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ABSTRACT

A proportion of the East Canada-West Greenland population of bowhead whales (Balaena mysticetus)
spends January—June off West Greenland. Several aerial surveys conducted between 1998 and 2012
have estimated the abundance of bowhead whales on this winter feeding ground. Following identical
methods, a visual aerial line-transect survey was conducted as a double-observer experiment with
independent observation platforms covering the main distribution of the winter aggregation of
bowhead whales in West Greenland between 26 March and 4 April 2022. The target region covered
an area of 34,742 km? with six strata and a total of 3,667 km systematically placed transect lines.
Abundance of bowhead whales was estimated using a Mark-Recapture Distance Sampling (MRDS)
approach. The at-surface estimate was 208 (cv = 0.38, 95% Cl: 99—-436) whales. Availability correction
incorporated data on diving behaviour, time-in-view, and the degree of diving synchrony. The mean
time that whales were available for detection at the surface (23%, cv = 0.06), the mean duration of
dives below 2 m (472 seconds), and the mean duration of surfacings (138 seconds), were estimated
using high-resolution time-depth-recorders from 12 bowhead whales instrumented in the same
area and season as the survey. Drone footage showed that small groups of bowhead whales (1-3)
had highly synchronous surfacing patterns and long breathing periods at the surface (mean = 21
seconds). The MRDS abundance estimate, corrected for perception bias and availability bias, was
832 whales (cv = 0.39, 95% Cl: 402-1,723) bowhead whales. The 2022 estimate is similar to an
estimate from 2012 but lower than the estimate from 2006, suggesting that the abundance in winter
in West Greenland has stabilised.
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INTRODUCTION

The bowhead whale (Balaena mysticetus) plays a vital role in the Arctic marine ecosystem off West Greenland.
The shelf area, particularly Disko Bay, serves as a crucial feeding ground for these whales, which are significant
predators of zooplankton, especially copepods, during the spring (Laidre et al., 2007; Heide-Jgrgensen et al.,
2013; Nielsen et al., 2015; Banas et al., 2021; Christiansen et al., 2024). Historically, bowhead whales were hunted
by European whalers for centuries, but they gained protection under the League of Nations Convention in 1931
(Eschricht & Reinhardt, 1866; Woodby & Botkin, 1993).

Following new abundance estimates indicating a recovering population (Heide-Jgrgensen et al., 2007), the
International Whaling Commission’s (IWC) Scientific Committee concluded in 2008 that the removal of five
bowhead whales per year over a five-year period would be sustainable. In response, the Greenland government
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authorised the resumption of Inuit subsistence hunts, which began in 2009 (Heide-Jgrgensen et al., 2012). Since
then, nine bowhead whales have been harvested in West Greenland (IWC, 2023).

The bowhead whales wintering in West Greenland belong to a shared population spanning the Canadian
Arctic Archipelago, Baffin Bay, Davis Strait, and West Greenland (Heide-Jgrgensen et al., 2003, 2006). This
population, known as the Eastern Canada-West Greenland (ECWG) bowhead population, was recently estimated
at 6,446 individuals (cv = 0.26, 95% Cl: 3,838-10,827) based on a 2013 aerial survey conducted in the Canadian
Arctic Archipelago (Doniol-Valcroze et al., 2020). These whales undertake extensive migrations between
the Canadian Arctic Archipelago and West Greenland, tracking seasonal changes in sea ice (Heide-Jgrgensen
et al., 2021), with a portion of the population spending January to June off the coast of West Greenland to
feed.

Several aerial surveys have estimated the abundance of bowhead whales on their West Greenland winter
ground (e.g., Rekdal et al., 2015). Past surveys indicated a rise in bowhead whale abundance from 246 individuals
(95% Cl: 62—-978; Heide-Jgrgensen & Acquarone, 2002) in 1998 to 1,229 individuals (95% Cl: 495—-2,939; Heide-
Jgrgensen et al., 2007) in 2006 and 744 whales in 2012 (cv = 0.34, 95% Cl: 357-1,461; Rekdal et al., 2015).

