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Abstract

We contrast two methods for estimating the trends of bowhead whales (Balaena
mysticetus) in West Greenland: (1) double platform visual aerial survey, corrected for
missed sightings and the time the whales are available at the surface; and (2) a
genetic capture-recapture approach based on a 14-yr-long biopsy sampling program
in Disko Bay. The aerial survey covered 39,000 km2 and resulted in 58 sightings,
yielding an abundance estimate of 744 whales (CV = 0.34, 95% CI: 357–1,461).
The genetic method relied on determining sex, mitochondrial haplotypes and geno-
types of nine microsatellite markers. Based on samples from a total of 427 individu-
als, with 11 recaptures from previous years in 2013, this resulted in an estimate of
1,538 whales (CV = 0.24, 95% CI: 827–2,249). While the aerial survey is consid-
ered a snapshot of the local spring aggregation in Disko Bay, the genetic approach
estimates the abundance of the source of this aggregation. As the whales in Disko Bay
primarily are adult females that do not visit the bay annually, the genetic method
would presumably yield higher estimates. The studies indicate that an increase in
abundance observed between 1998 and 2006 has leveled off.
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Many baleen whale populations are recovering from significant declines due to past
overexploitation (Best 1993, Wade et al. 2012). Nevertheless, there is a need to deter-
mine the rate of recovery to gain more detailed insight into the dynamics of the popu-
lations, which in turn provides the basis for stock management. One major problem
with monitoring baleen whale populations is their ocean-wide distribution and the
logistical difficulties associated with conducting informative surveys covering large
areas. One approach is to monitor the abundance in restricted areas that are seasonally
or periodically visited by whales. Conspicuous aggregations of whales gathered for
feeding, breeding or other poorly understood activities may represent a reliable source
for tracking population size and structure. One such area is Disko Bay inWest Green-
land with its seasonal occurrence of bowhead whales (Balaena mysticetus).
Bowhead whales are associated with polar pack ice, and inhabit waters at latitudes

between about 54�N and 85�N (Moore and Reeves 1993). The InternationalWhaling
Commission (IWC) has recognized four mainly geographically defined stocks: (1) the
Okhotsk Sea stock, (2) the Bering-Chukchi-Beaufort Seas (B-C-B) stock, (3) the Eastern
Canada-West Greenland stock, and (4) the Spitsbergen stock (Heide-Jørgensen et al.
2006, Givens et al. 2010, IWC 2012). The Eastern Canada-West Greenland stock is
estimated to consist of at least 7,000 animals, and is, like the B-C-B stock, substantially
larger than the smallOkhotsk Sea and Spitsbergen stocks (Reilly et al. 2012).
Bowhead whales between Greenland and Canada generally show annual migration

patterns following the extent of the sea ice, with northwards movements as the ice
recedes during spring and summer, and southwards migration with the expansion of
seasonal ice in fall (Eschricht and Reinhardt 1861, Ferguson et al. 2010). Heide-
Jørgensen et al. (2010) recently reviewed the sex and age-class segregation of Eastern
Canada-West Greenland bowhead whales, and related the migration pattern of the
eastern North American bowhead whales to their reproductive biology. In agreement
with early whaling records (Southwell 1898), they hypothesized that primarily adult
males and resting and pregnant females are found in Baffin Bay, while calves, sub-
adults, and nursing females stay in Prince Regent Inlet, Gulf of Boothia, Foxe Basin,
and northwestern Hudson Bay. Finley (2001) and Ferguson et al. (2010) argued that
the main calving areas are in the Canadian High Arctic and the shallow waters of
Foxe Basin, where sheltered areas may offer a refuge for young calves, minimizing the
predation risk from killer whales as well as reducing the risk of ice entrapment.
Bowhead whales aggregate in Disko Bay during winter and spring (Eschricht and

Reinhardt 1861) and are mainly observed in an area of about 25,000 km2 southwest
of Disko Island (Heide-Jørgensen et al. 2007). Stafford et al. (2008) concluded that
Disko Bay serves as a mating ground, which is supported by recordings of singing
whales in the area (Tervo et al. 2009) along with observations of other sexual activity
such as copulations (Eschricht and Reinhardt 1861). There are few observations of
whales less than 14 m long in the area (Heide-Jørgensen et al. 2007), the length at
which the bowhead whales are thought to be sexually mature (George et al. 1999). It
is thus assumed that the aggregation primarily consists of adult whales. A further
peculiarity of this aggregation is the skewed sex ratio, with an estimated fraction of
females of 78% (Heide-Jørgensen et al. 2010).
After almost a century of virtual absence from Greenlandic waters, bowhead whales

started to reappear inDiskoBay around year 2000 andhave appeared in increasing num-
bers for several years (Reeves andHeide-Jørgensen 1996,Heide-Jørgensen et al. 2007).
In 2006, the abundance of bowhead whales in Disko Bay was estimated at 1,229 indi-
viduals (CV = 0.47, 95% CI: 495–2,939) based on sightings during an aerial survey
(Heide-Jørgensen et al. 2007). A genetic capture-recapture estimate of 1,410
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individuals (CV= 0.23, 95%CI: 783–2,038) was obtained byWiig et al. (2011), based
on samples collected locally inDisko Bay during the period 2000–2010. The estimates
provided by this genetic method apply to some unknown portion of the Eastern
Canada-WestGreenland stock fromwhich the bowheadwhales inDiskoBay originate.
The combination of two independent approaches for estimating the abundance of

