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Abstract: Managers of harvested polar bear (Ursus maritimus) populations are required to determine current status and sustainable harvest levels. 
Time series population estimates are unavailable or suspect for most polar bear populations, including the Viscount Melville Sound (VM) population 
in Canada. Between 1974 and1992, 194 polar bears were captured within VM. We used mark-recapture and standing age analyses to estimate 
population size and the rates of birth and death for this population. Both the current and historical harvest were also recorded. From mark-recapture 
data, we estimated (1) age and sex-specific natural and total survival and (2) population size from estimated capture probabilities that varied by year 
and were higher for females with satellite transmitters. The average population estimate for 1989-92 was 161 bears (SE = 34). We used a simulation 
model to estimate the population growth rate without harvest at 1.059 (SE = 0.063). Historical harvest levels and changes in the population standing 
sex and age distribution and sex ratio indicated that the population had been reduced by over-hunting. Using Monte Carlo simulations that utilized 
the estimated variability in demographic parameters, we explored the risk to this population associated with a range of harvest rates. Because of 
uncertainty in our estimates, we found that the population was at risk at harvest levels less than the estimated sustainable kill. The estimated risk was 
proportional to harvest level. Large harvest rates increased the risk of further reductions to the population and extended the recovery period that 
would likely be required to return the population to its current number relative to lesser harvest rates. We question the value of frequent population 
inventory for Viscount Melville Sound because the small size of this population constrains both the precision and the accuracy of demographic 
estimates. We recommend instead conservative and precautionary harvest policies to reduce the risk of harvest and enhance long term recovery of 
this population. 
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Management of large long-lived mammals, like bears, 
usually involves controls on hunting. Habitat and popula- 
tion density are always important factors in determining 
natural demographic rates. However, in arctic and marine 
environments, it is often not possible or practical to man- 
age habitat. When habitat cannot be managed, the typical 
management goal for harvested marine mammal popula- 
tions is persistence at current numbers or recovery, in cases 
where the population has declined. When numbers are 
relatively constant over time, density effects need not be 
considered in determining sustainable harvest levels. For 
relatively stationary populations, habitat and current den- 
sities determine the natural (unharvested) rates of birth 
and death. The sustainable harvest depends on the sex and 
age composition of the harvest (Caughley 1994). The 
population size and vital rates can be estimated and the 
harvest can be monitored each year. This demographic 
information can be used to estimate the sustainable har- 
vest (Caughley 1977). 

However, such an approach neglects the uncertainty of 
the information. If the information were perfect and con- 
stant each year, the estimated sustainable harvest could 
be taken forever without risk to the population. When de- 
mographic estimates are based on samples collected over 
several years, both sampling and annual variability are 
1 Deceased 

present. Hence, the estimate of sustainable yield will also 
be uncertain. Population growth rate and the maximum 
sustainable yield are summary parameters that are esti- 
mated but rarely measured directly for bear populations. 
The uncertainty of both the population growth rate and 
the sustainable yield estimates may be calculated using 
Monte Carlo methods when estimates of both vital rates 
and the harvest sex and age composition are known (Boyce 
1992, Caughley 1994). 

Our approach recognizes that there is no single correct 
harvest level. Because our information is uncertain, each 
harvest level poses a different level of risk for the popula- 
tion. Some harvest levels may be so low that the risk is 
essentially zero. Other harvest levels may be so high that 
the population will certainly decline rapidly. The most in- 
teresting harvest levels to managers are those that pose an 
acceptable risk to the population and still provide an ac- 
ceptable number of harvest opportunities. 

We summarize the available demographic information 
for the Viscount Melville Sound (VM) polar bear popula- 
tion and compare our estimates to published values from 
other populations. We show how our demographic infor- 
mation can be used to estimate the risk of various harvest 
levels for the VM population and discuss options for man- 
agement. 
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STUDY AREA 
VM polar bears are mainly distributed on the sea ice 

north of Banks and Victoria Islands and south of Melville 
Island (Fig. 1). The western portion of this area is part of 
the Inuvialuit Settlement Area and the eastern portion is 
part of Nunavut. The geographic boundaries of the VM 
polar bear population (Fig. 1) were established using 
mark-recapture movement data (Taylor and Lee 1995), 
DNA analysis (Paetkau et al. 1999), and cluster analysis 
of radiotelemetry data (Bethke et al. 1996, Taylor et al. 
2001a). 

The first polar bear population inventory ever conducted 
by the Government of the Northwest Territories included 
part of the area currently identified as the Viscount Melville 
Sound (VM) polar bear population (Taylor et al. 2001a). 
Hadley Bay and portions of Wynniatt Bay (Fig. 1) were 
investigated as part of a wider Central Arctic study 
(Schweinsburg et al. 1981, 1982; Furnell and 
Schweinsburg 1984). The boundaries of this population 
were uncertain until satellite radio-tracking technology 
became available (Bethke et al. 1996). Because the initial 
research in VM covered only a fraction of the population 
area, that initial work is difficult to interpret. This study 
constitutes the only polar bear research that included the 
entire VM population area. 

76? 

74 

72? 

70? 