In addition to aerial surveys, genetic mark-recapture studies have estimated the abundance of bowhead
whales in the Canadian Arctic Archipelago at 11,747 individuals (95% Cl: 8,169-20,043), based on 1,177 samples
collected between 1995 and 2013 across their full range (Frasier, 2020). From a subset of these data (n = 292)
from Disko Bay, it was estimated that 2,615 individuals (95% Cl: 1,353-6,114) from this population visit
West Greenland during the winter and spring, based on samples collected from 2001 to 2008. A separate
genetic capture-recapture study using an extended sample size of 427 samples collected in Disko Bay between
1999 and 2013 estimated the local abundance at 1,538 whales (cv = 0.24, 95% Cl: 827-2,249; Rekdal et al.,
2015).

The present study provides an updated abundance estimate for bowhead whales in West Greenland in 2022,
incorporating new data on availability bias and the synchrony of diving behaviour, further improving our
understanding of bowhead whale population dynamics in the region.

MATERIAL & METHODS
Survey design

Visual aerial line-transect surveys for bowhead whales were conducted using a double-platform, or double-
observer, method, with independent teams of observers stationed at the front and rear of a De Havilland Twin
Otter aircraft. The survey was a multispecies survey that also targeted beluga whales (Delphinapterus leucas)
and walruses (Odobenus rosmarus). The target altitude was 213 m, and the cruising speed was 170 km/h. Only
data collected during optimal conditions — sea states less than Beaufort 3 and visibility greater than 10 km —
were included in the analysis. Two observers were positioned in the front seats just behind the cockpit, and two
in the rear seats at the back of the aircraft. The front and rear observers were separated by approximately 4 m,
with a long-range fuel tank and recording equipment between them to prevent any visual or acoustic cueing of
sightings between platforms. Each observer had access to bubble windows, providing a clear view of the track
line directly below the aircraft, ensuring effective detection of whales during the survey.

Declination angles (w), measured with electronic inclinometers when animals were abeam, were converted
to perpendicular distances (x) using the equation from Buckland et al. (2001): x = v * tan(90 — w) where v
represents the altitude of the airplane (Hansen et al., 2020). Duplicate sightings, i.e., animals seen by both
Observers 1 and 2, were identified based on the coincidence of timing and positions, as well as similarities in
group size and direction of movement.

Survey area and timing

The aerial survey was conducted in coastal and offshore areas of West Greenland, between latitudes 65°40’N
and 69°30’N, to cover the primary winter and spring aggregations of bowhead whales and beluga whales
(Delphinapterus leucas). The survey region encompassed an area of 34,742 km?, which was divided into six strata
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based on expected densities of bowhead from previous surveys (Heide-Jgrgensen et al., 1993). A total of 3,667
km of east-west oriented, equally spaced transect lines were flown and searched between 26 March and 4 April
2022.

Availability bias

Twelve bowhead whales were equipped with Fastloc GPS retrievable data and dive loggers (Wildlife Computers,
Redmond, WA, USA) to monitor their movement and diving behaviour in Disko Bay. The data collection periods
ranged from 7 to 388 hours, capturing high-resolution spatial and temporal data between March and May from
2008 to 2018 (cf., Heide-Jgrgensen et al., 2013). The tags recorded depths (+ 0.5 m) at 1 Hz intervals and stored
Fast GPS signal snapshots. The tag package was attached to a stainless-steel anchor, deployed on the whales
using an 8 m fiberglass pole from a boat. The anchor penetrated the whale’s blubber to a depth of approximately
15 cm, and the tag package was connected by a ~1 m wire, trailing behind the whale as it swam.

To retrieve the tags, approximate geographic locations were determined using Argos positions, and recovery
was facilitated by tracking the VHF signal emitted by the tag. Dive data were processed using MultiTrace-Dive
(Jensen Software Systems, Germany) with zero-offset corrections and filtering, as described by Heide-Jgrgensen
& Lage (2022). For each individual whale, the durations of surfacing periods (in seconds) spent above 2 m and
diving periods below 2 m were computed and averaged. Both the duration of periods above and below 2 m were
truncated at 600 and 1500 seconds, respectively, and periods shorter than 5 seconds were omitted. The overall
proportion of time spent at or above 2 m was then estimated for each whale and a weighted average of these
proportions was calculated across all individuals, using the total recording duration (in hours) as the weighting
factor.

Bowhead whales are available for detection for a short period of time during aerial surveys (i.e., some whales
may be seen ahead of the plane), and the probability that a whale was detectable at the surface was greater
than the proportion of time it spends at depths at which it is assumed to be visible (0—2 m depth). A correction
factor that includes data on both dive and surfacing periods and the frequency distribution of time-in-view
observations was developed following the approach described in Richard et al. (2010) and Doniol-Valcroze
(20104, b).