bowhead whales in West Greenland provides two different estimates that can inform
management decisions. The aerial surveys allow for independent but comparable esti-
mates of the instantaneous abundance obtained at regular intervals or as frequently as
needed. The capture-recapture technique requires estimation over longer sampling
and/or resampling periods to avoid dependence. Because the Disko Bay aggregation
mainly consist of adult females without calves, it is likely that the individual whales
do not visit the bay annually (Heide-Jørgensen et al. 2010). Thus, the genetic
approach provides a better representation of the fraction of the population that sup-
plies the local spring aggregation of bowhead whales in Disko Bay over multiple
years, while the aerial survey estimates the number of whales present in the surveyed
area during the study.
The objectives of this study were to assess if the previously recorded increase in

abundance in Disko Bay has been continued and to compare the applicability of two
methods to estimate the abundance of bowhead whales in the area: (1) an aerial survey
conducted along the west coast of Greenland in March–April 2012 and (2) an
extended genetic capture-recapture approach utilizing data collected annually in
Disko Bay between 2000 and 2013.

Materials and Methods

Aerial Survey

Visual aerial line-transect surveys of bowhead whales were conducted in coastal
and offshore areas in West Greenland between 65�400N and 75�300N, in order to lar-
gely cover the area of the local spring aggregation in Disko Bay. The targeted region
spanned an area of 242,650 km2 and was divided into 16 strata based on previous
information on expected densities of bowhead whales. In total, 7,836.5 km of east-
west oriented systematically placed transect lines were searched between 24 March
and 14 April 2012 (Fig. 1). The targeted altitude and speed was 213 m (700 ft) and
167 km/h (90 kn), respectively.
The aerial survey was conducted with two observation platforms on the survey

plane, a DeHavilland Twin Otter equipped with four bubble windows. One partici-
pant was seated on each side in the front of the plane (“observer position 1”) and oper-
ated independently of two other participants seated likewise in the rear (“observer
position 2”). The Beaufort Sea State Code was used for assessing the survey condi-
tions. The respective values were recorded at the start of each transect line and when
conditions changed. Transects were only flown at Beaufort Sea States of 2 or less.
The time of first sighting as well as the time when the sighting passed abeam was

recorded independently by the two observer positions. In addition, declination angle
to each sighting of each group of bowhead whales as it came abeam was measured
using inclinometers (Suunto). Decisions about duplicate detections, i.e., animals
recorded by both observer position 1 and 2, were made after completions of the sur-
veys on the basis of coinciding time and location of the sightings. If declination
angles or group size for duplicate sightings differed between the observer positions,
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Figure 1. Stratification (A), planned transects (red) and realized transect lines (blue) in sea
state <2 (B) and on-effort sightings of groups of bowhead whales (including uncertain and
sightings with missing angle measurements; C) in West Greenland during aerial surveys in
March–April 2012.

136 MARINE MAMMAL SCIENCE, VOL. 31, NO. 1, 2015



the mean values were used for downstream data analyses. Observations of mating
behavior were registered whenever detected, and photographic documentation of
whales involved in social activities was conducted by circling above.
Declination angles (w) measured when animals were abeam were converted to per-

pendicular distances (x) using the following equation from Buckland et al. (2001):

x ¼ v� tanð90� wÞ
where v is the altitude of the airplane. Forward distance (y) to each sighting was calcu-
lated based on time of first sighting, time when passing abeam and speed of aircraft.
The approach of Borchers et al. (2013) was used to estimate whale density and

abundance. This involves first estimating the parameters of a hidden Markov model
(HMM) for whale availability, using time-depth recorder data (see Heide-Jørgensen
et al. 2007, Laidre et al. 2007, Borchers et al. 2013), and then integrating these
HMMs with the aerial survey line transect data, using both perpendicular and for-
ward distances to detected whales to estimate detection probability (see Borchers
et al. 2013 for details).
Modeling whale availability—Eight separate HMMs were fitted to the individual

time series of binary observations from eight whales instrumented with time-depth
recorders. The R library HiddenMarkov Version 1.7.0 (Harte 2012) was used to fit
the HMMs to the availability data after converting depths recorded every second to
binary observations. For this purpose, whales at <2 m depth were considered available
for observation (binary observation = 1), while unavailable when deeper than 2 m
(binary observation = 0).
Hidden Markov models have two basic components: hidden states and observations

whose probability density functions depend on the hidden states. The hidden states
are notional and do not necessarily correspond to any real behavioral states. Neverthe-
less, in the case of HMMs for whale availability, the hidden states can conveniently
be considered behavioral states, and are referred to as such in the Results section. The
HMMs for availability are modeled using a two-state Markov model for the time ser-
ies of states, and Bernoulli random variables with the parameters Pr(avail|state 1) and
Pr(avail|state 2) for availability given the hidden states.
Detection probability estimation—Detection function parameters were estimated