Heavy multi-year ice is poor habitat for polar bears 
(Kingsley et al. 1985; Messier et al. 1994; Ferguson et al. 
1998, 1999, 2000a,b, 2001;). Although polar bears can 
cross heavy multi-year ice, the concentration of good habi- 
tat inside a large expanse of poor habitat tends to restrict 
the movements of polar bears to relatively local areas. No 
permanent emigration from this population (i.e., bears that 
left the population and did not return during the time the 
radio collar was active) were recorded from telemetry 
observations (Bethke et al. 1996, Taylor et al. 2001a) and 
movements of marked bears into or out of this population 
were rare (Taylor and Lee 1995, Taylor et al. 2001a). 
Melville Island forms a land barrier to the north. Victoria 
Island and Banks Island form land barriers to the south. 
The western sea ice is heavy multi-year pack ice in most 
years and the polar bear densities in the northeastern part 
of the North Beaufort population are relatively low (Lunn 
et al. 1995). Similarly, the sea ice in eastern VM is heavy 
annual and multi-year mixed, with low densities of polar 
bears in the winter and spring (M.K. Taylor, unpublished 
data). This effectively concentrates both seals (Phoca 
hispida and Erignathus barbatus) and polar bears in the 
bays and coastal areas where there are tide cracks, active 
ice, annual ice, and mixed annual and multi-year ice 
(Messier et al. 1992, Bethke et al. 1996, Taylor et al. 

Fig. 1. Location of all captures and recaptures within the Viscount Melville Sound polar bear population, Canada, 1974-76 and 
1989-92. 
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2001a). 
Historically this population was hunted occasionally by 

aboriginal residents of Victoria Island; however, Usher 
(1974) found little evidence of year-round use in pre-settle- 
ment times. An annual harvest quota of 8 bears was allo- 
cated for Hadley Bay (Fig. 1) in the early 1970s and an 
additional harvest quota of 12 bears/year was allocated as 
the "Melville Quota"in the mid-1980s. Communities ad- 

jacent to this area could also harvest any number of their 
annual quota in VM until a distinct and exclusive VM 

quota was established in 1994. A 5-year harvest morato- 
rium was implemented from 1995 to 1999 and the current 
total VM quota is 4 bears/year. 

METHODS 

Captures 
Bears and their dependent cubs were captured from 

1989-92 with tiletamine chlorohydrate and zolazepam 
chlorohydrate and marked according to procedures de- 
scribed by Stirling et al. (1989). Animal capture and han- 

dling procedures followed animal care protocol 950005 
of the University of Saskatchewan, under the guidance of 
the Canadian Council of Animal Care. Bears and their 

dependent cubs were captured from 1974-76 with 

phenylcyclidine hydrchloride (Fumell and Schweinsburg 
1984). Captures were opportunistic (every bear seen was 

captured or recaptured) during a systematic, geographi- 
cally uniform search of the entire area in 1989-92. Cap- 
tures from 1974-75 were restricted to the southeast portion 
of the population, mainly Hadley Bay (Fig. 1). Each bear 
was given a unique identification number, which was per- 
manently tattooed on the upper inside lip and attached as 
a plastic ear tag. Each bear also was temporarily marked 
with a wax crayon on the fur to ensure that bears were not 
captured more than once per year. The bear's age was 
considered known if the bear was captured as a cub born 
that year (i.e., cub), or yearling, or was estimated by count- 
ing the annular rings of an extracted vestigial premolar 
(Calvert and Ramsay 1998). 

Mark-recapture Analysis 
Estimates of survival rate and abundance were con- 

structed from capture-recapture data using the Cormack- 
Jolly-Seber (CJS) model formulation implemented in 
program MARK (White and Burnham 1999). The CJS 
likelihood for capture-recapture data is conditioned on 
the initial capture events (i.e., the initial capture is treated 
as a release). The likelihood is based solely on the recap- 
ture events of marked animals (i.e, previously caught) 
and is defined by user specified models for survival and 
(re)capture probabilities, which can be expressed as func- 

tions of covariates such as sex, age, and year. 
We used MARK to analyze the capture-recapture data 

collected during 1974-76 and 1989-92 in VM. Captures 
of bears in 1974-76 were used as initial captures, but re- 

captures in 1975-76 were ignored because captures were 
restricted to a local subset of the entire population area in 
those early years. Recapture probability for 1975-88 was 
set to zero because recaptures were excluded and no re- 

capture effort occurred in that interval. 
For 1989-92, we examined a series of models for cap- 

ture probability that incorporated potential covariates. We 

expected that capture probability would vary by year be- 
cause the amount of capture effort varied between years. 
During 1989-90 the focus was deployment of satellite 
transmitters on adult females, whereas during 1991-92 
transmitters were not deployed and all effort focused on 

captures. Therefore, we considered a model that allowed 

capture probability to vary for each year and another model 
in which capture probability was the same for 1989-90 
and 1991-92. Within the area searched in a given day, 
bears were located by visual observation and tracking from 
a helicopter. Successful location and eventual capture were 
likely to be affected by the number of bears in a group, 
their reaction to the helicopter, movement patterns, and 
fidelity to known high use areas. Because these factors 
were likely to vary for different sex and age classes, we 
categorized bears into 3 classes: (1) females, cubs, and 
yearlings; (2) sub-adults (age 2-4) of both sexes; and (3) 
adult males. We considered models in which capture prob- 
ability varied for these classes. We also considered mod- 
els in which bears with transmitters had a higher capture 
probability because their location was known at various 
times throughout the year. Cubs and yearlings of a female 
with a transmitter were considered to have the same prob- 
ability of capture as their mother. 

