cameras with black and white film until 2003 and
switched to digital SLR cameras from 2004 on to
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identify individual fin whales using their unique
pigmentation pattern on their right side and the
shape of their dorsal fin (Agler et al. 1990). The sex of
an individual was determined by molecular analysis
(Bérubé & Palsbgll 1996) of genomic DNA extracted
from remotely collected skin biopsy samples (Palsbgll
et al. 1992) since 1990.

We used the capture history of the identified fin
whales from 1990 to 2010 to model the survival prob-
ability of fin whales, using years as sampling occa-
sions. For this, we regarded an animal as captured for
a given year when high-quality photos were taken,
regardless of how often an animal was sighted in a
given year. Animals sighted more regularly have a
greater chance of being biopsied and hence sexed.
This results in an overestimation of survival rates for
sexed and an underestimation for unsexed animals
(Nichols et al. 2004). The same authors presented
several solutions to overcome this bias, and we
applied their ad hoc approach, which results in unbi-
ased survival estimates (Nichols et al. 2004). We used
only sexed individuals, conditioned to when the ani-
mal was biopsied, and did not apply the information
on sex in retrospect. Thus, an animal entered the
population only in the year it was sexed, and previ-
ous sightings were omitted. For abundance esti-
mates, we used all animals from the years 2004 to
2010 due to enhanced identification possibilities
using digital photography and image processing soft-
ware, resulting in a higher recapture rate. We omit-
ted calves from the analysis because their sighting is
dependent on that of their mother, and their survival
is assumed to be lower than that of adults, as shown
for gray whales Eschrichtius robustus and humpback
whales Megaptera novaeangliae (Reilly 1984, Barlow
& Clapham 1997, Gabriele et al. 2001). We therefore
estimate non-calf survival and a population estimate
for animals older than 1 yr.

Data analysis
Modeling survival

The Cormack-Jolly-Seber model (CJS) (Cormack
1964, Jolly 1965, Seber 1965) estimates the survival
probability (¢) in the population at risk of capture in
the interval between 2 successive sampling occa-
sions for individuals caught and alive in the first sam-
pling event, and the probability of recapture (p) of
those individuals on each sampling occasion (Burn-
ham & Anderson 1992). The estimated apparent sur-
vival probability is the product of the true survival

probability and the probability of return of animals to
the study area (site fidelity). Henceforth, for simplic-
ity, we refer to this as survival rate. We allowed the
probability of survival and recapture to vary due to a
number of effects, including time (sampling occasion,
t), linear temporal trend (T), sex (s), and trap depend-
ency (m) following the notation of Burnham et al.
(1987), Lebreton et al. (1992), and Sandland & Kirk-
wood (1981); a parameter constant over time was
noted as (.). Additive (+) and interaction (*) effects,
e.g.s+1t s* t(representing s+ t + s x ), were also ex-
plored. Sex (s) referred to 2 groups, females and
males. We did not regard trap dependency as gen-
uinely representing dependence on capture, but
rather as accounting for structural effects mimicking
trap dependency, following (Pradel 1993). We added
this effect as an individual covariate, taking into
account whether or not the animal was sighted on
the previous sampling occasion. We applied the
CJS model to the dataset 1990 to 2010, the period
during which information on sex of the animals was
available.

Modeling abundance

The POPAN model (Schwarz & Arnason 1996) is a
parameterization of the Jolly-Seber (JS) (Jolly 1965,
Seber 1965) model that estimates, in addition to
apparent survival (¢) and probability of (re)capture
(p), the probability of entry into the population (b)
and the abundance of the super-population (N).
Under the JS model, the probability of survival and
the probability of (re)capture include both marked
and unmarked animals, in contrast to the CJS model,
which takes only marked animals into account. The
JS model relies on the assumption that each animal,
marked and unmarked, has the same probability of
(re)capture, because the model uses the ratio of
marked to unmarked animals to estimate abundance.
We used the dataset from 2004 to 2010 to estimate
abundance, because of the larger sample size in
these years resulting from the advances of digital
photography and image processing software. The
estimate of the abundance (N) of the super-popula-
tion encompasses the entire study period, thus all
animals alive between 2004 and 2010.