while accommodating individual availability random effects by maximizing a likeli-
hood equation (eq. 5 of Borchers et al. 2013), conditional on the fitted HMMs for
animal availability. In addition to perpendicular distance (x) and forward distance (y)
for each detected group of whales, the Beaufort Sea State (bf ) and group size (s) were
available as explanatory variables for the detection process model. These variables
were incorporated by allowing the x (perpendicular distance) and/or y (forward dis-
tance) scale parameters of the detection hazard function models (rx and ry) to depend
on the covariates bf and/or s. For brevity, we refer to any covariates used in the hazard
model as z, or zx and zy if different covariates were used for the x and the y scale
parameters.
The following four forms of detection hazard function model, h(x,y,z), were consid-

ered:

hðx; y; zÞ ¼ rðzÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðzÞ þ x2 þ y2

p
 !c

ðModel IPÞ
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The best model form among these was chosen on the basis of Akaike informa-
tion criterion (AIC) after fitting each model with no covariates. The chosen
model form was then fitted using each possible combination of covariates and
the best among these was selected on the basis of AIC. The estimated parameters
from this model were used to estimate detection probability, p(x,z), which, from
Equation (1) and the subsequent expression for p(x) in Borchers et al. (2013), is
as follows:

pðx; zÞ ¼ 1� s
YT
t¼1

C
1� hðx; yt; zÞ 0

0 1

� �" #
1
1

� �

where Γ is the 2 9 2 transition probability matrix governing the Markov avail-
ability process, s is a row vector giving the stationary distribution of this
process (the average proportion of time spent available and unavailable), t
indexes the T time intervals during which an animal at x is within detectable
range and yt is the forward distance of the animal at the midpoint of time
interval t.
Density, abundance and mean group size estimation—Group abundance and animal

abundance in each stratum with bowhead whale observation were estimated using
the following Horvitz-Thompson-like estimators

N̂g ¼ A

a

Xn
i¼1

1RW
0 p̂iðx; ziÞ 1

W dx

and

N̂ ¼ A

a

Xn
i¼1

siRW
0 p̂iðx; ziÞ 1

W dx

whereW is the perpendicular truncation distance, A is the stratum area, a is the cov-
ered area (a = 2WL, where L is total transect length), si is the group size of the ith
detected group, n is the total number of detections in the stratum and p̂iðx; ziÞ is the
estimated detection probability of group i, with covariates zi, evaluated at perpendic-
ular distance x. Mean group size in each stratum was estimated by Ê½s� ¼ N̂g=N̂.
Group and animal density estimates (D̂g and D̂) were obtained by dividing respec-
tively N̂g and N̂ by stratum area, A.
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Variance and confidence interval estimation—Variances and 95% confidence intervals
of density, abundance, mean group size and related parameters were estimated using
a two-stage bootstrap procedure, in which each bootstrap iteration was as follows:
Stage 1: Resample parametrically from the eight fitted HMMs, generating new

availability observations of length equal to the original availability time series; refit
HMMs to each of these resampled availability observation time series.
Stage 2: Resample transects with replacement within each stratum, together with

the sightings made on the resampled transects. Re-estimate detection hazard function
parameters by maximizing the likelihood equation, conditional on the new fitted
HMMs for animal availability; re-estimate group abundance, animal abundance,
mean group size and related parameters, as described above.
A total of 999 bootstrap iterations were done. Variances were estimated by the var-

iance of the 999 estimates of each of the quantities of interest. Confidence intervals
were obtained from these 999 estimates using the percentile method.

Genetic Capture-recapture Approach

The genetic approach followed the methodology described by Wiig et al. (2011).
The previously used data set (2000–2010) was extended with three further sampling
years (2011–2013) and genotypes for three additional microsatellite loci.
Sampling and laboratory work—Skin biopsies were collected by crossbows equipped

with biopsy darts (Palsbøll et al. 1991), from free-ranging bowhead whales in Disko
Bay, close to Qeqertarsuaq, West Greenland. The sampling was carried out annually
between year 2000 and 2013, mainly during March–May. All biopsies were stored in
saturated sodium chloride and 20% dimethyl sulfoxide (DMSO), and kept at –20°C
(Amos and Hoelzel 1991).
Extraction of total genomic DNA followed the Tissue DNA Spin Protocol of the

E.Z.N.A. Tissue DNA Kit (Omega Bio-Tek Inc.) or other commercially available
DNA extraction kits (Qiagen Dneasy Blood & Tissue Kit or Sigma-Aldrich GenE-
lute).
Molecular sex determination was accomplished by amplifying parts of the ZFY/

ZFX genes, which are located on the Y- and the X-chromosomes, respectively
(Schneider-G€adicke et al. 1989). These X- and Y-chromosomal fragments have
approximately the same length, but specific restriction patterns allow for sex differen-
tiation through restriction digestion and subsequent separation of the restriction frag-
ments by standard agarose gel electrophoresis (Palsbøll et al. 1992, B�erub�e and
Palsbøll 1996). Using the primers ZFYX0582 and ZFYX1204 (Table S1), 540 base
pairs of the last exon of the ZFX/ZFY gene were amplified, and the obtained PCR
products were digested with the restriction endonuclease OliI (or the isoschizomer
AleI, PureExtreme [Fermentas]).
A 453 base pair fragment of the mitochondrial D-loop region (position 15,473–