For survival probability, we considered models that in- 
cluded sex, age, and year. Because more males were har- 
vested than females, we expected their survival to be lower. 
Survival was also likely to vary by age; in particular, we 
expected cubs to have lower survival than non-cubs. We 
considered 2 age-specific models with different survival 
for cubs and non-cubs and another model in which non- 
cubs were further divided into yearlings, sub-adults (age 
1-5 years), and adults (26 years). Annual differences in 
harvest and environmental conditions could create varia- 
tion in survival, so we considered models with 3 distinct 
annual survival rates for 1989-92 and a constant survival 
rate for the interval 1974-89. 

We fitted a series of CJS models using each capture 
probability model with each survival probability model. 
We considered additive models with main effects (e.g., 
sex + year) but did not consider models with interactions 
because there were too few data to support the additional 
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complexity. We used Akaike's Information Criterion ad- 
justed for over-dispersion (QAICc) (Burnham and Ander- 
son 1998) as a guide for model selection. The data were 
likely to be overdispersed (i.e., greater than binomial varia- 
tion) because survival and capture events of family groups 
(e.g., female with cubs or yearlings) were not indepen- 
dent. We estimated the overdispersion coefficient c based 
on the number of dependent cub captures relative to all 
captures (Appendix). 

Because the CJS likelihood does not include the prob- 
ability distribution for the unmarked animals, it may not 
provide the best precision from the data for estimating 
abundance when survival and capture probabilities are not 
time dependent (i.e., constrained Jolly-Seber model). 
However, we used the CJS formulation because of its 
modeling flexibility in the MARK software and the Jolly- A 
Seber estimator for abundance (N) using the estimated 

capture probabilities ( ) from the marked animals in the 
CJS likelihood (Pollock et al. 1990) for each year i: 

ni 
Ni = - 

Pi 

We computed variance estimates using a Taylor series ap- 
proximation that contains a component of variance for 
the number observed and another for estimation ofp (Th- 
ompson 1992:165): 

-^ 2 

Var(Ni) = 2 + VNar(pi) 
Pi Pi 

When we stratified the population into k strata (e.g., 
sex-age class), the total estimated population was simply 
the sum of the stratum estimates: 

k 

Ni = 2 p- Pij 
j=1 

The variance estimator was extended to include covari- 
ances between estimated capture probabilities in the k 
strata: 

Var(Ni) = x fu(1-mj) + z , n,ijCov(p, p') 
j=l Pi j=l j'=1 P C Pijg 

Our extension is equivalent to the variance estimators 
used by Huggins (1989) and Borchers et al. (1998) for 
abundance estimates constructed in a similar fashion. We 
used a similar estimator to estimate the variance of the 
mean population size over several years. Our abundance 
estimator is equivalent to the one proposed by McDonald 
and Amstrup (2001), but our variance estimator is differ- 
ent than theirs. 

The estimates of survival derived from the capture-re- 
capture data include harvest losses. We were interested in 

estimating natural survival to investigate the impacts of 
alternative harvest strategies and levels. We estimated 

natural survival S, from the average annual harvest (H), 
population size (N), and total survival (S) as: 

Sn - 
H 

which assumed that harvest and natural mortality occurred 
in 2 separate time periods and h =HIN is the estimated 
harvest rate. We also used a Taylor series approximation 
for the variance of natural survival: 

Ar( 
- c2 

ar(;(S) 
Var( )h2 0ov(lg, )h Var(S,) = S2 ) + 
R2(1-h)2 (-h)S ] 

where 

Cov(N, S)= Cov(S,p) 

The variances and covariances for p and S were com- 
puted by program MARK after inflation by the over-dis- 
persion coefficient. Non-symmetric 95% confidence 
intervals were constructed based on an assumed log-nor- 
mal distribution (Burnham et al. 1987) to compensate for 
the skewed sampling distribution resulting from a lower 
bound on the estimate (N > n) and correlation between 
the estimate and its estimated variance (Pollock et al. 
1990). 

Standing Age Distribution Analysis 
The standing age distribution was based only on cap- 

tures and recaptures for 1989-92 that occurred inside the 
final VM boundaries. Only the 1989-92 captures and re- 
captures were used to estimate litter size and recruitment 

parameters. The sampling unit in this case was family units 
and individuals. Each individual or family group was re- 
corded by age as a male, solitary female, female with a 
cub, female with 2 cubs, female with a yearling, female 
with 2 yearlings, female with a 2-year-old, or female with 
two 2-year-old cubs. One female with 3 offspring was 
observed and was treated as an observation of females 
with 2 offspring for the standing age distribution analy- 
sis. 