Goodness-of-fit testing and model selection

We applied goodness-of-fit (GOF) tests in an open
population model framework using the program U-
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CARE (Choquet et al. 20095) to test if a general model
fitted the data adequately well with respect to the
assumptions. U-CARE includes 4 tests of different
aspects of the model fit (for details, see Burnham et
al. 1987, Choquet et al. 2005), and provides an esti-
mation of the extra-binominal variation, the so-called
over-dispersion (variance inflation) factor ¢. Additio-
nally, U-CARE provides 2 direct tests, one for trap-
dependence and one for transience.

Model selection was based on the Akaike informa-
tion criterion (Akaike 1985, Burnham & Anderson
2002), corrected for small sample size (AIC,.) using
the program MARK (White & Burnham 1999). The
model with the lowest AIC. value has the best fit
using the fewest parameters. When the difference in
the AIC, (AAIC,) between 2 models is <2, both mod-
els are inferred to have similar support from the data.
If AAIC,. >2 but <7, low support is inferred for the
least likely model, and models with a AAIC, >10 are
regarded as having no support. When several models
showed some support, we applied a model-averag-
ing procedure in which the parameters were esti-
mated from the models in question proportional to
their AIC,. weights. When we applied the variance
inflation factor ¢, the model selection was based on
the quasi-AIC, (QAIC,) (Burnham & Anderson 2002).

RESULTS
Modeling survival

We identified 422 fin whales from 1982 to 2010,
including 96 males, 59 females, and 267 unsexed
animals. We restricted the analysis to only sexed
animals conditioned to the time when they were
first sexed. This resulted in 155 animals from 1990
onwards. The time-dependent CJS model [¢ (s * ) p
(s * t)] was accepted by the GOF test (y? = 104.33, df
= 113, p = 0.707). The test details showed that 1 test
component (TEST2.CT; see Burnham et al. 1987,
Choquet et al. 2005 for details) was marginal for both
males and females, and the direct test for trap-
dependence was significant for both sexes. The ¢&
was <1 and we based model selection on AIC.. The
model selection process did not support differentia-
tion between males and females for either ¢ or p, so
the sexes were pooled (Table 1). We added immedi-
ate trap response in the model [¢ () p (t * m)] follow-
ing Pradel (1993). The fully time-dependent model
had many inestimable parameters. Time dependency
was not supported for the estimation of ¢, but the
results showed lower survival estimates for the last

Table 1. Cormack-Jolly-Seber (CJS) models selected, or-
dered by their value for the Akaike information criterion cor-
rected for small sample size (AIC.). The notation ¢ (./.) de-
notes the 2 constant survival estimates for the periods
1990-2007 and 2008-2010. AAIC,: difference in AIC. com-
pared to best supported model; wt: weight; param.: parame-
ters; deviance: deviance explained by the model; ¢: survival
probability; p: probability of recapture; t: time (sampling oc-
casion); T: linear temporal trend; s: sex; m: trap dependency

Model AIC. AAIC. AIC. No. Deviance
wt param.
O()pt+m) 1339.47 0.00 0.70 22 1293.34
0(/)p(t+m) 1341.52 2.06 0.25 23 1293.20
O()p(t* m) 134482 535 0.05 41 1255.28
O(/)p (@) 1359.09 19.63 0 22 1312.97
o()p() 1360.97 21.51 0 21 1317.04
o (T)p(t) 1362.28 22.82 0 22 1316.16
O(s)p (@) 1363.16 23.69 0 22 1317.03
o) pt+m) 1367.37 2790 O 40 1280.21
O()p(s*t) 1384.35 4488 O 41 1294.81
o () p(t) 1384.89 45.43 0 39 1300.10
O(S)p(s*t) 1386.45 4698 O 42 1294.52
O()p(t* m) 1371.70 32.22 0 58 1240.14
O(E)p(s*t) 1412.22 72.75 0 59 1278.09
O(s*t)p(t) 1426.17 86.70 O 59 1292.04
O(s*t)yp(s*t) 1458.00 118.53 O 79 1269.83

4 yr. Inclusion of a trend (T') in the probability of sur-
vival did not improve the model fit. We therefore
built a model with constant but different survival
rates for the periods 1990-2006 and 2007-2010. This
model did not improve the model with constant sur-
vival, but had similar support (AAIC, of 2).

The best-supported model (AIC. weight: 0.70)
resulted in a survival rate of 0.955 (95% CI: 0.936 to
0.969). The second best model estimated an identical
survival rate for the period 1990 to 2006 (0.956) and a
reduced survival of 0.940 (95 % CI: 0.792 to 0.985) for
the period 2007 to 2010. Due to the model uncer-
tainty, we model-averaged the results over all models
with support (Table 1), and the results for ¢ were
0.955 (95% CI: 0.936 to 0.969) for 1990-2006 and
0.951 (95% CI: 0.883 to 0.981) for 2007-2010. The
estimates for recapture probability are given in
Fig. 2.