Detection function estimation

The detections between observers were assumed to be independent only on the point immediately below the
aircraft where the distance is zero. This involves estimating two models: a multiple covariate distance sampling
(DS) detection function for combined platform detections, assuming a certain detection probability on the
trackline, and a mark-recapture (MR) detection function (Burt et al., 2014).

Detection probability was estimated using the independent observer configuration implemented in Distance 8.0
(Thomas et al., 2010). Hazard rate and half-normal detection function models were tested; the best performing
model was selected.

Akaike’s Information Criterion (AIC) and goodness of fit tests were used for model selection.

Synchrony of surfacings

The MRDS analysis utilises detections of groups at the surface for the density estimation. The individual-based
availability correction factor assumes that an adjustment is applied if the whales in groups are diving
independently of one another. To assess this assumption, drone footage of 11 whales in groups of two to three
was analysed to observe the synchrony of surfacing behaviour. Specifically, the footage captured the whales’
simultaneous appearances at the surface, the duration of their time at the surface, and the synchrony in their
diving behaviour.

The aerial footage was recorded using a DJI Inspire 2 quadcopter drone equipped with a Lightware
SF11/c laser range finder, flying at an altitude of 30—-60 m. The videos were then reviewed to determine the
degree of synchrony in the surfacing and diving times, providing insight into whether whales in groups behave
independently when diving.
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Estimating density and abundance

Group density 130 and at-surface abundance NG of groups in stratum i were estimated as follows:

A 1 o1 A R
DG,. :M jzlz and NG,. =A4.D;
y
where A is the size of stratum /, w is the truncation distance, L, is the total effort in stratum i, n, is the total number
of detections in the stratum i, and ﬁij is the estimated probability of detecting group j in stratum i/, obtained from
the fitted detection models.
Individual animal abundance was estimated by:
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where s is the size of the ith detected group.
The expected group size E[Sl,] in stratum i was estimated by:

A
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It was assumed that bowhead whales were only available for detection when they were close to the surface

(0-2 m) and that the proportion of time spent close to the surface was known from high-resolution dive data.
To account for availability bias (d), corrected abundance (N;) was estimated by:

[ i
Nci_ A
a

The analytic variance of the density estimate, including the variance of encounter rate and group size, was
estimated based on the empirical variance in estimated density between samples. The addition of variance for
each component was estimated using the Delta method:

cv(N'd ) = \/cvz (N'Ci ) +ov’(a)

An estimate of abundance was computed for each stratum, and the total abundance was the sum of the
stratum abundance estimates. Estimation of 95% confidence intervals for estimates of density and abundance
were calculated following the derivation of Burnham et al. (1987).

RESULTS
Survey effort and distribution of sightings

The survey area spanning 34,742 km? was divided into six strata, with each transect treated as an independent
sample. Observations of bowhead whales (n = 29) were recorded in Strata 1, 2, 3, and 5, with most sightings
occurring in Stratum 2 (Fig. 1). The observed group sizes included 24 sightings of single individuals and five
sightings of groups of two whales. The time-in-view (TIV) ranged from 0 to 60 seconds, but the observation with
TIV = 60s and = 18°was considered unrealistic and was excluded (Fig. 2).

Availability bias

It was assumed that bowhead whales could be detected up to 2 m below the surface. For the 12 whales with
detailed diving behaviour data, the mean duration of periods at the surface (0—2 m) was 138 seconds, while the
mean time of the periods spent below 2 m was 472 seconds (Figs. 3 and 4, Table 1). The mean proportion of
time spent within 0—2 m depth was 0.23 (cv = 0.06), which was used as the availability factor (¢ = 1/0.23) for
correcting the at-surface estimate of whale abundance. When incorporating the time-in-view observations and
the time spent at the surface and diving, the availability correction factor adjusted to 0.25. Only the availability
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Transect

Bowhead whale

Figure 1. Transects on effort for the aerial survey off West Greenland in March/April 2022 with sightings of
bowhead whales shown in white (group size = 1) and blue (group size = 2). Strata 1 (North) to 6 (South).
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Figure 2. Frequency distribution of time-in-view of 29 observations (both platforms) of bowhead whales during
the aerial survey in West Greenland in March/April 2022. One observation with a time-in-view of 60 s was
excluded from further analyses as it was considered unrealistic (~3 km distance).
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Figure 3. Frequency distributions of the durations of surfacings above 2 m for 12 bowhead whales instrumented with time-depth-recorders
in Disko Bay, West Greenland, in March—May 2008-2018.

factor was assumed to contribute to the variance of the correction. Other options for availability bias with
different selections of TIV values were also considered, but it appeared that the availability bias was relatively
insensitive to the TIV values (Table 2).