15,925) in the complete mitochondrial genome of the bowhead whale (Arnason et al.
1993; GenBank Accession no. AP006472, Sasaki et al. 2005), was amplified and
sequenced for each sample (Table S1). The sequences were edited and aligned using
the software BioEdit Sequence Alignment Editor v7.0.5.3 (Hall 1999) and MEGA
v5.05 (Tamura et al. 2011). Haplotype frequencies and molecular diversity indices
were computed using Arlequin v3.5.1.2 (see Excoffier and Lischer 2010 and refer-
ences therein).
The samples were genotyped for nine microsatellite loci (Huebinger et al. 2008;

Table S1). One of the locus specific primers was labeled fluorescently, in order to
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allow for allele detection using an ABI 3130 capillary sequencer. Allele calling was
done using GeneMapper v4.0 (Applied Biosystems). In order to detect evidence of
stutter or other sources of scoring errors (i.e., large allele dropout and null alleles), the
data set was analyzed with Micro-Checker v2.2.3 (van Oosterhout et al. 2004).
GENEPOP v4.2 (Raymond and Rousset 1995, Rousset 2008) was used to execute
the Hardy-Weinberg exact test and to test for linkage disequilibrium among the mi-
crosatellite loci.
Identification of recaptures—The probability of identity (P(ID); the probability that

two individuals drawn at random will have the same genotype; Paetkau and Stro-
beck 1994) and the probability of identity among siblings (P(ID)sibs; the probabil-
ity that two full siblings will have the same genotype by chance; Waits et al.
2001) were calculated using GenAlEx v6.5b3 (Peakall and Smouse 2006, 2012),
in order to determine the number of loci required for identification of individuals.
Recaptures were initially identified manually utilizing the sort function in Excel
(Microsoft). The sorting was conducted several times based on different criteria,
such as mitochondrial haplotype or the most polymorphic microsatellite loci.
For automated identification of recaptures, CERVUS v3.0.3 (Kalinowski et al.

2007) was used to identify matching microsatellite genotypes within samples dis-
playing the same sex. In these comparisons of pairs of genotypes, mismatches at up to
three loci were allowed, in order to prevent overlooking recaptures due to genotyping
errors and/or allelic drop out (Waits and Leberg 2000). Initial recaptures were com-
pared by sex, microsatellite genotypes, and mitochondrial haplotypes to systemati-
cally determine the true recaptures.
Population size estimation—The size of the fraction of the bowhead whale population

that supplies the Disko Bay aggregation with individuals was estimated for each year
from 2009 to 2013 using the Chapman estimator (Chapman 1951, Chao and Hug-
gins 2005, Wiig et al. 2011):

N̂ ¼ ðn1 þ 1Þðn2 þ 1Þ
ðm2 þ 1Þ � 1

where n1 is the number of unique individuals sampled in the years from 2000 to the
year before the year of interest, n2 is the number of individual whales sampled in the
year of interest and m2 is the number of recaptures in the year of interest, i.e., the
number of unique individuals first sampled in the period 2000 to the year before the
year of interest, and subsequently resampled in the year of interest.
Population size estimations were restricted to the years with n1 > 150, permitting

estimates for the years 2009–2013. This was calculated for both sexes combined and
for the females separately. The variance and 95% confidence intervals (95% CI) were
computed as described in Wiig et al. (2011).

Results

Aerial Survey

The effort was less than originally planned due to unfavorable weather condi-
tions with Beaufort Sea States >2 and horizontal visibility <1 km. A total of 60
groups of a total of 74 bowhead whales were sighted; most were from strata 2 and 3
in the southwestern entrance to Disko Bay with only a few sightings further north
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(Fig. 1, S1). Five additional sightings were excluded from further analyses due to
observations not being confirmed by the other observers (n = 2) or missing decli-
nation angles and associated perpendicular distances (n = 3). The percentage of
time the whales were available for detection varied between 14% and 47% and
the mean times that animals are available in a single dive cycle varied between 21
s and 123 s (Table 1).
The maximum perpendicular distance considered (W) was set to 2,500 m for

density and abundance estimation. The perpendicular distance distribution of
detections showed a slight reduction in detection frequency close to the transect
line, suggesting a somewhat obscured view close to the transect line. Detections
were therefore left-truncated at 100 m. The left-truncation resulted in two further
detections being discarded from the analyses. The final data set thus comprised 58
sightings, and all remaining perpendicular and forward distances were used in
estimation of detection functions. The majority of sightings were of single animals
(n = 46), but nine sightings had a group size of two whales and three sightings
were of three or four whales.
Detection hazard model form EP2x was chosen on the basis of AIC. This form

allows different shape parameters (cx and cy) in the perpendicular (x) and forward (y)
distance dimensions, as well as different scale parameters in each of these dimensions,
with dependence of scale parameters on possibly different sets of covariates (rx(zx)
and ry(zy), where zx and zy are the covariates affecting the perpendicular distance and
forward distance scale parameters, respectively). Table 2 shows the AIC differences
for each fitted EP2x model, together with Kolmogorov-Smirnov (KS) goodness-of-fit
test P-values for the perpendicular and forward distance distributions of detections.
(see Borchers et al. 2013 for details).
The best model was found to be model EP2x with the scale parameter in the for-

ward direction depending on group size (Table 2). Fits of this model to the data are
shown in Figure 2. Total bowhead whale abundance was estimated to be 744 animals
(CV = 0.34, 95% CI: 357–1,461; Table 3). Standard error, CV and confidence inter-
val estimates of density, abundance, and group size estimates in each stratum are
given in Table S3.

