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Wildlife harvest remains a conservation concern for many species and assessing patterns
of harvest can provide insights on sustainability and inform management. Polar bears
(Ursus maritimus) are harvested over a large part of their range by local people. The
species has a history of unsustainable harvest that was largely rectified by an international
agreement that required science-based management. The objective of our study was
to examine the temporal patterns in the number of polar bears harvested, harvest sex
ratios, and harvest rates from 1970 to 2018. We analyzed data from 39,049 harvested
polar bears (annual mean 797 bears) collected from 1970 to 2018. Harvest varied across
populations and times that reflect varying management objectives, episodic events, and
changes based on new population estimates. More males than females were harvested
with an overall M:F sex ratio of 1.84. Harvest varied by jurisdiction with 68.0% of bears
harvested in Canada, 18.0% in Greenland, 11.8% in the USA, and 2.2% in Norway.
Harvest rate was often near the 4.5% target rate. Where data allowed harvest rate
estimation, the target rate was exceeded in 11 of 13 populations with 1-5 populations
per year above the target since 1978. Harvest rates at times were up to 15.9% of the
estimated population size suggesting rare episodes of severe over-harvest. Harvest rate
was unrelated to a proxy for ecosystem productivity (area of continental shelf within each
population) but was correlated with prey diversity. In the last 5-10 years, monitored
populations all had harvest rates near sustainable limits, suggesting improvements in
management. Polar bear harvest management has reduced the threat it once posed to
the species. However, infrequent estimates of abundance, new management objectives,
and climate change have raised new concerns about the effects of harvest.

Keywords: harvest, harvest management, polar bear, sustainability, over-harvest, conservation

INTRODUCTION

Among mammals, habitat loss and harvest are the main conservation threats to the majority
of assessed species (Schipper et al., 2008; Vié et al.,, 2009). Unsustainable harvest of wildlife is
a significant threat to global biodiversity (Weinbaum et al., 2013; Benitez-Lopez et al., 2017)
and many large mammal species have been depleted (Pistorius et al., 2011; Rocha et al., 2015).
Unregulated harvest remains a significant obstacle to population recovery (Wittemyer et al., 2014).
However, a sustainable harvest is possible if population size and vital rates are known and harvest
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is maintained at levels that do not lead to population decrease
(Caughley, 1977; McCullough, 1996). It is therefore useful
to monitor demographic parameters along with information
on the numbers and locations of individuals harvested to
assess sustainability (Law, 1979; Kokko et al., 2001). Population
estimates, information on past yields, and harvest sex- and
age-composition may, however, provide sufficient information
for harvest management even if detailed information on
demographic parameters are unavailable (e.g., Harris and
Metzgar, 1987; Beston and Mace, 2012; Vajas et al., 2021).
However, the information available on harvest often varies
widely. For many Arctic large mammals, their large ranges, low
population densities, remoteness, and use for subsistence raise
challenges for management.

Arctic marine mammals have a history of unsustainable
harvest with depletion occurring in walrus (Odobenus rosmarus,
Bockstoce and Botkin, 1982), bowhead whales (Balaena
mysticetus, Woodby and Botkin, 1993), belugas (Delphinapterus
leucas, Alvarez-Flores and Heide-Jorgensen, 2004), and polar
bears (Ursus maritimus, Prestrud and Stirling, 1994). Currently,
78% of the Arctic marine mammal populations are legally
harvested (Laidre et al., 2015). However, Laidre et al. also found
that only 35% of these populations had some assessment of
trend suggesting that harvest sustainability is often unknown.
Therefore, lack of adequate monitoring leaves Arctic marine
mammals vulnerable to over-harvest and other stressors. Sea-ice
dependent species are further challenged by sea ice declines that
result in habitat loss that can reduce carrying capacity (Tynan
and DeMaster, 1997; Stirling et al., 1999; Bromaghin et al., 2015;
Laidre et al., 2015; Heide-Jorgensen et al., 2020). Many Arctic
marine mammal populations are small (Laidre et al, 2015),
and such populations in an increasingly stochastic environment
present management challenges (Caughley, 1994; Lande, 1998).

The history of polar bear exploitation by humans dates
back ~10,000 years (Makeyev et al., 1993), and has continued
at varying intensity to modern times (Prestrud and Stirling,
1994; Regehr et al., 2017). Even though harvest was high in
some regions during the first half of the 1900s (e.g., 200-900
annually in Svalbard, Norway), there was little concern about
the harvest (Loughrey, 1956; Long, 1965). This lack of concern
partly stemmed from the remoteness of the Arctic, lack of
population monitoring, and limited exchange of information
between polar bear jurisdictions (Prestrud and Stirling, 1994).
However, during the 1950s, concerns arose that over-harvest and
lack of information on population status were putting the species
at risk (Lentfer, 1976; Amstrup et al, 1986). Such concerns
resulted in a ban on polar bear harvest in the Soviet Union in 1956
that has largely continued to date (Prestrud and Stirling, 1994).