Our method for estimating litter size, litter production 
rate, and cub survival from the standing age distribution 
is described in Taylor et al. (1987a, 2000) and available 
as the software package "Vital Rates" (Taylor et al. 2000). 
For comparison to the mark-recapture estimates of sur- 
vival rate, the adult male and female survival rates (AMI> 
and AFO respectfully) were estimated from the standing 
age distribution using the Chapman-Robson truncated 
method (Chapman and Robson 1960) from age 2 to the 
final age that had 5 or more records. We recognized that 
the Chapman-Robson survival estimate is actually not an 

age-constant survival rate, but is rather an age-constant 
survival rate divided by population growth rate for popu- 
lations at stable age distribution (Caughley 1977). The 
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AFF value is required to determine other values which 
were based on standing age ratios and which were contin- 

gent on female survival (Taylor et al. 1987a). 
The mean litter size of cubs (CLS) and yearlings (YLS) 

was used to estimate the survival rates of cubs (DeMaster 
and Stirling 1983; Taylor et al. 1987a, 2000). Dependent 
offspring survival rates were calculated based on the 

change in litter size observed from cubs to yearlings (cub 
individual survival, CISR) and yearlings to 2-year olds 

(yearling individual survival, YISR). Estimates of CISR 
and YISR are not affected by adult female survival rate 
because the entire litter is lost if their mother dies (i.e., no 

change in mean litter size). The cub standing age survival 
rate (CS4I) was also calculated as the ratio of yearlings/ 
cubs in the standing age distribution. Similarly, an age 
ratio yearling survival rate (YS~) was calculated as the 
ratio of 2-year olds/yearlings. CSO and YSO estimates 
are survival rate/population growth rate at stable age dis- 
tribution, and include adult female mortality. The correc- 
tion for adult female mortality and population growth rate 
is 1/AFD (Taylor et al. 1987a, 2000). Assuming stable 

age distribution and unbiased sampling, CISR, YISR, 
CSO, and YSO estimates are directly comparable to co- 
hort estimates from telemetry or mark-recapture meth- 
ods. 

The estimates of age-specific litter production rate 
(LPR) were specific to females that were available to mate 
the previous year (i.e., those with no cubs or 2-year-olds), 
and did not include females with dependent cubs (i.e., 
cubs and yearlings). We viewed litter production rates for 
age 4 (LPR4) and age 5 (LPR5) as distinct (i.e., reduced) 
litter production rates. We assumed that by age 6, all fe- 
males were producing litters at adult rates (LPRA). The 
average age of first birth (AFB) was determined for sur- 
viving females only. 

Except as identified above, all rates were assumed to 
be age constant (i.e., no senescence). Because there were 
relatively few observations for older individuals, any re- 
duction of rate estimates due to senescence was assumed 
to be negligible. 

We also calculated 6 summary parameters based on the 
above values (DeMaster 1981; Taylor et al. 1987a, 2000): 
mean reproduction (litter production) interval (R-I), mean 
annual reproduction rate (R-R), mean mating (available 
to mate) interval (M-I), mean annual mating rate (M-R), 
proportion of females that reached adulthood but had only 
1 litter (P1 litter), and proportion of surviving females that 
reached adulthood but produced no litters (P0 litter). The 
mark-recapture estimates of cub survival and adult sur- 
vival were used to calculate the 6 summary parameters. 
The stable-age, zero-harvest population growth rate (X) 
was also calculated according to Taylor et al. (1987c, 
200 1b). Mean annual reproduction rate could be used in 

an annual life-table model; however, projections would 

only be accurate if populations were at stable age distri- 
bution (Taylor et al. 1987b, but also see Testa 1996). 

We used the jack-knife method (Arveson 1969) to esti- 
mate the variance of the life history parameters estimated 
from the standing age distribution (Taylor et al. 1987a, 
2000). The data were stratified by year. Our estimate of 
variance pooled both sampling error and inter-year envi- 
ronmental variation. Most of our rate estimates were ra- 
tios; however, the jack-knife estimate is a mean of means 
and the error was assumed to be normally distributed. The 
variance of the corrected (for AFD) cub survival estimate 
was calculated as the binomial variance of the corrected 
ratio. The variances of the summary parameters (R-I, R- 
R, P1 litter, M-I, M-R, P0 litter and k) were determined 

using the Monte Carlo method with 1200 iterations (Tay- 
lor et al. 2000, 2001b). All comparisons of binomial pa- 
rameter means used chi-square tests with the Yates 
correction (SigmaStat 1997). Differences were considered 
not significant for P > 0.10. Monte Carlo simulations to 
estimate the mean and SE of population growth rate were 
performed with a Visual Basic program called 
"RISKMAN RISK MANagement" (Taylor et al. 2001b). 
Both the Vital Rates and RISKMAN programs are avail- 
able from the senior author. 

Uncertainty Analysis 
Monte Carlo simulations were used to explore harvest 

management options by estimating the risk of population 
reduction for various harvest scenarios. A population was 
considered at risk if the population trajectory after a set 
time interval left the population size below a threshold 
proportion (T) of the target population size that would 
allow recovery within a specified number of years (re- 
covery time). The expected time to recovery (Y) from a 
reduced population size (NR) to a recovered target popu- 
lation size (NT) can be computed from the unharvested 
population growth rate (X): 

y= -n1 (P) 
In (A) 

where P = NJ/Nr The threshold proportion (T) for a speci- 
fied recovery time (Y) is: 

T= e-Y In (A) 

If a population is reduced, so long as P > T, it would be 
expected to recover within Y years with deterministic 
growth. 

RISKMAN (Taylor et al. 2001b) was used to estimate 
the proportion of population trajectories that were not re- 
duced below the threshold proportion (acceptable out- 
come) for a range of harvest levels (annual quota: 0-25). 