Table 1. Estimated parameters of the availability hidden Markov models for each of eight
bowhead whales tagged by satellite transmitters (see Heide-Jørgensen et al. 2007). %avail and
%unavail are the long-run percentages of the time animals are available and unavailable; Pr
(avail|state1) and Pr(avail|state2) are the probabilities that animals are available given that they
are in hidden behavioral states 1 and 2; E[time avail] and E[time unavail] are the mean times
in seconds that animals are available and unavailable in a single dive cycle.

Parameter

Whale

1 2 3 4 5 6 7 8

%unavail 78 77 86 80 59 77 75 53
%avail 22 23 14 20 41 23 25 47
Pr(avail|state1) 5.8e–4 4.6e–4 8.0e–5 3.0e–8 1.2e–2 5.1e–4 1.9e–4 1.6e–3
Pr(avail|state2) 0.9942 0.9965 0.9906 0.9801 0.9801 0.9958 0.9996 0.9930
E[time unavail] 269 290 213 145 31 175 414 52
E[time avail] 65 80 33 37 21 54 123 48
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Genetic Capture-recapture Approach

A total of 648 samples obtained from free-ranging bowhead whales in Disko Bay
(Fig. S1) were included in the analyses. All were sexed and genotyped using mito-
chondrial control region sequences and microsatellite data. The error rates were
assumed to be similar to those given by Wiig et al. (2011; molecular sexing: <0.5%,
mitochondrial sequencing: <2%, microsatellite genotyping: ~1%).
Fifty-two distinct mitochondrial haplotypes were recognized, of which 15 were

found in one individual only. In the samples collected in 2011–2013, seven haplo-
types were detected that were not reported by Wiig et al. (2011). The haplotype
diversity (h) and nucleotide diversity (p) over all sampling years were computed as
0.9231� 0.0073 and 0.0122� 0.0065, respectively.
Genotypes at nine microsatellite loci were determined for all bowhead whale indi-

viduals. There was no evidence of stutter related problems in allele calling, large
allele dropout, or null alleles. However, loci Bmy33 and Bmy58 were not in Hardy
Weinberg equilibrium, and multiple-locus pairs were in linkage disequilibrium
(Table S2).
Recaptures—For the microsatellite loci, P(ID) ranged between 0.0066 (Bmy29) and

0.1091 (Bmy16), yielding a probability of identity between two individuals of <0.01
when combining any two loci. A more conservative estimate was given by P(ID)sibs,
where the corresponding locus-specific probabilities of identity between siblings ran-
ged from 0.2812 (Bmy29) to 0.4083 (Bmy16), requiring at least five loci to achieve a

Table 2. AIC differences: AIC differences (DAIC=difference between AIC for given model
and lowest AIC across models) for fits of detection hazard model with various covariate combi-
nations for the perpendicular distance scale parameter (“x-covariate”) and forward distance scale
parameter (“y-covariate”) from an aerial survey of bowhead whales in West Greenland. Covari-
ates are Beaufort sea state (bf) and group size (s) as well as their interaction. Also shown are
Kolmogarov-Smirnov goodness-of-fit statistic P-values: “KS (x) P-value” for perpendicular dis-
tance fit, “KS (y) P-value” for forward distance fit. For the models with DAIC < 2, point esti-
mates are given in the column “N̂” followed by %CV and lower and upper 95% confidence
bounds from percentile method with 200 bootstrap replicates.

x-covariate
model

y-covariate
model DAIC

KS(x)
P-value

KS(y)
P-value N̂ %CV

Lower
95% CI

Upper
95% CI

– s 0.00 0.992 0.368 744 34 357 1,461
s s 0.27 0.943 0.404 746 37 369 1,363
– s+bf 1.24 0.992 0.435 735 31 328 1,251
– – 1.28 0.965 0.228 758 34 377 1,371
s s+bf 1.40 0.961 0.497 661 35 331 1,424
bf s 1.65 0.986 0.380 739 27 434 1,211
– bf 1.93 0.971 0.270 744 30 328 1,374
bf s+bf 2.35 0.971 0.412
s+bf s 2.54 0.947 0.428
bf bf 2.97 0.913 0.270
bf – 3.10 0.976 0.210
s – 3.22 0.993 0.245

s+bf s+bf 3.34 0.668 0.466
s bf 4.05 0.980 0.340

s+bf bf 4.37 0.869 0.326
s+bf – 4.79 0.974 0.235
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Figure 2. Detection functions superimposed on detection frequencies and Q-Q-plots. Top
left: Fitted perpendicular detection function superimposed on histogram of detection frequen-
cies (shown at the base of each histogram bar). Top right: Fitted forward distance detection
function superimposed on histogram of detection frequencies; gray lines are detection func-
tions for each observed perpendicular distance; black line is the average of the gray lines. Bot-
tom left: Q-Q plot of perpendicular distances. Bottom right: Q-Q plot of forward distances
(shown with increasing x-axis value corresponding to increasing forward distance).