Polar bears are distributed over ~24 million km? across the
Arctic, from about 51°N in Canada, north to the North Pole,
within 19 subpopulations (Figure 1; Polar Bear Specialist Group,
2010). The delineation of polar bear subpopulations is based on
telemetry data, recapture of tagged bears, and returns of tags
from bears harvested by Inuit hunters, genetics, sea ice, and
geographic barriers to movement (Bethke et al., 1996; Paetkau
et al., 1999; Mauritzen et al., 2002; Peacock et al., 2015). The
term “subpopulation” is the term used by the International

Union for Conservation of Nature (IUCN) Species Survival
Commission for “geographically and otherwise distinct groups
in the population between which there is little demographic or
genetic exchange” (IUCN, 2012). We use the term “population”
to describe the separate polar bear units used for management.

Through the 1960s, 1,100-1,500 polar bears were harvested
across their range annually, but without estimates of abundance
or population status that could be wused to determine
sustainability (Prestrud and Stirling, 1994). The lack of
population estimates and ongoing harvest resulted in a call
for international cooperation on research and management
in the early 1960s (Tovey and Scott, 1957; Scott et al., 1959;
Harington, 1964). Concerns about over-harvest eventually led
to the Agreement on the Conservation of Polar Bears in 1973
(Agreement) signed between the five nations within the range
of polar bears (Lentfer, 1974; Larsen and Stirling, 2009). The
Agreement implemented a harvest ban with exceptions for
traditional subsistence harvest. Most polar bear harvest since the
Agreement is by local people, although Canada has allowed a
limited sport hunt (Wenzel, 2011). Use of harvested polar bears
varies across jurisdictions, but they are generally used for food
and commercial trade in hides (Dowsley, 2010).

After the Agreement was ratified in 1976, overall harvest levels
decreased (Prestrud and Stirling, 1994). There have nevertheless
been concerns about possible over-harvest and unbalanced
population composition in several populations (Taylor et al,
1987, 2006b; Prestrud and Stirling, 1994; Derocher et al., 1997).
For example, in Canada, the Viscount-Melville Sound is managed
conservatively due to concerns about depletion (Taylor et al,
2002) and the M’Clintock Channel population has been managed
for recovery due to over-harvest that occurred between 1974
and 1992 that resulted in a significant population decline (Taylor
et al., 2006b). Management concerns about the sustainability of
polar bear harvest remain but more broadly, climate change is
viewed as the dominant long-term threat to the species (Stirling
and Derocher, 1993; Derocher et al., 2004; Regehr et al., 2016).
The interaction between climate change and harvest is likely to
result in new challenges (Regehr et al., 2017, 2021a,b). The main
challenge is that resilience to exploitation depends on survival
and reproduction, yet declines in both parameters for polar bears
have been associated with climate change (Derocher et al., 2004;
Molnar et al., 2010, 2014; Regehr et al., 2010; Rode et al., 2010).

Additional challenges to harvest sustainability levels are likely
associated with ecological differences between populations with
higher productivity areas supporting more polar bears than low
productivity areas. Several habitat-related variables affect polar
bear distribution and densities (Durner et al., 2009; Hamilton
and Derocher, 2018) with prey density, especially ringed seals
(Pusa hispida), influencing polar bear abundance (Stirling and
Oritsland, 1995). More available prey and more favorable habitat
can support more polar bears, thus facilitating higher levels of
sustainable harvest.

To maximize harvest, polar bear harvest in Canada has been
male-biased, where the number of males harvested is two or
three times higher that of females (Derocher et al., 1997; Taylor
et al., 2008c). Other nations do not have sex-specific harvest
objectives. Male-biased harvesting is founded on the assumption
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FIGURE 1 | Polar bear populations as delineated by the IUCN/SSC Polar Bear Specialist Group (after Polar Bear Specialist Group, 2018).

that population growth rate is determined by females within a
polygynous mating system, as long as there are enough males
to mate available females (Caughley, 1977). However, such sex-
biased harvest may have unintended demographic effects, and a
skewed adult sex ratio might also have consequences for mating
behavior and reproductive rates (Schacht et al., 2017). Further,
male depletion could cause an Allee effect through reduced
mating success and lower reproductive output, which could
increase extinction risk (Lindstrom and Kokko, 1998; Molnar
et al., 2008). Based on a sustainable yield of <1.6% adult females
in a population, and a 2M:1F target sex ratio in the harvest,
a harvest rate of 4.5% has been considered sustainable (Taylor
et al., 1987, 2008¢; Regehr et al.,, 2017). While our study does
not address the age of harvested bears, regulations pertaining to
the protection of adult females accompanied by offspring and the
dependent offspring from harvest varied over time and between
jurisdictions (Nageak et al., 1991; Calvert et al., 1993; Taylor et al.,
2008c). Therefore, such regulations would have influenced the
sex ratio of harvest to different degrees across populations.

The objectives of this study were to assess the temporal
patterns in the number of polar bears harvested, harvest
sex ratios, and harvest rates from the legal take of polar

bears in the circumpolar Arctic 1970-2018. Further, we also
assessed possible over-harvest, whether harvest rates varied with
ecosystem productivity, and the extent to which having, or not
having, estimates of population size may have influenced harvest
management decisions. We predicted that the number of polar
bears harvested would reflect the intent of the Agreement to
manage using the best available scientific data, and that the
incidences of over-harvest would be limited.