RISKMAN differs from other population viability 
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analysis (PVA) simulation models in that it allows correct 
simulation of the 3-year life cycle for polar bears and al- 
lows the estimated sex and age selectivity/vulnerability 
of the harvest to be modeled dynamically. RISKMAN was 

developed to estimate the uncertainty associated with vari- 
ous harvest management options using estimates of the 
standard error of the input parameters. RISKMAN is an 
individual based model, so demographic uncertainty 
(Caughley 1994) is incorporated. The uncertainty associ- 
ated with estimates of survival and recruitment pools both 

sampling and environmental uncertainty (part of what 

Thompson et al. [1998] call process variation). RISKMAN 
allows the user to partition the total uncertainty (variance) 
into sampling and environmental uncertainty. Generally, 
sampling uncertainty reduces the geometric mean popu- 
lation growth rate, which increases the fraction of popu- 
lation projections that are unacceptable. Because the 

jack-knife method for estimating variance does not lend 
itself to partitioning the total variance estimate (White 
2000), partitioning the variance estimates from the stand- 

ing age analysis was not possible. However, the root dif- 

ficulty was the small sample size for this population. The 
number of recapture years and number of bears caught 
were insufficient to partition the variance into its 2 com- 

ponents. The environmental variance component was es- 
timated as essentially 0 from the variance components 
output of program MARK. However, other studies 

(Stirling and Lunn 1997, Stirling et al. 1999) have dem- 
onstrated environmental variability in vital rates for some 

polar bear populations. Rather than incorrectly assuming 
that there was no environmental variation, we subjectively 
specified that 75% of the variance was due to sampling 
uncertainty and 25% was environmental variation. To 
evaluate this specification, we explored the 2 boundary 
conditions by assigning the total variance to sampling 
uncertainty and alternatively to environmental variation. 

For each year of the simulation, the frequency of oc- 
currence of unacceptable outcomes (based on our thresh- 
old value) was monitored and reported as cumulative 

proportion of total runs over the threshold at that time. 
Individual runs could recover from "depletion", but not 
from a condition where all males or all females or both 
were lost. The total unacceptable outcomes over an in- 
definite period were also of interest for exploring man- 

agement options that do not involve periodic monitoring. 
Required population parameter estimates and standard 
error inputs included: annual natural survival rate (strati- 
fied by age and sex as supported by the data); age of first 

reproduction; age-specific litter production rates for fe- 
males available to have cubs (i.e., females with no cubs 
and females with 2-year-olds); litter size; sex ratio of cubs; 
sex, age, family status distribution of harvest; and initial 

population size. 

The initial age distribution was identified by determin- 
ing the stable age distribution using total mortality val- 
ues. The harvest selectivity and vulnerability array was 
identified by comparing the total-mortality stable age dis- 
tribution with the sex, age, and family status distribution 
of the historical harvest. Harvest was stratified by sex, 
age (cubs and yearlings, age 2-5, age 6-19, and age >20), 
and family status (alone, or with cubs and yearlings, with 
2-year-olds). 

Harvest simulations were conducted using the natural 
survival rates from this study. Although the final year of 

sampling was 1992, simulations were approximately time 
referenced to 1999 by allowing 5 years of harvest mora- 
torium. The starting (1999) population size (215, SE = 

57.5) was determined by running the model in stochastic 
mode (2,500 iterations) for 5 years. We then ran the simu- 
lations for 15 years beginning with 1999. We choose 15 

years as a simulation interval because we estimated that 
the fraction of the VM population that would still be 
marked after 15 + 7 = 22 years (i.e., 7%) would be suffi- 
cient to re-estimate the population at the next population 
inventory. Adult survival rates of long-lived animals can 
be underestimated (J. Laake and M. Taylor, unpublished 
analyses) when there are few old marks in the population 
to observe and there is unmodeled heterogeneity in cap- 
ture and survival probabilities. A range of harvest levels 
was used to estimate the harvest associated with a range 
of risk thresholds (i.e., proportions of unacceptable re- 
ductions to initial numbers). We also calculated risk over 
75 years for annual harvest rates ranging from 0 to 25 
bears to investigate the risk implications of irregular moni- 

toring. 

RESULTS 
From 1974 to 1976, 30 females and 16 males were cap- 

tured in VM (Table 1). These 46 bears were insufficient 
to estimate total numbers or survival and recruitment rates 
from either the mark-recapture data or the standing age 
distribution. Thus, we pooled the 46 initial captures from 
1974-76 with the 90 females and 58 males that were cap- 
tured and recaptured between 1989 and1992 (Table 1) for 
the mark-recapture estimates of numbers and survival rates 

(Tables 2, 3). The estimates from analysis of the standing 
age distribution using the 1989-92 data were: AMO = 

0.901 (SE = 0.048), AFO = 0.963 (SE = 0.007), CISR = 

1.0 (SE = 0.0), CSO = 0.773 (SE = 0.046), YStI = 0.920 

(SE = 0.033), and YLS = 1.752 (SE = 0.064). 
Changes in the VM polar bear population were reflected 

in the differences between the 1973-76 and 1989-92 cap- 
ture samples. There were 4 observations of females with 

3-year-old cubs in 1989-92, but none in 1973-76. The 
sex ratio among adults (age> 6) declined from 49% to 
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Table 1. Initial captures of polar bears by sex and age for 1974-76 and 1989-92 for Viscount Melville (VM) Sound population, 
Nunavat, Canada. 