The drone footage revealed that the average duration of simultaneous breathing at the surface for groups of
whales was 21 seconds (cv = 0.13), which is slightly less than the time spent at 0—2 m depth but still significantly
longer than the median time-in-view (Table 2). Additionally, all whales within the filmes groups were observed
to dive and surface synchronously.


https://doi.org/10.47536/jcrm.v27i1.1093

https://doi.org/10.47536/jcrm.v27i1.1093

IWC

J. Cetacean Res. Manage. 27,2026 | 7

BWO1 BW02 BWO03
Mean=329 Mean=606 250 Mean=244
400 3 200
300 2 150
200 100
100 1 |'| |'| 50
0 0 0 -4
0 500 1000 1500 300 600 900 1200 0 500 1000
BWO04 BWO05 BWO06
Mean=-331 Mean=-667 50 Mean=-365
40
20 15 %
10 2
10
5 10
3 0 0 0
s 0 500 1000 0 500 1000 1500 0 500 1000 1500
3
g BWO07 BWO08 BWO09
i Mean=605 Mean=554 1000 Mean=262
20
750
1 ® 500
10 20
5 1L 250
0 . =1 0 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
BW10 BW11 BW12
300 Mean=561 Mean=845 Mean=988
15 20
200 i
100 5 10
0 0 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500

Duration (s)

Figure 4. Frequency distributions of the durations of dives below 2 m for 12 bowhead whales instrumented with time-depth-recorders
in Disko Bay, West Greenland, in March—May 2008-2018.

Table 1

Surface time and time spent above and below 2 m depth for 12 bowhead whales instrumented with time-depth recorders in Disko Bay during
March—May 2008-18. The original data were zero-offset corrected following the procedure described by Heide-Jgrgensen & Lage (2022). Surface time

was calculated for the 0-2 m depth interval and weighted by individual sample sizes.

Whale ID Sex Tag attachment period Above 2m (s) Below 2m (s) Surface time (0-2 m) Sample size (hrs)
BW1 F 28.4.08-31.5.08 122 329 0.29 388
BW2 F 12.5.09-13.5.09 137 606 0.18 7
BW3 M 6.5.09-8.5.09 64 244 0.21 31
BW4 F 2.5.09-2.5.09 134 331 0.28 11
BW5 F 31.3.10-8.4.10 196 867 0.17 93
BW6 ? 7.3.10-12.3.10 135 365 0.17 60
BW7 M 19.4.10-23.4.10 128 605 0.16 45
BW8 ? 14.3.10-21.3.10 168 554 0.29 85
BW9 ? 23.3.11-19.4.11 121 262 0.25 320
BW10 ? 31.3.10-28.4.10 144 561 0.21 338
BW11 ? 4.5.18-9.5.18 175 845 0.21 48
BW12 ? 6.5.18-12.5.18 152 988 0.12 76
Weighted mean 138 472 0.23 (cv = 0.06)

Table 2

The effects of changes in time-in-view (TIV) thresholds on availability

bias (4) used for the abundance estimates of bowhead whales.

Threshold TIV (s) 1/a
No TIV correction - 0.23
Maximum observed TIV 24 0.26
Observed TIV Mean = 4.0 0.25
Cut off at 95% observed values 0-10 0.24
Cut off at 90% observed values 0-9 0.24
Cut off at 85% observed values 0-7 0.24
Maximum possible TIV 60 0.26
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Table 3

Drone footage of 11 groups of bowhead whales observed in
March—April 2023 in Disko Bay, West Greenland.

Video duration Duration of synchronized
Date hh:mm:ss Composition breathing (s)
2023/03/28 00:01:25 Pair 10
2023/03/28 00:03:05 Pair 10
2023/04/06 00:02:32 Pair 13
2023/03/26 00:01:48 Pair 16
2023/03/30 00:00:53 Pair 20
2023/04/06 00:01:25 Pair 21
2023/04/05 00:01:32 3 Adults 22
2023/03/28 00:01:12 Pair 24
2023/03/28 00:03:12 Pair 25
2023/04/06 00:00:53 Pair 28
2023/03/28 00:01:47 Pair 44
Table 4

Summary information of survey data; k is the number of transects searched in a stratum.
Sightings used in the MRDS analysis are all sightings between 0-2,000 m.