MATERIALS AND METHODS

Harvest Data

We collated as complete data as possible on harvest from
government agencies in all populations with legal harvest and
known take (16 of the 19 populations), 1970-2018. Consequently,
three populations were excluded due to lack of legal harvest:
the Kara Sea, Laptev Sea, and the Arctic Basin. We note that
there are no population estimates in East Greenland, Chukchi
Sea has incomplete harvest data, and harvest ceased in the
Barents Sea in 1973. Data for West Greenland before 2006
and for Québec in Canada before 1989 were taken from the
TUCN Species Survival Commission Polar Bear Specialist Group
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(Polar Bear Specialist Group, 1976, 1980, 1985, 1986, 1991,
1993, 1998). Data from West Greenland before 1993 were
reported by municipality and were allocated to a population. For
West Greenland, harvest for Qaanaaq (Avanersuaq/Thule) was
assigned to Kane Basin, Uummannaq-Nuuk harvest was assigned
to Baffin Bay, and Paamiut and south harvest was assigned to
Davis Strait. Data from Québec relates to the Davis Strait, Foxe
Basin and Southern Hudson Bay populations. Quebec data before
1989 are given as a sum for all three populations, therefore,
harvest was assigned to each of these three populations based
on the mean proportion of the harvest taken from each in
1989-2018. Information on quotas was collected from various
sources (Polar Bear Specialist Group, 1991, 1993, 1998, 2002,
2006, 2010, 2018; Brower et al., 2002; Government of Nunavut,
2021). To our knowledge all harvest numbers include kills in
defense of life and property, but do not include unreported
harvest, poaching, and struck or lost bears and thus represent a
minimum removal.

Time series changes and trends in annual harvest were
initially smoothed using a Generalized Additive Model (GAM)
with a Poisson distribution for the counts, fitted with the
gam() function in the mgcv package in R version 3.5.0 (Wood,
2017; R Core Team, 2019). Smoothing terms are introduced
to explore both linear and non-linear relationships. In the
GAM, the harvest as a function of time is included as a
spline s(Year), using the default penalized regression splines
(Wood, 2017). As we were interested in long-term changes
over time, and not short-term variation, we constrained the
basis dimension used in each smooth by changing the k-
parameter in the spline function s() from the default of
10 to 6 when investigating single populations. Choosing a
different k or the default values had limited influence of
the model fits (Supplementary Figure 1). Autocorrelation and
partial autocorrelation function (ACF/PACF) plots were used to
assess autocorrelation of residuals, and an AR1 model using a
random effect specification was fitted to time series by utilizing
the generalized additive mixed model formulation [function
gamm()] in the mgcv package in R (Wood, 2017). An ARI1
model is a first-order autoregressive model that adjusts for
correlation between 1 year and the previous year’s random
residual term (see Saveliev et al., 2009 for an example). As
counts showed evidence of overdispersion, we also used a quasi-
likelihood approach to model counts, by using the “family =
quasipoisson” argument in the function gamm. The models were
fitted independently for all subpopulations. The R script for the
GAM modeling and plotting of harvest numbers is provided in
the Supplementary Material 2.

Sex Ratio

Sex ratio is defined as the number of males to females in
the harvest (M:F) as reported by hunters or recorded by
management personnel. Time series change and trends in annual
sex ratio of harvested animals of known sex in each population
were examined using a GAM with a binomial distribution
with the mgcv package in R version 3.5.0 (R Core Team,
2019). Autocorrelation and partial autocorrelation function
(ACF/PACEF) plots of residuals were checked for autocorrelation.

To summarize long-term changes in population harvest sex
ratio, data were pooled into four approximately equal periods
that were long enough to provide adequate sample sizes: 1970
1981 (12 years), 1982-1993 (12 years), 1994-2005 (12 years), and
2006-2018 (13 years) using a generalized linear model with a
binomial distribution with period as the predictor variable and
using quasi-likelihood to account for overdispersion.

Harvest Rate

We use abundance estimates to assess harvest rate and
management responses to new estimates. Annual harvest rate
was defined as the ratio of recorded harvest and population
abundance estimate (Table1). We used capture-recapture or
aerial survey estimates, and applied them for 10 years after the
last year of data collection. This 10-year period was used by
managers in some jurisdictions before switching to abundance
estimates from population simulation models based on vital
rates. We elected to not use population simulation estimates
because most were unavailable or unpublished, and we had
concerns about accuracy of projections. If a revised estimate was
produced, we used the year of publication as the initial year for
the revised estimate, to separate this from the original estimate.
This approach provided a standardization across populations
because the details of management actions are often unavailable
or unrecorded. If two estimates were based on the same data,
and the periods overlapped, we used the lower estimate as a
precautionary approach. Overlapping estimates only occurred
in two populations, so this issue had minimal effect on the
study. Annual population estimates were available for some
populations, but managers have used a single pooled abundance
estimate from each inventory and have not used these annual
estimates. Therefore, we followed a similar procedure in our
analyses and used the point estimates. Over-harvest was defined
as an annual harvest rate > 4.5% following Taylor et al. (1987).

Six of 19 populations were excluded from harvest rate
estimates: three due to lack of both population estimates and
existing harvest (Arctic Basin, Kara Sea, and Laptev Sea), one due
to lack of harvest (Barents Sea), one due to lack of population
estimates (East Greenland), and one (Chukchi Sea) due to lack of
Russian data.

