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Bowhead whales (Balaena mysticetus L., 1758) of the Eastern Canada-West Greenland
population have been hunted by Inuit for millennia. Significant commercial harvests,
conducted by European and American whalers for about 400 years, ended ca.
1915. A small co-managed subsistence harvest from this population has occurred
inconsistently in Canada and Greenland, since 1996 and 2009, respectively. Since
near extirpation from commercial whaling, population size has increased and the Inuit
subsistence hunt now requires a harvest management framework that incorporates
knowledge of abundance trends, population dynamics, and carrying capacity. Here,
we use a model estimate of pre-commercial exploitation abundance to approximate
carrying capacity and develop a management framework with reference points and
corresponding stock status zones. When applied to recent abundance estimates, our
framework indicates that the population is likely within the healthy (N5g—N7q) zone. Thus,
an appropriate management objective is to support continued population increase, with
concurrent marginal harvesting, while maintaining the population level above the target
reference point (N7g) of ca 12,000 whales. However, there remains large uncertainty
about current population size and growth rate. The resulting data gaps require a plan
for future research to monitor this population in the context of climate changes.

Keywords: commercial whaling, deterministic model, subsistence hunting, limit reference points, precautionary
principle, historical abundance, Inuit

INTRODUCTION

Sound wildlife management is based on clearly defined objectives and prioritized actions that can
incorporate new stock assessment information as it becomes available. For example, biological
reference points can inform management objectives and in turn guide short-term management
decisions (Punt, 2006; Curtis et al., 2015). International agreements, e.g., the “Rio Declaration,”
the “Cancun Summit,” and the “United Nations Agreement on Straddling Fish Stocks and Highly
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Migratory Fish Stocks,” have established that the Precautionary
Approach (PA) should be applied to management of the
environment and of fisheries (Hilborn et al., 2006). A number
of government agencies, including Fisheries and Oceans Canada
(DFO), have adopted PA policies including an ecosystem-based
approach to fisheries management. The North Atlantic Marine
Mammal Commission (NAMMCO) and the International
Whaling Commission (IWC) have similarly worked to develop
international cooperation on conservation and management of
cetaceans (Williams et al., 2014).

Implementation of the internationally accepted PA concept
requires the adoption of corrective measures when there is
a significant risk of damage to a population, even when this
risk cannot be scientifically proven. The PA requires countries
to cooperate by preventing environmental deterioration while
considering scientific uncertainty. For example, the impact of
climate change on population persistence has to be taken into
consideration as it has important implications for conservation
and management (Simmonds and Isaac, 2007; IWC, 2009a;
MacLeod, 2009; Lambert et al., 2014). The PA is a tool to deal
with uncertainty, and requires international cooperation as well
as the implementation of mechanisms that guarantee efforts
aimed at protecting the species from possible threats (Gonzélez-
Laxe, 2005). The development of a harvest management
framework is of importance to whale management in Canada
where domestic legislation (e.g., Fisheries Act, Oceans Act,
and Species at Risk Act) outlines the use of a PA framework
with conservation reference limits (Hammill and Stenson,
2007). This approach was developed recognizing that fishery
management requires clear decision-making rules to guide
managers under cases of scientific uncertainty (Butterworth
and Punt, 1999). There is a need to apply this formal
approach more broadly so that managers can make decisions
based on multiple objectives for marine mammal species
(Stenson et al., 2012).

Bowhead whales (Balaena mysticetus L., 1758) are
characterized by a long life (>200 years), late sexual maturity (ca
25 years), and long inter-birth interval (ca 5 years), combining
to result in an overall low fecundity (George et al., 1999, 2021c).
These particular life-history traits are adaptations to high latitude
environments and thus make this species more vulnerable to
the effects of a warming planet (Ferguson and Higdon, 2013).
In addition, bowhead whales now contend with increasing killer
whale (Orcinus orca) predation (Higdon and Ferguson, 2009)
and the impacts of human activities (e.g., shipping, mining,
oil and gas field exploitation), especially those occurring near
or within feeding or nursery areas (COSEWIC, 2009; Dueck
and Ferguson, 2009). The Eastern Canada-West Greenland
(ECWG) bowhead population is distributed from the Canadian
Arctic Archipelago to the west Greenland coast (Figure 1;
NWMB, 2000; Heide-Jorgensen et al., 2003; Chambault et al,,
2018). Within this range, individuals travel extensively while
following the seasonal growth and ablation of sea ice (Eschricht
and Reinhardt, 1866; Reeves et al., 1983; Ferguson et al., 2010;
Nielsen et al., 2015). During the late summer and late autumn
periods, feeding is concentrated on large Arctic copepods most
commonly along the outlets of fiords of eastern Baffin Island

(Richardson et al., 1995; Chambault et al., 2018; Fortune et al,,
2020b).