Modeling abundance
POPAN model
In the period 2004 to 2010, we identified 290 fin
whales. We pooled all animals in one single group.

We applied the GOF test for the CJS model [¢ (¢) p (t)]
as an approximation and it was rejected (y2 = 32.3, df
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DISCUSSION

The long-term estimate of the survival
rate of non-calf fin whales in the GSL was
0.955 (95% CI: 0.936 to 0.969), but sur-
vival declined towards the end of the
study. This phenomenon was shown by
the CJS model using only sexed animals
and by the POPAN parameterization
applied to all animals.

The apparent survival rate is the prod-
uct of the true survival rate and site fi-

0.0 T
1991

Fig. 2. Model-averaged estimates of the probability of recapture (p) for fin
whales Balaenoptera physalus over the study period 1990 to 2010 from
the best-fitting Cormack-Jolly-Seber (CJS) models

=18, p = 0.02). Only one test component (TEST3.SR;
see Burnham et al. 1987, Choquet et al. 2005 for
details) was significant (x2 =13.6,df=5,p=0.018), as
well as the direct test for transience. POPAN does not
allow adjusting for transience, and we applied the
estimated ¢ of 1.79. Model selection was therefore
based on QAIC..

The best supported model had a (negative) trend for
the probability of survival, constant probability of
capture, and time-dependent probability of entry
[model ¢ (T') p (.) b (t) N ()], with an AIC, weight of
0.73 (Table 2). The model-averaged estimate for the
population size was 328 (95% CI: 306 to 350). The
model-averaged estimates of ¢ and p are shown in
Fig. 3. The model-averaged estimates for b fluctuated
highly, with two unable to be estimated, and are not
shown. In Table 3, we show the derived annual popu-
lation estimates for the years 2005 to 2010. These esti-
mates are much lower than the super-population esti-
mate, and they show a decline in recent years.

Table 2. POPAN models selected, ordered by their value for

the quasi-Akaike information criterion corrected for small

sample size (QAIC,). b: probability of entry into the popula-

tion; N: abundance of the super-population. See Table 1 for
other abbreviations and description of models

Model QAIC. AQAIC, QAIC. No.

wt param
O(T)p()b(E)N() 91514 0.00 0.73 10
O(TM)pE)b(E)N() 919.15 4.01 0.10 15
OMp()bEN() 919.49 4.35 0.08 14
OpBbEHN() 919.65 4.52 0.08 14
OMpBbEHN() 92512 9.98 0.01 20
O()p()bE)N() 928.00 12.86 0.00 10
O()p()b()N() 95839 43.25 0.00 4

1993 1995 1997 1999 2001 2003 2005 2007 2009

Probabilty of apparent survival/capture

delity; thus the decrease in the apparent
survival rate could be caused by a de-
crease in either of the 2 or in both. In gen-
eral, the decrease in the last years shown
by the POPAN model (Fig. 3) seems too
steep to be explained by an increase in
mortality alone. In 2010, only 72 animals were identi-
fied, compared to 169 in 2006. In more recent years,
fewer animals frequented the JCP, which is not the
only area where fin whales are sighted in the GSL
(Kingsley & Reeves 1998), but is home to the largest
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Fig. 3. Model-averaged estimates for the probability of sur-
vival (¢) and capture (p) from 2004 to 2010 for fin whales
Balaenoptera physalus from the best-fitting POPAN models

Table 3. Model-averaged annual derived population esti-
mates for fin whales Balaenoptera physalus for 2005 to 2010
from the best-fitting POPAN parameterization

Year Population estimate 95% CI
2005 166 134-197
2006 264 237-291
2007 232 203-261
2008 200 170-231
2009 163 127-199
2010 133 76-191
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known aggregation in the Gulf. However, the annual
number of animals frequenting these waters varies
greatly, likely due to prey distribution in the Guli.
Therefore, it seems that a decrease in site fidelity was
at least partly responsible for the decline in apparent
survival.