We used 34 published population estimates (Table1;
Supplementary Figure 3) for 13 populations to calculate harvest
rates. Of the 34 estimates, seven were aerial survey estimates and
27 were mark-recapture estimates, and 31 were estimates of total
population size, including COYs (cubs of the year), yearlings
and dependent young. There was a mean of 5 years (SE = 0.6,
range 0-15) between the last year of data collection and the
estimate being published. In the 11 populations with more than
one estimate, the mean interval between population estimates
was 11.4 years (SE = 1.9, range: 0-28), calculated from the last
year of data collection, and 10.4 years (SE = 2.0, range: 1-
33) when calculated from the year of publication. As of 2021,
estimates in the two populations with only one available estimate,
Norwegian Bay and Viscount Melville, were 13 and 19 years old,
respectively, calculated from the year of publication. Nine of 15
legally harvested populations did not have recent (<10 years old)
population estimates at the time of our analyses. New estimates,
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TABLE 1 | Information about polar bear populations (Polar Bear Specialist Group, 2021), their area, jurisdictions, and population estimates, including source references.

Subpopulation Area (km?) Jurisdiction Point estimate Data period Year Sources
published
Arctic Basin 4,233,530 Circumpolar -
Baffin Bay 1,078,841 Canada (Nunavut), 2,826 2012-13 2016 Scientific Working Group to the
Greenland Canada-Greenland Joint
Commission on Polar Bear, 2016
1,546 2004 2006 Aars et al., 2006
2,074 1994-97 2005 Taylor et al., 2005
Barents Sea 1,691,459 Norway, Russia 2,644 2004 2009 Aars et al., 2009
Chukcehi Sea 1,836,923 Russia, USA 2,937 2008-2016 2018 Regehr et al., 2018
Davis Strait 2,620,106 Canada (Nunavut, 2,158 2007 2013 Peacock et al., 2013
Quebec,
Newfoundland
and Labrador),
Greenland
900 1979 1980 Stirling et al., 1980
East Greenland 2,054,115 Greenland - - -
Foxe Basin 1,181,019 Canada (Nunavut, 2,585 2009-10 2016 Stapleton et al., 2016
Quebec)
2,300 2005 2009 Peacock et al., 2009
2,197 1989-94 2006 Taylor et al., 2006a
Gulf of Boothia 171,136 Canada (Nunavut) 1,592 1998-2000 2009 Taylor et al., 2009
900 1972-1978 1993 Wiig et al., 1993
Kane Basin 156,515 Canada (Nunavut), 357 2013-2014 2016 Scientific Working Group to the
Greenland Canada-Greenland Joint
Commission on Polar Bear, 2016
164 1994-97 2008 Taylor et al., 2008a
Kara Sea 1,763,680 Russia - - -
Lancaster Sound 487,532 Canada (Nunavut) 2,541 1995-97 2008 Taylor et al., 2008b
1,675 1977 1984 Stirling et al., 1984
1,031 1978-79 1982 Schweinsburg et al., 1982
Laptev Sea 2,459,283 Russia - - -
M’Clintock 495,256 Canada (Nunavut) 284 1972-2000 2006 Taylor et al., 2006b
Channel
1,100 1972-78 1984 Furnell and Schweinsburg, 1984
Northern Beaufort 944,668 Canada (Nunavut, 980 2006 2011 Stirling et al., 2011
Sea NWT)
1,200 1986 1988 Stirling et al., 1988
Norwegian Bay 147,263 Canada (Nunavut) 203 1995-97 2008 Taylor et al., 2008a
Southern Beaufort 715,031 Canada (Yukon, 907 2010 2015 Bromaghin et al., 2015
Sea NWT), USA
1,526 2001-2006 2006 Regehr et al., 2006
1,776 1972-83 1986 Amstrup et al., 1986
Southern Hudson 1,135,250 Canada (Nunavut, 780 2011-12 2018 Obbard et al., 2018
Bay Quebec, Ontario)
951 2011-12 2013 Obbard et al., 2013
673 2003-2005 2008 Obbard, 2008
763 1984-86 1992 Kolenosky et al., 1992
Viscount Melville 209,962 Canada (Nunavut, 161 1989-92 2002 Taylor et al., 2002
NWT)
Western Hudson 502,380 Canada 842 2016 2017 Dyck et al., 2017
Bay (Manitoba,
Nunavut)
806 2011 2016 Lunn et al., 2016
1,030 2011 2014 Stapleton et al., 2014
935 2004 2007 Regehr et al., 2007
1,199 1994-95 1997 Lunn et al., 1997
1,000 1978-1992 1995 Derocher and Stirling, 1995
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however, are available most years for some populations as part of
their respective inventory cycle, which varies across jurisdictions.

Harvest Rate and Area Productivity

To examine the relationship between harvest rates and ecosystem
productivity we assumed that total population area (land and
sea included), the proportion of shallow (<300m) continental
shelf area within each total population area, and/or the number
prey species available within each population could be used
as proxies for ecosystem productivity, following Hamilton and
Derocher (2018). We used linear regressions to investigate the
relation between overall mean harvest rate for each population
and the three ecosystem productivity proxies. We converted the
proportion of shallow shelf water (in percent) to actual area of
shelf water for the analyses. The data used in these analyses were
not available for all populations. Therefore, the small sample size
required the use of simple models. There’s no a priori reason to
expect anything other than a linear relationship.