Indigenous bowhead whale hunting in Greenland and eastern
Canada dates as far back as 4000 years, but at low levels.
Higdon (2010) estimated that Inuit harvested 11,435 whales
between 1200 and 1529 AD (an average of 36/year between 1200
and 1400 AD period of maximum bowhead whale utilization),
based on archeological data from winter houses. While there
is some evidence that at least parts of the Thule/Inuit harvest
series are underestimated (e.g., see Savelle, 2010 for additional
archeological data that was not available to Higdon, 2010),
Indigenous whaling occurred at sustainable levels compared
to later overharvesting by commercial whalers (Higdon, 2010;
Seersholm et al., 2016).

Small, regulated subsistence harvests of ECWG Bowhead
whales by Nunavut Inuit resumed in 1996, and by Inuit of
Nunavik (N Quebec) in 2008. In Greenland, government-
authorized Inuit subsistence hunts resumed in 2009 (Heide-
Jorgensen et al., 2012). In each country, subsistence bowhead
hunts must be licensed by the corresponding regulatory agency
(i.e., Fisheries and Ocean Canada, Greenland Self-Government).

Greenland is a party to the International Whaling
Commission (IWC), and the domestic ECWG bowhead fishery is
managed by the Greenland Institute of Natural Resources, using
sustainable catch advice from the IWC Aboriginal Subsistence
Whaling management scheme.' Canada is not a party to the IWC,
and has implemented a wildlife co-management framework in
areas where Indigenous Land Claims Agreements have been
settled. The seasonal range of the ECWG bowhead population
encompasses the Nunavut Settlement Area and the Nunavik
Marine Region. The Nunavut Agreement and the Nunavik
Inuit Land Claims Agreement each include a formal process by
which wildlife management decisions are agreed between Inuit
and Government. Fisheries and Oceans Canada is responsible
for marine fisheries, and departmental scientists have used the
Potential Biological Removal method (PBR: Wade, 1998) to
calculate sustainable harvest advice for consideration by the
co-management organizations.

The majority of the seasonal range of the ECWG population
occurs in Canadian waters, including overwintering habitat
(Hudson Strait), calf rearing areas (Foxe Basin and Gulf of
Boothia), and the region of maximum feeding in autumn (east
coast of Baffin Island) (Figure 1). In Greenland, an aggregation
of predominantly feeding females gather in Disko Bay during
spring, presumably to mate and regain fat deposits for the
next calving period (Rekdal et al., 2015; Heide-Jorgensen et al.,
2021). Changes to habitat, prey availability, and increased
natural mortality may lead to changes in bowhead abundance,
distribution and stock structure (Laidre et al., 2008; Pomerleau
et al, 2011). Loss of Arctic sea ice will likely result in
increased marine vessel activity (Hauser et al., 2018), associated
with tourism and industrial development (e.g., commercial
fishing, mining and hydrocarbon exploration; Halliday et al,,
2018). Increased vessel traffic may cause acoustic disturbance
to bowhead whales, negatively impact critical habitat areas,
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FIGURE 1 | Approximate geographic range of the Eastern Canada-West Greenland bowhead whale population, with important aggregation areas during the
open-water (“summer”) and ice-covered (“winter”) seasons. Community locations are shown, and Table 2 indicates those communities (and their locations) where
bowhead whale subsistence hunts have occurred. Geographic range and summer and winter aggregation areas modified from NWMB (2000), COSEWIC (2009),

Heide-Jorgensen et al. (2021), DFO, unpubl. data, and GINR, unubl. data.

and increase frequency of vessel strikes in bowhead migration
corridors (e.g., Hudson Strait, Lancaster Sound, Davis Strait,
Baffin Bay). Bowhead whales are specialized filter feeders, and
may be at physiological risk if baleen plates are fouled by fuel oil
or become entangled in nets or debris (Lambertson et al., 2005).
Also, the warming of the Arctic is expected to favor smaller and
leaner zooplankton species from more temperate waters, thus
changing the food web which may result in bowhead whales,
as zooplankton specialists, having to cope with changes in food
quality and availability (Pomerleau et al., 2012; Fortune et al,
2020a).

The ECWG bowhead whale population has increased
considerably since its near extirpation (Doniol-Valcroze et al.,
2020; Rekdal et al., 2015), and now requires a harvest
management framework that provides subsistence value to Inuit
communities. Using the 2013 aerial survey estimate of 6,446
whales (Doniol-Valcroze et al., 2020) and a recovery factor of
0.5 in the PBR formulation, calculates that the ECWG bowhead
whale population can support a total human-induced mortality
of 52 whales annually from direct losses (harvest) and indirect
losses (whales struck and lost, fishing gear entanglements, and
vessel strikes) (DFO, 2015).