Table 3. Density, abundance and related estimates of bowhead whales in Disko Bay,
obtained through an aerial survey. Number of sightings is n; L is effort (in km); a is covered
area (km2), A is stratum area (km2), D̂g and D̂ are estimated group and animal density (num-
bers per 100 km2), N̂g and N̂ are estimated group and animal abundance; Ê½s� is estimated
mean group size.

Stratum n L a A D̂g N̂g Ê½s� D̂ N̂

2 50 1,481.4 7,407.0 8,941 3.810 340 1.34 5.110 457
3 4 977.6 4,888.0 7,813 0.447 35 1.00 0.447 35
9 1 618.7 3,093.3 22,461 0.195 44 2.00 0.391 88
11 1 408.1 2,040.4 29,437 0.268 79 1.00 0.268 79
12 1 467.0 2,334.9 29,466 0.234 69 1.00 0.234 69
15 1 493.3 2,466.6 7,142 0.222 16 1.00 0.222 16
All 58 4,446.1 22,230.3 105,260 0.554 583 1.28 0.707 744
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probability of identity <0.01. When comparing the sex, mitochondrial haplotype
and microsatellite genotype of the samples, 164 of the 648 samples were considered
within-year recaptures and were excluded from further analyses. In addition, there
were 59 between-year recaptures; of which one male and one female were captured in
three different years (see Table 4). Thus, 427 unique individuals were recognized, of
which 337 (79%) were females.
Population size estimate—The 2013 capture-recapture abundance estimate of the

source of the Disko Bay aggregation was 1,538 bowhead whales (CV = 0.24, 95%
CI: 827–2,249), with a corresponding estimate of 1,212 females (CV = 0.27, 95%
CI: 574–1,851). The respective estimates for the years 2009–2012 were similar to
that obtained for 2013, and are summarized in Table 4 and illustrated in Figure 3.
There is no indication that bowhead whale stocks deviate from a 1:1 sex ratio

(Nerini et al. 1984, Heide-Jørgensen et al. 2010). If it is assumed that all mature
females in the stock visit Disko Bay as part of their reproductive cycle, the female
source population size estimate can be used for an approximation of the total stock
size. Using the calculated percent of mature bowhead whales of 39% at a population
growth rate of 0.03 as obtained by Taylor et al. (2007), the population size of the
Eastern Canada-West Greenland population in 2013 can accordingly be approxi-
mated as ð1; 212þ 1; 212Þ=0:39 ¼ 6; 215.

Discussion

There are only few cases where both line transect and capture-recapture techniques
for estimating abundance of large whales have been conducted on the same aggrega-
tion of whales. Although ocean-wide studies of humpback whales (Megaptera novaean-
gliae) have been conducted using both genetic and photographic capture-recapture
techniques (e.g., Palsbøll et al. 1997, Smith et al. 1999) comparisons between sight-
ing survey and capture-recapture estimates have only been reported on smaller re-
gional scales (e.g., Calambokidis and Barlow 2004). Calambokidis and Barlow (2004)
highlighted that capture-recapture techniques estimate the population regardless if
all individuals are present within the study area at a particular moment, while line
transect methodology estimates the density and abundance of the animals present in
the given area at the time of the study. Given that not all bowhead whales visit Disko
Bay annually, the genetic capture-recapture approach in the present study estimates
the size of the fraction of the total population that supplies this local spring aggrega-
tion with whales. In contrast, the aerial survey provides an instantaneous abundance
estimate of the aggregation itself. Therefore, the estimates from the two methods give
different kinds of information and are not directly comparable.

Aerial Survey

The 2012 aerial survey of bowhead whales along the coast of West Greenland indi-
cated that most individuals were found within a relatively restricted area southwest
of Disko Island (strata 2 and 3 of the survey scheme). This survey largely covered the
same areas covered in earlier surveys in 1981 and 2006 (Heide-Jørgensen et al. 2007)
and is the core area used by bowhead whales in spring as determined by satellite
telemetry (Heide-Jørgensen et al. 2003, Laidre and Heide-Jørgensen 2012). For the
2012 survey the combined sighting rate for strata 1 and 2 was 0.023 (CV = 0.31),
which is similar to the estimate of 0.023 in 2006 for the same area.
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However, the 2006 (1,229 individuals CV = 0.47, 95% CI: 495–2,939; Heide-
Jørgensen et al. 2007) and the 2012 (744 individuals; CV = 0.34, 95% CI: 357–
1,461) abundance estimates rely on slightly different analysis methods. The 2012
estimate was corrected for both the time animals are available to be detected and the
time the whales are in view of the observers, whereas the 2006 survey was not
corrected for the latter. Accordingly, the 2006 estimate was positively biased as
compared to the 2012 estimate. The 2012 data can, however, be processed following
the same analytical approach used for the 2006 estimate, generating comparable
estimates. Doing so yields an abundance estimate in 2012 of 829 individuals (CV =
0.35; 95% CI: 425–1,618). This is 33% lower than the 2006 abundance estimate,
and the range of the 2012 estimate is largely within the confidence interval of the
2006 estimate. The 2006 data suggested a significant increase in sighting rates of
bowhead whales inWest Greenlandic waters as compared to surveys conducted before
year 2000 (Heide-Jørgensen et al. 2007), but further increase in sighting rates could
not be detected in the 2012 survey.