RESULTS

Harvest Numbers

Between 1970 and 2018, 39,049 polar bears (annual mean
797 bears, SE = 16, range: 629-1,285) were harvested in 16
populations, excluding Russia, but including the US portion of

the Chukchi Sea population. Of those harvested, 19,611 were
male (annual mean: 400 bears, SE: 9, range: 253-557), 10,663
were female (annual mean: 218 bears, SE: 5, range: 146-294), and
8,775 were of unknown sex (mean: 179, SE: 17, annual range: 7—
688), resulting in an overall M:F sex ratio of 1.84. Of the total
harvested bears, 68.0% (26,570) were harvested in Canada, 18.0%
(7,018) in Greenland, 11.8% (4,591) in the USA, and 2.2% (870)
in Norway.

The total harvest numbers summed for all jurisdictions
dropped right after 1970 due to the strong decrease in the
Barents Sea harvest, and showed a weak decreasing trend
after 1971 (Figure 2). Numbers, however, increased from ~650
bears/year to ~900 bears/year between about 1975 and the
early 1980s. Since the mid-1980s, harvest had a negative trend
with some fluctuations at both yearly and ca. 5-year intervals.
Between 1970 and 2018, Davis Strait and Gulf of Boothia
had monotonic increasing trends, Chukchi Sea (US data only)
showed monotonic decreasing trend and the 12 remaining
populations had varying harvest annual numbers. Between 2008
and 2018, East Greenland and Northern Beaufort Sea had an
increasing trend.

Sex Ratio
Reporting of sex in harvested bears increased from 1970 to
2018, and after 2006 sex was reported in 97.9% of the harvest
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(7,293 of 7,447 bears), except for 2017 and 2018, when the
proportion of known sex in harvest was 75.7% (1,018 of
1,344 bears; Supplementary Figure 4). The proportion of harvest
where sex was recorded varied greatly between populations
(Supplementary Figure 4).

The circumpolar sex ratio for all data over all years was
1.84M:1F. The sex ratio appeared to be lower for some years
before 1990 than the years after. After an initial decline in the
proportion of harvested males, the sex ratio increased from 1980
to 1995, after which the sex ratio trend line flattened at 2M:1F
(Figure 3).

Divided into four periods, the difference in sex ratio over these
four periods was small (range: 1.65-2.00). However, sex ratio was
significantly higher in 1994-2005 and 2006-2018 than in 1970-
1981 [difference on logit scale 1994-2005 vs. 1970-1981 0.19 (SE
= 0.05), 2006-2018 vs. 1970-81 0.17 (SE = 0.05)] but there was
no evidence for a difference between 1994-2005 and 2006-2018
(difference on logit scale —0.02, SE = 0.05).

The sex ratio over time for the 16 populations varied widely,
from 0 to 12.0 (Figure 3). GAMs for sex ratio were not fitted for
Barents Sea and East Greenland because data on sex of harvest
was unavailable for the entire period. GAMs did not provide
strong evidence (i.e., P > 0.05, see Figure3 for population
specific P-values) for changes for Davis Strait, Kane Basin,

Northern Beaufort Sea, Southern Beaufort Sea, Southern Hudson
Bay, Viscount Melville Sound, and Western Hudson Bay. The
data suggest an increase in sex ratio (i.e., more males) in Gulf
of Boothia, and a variable sex ratio in Baffin Bay, Chukchi Sea,
Foxe Basin, Lancaster Sound, and M’Clintock Channel. Sex ratio
in M’Clintock Channel increased from 1990 for approximately a
decade. In Norwegian Bay there seems to be a significant change,
but harvest numbers are <10 in all years but two, resulting in low
statistical power.

In years where there were harvest of males, but no harvest
of females, the sex ratio (M:F) could not be calculated. This was
recorded in 6 of 16 populations, in 18 of 49 years in Norwegian
Bay, 15 of 49 years in the Barents Sea, 6 of 49 years in M’Clintock
Channel, 5 of 49 years in Kane Basin and Viscount Melville, and
1 of 49 years in Southern Hudson Bay.

Harvest Rates

Harvest rates varied over time within most populations and
between populations (Figure 4). Based on mean annual harvest
rates for all 13 populations with population estimates the
mean harvest rate for all populations over time (calculated by
first averaging by population and then over all populations)
was 4.2%, not very different from the raw average of harvest
rates (4.5%) or the abundance weighted average (4.6%). Of
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FIGURE 4 | Harvest rates for 13 of 19 polar bear populations in 1970-2018, calculated from total harvest and population estimate < 10 years old reported with 95%
confidence intervals shown by dotted lines. Solid red line is the 4.5% harvest level, which has been suggested as the maximum sustainable harvest level. Six
populations are excluded: Arctic Basin, Kara Sea, and Laptev Sea have no population estimate or legal harvest, Barents Sea has no harvest, East Greenland has no
population estimate, and Chukchi Sea due to lack of Russian data.

the 255 annual rates calculated, 93 were higher than the
sustainable level of 4.5%, and 17 were >10%. The highest
harvest rates were 15.0, 15.3, and 15.9%, recorded in Baffin Bay
in 2005, Southern Hudson Bay in 2011, and Kane Basin in
2005, respectively.