However, the use of a single abundance estimate to calculate
a PBR threshold does not allow all of the available information

to be included and constrains the choice of management
strategies (Lonergan, 2011). Recognizing that different levels of
uncertainty and different management objectives exist among
stocks, alternative approaches have been proposed to allow the
best use of available information (e.g., Brandon et al., 2017).
Here, we apply a Precautionary Approach (PA) framework to the
ECWG bowhead whale population that, unlike PBR, incorporates
knowledge of abundance trends, population dynamics, and
carrying capacity. Using historical catch data, ECWG bowhead
population abundance trends were modeled over the past 400+
years to estimate an historical population level of bowhead whales
(i.e., pre-commercial exploitation or carrying capacity). From
this we develop reference points and corresponding zones in the
PA framework that can be incorporated into a formal decision
making process for population management in Canada.

MATERIALS AND METHODS

The stock assessment information available for the ECWG
bowhead whale population included: (1) historical harvest levels
including an estimate of struck and lost (https://archive.iwc.int/
r=272&k=cdeOelf3a5: Higdon, 2010), (2) three aerial surveys
and one genetic mark-recapture analysis provided the four
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TABLE 1 | Abundance estimates of the ECWG bowhead whale stock using data that covered most of the range of the stock.

Date of estimate Estimate

Method Source

March 1981 1,549 (95% CI = 589-4,072)
August 2002* 7,309 (95% Cl = 3,161-16,900)
August 2002* 14,400 (95% Cl = 4,811-43,105)
August 2002* 6,344 (95% CI = 3,119-12,906)
August 2002* 8,500 (90% Cl = 3,900-17,000)
2013’ 7,660 (95% HDI 4,500-11,100)
August 2013 6,446 (95% CI 3722-11,200)
2013! 11,747 (95% HDI 8,169-20,043)

Aerial survey Koski et al., 2006

Aerial survey Cosens et al., 2006
Aerial survey Dueck et al., 2008
Aerial survey IWC, 2009b
Aerial survey Witting, 2011
gCMR Frasier et al., 2015
Aerial survey Doniol-Valcroze et al., 2020
gCMR Frasier et al., 2020

Results in bold if used in the population trend model.
*The 2002 aerial survey was analyzed multiple times.
"The genetic capture-mark-recapture (QCMR) data was re-analyzed.

abundance estimates used to assess recent trends (Table 1),
and (3) information on fecundity and/or survival, available
from the genetically similar Bering-Chukchi-Beaufort bowhead
whale population (Nerini et al., 1984). Previously, Indigenous
and commercial harvest data were used to estimate a plausible
historical population size (Higdon and Ferguson, 2016) that we
used to delineate reference levels.

Over the last 4 decades, the different survey approaches
used to estimate ECWG bowhead whale abundance have made
comparisons difficult and trend assessment problematic (Higdon
and Ferguson, 2016). The first aerial survey in March 1981
estimated 1,549 (95% CI = 589-4,529) whales (Koski et al.,
2006). The second aerial survey occurred in August 2002 and
resulted in a number of estimates due to different analyses
but the best estimate considered here was conducted by the
ITWC (2009b) of 6,344 (95% CI = 3,119-12,906) whales. The
most recent aerial survey, conducted in 2013, used distance-
sampling and double platform with mark-recapture methods and
estimates were corrected for availability bias using analysis of
satellite-linked time depth recorders produced a fully corrected
abundance estimate of 6,446 (95% CI: 3,838-10,827) (Doniol-
Valcroze et al., 2020). However, all aerial surveys are considered
to provide conservative estimates because they do not include all
of the known range of the population. A Bayesian analyses of
genetic capture-mark-recapture using biopsies and samples from
hunted whales that took into consideration unsampled locations
to infer individuals that were missed in these locations estimated
a total population abundance of 11,747 (95% HDI 8,169-20,043)
(Frasier et al., 2020).

We used a discrete time, theta-logistic growth model, as used
by the IWC and is also the underlying population model in PBR
(Wade, 1998):

Pt+1 = Pt + Rmux*Pt(l - (Pt/K)Y) - (Ct*Q) (1)

where:

P; = total population size during year t,

Ryuax = intrinsic rate of increase,

K = carrying capacity, assumed to be equal to abundance
before exploitation (i.e., Py = o),

vy = density-dependent shape parameter or the size of the
population, relative to K, at the maximum sustainable yield
level (MSY level is the population abundance that allows for
the greatest net annual increment in population numbers with
reproduction and/or growth less losses due to natural mortality),

C; = the recorded catch in terms of numbers of whales during
year t, and,

Q = correction for whales struck and lost (inferred to have
subsequently died from their injuries).