The POPAN model results confirm the decline in
survival. Over the 2004-2010 period, 20 dead fin
whales were recorded within the GSL (Quebec Mar-
ine Mammal Emergency Network Call Center
Reports 2004-2010). Given the low human popula-
tion density along the shores of the GSL and the fact
that carcasses of rorqual whales are known to sink
rapidly (Michael Moore pers. comm.), the number of
unreported cases might be substantially higher.
Three animals were found entangled in fishing gear,
while 4 animals showed signs of vessel collisions.
Due to the lack of funding for necropsies, the cause of
death remains unknown, but an annual average of
almost 3 recorded dead whales (~1% of the esti-
mated population size) seems high. We do not know
if these numbers have increased, because the strand-
ing network records only started in 2004.

Marine traffic in the study area has been increas-
ing over the study period (C. Ramp pers. obs.), and
fin whales are frequently involved in vessel collisions
(Laist et al. 2001). Furthermore, fin whales have
shifted their temporal occurrence in the Gulf and
arrived about a month earlier in 2010 than at the
beginning of the study (Mingan Island Cetacean
Study, MICS unpubl. data). This shift increased their
overlap with the snow crab fisheries along the Que-
bec North Shore, which ends around mid-July, and
raised the risk of entanglements. Therefore, we sug-
gest that the high number of reported deaths in addi-
tion to an unknown number of mortalities was partly
responsible for the pronounced decrease in survival
for sexed individuals.

We consider the unisex survival rate of 0.955 (95 %
CI: 0.936 to 0.969) to be the best available estimate
for GSL fin whales for 2 reasons. First, the survival
rate remained constant for most of the study period.
Second, the estimate is also in the range of survival
rates of other long-living baleen whales such as
humpbacks (0.96 for non-calves; Barlow & Clapham
1997, Larsen & Hammond 2004) and blue whales
Balaenoptera musculus (0.975; Ramp et al. 2006).
However, the survival rate of the here analyzed fin
whale population in recent years was lower.

The super-population estimate of 328 (95 % CI: 306
to 350) animals from the POPAN model is very close
to the estimate from Mitchell (1974) of 340 for the late
1960s and from Kingsley & Reeves (1998) of 380 ani-

mals in the early 1990s, although the latter authors
offer the advice to regard their estimate cautiously.
Taken at face value, these numbers indicate that the
population has not increased over the last 50 yr. The
2 earlier studies used line transect methods for their
estimates and covered large areas of the GSL, while
our study was based on mark-recapture data col-
lected in only a small portion of the Gulf. In addition,
our estimate of 328 represents the number of animals
alive at any time during the study period (2004 to
2010), while the former estimates (Mitchell 1974,
Kingsley & Reeves 1998) are for one specific point in
time. Our annual estimates (Table 3) are much lower.
Our estimate was likely biased towards the high side
due to the occurrence of transience in the data. By
definition, transient animals are captured once and
leave the study area permanently, and hence are not
available for recapture (Pradel et al. 1997). This
biases the survival rate towards the low side, and
biases the population estimate towards the high side.

Despite these biases, we think that the POPAN
parameterization is an adequate tool for the biologi-
cal situation in which the study species is character-
ized by high survival and low reproduction and when
it is only applied to a relatively short study period.
The results indicate that some fin whales are not
returning to the JCP every year but are part of the
overall population. Although the significance of the
JCP to the overall GSL population is unclear, the
large number of whales encountered in some years
(just around half of the estimated population in 2006)
suggests that we encountered a large proportion of
the population over the 2004 to 2010 study period.
Indeed, the total number of identified animals (n =
290) was close to the estimate of the super-population
(N =328). This, combined with sighting data showing
movements between Gaspé, the Estuary (2 other
feeding areas; Fig. 1), and the JCP (MICS unpubl.
data), suggests that the JCP is an important area for
GSL fin whales and that our estimate is a realistic
estimate of the whole population.

Although the reported decrease in apparent sur-
vival is likely partly caused by a reduction in site
fidelity, true mortality may have increased recently.
We do not know the number of dead animals, but an
average of 3 dead animals (~1% of the estimated
population) reported per year is noteworthy, and the
real number of deaths must certainly be higher. Such
mortality might not be sustainable, especially if the
demographic isolation of the presumed GSL stock is
confirmed. Furthermore, maritime traffic will
increase in the future due to the expanding mining
activities in northern Quebec and the potential open-
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ing of the Northwest Passage (Barnes 2008). This will
increase the risk of ship strikes for this relatively
small and possibly isolated stock. More work is
needed to evaluate the significance of the JCP to the
whole GSL fin whale stock, the demographic isola-
tion of that stock, and the reasons behind the de-
crease in survival.
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