Genetic Capture-recapture Approach

The genetic capture-recapture approach was used earlier for the Disko Bay spring
aggregation in 2010 by Wiig et al. (2011), who estimated the source population size
as 1,410 bowhead whales (CV = 0.23, 95% CI: 783–2,038) and 999 (CV = 0.23,

Figure 3. Population size of the source of the Disko Bay bowhead whale aggregation (N̂),
estimated for both sexes in each sampling year in the period 2009–2013 by a genetic capture-
recapture approach, with 95% confidence intervals. Dotted line is mean value over these years.
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95% CI: 546–1,452) when analyzing the females only. As the confidence ranges of
these estimates are largely overlapping with the estimates obtained in this study, we
have not detected any change in source population size during the period 2009–2013
based on the genetic capture-recapture result alone (Table 4). This was not statisti-
cally tested due to possible dependence between the estimates (Fig. 3).
One of the major assumptions of the Chapman capture-recapture method is a

closed population, i.e., that the effects of mortality, recruitment and migration are
insignificant, and that N thus remains constant over the sampling period (Seber
1973). The longevity of bowhead whales of over 100 yr (George et al. 1999) makes
an impact of mortality effects on the estimated size of the source population likely to
be negligible, and as long as the marked and unmarked individuals have the same
average probability of surviving until the second sampling occasion, the population
size estimate is unaffected (Seber 1973). Earlier sighting rates of bowhead whales in
the area indicated an increasing population (Heide-Jørgensen et al. 2007), and
accordingly, N cannot be considered constant. In an increasing source population the
proportion of marked individuals at the time of the second sampling will be lowered.
Even though the initial population size thus would be overestimated, N̂ will be
applicable to the stock at the time of the second sampling (Seber 1973). However,
there might be a significant effect of migration, as discussed below.
A further assumption of the capture-recapture analysis is that all individuals have

the same probability of being sampled and resampled. As the resampling was
conducted in one year only, a possible multi-year cyclical pattern linked to female
reproductive biology, in which the females may not visit the bay annually (Heide-
Jørgensen et al. 2010, Wiig et al. 2011), must be considered. The analysis can be
modified to overcome this bias to include the females’ cyclic returns, i.e., letting the
resampling interval cover four years, while excluding within-period recaptures. Using
the years between 2000 and 2009 as the initial sampling period and treating the
sampling years of 2010–2013 as the resampling period, a similar yet more precise
abundance estimate was obtained (for both sexes: 1,274 (CV = 0.12, 95% CI:
967–1,581), for females only: 1,012 (CV = 0.14, 95% CI: 738–1,286)). This
approach maintains large sample sizes (>150) for both sampling and resampling.
These estimates are within the range of the 2013 genetic abundance estimates, and
the consistency of the results may indicate that the estimates of the population size of
the source of the Disko Bay aggregation are reliable.

Temporal Changes in the Disko Bay Bowhead Aggregation

While the aerial surveys offer a temporary snapshot of the local spring aggregation
in West Greenland, the genetic capture-recapture approach relates to the size of the
source population based on a 14 yr sampling period. If not all individuals of the source
population visit Disko Bay annually, the genetic estimate of the source population is
expected to be higher than the aerial survey abundance estimate, which is valid only
for the surveyed area in a single year. This fits well with our findings; the genetic cap-
ture-recapture estimate (N̂ = 1,538) was about two-fold of the aerial survey estimate
(N̂ = 744).
Both approaches, however, provide information on only a fraction of the entire

stock in the waters between eastern Canada and West Greenland. Calves are
rarely seen in Disko Bay. The first confirmed observation of a bowhead whale calf
in Disko Bay since the 1840s (Eschricht and Reinhardt 1861) occurred in Disko
Bay on 20 April 2012 during the aerial survey. Given the absence of calves and
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a strongly skewed sex ratio, the aggregation presumably consists primarily of
pregnant or postlactating females (Heide-Jørgensen et al. 2007). Applying the sex
ratio to the aerial abundance estimate (744 9 0.789), we roughly estimated 590
of the whales in the 2012 Disko Bay spring aggregation were females. This cor-
responds to ~50% of the adult female part of the source population, based on
the genetic abundance estimate (1,212 females (CV = 0.27, 95% CI: 574–
1,851)). If the occurrence in the bay is tied to the reproductive cycle of the
females, cyclic returns of the females may be expected (Heide-Jørgensen et al.
2010, Wiig et al. 2011). Assuming a 3 or 4 yr reproductive cycle (Koski et al.
1993), this pattern may arise if adult female bowhead whales visit the bay in
resting and gestation years, while giving birth and spending the lactation period
elsewhere. Some of the mature females in the area are indeed reproductively
active as newly pregnant females and a near-term pregnancy were found among
the animals taken during the subsistence hunt in Disko Bay since 2009 (Heide-
Jørgensen et al. 2012a). During the aerial survey in March–April 2012, six possi-
ble mating events with three or more closely interacting whales were observed
(Fig. S1). Because Disko Bay is a region of high productivity (Laidre et al. 2007),
it is likely that the area is used both as a mating and as a feeding ground
(Heide-Jørgensen et al. 2010).
It is generally accepted that commercial whaling prior to 1815 greatly reduced the