We used the catch-history deterministic model for the
ECWG bowhead whale population that previously estimated
carrying capacity (K) at 18,500 animals as the pre-commercial
exploitation population abundance (Higdon and Ferguson,
2016). We estimated variation from 10,000 Monte Carlo
simulations of the logistic population growth model and assessed
model sensitivity to changing parameter values. Removals were
estimated using historical catch data up to 2009 and a struck
and lost correction factor that ranged from 1.10 to 1.20 (uniform
distribution). Models included a uniform distribution for Rpyax
that ranged from 0.035 to 0.045. Population growth rate of
the ECWG bowhead whale population is unknown. However,
the Bering-Chukchi-Beaufort (BCB) population growth has been
estimated as 3.4%, the TWC (2013) has endorsed a growth
rate of 3.7%, and a theoretical maximum population growth
rate for cetaceans has been provided of 4.0% (Wade, 1998).
We ran the deterministic model and visually assessed model
fit relative to current population abundance estimates from
aerial surveys and genetics (ie., the model was not directly
fit to those data).

Direct estimation of the maximum rate of population growth,
Rmax, is rarely feasible for large marine mammals. In addition
to estimates of survival and fecundity, Rmax requires a long
time series of abundance estimates for a growing population
recovering from a depleted state. Alternative methods to
estimate Rpayx include; (1) using default values such as 0.04
for Rpax of most cetaceans under the United States Marine
Mammal Protection Act (Wade, 1998), or; (2) using values
from other populations of the same species or other species
within similar taxa (e.g., Wallace et al., 2011), or; (3) estimating
Rmax from vital rate parameters derived indirectly from life
history or allometric models (Zydelis et al., 2009). For example,
meta-analysis incorporating life-history and evolutionary theory
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can provide robust estimates of Ry.x for data-poor species
(Fagan et al., 2013).

We assessed model sensitivity and assumptions relative to
the historical population trends and current trajectory. In one
example, we assessed the effect of the delay in female bowhead
whale age of sexual maturity on the timing of population
growth rate. Bowhead whales have the longest delay in age
of sexual maturity of all mammal species with a median
of about 26 years-of-age (Rosa et al, 2013) and this delay
might explain a delay in exponential population growth. We
implemented this delay in our surplus production model to
account for age at maturity. We recognize that age at maturity
is considered a component of Ry, in the Euler-Lotka equation
(Hutchings et al., 2012). However, the Euler-Lotka equation
assumes a population at equilibrium in terms of age structure
and the small number of bowhead whales that survived the
peak commercial whaling might represent an unbalanced age
structure biased toward younger whales. Commercial whalers
very rarely reached into Foxe Basin and only into the northern
half of Prince Regent Inlet during the later years of the fishery
(Ross, 1979; Reeves et al., 1983), areas that currently support a
higher proportion of young whales during the ice-free season
(Fortune et al., 2020c).

We also conducted sensitivity testing of the density-dependent
shape parameter (y) to achieve a slower population recovery that
was suggested by the recent survey abundance estimates. We used
ay of 1.0 (Maximum Net Productivity at 50% K), 2.39 (60%), and
5.0 (80%) to mimic a maximum sustainable yield level in a range,
as often assumed in density-regulated models of baleen whales
(Witting, 2013).

Next, we used the population carrying capacity estimate to
develop a PA framework that determined the appropriate
population levels at which the reference points and
corresponding stock status zones should be set (Punt and
Smith, 2001; DFO, 2006). The use of a predetermined level of
decline in abundance to trigger management action has been
recommended in other jurisdictions (e.g., Mace and Gabriel,
1999). The primary components of the generalized framework
are:

e The healthy zone lower boundary is set at 50% (Ns¢) of the
pre-commercial exploitation population size.

e The cautious zone is bounded by 30% (N3p) and 50% (N5)
of the pre-commercial exploitation population size, and

e The critical zone is below 30% (N3) of the pre-commercial
exploitation population size.