Over-harvest occurred in all 13 populations at some point
except Norwegian Bay and Viscount Melville. In these 13
populations, over-harvest occurred for a mean of 8.5 years (SE =
0.6, range: 2-21), representing a mean 36.5% of years with known
harvest rates.
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Harvest Rates and Area Productivity

Linear regression analysis between total population area,
population shelf area, prey diversity, and overall mean harvest
rate for each population found only one significant relationship
(Supplementary Figures 5A-C). There was no significant linear
relation between mean harvest rate and total population area (df
=11,t=1.17, p = 0.27), or between mean harvest rate and area
of shelf < 300m (df = 11, t = 0.86, p = 0.41). The relationship
between mean population harvest rates and prey diversity for
1970-2018 was positive (df = 11, t = 3.74, p = 0.003, RZ =0.52).

DISCUSSION

Unsustainable harvest is a conservation concern for Arctic
marine mammals, and limited data exists to examine long-term
trends in harvest to assess species management. We examined
49 years of polar bear harvest data representing the best estimate
of legal take in the circumpolar Arctic. As predicted, the overall
number of harvested polar bears declined over time. While the
sex ratio in the harvest varied across populations, it trended
toward two males for every female at the circumpolar level in
the last 20 years, a fundamental underpinning of a 4.5% harvest
rate being sustainable. Contrary to predictions, incidents of over-
harvest occurred in nearly all populations that could be assessed
for it, and in some cases lasted for several years.

When examining harvest data spanning 49 years, variation
in reporting and data quality may result in inaccuracies in both
the number and sex of harvested bears. Reported harvest may
underestimate total removals to varying degrees due to failure
to report, inaccuracy of reporting, poaching, and struck and lost.
However, the extent of each possible bias is unknown. Because
there are no data with which to correct such a bias across all
the data, we assumed the data are representative of the actual
harvest. It is noteworthy that based on DNA analyses, sex of bears
was misidentified in 12% of harvest returns in Alaska, resulting
in an underreporting of females (Schliebe et al., 1999). In the
Southern Beaufort Sea between 1980 and 1998, 2.5% (12/479)
of the harvested bears had no sex data in Canada and 22.4%
(147/656) lacked sex data in Alaska (Brower et al., 2002). Reasons
for not reporting sex are unclear but, in a worst-case scenario, if
12% of all bears recorded as male were female and if all harvested
bears of unknown sex were female, the sex ratio of the harvest
in the Southern Beaufort Sea would be 1.02M:1F, as opposed
to the reported ratio of 1.88M:1F. If calculated across all years
and populations this bias would give a sex ratio of 0.79M:1F,
as opposed to the reported ratio of 1.84M:1F. If such a bias in
reporting occurred, harvest impacts on populations could have
been more severe.

There are no uniform characteristics or trends in the number
of polar bears being harvested in the 16 populations. Some
populations had an increase in harvest, others a decline, and
the remaining populations showed variation over time. Polar
bear populations have low intrinsic growth rates, annually at ca.
4.5% at the maximum net productivity level (Regehr et al., 2017),
and are thus easy to deplete and slow to recover. How harvest
will affect a polar bear population will depend on several factors

including abundance, age and sex structure, possible Allee effects
(Molnér et al., 2008), distribution (Stirling and Andriashek,
1992), and genetic structure (Coltman et al., 2003). Our study,
focusing on harvest numbers, cannot assess such changes. It
is, however, possible that harvest contributed to the decline in
population abundance in the Western Hudson Bay (Regehr et al.,
2007), and in the Southern Beaufort Sea (Bromaghin et al., 2015)
populations. It is also likely that harvest was unsustainable at
times in Kane Basin, Southern Hudson Bay, and Baffin Bay.
Nonetheless, across the monitored populations, harvest rates
seem to have been within sustainable limits in the 5-10 years
before 2018.

The sustainability of a specific harvest level is challenging to
assess. In most cases, we do not have data to determine if harvest
is additive, or whether there are compensatory mechanisms.
However, based on population modeling, a harvest rate of
4.5% should be sustainable if the sex ratio of the harvest was
2M:1F (Taylor et al., 1987; Regehr et al., 2017). In populations
with infrequent abundance estimates, harvest levels may be
set above sustainable levels and cause a population decline.
Such declines might not be detected before new inventories
are available, which on average take more than a decade
and, for some populations, more than two decades. Using
the 4.5% harvest threshold, our data show potential over-
harvest issues in 11 out of 13 populations where we have
relevant data. Higher harvest rates might be acceptable where
environmental conditions are being monitored (Regehr et al.,
2017). However, population estimates are often infrequent and
have wide confidence intervals, so harvest rate estimates are
affected by possible errors in both of its constituents: harvest
numbers and population estimates. Our study has used the
point estimates for our presentation of harvest rates. A more
conservative approach would have been to use the lower 95%
confidence interval, which would have indicated more frequent
and much higher levels of over-harvest.

The sex ratio of harvested animals can vary due to sex-
selective harvesting as a management objective, protection of
females with offspring, sex-specific vulnerability, population sex
composition, environmental conditions, or hunter preference. A
rule in Nunavut to protect females was implemented in 2004
with the goal of harvesting two males per harvested female
(e.g., Anonymous, 2004). Interestingly, harvest data show that
sex ratio of harvested animals, while variable, has been around
2M:1F for most populations in most years, despite male-biased
harvest only having been a management objective since 2004, and
only in Nunavut. Females with offspring have been protected in
some populations (e.g., Northwest Territories—Lee and Taylor,
1994), and may contribute to a larger proportion of males in
the harvest (Derocher et al., 1997). The long-term effect of a
skewed sex ratio is unknown, however, reducing the number of
males might eventually lead to reduced reproduction through
a component Allee effect (Molnar et al., 2014). However, it is
impossible to conclude anything about potential demographic
impacts of a sex-selective harvest without information of the
age of harvested animals. In black bears (U. americanus), age
and sex data have been used to calculate harvest rates of both
sexes, as this enables the study of cohorts in the population when
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certain assumptions are met (Paloheimo and Fraser, 1981; Fraser
et al.,, 1982; Harris and Metzgar, 1987). The lack of such data
for polar bears suggests a need for additional analyses for each
population, especially as paternity varies with age (Richardson
et al., 2020).