Density of At-surface abundance
Effort groups of groups Expected group size Individual abundance
Stratum  Size (km?) k (km) Sightings [)c, NG, E[S;] N','
1 1,275 3 138 1 0.0048 (1.05) 6 (1.05) 1(0) 6 (1.05)
2 8,941 11 865 15 0.0115 (0.41) 103 (0.41) (01.629) 123 (0.40)
3 7,813 10 866 10 0.0077 (0.49) 60 (0.49) 1.2 (0.09) 72 (0.51)
4 4,928 7 483 0 0 0 0 0
5 6,605 8 703 1 0.0009 (1.05) 6(1.05) ((1)) 6(1.05)
6 5,180 7 609 0 0 0 0 0
Total 34,742 47 3664 27 0.0071 (0.38) 175 (0.38) 1.19 (0.06) 208 (0.38)
Observer = 1 detections - Observer = 2 detections Pooled detections
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Figure 5. Scaled histograms of perpendicular distances and the predicted detection probability functions for bowhead whales with sightings
fitted to a half-normal model where each observation prediction is shown as a circle. Observer 1 = front observers. Observer 2 = rear
observers and distance is measured in meters from the track line directly below the aircraft.

Estimates of abundance

The probability of detecting a bowhead whale, as estimated from the MRDS model, was 0.62 (cv = 0.35) for the
combined observer effort. The probability of detection for each observer was 0.38 (cv = 0.46). After truncating
the data at 2,000 m, 27 sightings remained for analysis (Table 3).
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To simplify the MRDS model, a half-normal detection function with no covariates other than distance was
used (Fig. 5). The estimated abundance of bowhead whales, corrected for perception bias, was 208 whales (cv
=0.38, 95% Cl: 99-436; Table 3). When further corrected for both perception and availability bias, the estimated
abundance increased to 770 whales (cv = 0.39, 95% Cl: 372-1,596).

DISCUSSION

Correction for availability significantly extrapolates the at-surface abundance estimates of whales. This study
provides new data for estimating the availability correction and its variance, as well as insight into the synchrony
of bowhead whale diving behaviour. Bowhead whales in West Greenland are observed in small groups, with a
high degree of synchrony within groups; even groups that are geographically distant may dive synchronously
(Podolskiy et al., 2023). The observed bowhead whales appeared to dive in synchrony, suggesting that group
availability and individual availability could be treated as equivalent. No additional adjustments were deemed
necessary for the individual-based availability correction factor given the relatively long mean duration spent at
the surface (138 seconds) when compared with the brief time-in-view during aerial surveys (mean = 4.5 seconds)
and the pronounced coordination in diving behaviour.

In West Greenland, aerial surveys of bowhead whales are conducted in March and April. The aerial
survey in 2012 estimated the abundance at 744 whales (cv = 0.34, 95% Cl: 357-1,461; Rekdal et al., 2014).
The 2012 survey was analysed with a Hidden Markov Line Transect technique (Borchers et al., 2013) that
included both time-in-view and availability bias. The survey in 2012 was close to identical to the 2022 aerial
survey that, corrected for perception and availability bias using MRDS methods, estimated an abundance
of 770 whales (cv = 0.39, 95% Cl: 372-1,596).

A survey in 2006 (1,229 individuals CV = 0.47, 95% Cl: 495-2,939; Heide-Jgrgensen et al., 2007) used
different analysis methods as it did not include correction for the time-in-view. Accordingly, the 2006
estimate was positively biased compared with the later estimates. Rekdal et al. (2015) processed the 2012
data 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% Cl: 425-1,618). This is
33% lower than the 2006 abundance estimate. The 2006 data suggested a significant increase in sighting
rates of bowhead whales in West Greenland waters compared with surveys conducted before 2000 (Heide-
Jgrgensen et al., 2007), but further increase in sighting rates could not be detected in the 2012 and 2022
surveys.

After a rapid increase in bowhead whale abundance in the 2000s (Heide-Jgrgensen et al., 2007), the
increase appears to have levelled off after 2012. It is unclear whether the stabilisation of bowhead whale
abundance in West Greenland reflects a situation where the local aggregation has reached its carrying
capacity or if the entire population across Greenland and Canada is nearing its carrying capacity.
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