A corresponding Target Reference Point set at 70% (Nyo),
is an approximate abundance target that closely matches the
maximum sustainable yield estimates of 60% of carrying capacity
commonly used for large whales (Baker and Clapham, 2004).
The Removal reference is the maximum acceptable removal
rate for the stock and includes all mortality from all types of
harvesting. The target reference point (N7g) identifies a level
within the healthy zone below which risk-averse management
control rules should apply. When population abundance exceeds
the target reference point (N7p), management goals based on

other considerations, such as ecosystem impacts and/or socio-
economic benefits, can be considered. The N5y reference point
(50%) identifies an “unsafe” population status range (cautious
zone) when a hunt is subjected to limited harvesting. Lastly,
the limit reference point (N3g; 30%) represents the estimated
abundance at which continued anthropogenic removals will
cause serious and irreversible harm to the population. This
approach provides clearly defined benchmarks that link to
magnitudes of changed abundance from a population level at
carrying capacity (Nk). Last, we used the deterministic model
estimate (10,968 whales; Higdon and Ferguson, 2016) and the
most recent genetic abundance estimate (11,747 whales; Frasier
et al., 2020) to determine where the current ECWG population
lies with the PA framework; thereby recommending management
advice for the population.

RESULTS

Current removals included all sources of anthropogenic mortality
(e.g., harvest, struck and lost, fishing gear entanglements and
vessel strikes; Table 2). Since 1996, with the resumption of local
hunting, 50 whales have been killed, 11 in West Greenland and
35 in Canada, including 3 bycatch from crab traps and 4 struck
and lost whales. Recent harvest levels have been 3.3 whales/year
between 2008 and 2019; lower than the PBR recommended
sustainable harvest of 52.

The trend in abundance estimated by the deterministic model
(Rmax is 3.8-4.0 and the struck and lost factor is 1.10-1.15)
followed the catch history data and provided a reasonable pre-
commercial whaling estimate of ca. 18,500 whales that could
be used to develop a PA framework (Figure 2A). Some model
trajectories went “extinct” at zero abundance and therefore,
we re-ran the model with those outcomes removed since we
know that the population survived (Figure 2B). Overall, the
population trajectory over the past 50 years did not fit the recent
abundance estimates from aerial surveys and genetic mark-
recapture.

After the reduction in population numbers in the late 1800s
and low numbers in the early 1900s, the model projections
described a faster rate of increase than observed by the series
of population abundance estimates. We re-ran the model under
different scenarios to try to understand this mismatch. One
explanation was the long delay in the onset of first reproduction
by bowhead whales. Applying this delay did delay the recovery
(Figure 3A), and thus better fit the estimates.

We found that the deterministic model was sensitive to
the range of parameter adjustments; however, they did not
affect the historical abundance/K value. Indeed, there was only
a very narrow range of historical abundance values (between
18,000 and 19,000) that allowed the population trajectories to
survive the heavy removals of the industrial whaling period and
yet not overshoot the recent abundance estimates. Changing
the y for the density-dependent relationship (y constrained
between 1.8 and 1.9), allowed us to cause a slower recovery that
better matched the available abundance estimates (Figure 3B).
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TABLE 2 | Inuit subsistence harvests of ECWG bowhead whales in Nunavut (NU), Nunavik (QC), and West Greenland (WG) since 1996.