The Agreement has been regarded as the main driver for
the establishment of a sound management regime on polar bear
conservation through a coordinated international cooperation
on research and management (Prestrud and Stirling, 1994), and
for ending over-harvest. The Agreement has been acknowledged
both for its simplicity and for being one of the first international
regimes to be based on ecological principles (Fikkan et al., 1993).
However, the chronology of events before and after the signing
of the Agreement shows that the annual total take of polar bears
was reduced by >50% when the Agreement was being negotiated
(1965-1973; Fikkan, 1990; Prestrud and Stirling, 1994), and
after an immediate drop in harvest numbers after 1970, from
1,100 to 1,500 in the 1960s (Prestrud and Stirling, 1994), to
about 600 in 1973, the harvest increased in the decade up to
1984, when 1,040 bears were harvested. Harvest quotas were
implemented in a precautionary, knowledge-driven framework
in most populations, to aid long-term harvest sustainability.
However, this has not always been the case for polar bears
(Prestrud and Stirling, 1994). Harvest quotas were implemented
in Canada in 1968 (except Québec, which has not implemented
a quota), in USA in 1971, and in Greenland in 2006. The
increase in harvest numbers in the years after the signing of
the Agreement was largely due to increased harvest within
Canada, particularly in six populations (i.e., Foxe Basin, Kane
Basin, Lancaster Sound, M’Clintock Channel, Southern Hudson
Bay, and Western Hudson Bay). However, reasons behind this
increase are unknown and were not based on increased estimates
of population abundance.

Accurate and precise population abundance estimates along
with information about age-specific survival and reproduction
rates are required as a basis for quotas (Vongraven et al., 2012).
Before 1980, most populations had not been surveyed, and
only five populations had estimates with confidence intervals
(i.e., Southern Beaufort Sea, Gulf of Boothia, Lancaster Sound,
M’Clintock Channel, and Davis Strait). As environmental
change happens, the need for population surveys increases if a
sustainable harvest is to be maintained, and this is a significant
challenge for most population management authorities (Peacock
et al,, 2012). Excluding three populations that were regularly
monitored (Southern Beaufort Sea, Northern Beaufort Sea, and
Western Hudson Bay), the mean interval between consecutive
estimates was 10.9 years (range: 1-36 years), with only six
populations having estimates < 10 years old (Hamilton and
Derocher, 2018). This study also reported delays up to 12
years in release of population estimates following completion
of the inventory. The combination of long inventory cycles
and delays in publishing results is a challenge to sustainable
harvest management.

Biased population estimates in Baffin Bay and Davis Strait
were likely the cause of the high harvest rate estimates.
Inconsistent sampling efforts, low mark-recapture sample sizes,
and few recoveries can result in unreliable population estimates.

In 2016, it was concluded that estimates, published in 2005
and 2006, were biased low (Scientific Working Group to the
Canada-Greenland Joint Commission on Polar Bear, 2016).
Therefore, our harvest estimates in Baffin Bay of 10-15% and
even higher in 2003-2012 were likely a result of underestimated
population sizes, and not necessarily indicative of a severe over-
harvest. Nonetheless, management did not reduce harvest in
response to a potential over-harvest. Co-management boards
kept quotas at levels identified as unsustainable based on existing
data (Peacock et al., 2011). Also, contributing to the estimated
high harvest rate was high and unreported harvest in the
Greenland part of Baffin Bay (Stirling and Parkinson, 2006).
Another example of biased population estimates occurred in
Davis Strait where the 1979 estimate of 900 bears was likely
biased low as the entire population was not sampled (Peacock
et al., 2013). Nevertheless, management decisions made in the
1990s and early 2000s were not based on a precautionary
approach. Again, of further concern, harvest monitoring in
these populations was lacking because it was not coordinated
between Greenland and Canada before 2009, and although
Greenland established a quota system in 2006, harvest was
largely unreported before this. This situation improved in
2009 through a Memorandum of Understanding between the
two jurisdictions on polar bears harvest (Environment Climate
Change Canada, 2009). Similar issues were evident in Kane Basin
in the same period.

Despite long-standing concerns about over-harvest reported
in Foxe Basin in 1991 (Lunn et al., 1998), our data suggests a
sustainable harvest after 1994. In 1997, the Polar Bear Specialist
Group stated that the Foxe Basin harvest quota from 1970
onwards was too high, and they believed that the population
was reduced from about 3,000 to 2,300 (Lunn et al., 1998).
Our data show an increasing harvest number from 1970 until
the mid-1980s, as opposed to stable high harvest from 1970
onwards. Due to concerns of over-harvest the harvest quotas
were reduce ca. 30%, from the mid-1990s, to a level that has been
maintained since.