Age 
Sex Year Cub Yearling 2-yr old 3-yr old >3-yr old Total 
Females 1974-76 3 7 0 2 18 30 

1989 10 0 0 0 12 22 
1990 0 1 2 0 5 8 
1991 5 8 1 1 15 30 
1992 6 4 4 2 14 30 

Total males 24 20 7 5 64 120 
1974-76 4 1 0 0 11 16 

1989 4 2 3 2 6 17 
1990 0 0 1 0 1 2 
1991 4 5 3 0 4 16 
1992 12 4 3 1 3 23 

Total 24 12 10 3 25 74 

Table 2. The mean and standard error of natural (no harvest, 
upper rows) survival and actual (includes harvest, lower 
rows) survival rates for the Viscount Melville (VM) polar bear 
population in Nunavut Canada for the interval 1974-92. 

Mean annual survival rate (SE) 
Sex and age No harvest Harvest 

Female 
0 0.693 (0.183) 0.693 (0.183) 
1-5 0.957 (0.028) 0.905 (0.026) 
6-19 0.957 (0.028) 0.905 (0.026) 
>20 0.957 (0.028) 0.905 (0.026) 

Male 
0 0.448 (0.216) 0.448 (0.216) 
1-5 0.924 (0.109) 0.774 (0.081) 
6-19 0.924 (0.109) 0.774 (0.081) 
220 0.924 (0.109) 0.774 (0.081) 

29% males (P = 0.061, n = 161). The adult sex ratio of 
captures from 1973-76 did not differ from 50% (P = 0.542, 
n = 54). However, the adult sex ratio of captures from 
1989-92 was 14 different from 50:50 (P = 0.001, n = 107). 
The sex ratio of cubs was not different between the 2 pe- 
riods (P = 1.000, n = 122) and did not differ from 50:50 
(P = 0.543, n = 122). In the 1989-92 sample, the fraction 
of adult captures that were males (29%) was lower than 
the fraction of male cub captures (45%); (P = 0.010, n = 
230). The adult (>5 years) fraction of the population was 
44% in 1989-92 and 62% in 1974-76 (P = 0.053, n = 
110). Estimates of the mean annual recruitment rate (and 
interval), mating rate (and interval), and unharvested popu- 
lation growth rate (Table 4) were based on the mark-re- 
capture survival estimates from the selected model (Table 
2) and standing age estimates of recruitment parameters 
(Table 3). 

The harvest between 1973 and 1992 was highly selec- 
tive for male bears (36.6% females and 63.4% males, n = 
164) and averaged 8.2 bears/year. However, the average 
annual harvest from 1985 to 1990 was 19.6 and the aver- 
age annual harvest between 1980 and 1989 was 16.1. The 
relatively high harvest rates and strong selection for males 

Table 3. The mean and standard error of cub litter size (CLS), 
litter production rate for 4, 5, and adult (26) age strata, 
proportion of cub litters that are male (PCM), and total 
number (i.e. all cubs and adults of both sexes) of males and 
females for the Viscount Melville (VM) polar bear population 
in Nunavut, Canada for the interval 1989-92. 

Parameter Mean (SE) 
Cub litter size 1.64 (0.125) 
Litter production rate: 

4-year olds 0.0 (0.0) 
5-year olds 0.623 (0.414) 
26-year olds 0.871 (0.712) 

Proportion male cubs 0.535 (0.118) 
Abundance average 1989-92 

Males 61 (16.6) 
cubs 9 (9.5) 
others 52 (15.2) 

Females 100 (20.0) 
cubs 21 (6.2) 
others 79 (15.4) 

Total 161.0 (34.5) 

that occurred just before the population inventory in 1989- 
92 markedly reduced the number of adult males in the 
population. 

Sixty-two percent of the 194 bears captured were fe- 
males (Table 1). During 1989-92, 60 bears were recap- 
tured (Table 5). Eleven percent of the bears initially 
captured from 1974-76 were recaptured at least once dur- 
ing 1989-92 and 44% of the bears initially captured from 
1989-91 were recaptured at least once during1990-92. 
There were 128 captures and recaptures for the years 
1989-92 and of these 23 were cubs. The proportion of 
those captures that were not cubs was 0.82 and the esti- 
mate of the over-dispersion coefficient (c) was 1.22 (1/ 
0.82). 

The model with minimum QAICc included survival 
parameters for males and females and capture probablility 
parameters for year (1989-90 vs. 1991-92) and "trans- 
mitter" (i.e., capture probability was higher for females 
with satellite transmitters, Table 6). Several other models 
had QAICc values close to the minimum, including a 
model with a parameter for differential cub survival. We 
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Table 4. Estimates of the mean and standard deviation of polar bear reproduction parameters from uncorrected ANURSUS 
vital rate estimates for the Viscount Melville (VM) Sound population of polar bears in Nunavut, Canada, 1989-92. The vital rates 
estimates are: reproduction interval (R-l), litter reproduction rate (R-R), proportion of females that have only 1 litter (P, litter), 
mating interval (M-l), mating rate (M-R), proportion of females that have no litters (P0 litter) and stable age unharvested 
population growth rate (k). The Monte Carlo method (1,200 iterations) was used to estimate the standard deviation of these 
values. 