Year Community Latitude Longitude Harvest date Sex Length (m)
1996 Naujaat (NU) 66.531204° N, —86.24114° E 1996-08-15 M 14.91
1998 Pangnirtung (NU) 66.12778° N, —65.702774° E 1998-07-21 M 12.75
2000 Coral Harbor (NU) 64.13955° N, —83.15759° E 2000-08-16 M 11.65
2002 Igloolik- Sanirajak (NU) 69.37878° N, —81.78519° E 2002-08-10 F 14.19
2005 Naujaat (NU) 66.531204° N, —86.24114° E 2005-08-18 F 16.40
2008 Kugaaruk (NU) 68.53286° N, —89.822845° E 2008-09-04 M 10.51
2008 Sanirajak (NU) 68.76615° N, —81.22076° E 2008-08-18 M 13.43
2008 Kangigsujuag (QC) 61.6000° N, —71.9667° E 2008-08-09 M 14.88
2009 Kangigsujuaq (QC) 61.6000° N, —71.9667° E 2009-08-22 F 17.29
2009 Rankin Inlet (NU) 62.811996° N, —92.09435° E 2009-08-28 F 16.15
2009 Kinngait (NU) 64.23274° N, —76.542465° E 2009-09-29 M 16.77
2009 Disko Bay (WG) 69° N, —51.96623° E 2009-04-30 M 14.10
2009 Disko Bay (WG) 69° N, —51.96623° E 2009-05-08 F 14.80
2009 Disko Bay (WG) 69° N, —51.96623° E 2009-05-10 F 15.50
2010 Naujaat (NU) 66.531204° N, —86.24114° E 2010-08-28 F 14.32
2010 Mittimatalik (NU) 72.700226° N, —77.96166° E 2010-08-05 M 12.80
2010 Disko Bay (WG) 69° N, —51.96623° E 2010-04-09 F 14.35
2010 Disko Bay (WG) 69° N, —51.96623° E 2010-04-09 F 15.85
2010 Disko Bay (WG) 69° N, —51.96623° E 2010-05-01 F 16.10
2011 Coral Harbor (NU) 64.13955° N, —83.15759° E 2011-09-20 F 16.38
2011 Kugaaruk (NU) 68.53286° N, —89.822845° E 2011-08-20 F 9.04
2011 Igaluit (NU) 63.75133° N, —68.52042° E 2011-08-15 M 14.33
2011 Disko Bay (WG) 69° N, —51.96623° E 2011-05-08 F 16.1
2012 Taloyoak (NU) 69.537315° N, —93.52146° E 2012-09-06 F 9.60
2012 Arctic Bay (NU) 73.03871° N, —85.188126° E 2012-08-11 M 8.99
2012 Naujaat (NU) 66.531204° N, —86.24114° E 2012-08-13 M 8.10
2013 Naujaat (NU) 66.531204° N, —86.24114° E 2013-08-31 F 16.72
2013 Gjoa Haven (NU) 68.633545° N, —95.86406° E 2013-09-14 M 9.75
2013 Pangnirtung (NU) 66.12778° N, —65.702774° E 2013-08-06 M 12.80
2013 Disko Bay (WG)? 69° N, —51.96623° E 2013-06-na na na
2014 Clyde River (NU) 70.47519° N, —8.576836° E 2014-08-03 F 16.15
2014 Kugaaruk (NU) 68.53286° N, —89.822845° E 2014-08-31 M 9.75
2015 Naujaat (NU) 66.531204° N, —86.24114° E 2015-09-16 F 14.00
2015 Disko Bay (WG) 69° N, —51.96623° E 2015-05-08 F 16.00
2016 Igloolik (NU) 69.37878° N, —81.78519° E 2016-08-20 F 8.23
2016 Pangnirtung (NU) 66.12778° N, —65.702774° E 2016-09-09 F 11.74
2017 Kangigsujuaq (QC) 61.6000° N, —71.9667° E 2017-08-31 F 14.00
2017 Disko Bay (WG)? 69° N, —51.96623° E 2017-04-04 F na
2017 Disko Bay (WG)? 69° N, —51.96623° E 2017-05-31 na na
2018 Naujaat (NU) 66.531204° N, —86.24114° E 2018-08-26 F 15.93
2018 Igaluit (NU) 63.75133° N, —68.52042° E 2018-08-14 F 10.97
2018 Coral Harbor (NU) 64.13955° N, —83.15759° E 2018-06-28 M 8.23
2019 Coral Harbor (NU) 64.13955° N, —83.15759° E 2019-06-28 F 8.00
2019 Naujaat (NU) 66.531204° N, —86.24114° E 2019-08-26 F 14.27
2019 Mittimatalik (NU) 72.700226° N, —77.96166° E 2019-08-02 F 9.14
2019 Igloolik (NU) 69.37878° N, —81.78519° E 2019-08-10 F 9.19
2020 Sanirajak (NU) 68.76615° N, —81.22076° E 2020-08-01 M 12.65

aBycatch is the incidental/unintentional catch of one species while fishing for a different target species (e.g., whale in a crab trap).

However, the choice of an appropriate density-dependent shape

parameter is subjective.

Using the model results, we calculated the following
stock status zones for consideration in ongoing sustainable

(1) Healthy zone between Nsq (9,250) and Nk (18,500),

(2) The target reference point (N7g) of 12,000 whales,

management of ECWG bowhead whales (Table 3):

be avoided.

(3) Cautious zone between N3q (5,550) and Nsq (9,250), and
(4) Critical zone below N3q (5,550) where all removals should
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TABLE 3 | Stock status zones and reference points proposed for a Precautionary Approach to co-management of the Eastern Canada-West Greenland bowhead whale
population, based on historical (pre-commercial exploitation) population abundance (Higdon and Ferguson, 2016).

Stock status zone Precautionary Approach (PA)

reference point

Estimated abundance (% of
pre-historical maximum, Ng)

Management strategy

Healthy Removal Reference Target Reference
Cautious Upper Stock Reference
Critical Limit Reference Point

9,250 (50% of max) to maximum
18,500 (Ng) 12,000 (70% of N)

5,500 (30% of Ny) to 9,250 (50% of N)

Below 5,500 (30% of N)

Include ecosystem, socio-economic
considerations

Substantial conservation measures
required for population recovery

All anthropogenic removals stopped

Applying model results to the precautionary approach
indicated that the ECWG bowhead population abundance
in 2013 was above Nsg and within the N5y to Ny zone
(i.e., Healthy).