Only three populations (i.e., Gulf of Boothia, Davis Strait and
Baffin Bay) had increasing harvest over the 49 years. In the Gulf
of Boothia population, harvest rates for the most part seemed
sustainable in the early 1980s and 2000s, and the proportion
of males in the harvest was increasing. In 2005 quotas almost
doubled, from 40 bears per year to 74 bears per year, based on
traditional ecological knowledge and new capture data (Polar
Bear Specialist Group, 2010) and harvest rates increased from
ca 2.5% to ca 4.5%. Population growth rate was at the time
2.5% (Taylor et al, 2009), and if harvest numbers continue
to increase over-harvest might be an issue. A new population
estimate based on genetic mark-recapture data collected in 2015-
17 indicates that the population has remained stable after the
1998-2000 estimate (Dyck et al., 2020). This population had a
density that is many times higher than other populations across
the Arctic (Hamilton and Derocher, 2018) suggesting the harvest
may be sustainable.

Our data suggests that there has been limited responses
from management authorities to new information related to
harvest in some populations. In Southern Hudson Bay, spikes
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in harvest rates in 2010 and 2011 were not acted upon by
management. This population is harvested by Ontario, Québec,
and Nunavut yet only Ontario reduced their quotas in response
to the high harvest (Polar Bear Specialist Group, 2010, 2018)
despite a 17% decline in the population from 2011 to 2016
(Obbard et al., 2018). Duration of sea ice cover was thought
to be the main factor in the decline (Obbard et al., 2018)
but the role of harvest remains unclear. In Western Hudson
Bay there were reports of a population decline (Lunn et al,
2016; Dyck et al, 2017) and lower survival of juveniles and
subadults (Regehr et al., 2007), but the quota was increased
three times after 2010 (Government of Nunavut, 2021). The
Southern Beaufort Sea population declined 25-50% from 2004
to 2007 (Bromaghin et al., 2015) and we found that the harvest
of this population decreased but it was not due to management
actions as there was no change in quotas. Consequently, the
harvest decline may be associated with fewer bears being
available, a change in the hunting effort by the communities
that has resulted in lower hunting pressure, or sea ice changes
that affected the bears or hunters. We suggest that input
from local hunters may provide additional insight on the
declining harvest.

Traditional ecological knowledge has become an integral
part of polar bear harvest co-management within most of
harvested polar bear populations (Dowsley and Wenzel, 2008).
Ongoing changes in management practices suggest a divergence
between science-based management and management based
on traditional ecological knowledge. For example, from 2019,
Nunavut changed from a male-selective 2M:1F harvest to a
non-selective 1M:1F harvest without a corresponding change
in total allowable harvest nor scientific assessment. The goal
in the new co-management plan for the populations in Baffin
Bay, Davis Strait, Foxe Basin, and Western Hudson Bay
is to manage for a decrease if population size “is stable
or increasing and public safety becomes a major concern”
(Government of Nunavut, 2019). This change adds conservation
concern about how ongoing harvest may affect polar bear
populations. There has also been concern raised when harvest
quotas has been increased based on traditional ecological
knowledge alone, without the support from scientific studies
(Wiig, 2005).

There are 19 populations in the circumpolar Arctic and three
have recorded sea-ice related declines in abundance (Bromaghin
et al, 2015; Lunn et al, 2016; Obbard et al., 2018) although
more are predicted to decline (de la Guardia et al, 2013;
Regehr et al., 2016; Hamilton and Derocher, 2018). Whether
harvest can amplify population fluctuations caused by climate
change is debated (Gamelon et al., 2019). Our analyses suggest
that polar bear harvesting appears sustainable across most
populations yet there are trends in some populations that require
a detailed assessment. Our finding that harvest was related
to the prey diversity of the various populations suggests that
ecosystem processes are important (e.g., Sciullo et al., 2017;
Galicia et al., 2021), but these relationships remain unclear.
Ringed seals, the main prey of polar bears (Thiemann et al,
2008), fluctuate in abundance (Stirling, 2002; Nguyen et al,

2017). We suggest that prey switching may occur in those polar
bear populations with greater prey diversity and thus, their
abundance may be less affected by variation in ringed seals
and thus sustain higher harvest levels. In a rapidly changing
Arctic, precautionary harvest management is required to avoid
unnecessary risk to polar bear populations. Other stressors add
to the management challenges. Known risk factors associated
with future viability of Arctic marine mammal populations
include disturbance from tourism and development, increasing
human population/increased accessibility (i.e., higher demand
for wildlife), commercial trade, and pollution (Schipper et al.,
2008; Laidre et al., 2015; Avila et al, 2018; Nelms et al,
2021).

For sound and knowledge-based management of polar bear
populations, and to allow sustainable harvest, we recommend
that population inventories are done more frequently, that
the results are reported promptly, and that projected effects
of climate change are integrated into harvest management.
There is a need for an improved monitoring of the sex and
age composition of harvested animals, and of coordinated
effort across jurisdictions (Vongraven et al., 2012). Further,
retention of a 2M:1F sex ratio of harvest, confirmed and reliable
sex information of all harvested bears, and with changing
environmental conditions, managers could elect to reduce the
4.5% target harvest rate, or manage on the lower confidence
interval of a population estimate. Present changes in polar
bear harvest management, in concert with rapid change in
Arctic ecosystems, emphasizes the need to manage polar bear
populations with a higher degree of precaution than we see
at present.
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