R-I R-R M-I M-R 
(years) (litters/year) Pi litter (years) (matings/year) Po litter 

Mean 2.976 0.338 0.119 2.545 0.397 0.049 1.059 
SD 0.209 0.024 0.0753 0.255 0.039 0.030 0.063 

Table 5. Recaptures for 1989-92 summarized by sex and age (cub or other) at initial capture. A bear initially caught in 1975 and 
first recaptured in 1991 becomes an entry in the 1991 releases. Recaptured cubs are shown in the releases of non-cubs. 
Recaptures prior to 1989 were not used in the analysis. The percent recaptured over a long-time span (i.e., mid 1970s to 
1989) illustrates differences in survival rate. A (-) indicates no recaptures possible. 

Sex 

Females 

Male 

Age Year 

cub 1974 
1975 
1976 
1989 
1990 
1991 

other 1974 
1975 
1976 
1989 
1990 
1991 

cub 1974 
1975 
1976 
1989 
1990 
1991 

other 1974 
1975 
1976 
1989 
1990 
1991 

Released 

0 
0 
3 

10 
0 
9 
6 

17 
4 

14 
14 

1 
2 
1 
4 
0 
4 
5 
6 
1 

13 
4 

18 

believe it is more biologically reasonable to included a 

separate cub survival and we know that males were se- 
lected during harvest, so the model with age and sex pa- 
rameters was selected as the best model. 

Capture probability varied from 0.15 to 0.70 (Table 7) 
and annual estimates of total abundance ranged from 73 
to 208 (1989: N = 208, SE = 84; 1990: N = 73, SE = 30; 
1991: N= 165, SE = 32; 1992: N= 202, SE = 40) with a 
mean of 161 bears (SE = 34.5)(Table 3). Female total sur- 
vival rates (including harvest mortality) were higher than 
males. Nearly twice as many males were harvested annu- 

ally than females (8.4 males vs. 4.3 females). The differ- 
ence in natural survival rates of males and females was 
small (Table 2) and was well within the range of sam- 

pling error. 
The unharvested population growth rate for VM (X = 

1.059) determines the minimum time required for recov- 

ery from any reduction in numbers. The population growth 

1989 

0 
0 
0 

1 
1 
0 

0 
0 
0 

0 
0 
0 

O 

O 

Year of next recapture 
1990 1991 

O 0 
0 0 
0 0 
2 3 

0 

0 
0 
0 
4 

0 
0 
0 
0 

0 
0 
0 
2 

0 
1 
1 
4 
8 

0 
0 
0 
1 
0 

0 
0 
0 
3 
2 

O 

2 

1992 

0 
0 
0 
0 
0 
2 
0 
1 
0 
3 
1 

12 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
6 

Total 

0 
0 
0 
5 
0 
2 
1 
3 
1 

11 
9 

12 
0 
0 
0 
1 
0 
1 
0 
0 
0 
6 
2 
6 

a 

0 
50 

22.2 
16.7 
17.6 

25 
78.6 
64.3 
29.3 

0 
0 
0 

25 

25 
0 
0 
0 

46.2 
50 

33.3 

rate can be restated as the proportion of the original popu- 
lation required for recovery times of 0, 3, 5, 10, ... X 

years Table 8). For example, a population reduced to 0.751 
of original numbers would require 5 years to recover and 
a population reduced to 0.842 of original numbers would 

require 3 years to recover, if k = 1.059. A unique distri- 
bution of outcomes is defined for any given harvest level. 
Some proportion of outcomes fall within recovery thresh- 
olds of 1, 2, 3, ... X years and these we termed "accept- 
able outcomes". That proportion of acceptable outcomes 

depends on the frequency of monitoring (e.g., 15 years, 
Table 8; 75 years, Fig. 2), starting population size, sur- 
vival rates, recruitment rates, harvest sex and age compo- 
sition, harvest number, uncertainty of these parameters, 
and recovery threshold value (i.e., years). 

We evaluated the sensitivity of risk estimates associ- 
ated with a range of harvests to the relative apportion- 
ment of estimate uncertainty into sampling and 
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Table 6. QAICc values for some of the best Cormack-Jolly-Seber polar bear survival models fitted to the Viscount Melville 
Sound, Nunavut, Canada 1974-92 capture and recapture data. Age refers to cub and non-cub; capture model year refers to 
partitioning based on annual capture effort strata (i.e., 1989-90 different from 1991-92). Models with more refined age and year 
partitioning were not supported by the data (i.e., had higher QAICc values for equivalent models). 

Survival Capture probability model' 

model Age-sex+ Age-sex+ Transmitter + 
transmitter year yearb Transmitter Age/sex Year Constant 

Age+sexb 228.3 (7) 228.4 (7) 220.4 (6)bc 225.0 (5) 232.0 (6) 224.5 (5) 227.4 (4) 
Age 230.3 (6) 229.8 (6) 221.7 (5)b 226.5 (4) 233.4 (5) 227.6 (4) 230.2 (3) 
Sex 227.8 (6) 227.1 (6) 219.8 (5)t 224.6 (4) 230.7 (5) 223.4 (4) 226.5 (3) 
Year 234.8 (6) 229.8 (6) 223.2 (5)" 230.7 (6) 234.8 (7) 229.8 (6) 233.6 (5) 
Constant 230.3 (5) 228.7 (5) 221.5 (4)b 226.3 (3) 232.7 (4) 226.6 (3) 229.5 (2) 

a Number of estimated parameters in parenthesis. 
b Suite of best models. 
c The selected model (Survival model: age + sex, Capture model: transmitter + year) also considered biological reality (QAICc = 220.4). 