DISCUSSION

We defined reference points for the ECWG bowhead whale
population by using the estimated historical population size as
a measure of carrying capacity. To inform the PA framework,
we identified the transition between different abundance (stock
status) zones and their corresponding management objectives.
Population status reference points have often been developed
using Ny, the maximum sustainable yield level (Curtis et al.,
2015); however, this has generally not been the case for marine
mammals that are harvested at low rates (Barber, 1988). Here,
we set short-term management goals by modeling catch statistics
and relate results to a time series of abundance estimates that can
project reference points for consideration by the decision making
process (Garcia et al., 2000). Using this approach, we consider
it likely that the current ECWG bowhead population estimate is
within the Nso to Ny zone.

Estimates of removal numbers, population abundance, and
demographic rates are often highly uncertain. For most species
it is extremely difficult to estimate reference points based on
population trend; even more so for large whales like bowhead
(Witting, 2013). The most recent ECWG aerial survey was
conducted in 2013 and produced an abundance estimate of 6,745
(95% CI 3,722-11,200) whales (Doniol-Valcroze et al., 2020). This
estimate is conservative, because it does not include the summer
aggregation areas of Foxe Basin and Repulse Bay. A Bayesian
analyses of genetic capture-mark-recapture data collected over
a 19-year period (1995-2013) provided an estimate of 11,747
(Frasier et al., 2020). The genetic estimate of population size is
similar to the deterministic model estimate (Figure 2). Regardless
of which abundance estimate is used, the ECWG bowhead whale
population should continue to increase to the N7 target reference
point (above 12,000) over the next 10 years if subsistence
hunts take most of the 52 whales estimated using current PBR
calculations. Caution is necessary, however, as this mortality
rate would include not only losses from harvest and struck
and lost whales, but also net entanglements and vessel strikes.
For example, mortality from bowhead whale net entanglements
due to fisheries activities have been reported (Citta et al., 2014)
and similar to their closest relative, the right whale, bowhead

whales are susceptible to mortality from marine vessel strikes
(George et al., 2021b).

Modeled population growth after the cessation of commercial
whaling suggested a faster rate of increase in the population
than was realized based on survey abundance estimates. Witting
(2013) had already observed that the estimated density-regulated
growth following whaling was slower than expected. One
explanation for this discrepancy may be the delayed population
growth from the continued commercial whaling in the early
1900s when few whales were available. Another explanation
for this mismatch is that the three aerial survey abundance
estimates used in our trend analysis were all negatively biased
due to missing areas known to have bowhead whales (Koski
et al., 2006; Dueck et al., 2008; Doniol-Valcroze et al., 2020).
Another explanation was the uncommonly long delay in sexual
maturity of females, longer than any other whale species
(Ferguson and Higdon, 2013), resulted in a delay in exponential
population growth. Other possible explanations that could be
explored include an Allee effect, perhaps due to difficulties
in finding suitable mating partners (Frasier et al., 2007). The
logistic model used did not incorporate Allee effects; however,
it could be incorporated into future versions (Fujiwara and
Caswell, 2001). Following the low population abundance from
commercial whaling, whales were likely few and far between
and prevented from reproducing at their full R,qy. Another
possibility is that the large commercial whale mortality resulted
in a social/cultural deficit to the population from the loss of
their experienced members that held knowledge of how to
navigate through sea ice and/or find food during atypical years.
Killer whales were reasonably abundant in the Baffin Bay-Davis
Strait area during the commercial whaling era (Reeves and
Mitchell, 1988), as whalers did not start pursuing them until
the mid-1900s (Jourdain et al., 2019). Killer whale predation
is typically included in natural mortality but our modeling
approach did not allow for changes in natural mortality over
time. Additional data would be needed to inform such changes,
including an increase in killer whale predation (Ripple et al.,
2014). Last, “pre-commercial exploitation” carrying capacity may
be unreachable given the large-scale environmental changes
associated with ice loss (Overland and Wang, 2010; Punt and
Wade, 2012).