bowhead whale stock, and that termination of industrial whaling enabled restoration
of prewhaling stock sizes (Zeh et al. 1993, Finley 2001). Even though ecosystem shifts
could pose limitations on the exploited bowhead whale stocks and may lead to a time
lag in the recovery (Hacquebord 1999, Clapham et al. 2008), the estimated population
size implies that the stock has expanded from the assumed low abundance in the 20th
century. The abundance estimates obtained since year 2000 are in sharp contrast to
those obtained in earlier attempts to estimate abundance of bowhead whales in West
Greenland. Reeves et al. (1983) and Zeh et al. (1993) indicated that the former Baffin
Bay-Davis Strait stock consisted of only “a few hundred” whales. However, we now
assume that bowhead whales in eastern Canada and West Greenland belong to one
stock, with an estimate of over 7,000 whales (Reilly et al. 2012). The predicted popu-
lation growth rates for the species (i.e., 3.4%; George et al. 2004) are too low to explain
the increase observed in Disko Bay at the turn of this century, which may also be
caused by immigration. A persistent retreat of sea ice could facilitate an influx of indi-
viduals to Disko Bay from the expanding B-C-B stock through the opening of the
Northwest Passage (George et al. 2004, Heide-Jørgensen et al. 2012b). Whether site-
fidelity (Reeves et al. 1983; Finley 1990, 2001) or a “cultural memory” (see Clapham
et al. 2008) could prevent such movements is not known, but improved access to
Arctic straits would likely lead to increased migration between the stocks.
Because all estimates of population size are based on geographically restricted sam-

pling, they are sensitive to changes in migration patterns of the stock. Reduced sea
ice and thus extended access to coastal foraging areas and changes in the primary pro-
duction could be alternative reasons for the increased sightings of bowhead whales in
certain areas since the turn of this century (Heide-Jørgensen et al. 2007). Plasticity in
the migration of bowhead whales (Heide-Jørgensen et al. 2006) may thus be respon-
sible for the sudden increase in abundance in Disko Bay.
The result of the capture-recapture study compared to the stock size in 2002–

2004 (i.e., over 7,000 bowhead whales (Reilly et al. 2012)) indicates that the size
of the Eastern Canada-West Greenland stock of bowhead whales has been high
during the whole period 2002–2013. The latest estimate from the aerial surveys
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in West Greenland indicates that the abundance of bowhead whales has stabilized
in Disko Bay after the dramatic increase in numbers documented in the early
2000s (Heide-Jørgensen et al. 2007). The cause for the sudden appearance of large
numbers of bowhead whales by the turn of the century remains unknown. One
reason may be the availability of prey. Laidre et al. (2007) concluded that the
total biomass of zooplankton in the upper 50 m of the water column in Disko
Bay theoretically could support the predation level of bowhead whales in the area.
However, bowhead whales leave the Disko Bay area before the peak in the zoo-
plankton bloom, and we therefore believe that limited food availability is not the
main explanation for variability in abundance. Future monitoring of bowhead
whales in West Greenland may help answer this question.
The present study is one of few studies of large whales with two independent abun-

dance estimates for the same population. The two abundance estimates are comple-
mentary as the aerial survey provides snapshots that are useful for examining local
trends without dependence between years, whereas the genetic capture-recapture
approach allows for estimating the size of the actual source population. However, it is
less suited for time series estimates as it requires samples over many years in both the
marked and recaptured samples. The two approaches have different merits and do not
necessarily lead to identical estimates, but when used in combination give valuable
insight into trends affecting abundance and the fraction of the population that is
present within the surveyed area.
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Figure S1. Disko Bay as part of survey area. Locations where mating incidents were

observed (red dots), sightings from the aerial survey (yellow dots) and locations for
collection of biopsies (blue dots).
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Table S1. Primers used during this study of bowhead whales sampled in Disko
Bay, West Greenland, between year 2000 and 2013.
Table S2. The microsatellite loci. General information on the microsatellite loci

used in this study, when analyzing bowhead whales sampled in Disko Bay, West
Greenland, between 2000 and 2013.
Table S3. Bootstrap estimates of the aerial survey. D̂g and D̂ are estimated group

and animal density (numbers per 100 km2), N̂g and N̂ are estimated group and ani-
mal abundance; Ê½s� is estimated mean group size.
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