Bowhead whales are also among the largest animals on earth
and the amount of body fat is extremely high, up to 60% body
mass (George et al,, 2021a). Due to their large body mass and fat
composition, bowhead whales are expected to have high energetic
requirements. Although bowhead whale numbers are recovering
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FIGURE 2 | Mean (solid line) and 95% confidence intervals (dashed line) of
ECWG bowhead whale population trajectory estimated from 10,000 Monte
Carlo simulations of a logistic population growth model and removals
estimated using historical catch data and a struck and lost correction factor.
Carrying capacity (K), defined as the starting population size prior to
exploitation, was set at 18,500 animals. Models included a uniform
distribution for struck and lost correction that ranged from 1.10 to 1.20, and a
uniform distribution for Ryax that ranged from 0.035 to 0.045. Recent
population estimates are shown for comparison, from aerial surveys (circle
symbols) in 1981 (Koski et al., 2006), 2002 (IWC, 2009b) and 2013
(Doniol-Valcroze et al., 2020) and from genetic Capture-Mark-Recapture
analysis (2013), blue triangle symbol (Frasier et al., 2020)]. Upper panel (A) is
model results that include zero values and lower panel (B) is model results
that exclude zero population abundance values.

from overharvesting by commercial whaling activities in eastern
Canadian waters, concern remains regarding their future because
of anthropogenic factors such as climate change that are expected
to alter ice conditions and the quantity and quality of prey
available to them. Possible replacement of high-lipid Arctic
species of zooplankton by lower-energy temperate species may
strongly affect the foraging success of bowhead whales. Although,
bowhead whale diet and foraging behavior is well understood
(e.g., Fortune et al., 2020a), the possible demographic impact of
environmental change has not been investigated.
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FIGURE 3 | ECWG bowhead whale population trajectory from a logistic
population growth model estimated using historical catch data. Upper panel
(A) is model results (solid line mean and dashed 95% confidence intervals)
with a 26 y delay to represent bowhead whale age of maturation. Lower panel
(B) is model results with a modified density-dependent shape parameter (y)
constrained between 1.8 and 1.9 and with Rax constrained between 3.8 and

4.0.

Bowhead whales face multiple threats in addition to harvest
mortality and managing catch using the PA framework should
account for additional anthropogenic impacts, e.g., pollution,
climate warming, vessel strikes, and noise (Halliday et al., 2021;
Kochanowicz et al., 2021). Ultimately, cumulative impacts should
be incorporated into the decision-making process (Murray
et al., 2021). Recent advances in techniques for data-limited
populations can address some of these challenges (Fagan et al.,
2013). Another concern is the model assumption of constant
carrying capacity which is unrealistic with a warming climate
and associated greater environmental variability. The approach
we have used here is to define population thresholds that
provide managers with guidelines to maintain sustainable harvest
and thereby avoid the carrying capacity concept (McLeod,
1997); however, the approach will need to be monitored
using adaptive management and updated and improved as
more population information becomes available (McCarthy and
Possingham, 2007). For example, simulation modeling may help
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to assess uncertainty estimated from probability distributions
for vital rates, abundance, and true catch (e.g., struck and lost).
Simulation can consider different scenarios, such as density
dependent growth and age- or sex-dependent harvest mortality
(Dillingham et al., 1990).

The PA framework can be used to determine management
goals for the ECWG population. At the upper conservation
zone, management intervention is important, whereas at the
lower zone, management intervention is required. Following
this approach, if the population is below Ny and above
N5, management is required and harvest control rules would
come into effect. Among the different management modeling
approaches that could be investigated are incorporating more
uncertainty with Bayesian approaches, defining alternative
population growth models (e.g., Allee effects), and incorporating
different population thresholds (e.g., maintaining abundance
above 0.70 K). With more data, a population model can be
developed to evaluate the probability that a given harvest scenario
will meet stated management objectives, thus replacing harvest
advice based on PBR (Hammill et al., 2015). Future research
can incorporate ecosystem considerations and provide more
biological data on population productivity, e.g., reproductive
cycle and age, to improve estimation of catch reference points.

Management Considerations

We recommend that the most recent 2013 population abundance
estimate for ECWG bowhead whales be updated. We propose
that this update be based on the Mark-Recapture genetic model
(Frasier et al., 2020) and include more recent genetic samples
from biopsy sampling programs in Canada and Greenland. With
a new genetic Mark-Recapture estimate, a population model
incorporating bowhead catch history, historical population
size, vital rates, and trend in population abundance can
provide sustainable harvest advice in Canada, and assist
with conservation efforts to maintain population health. The
limit-reference point framework outlined here is consistent
with the internationally adopted PA and should provide
simple management guidelines while ensuring the growth and
health of the ECWG bowhead whale population. The ECWG
bowhead whale population range includes the jurisdictional
waters of two countries that harvest whales, requiring political
considerations between a non-IWC member state (Canada)
and an IWC member state (Greenland, via Denmark). Canada
and Greenland/Denmark are a party to the United Nations
Convention on the Law of the Sea (UNCLOS). Concerning
marine mammals within their 200 mile zone, Article 65 of
UNCLOS provides that “States shall cooperate with a view to the
conservation of marine mammals and in the case of cetaceans
shall in particular work through the appropriate international
organizations for their conservation, management and study.” To
assist this collaboration on transboundary cetacean management,
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