Table 7. Capture probabilities and standard errors for best 
model of Viscount Melville Sound, Nunavut, Canada, polar 
bear population capture-recapture data. 

Capture probability 
Estimate SE 

1989-90 without transmitter 0.152 0.058 
1989-90 with transmitter 0.407 0.141 
1991-92 without transmitter 0.38 0.064 
1991-92 with transmitter 0.702 0.132 

environmental uncertainty (Table 9) for the case when a 
population reduction of 0.751 from initial numbers was 
judged "acceptable". The estimate of risk was insensitive 
to how uncertainty was apportioned into sampling and 
environmental components for harvest rates that were 
clearly conservative (i.e., almost always sustained) and 
for harvest rates that were clearly excessive (i.e., almost 
always resulted in a dramatic decline). The maximum de- 
viations (0.09 = maximum observed, Table 9) occurred 
for intermediate harvest levels. 

DISCUSSION 
Currently, determination of population status and sus- 

tainable harvest levels of polar bears are based on esti- 
mates of vital rates that serve as input to a deterministic 
harvest simulation model (Taylor et al. 1987c). The vital 
rate estimates for the Taylor et al. (1987c) approach were 

Cumulative proportion of unacceptable outcomes over 
time for harvest rates from 0 to 25 per year 
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Fig. 2. Estimated probabilities of a population reduction that 
would require >5 years to recover to original numbers for a 
range of harvest rates (0-25 per year) and time intervals (0- 
75 years) shows that risk increases with monitoring interval. 

based on an analysis of the pooled standing age distribu- 
tions of essentially all of the polar bear capture data avail- 
able at this time (Taylor et al. 1987a). Simulation results 
(Taylor et al. 1987a) indicated that the maximum sustain- 
able harvest was about 1.5% of the total population of 
females (age > 2+) and about 3% of the total population 

Table 8. Proportion of acceptable simulation outcomes for a range of annual harvest values for polar bears in Viscount Melville 
Sound (VM), Nunavut, Canada, from 1997. Acceptable outcomes left the population at or above the critical threshold after 15 
years. For example, if the VM annual harvest were 6, the probability that the population would either increase or decline no 
more that could be recovered in 5 years is 0.97. 

Annual harvest 
Years to recoverya 0 2 4 6 8 10 12 16 20 
0 (1.000) 1.000 0.992 0.981 0.940 0.874 0.802 0.704 0.4884 0.300 
3 (0.842) 1.000 0.997 0.984 0.966 0.921 0.859 0.757 0.542 0.348 
5 (0.751) 1.000 0.998 0.991 0.972 0.938 0.877 0.804 0.575 0.393 
10 (0.564) 1.000 1.000 0.997 0.987 0.961 0.932 0.868 0.686 0.476 
15 (0.432) 1.000 1.000 0.999 0.993 0.979 0.948 0.895 0.765 0.554 
20 (0.318) 1.000 1.000 0.998 0.996 0.986 0.967 0.929 0.807 0.612 
25 (0.239) 1.000 1.000 0.999 0.998 0.989 0.977 0.944 0.846 0.703 

a The proportion of original population associated with a given recovery time (i.e., critical threshold) is listed in parenthesis. 

5 
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Table 9. The proportion of runs that did not reduce initial population below 0.751 (i.e., not more than a 5-year recovery period 
at zero harvest) for harvest levels ranging from 0 to 20 bears/year for 3 simulations (2,500 iterations each) for which the ratio 
of sampling to environmental uncertainty was set to 1.0, 0.75, and 0.0 for Vicount Melville (VM) Sound population of polar bears, 
Nunavut, Canada. 

Annual harvest 
Sampling to environmental 
uncertainty ratio 0 2 4 6 8 10 12 16 20 
1.00 1.000 0.995 0.985 0.963 0.926 0.858 0.784 0.578 0.396 
0.75 1.000 0.998 0.991 0.972 0.938 0.877 0.804 0.575 0.393 
0.00 1.000 0.998 0.999 0.992 0.981 0.968 0.898 0.652 0.410 

of males (age > 2). A pooled data set was used because 
analysis of population-specific standing age distributions 
produced estimates of some parameters that were non- 
sense in all cases (i.e., for all populations). Subadult and 
adult survival rates were assumed rather than estimated 
because neither the standing age analysis nor the mark- 
recapture analyses provided estimates that were consis- 
tent with the observed long-term persistence of harvested 

polar bear populations (DeMaster et al. 1980; M. Taylor, 
unpublished analyses). Taylor et al. (1987c) assumed that 
vital rate estimates based on pooled data from all popula- 
tions and logical assumptions would result in the most 
accurate estimates of sustainable harvest rates. It was rec- 

ognized that better sampling protocols and improved 
mark-recapture models were needed for improved popu- 
lation-specific estimates. Comparison of the actual har- 
vest to the 1.5% of the total population (females) and 3.0% 
of the total population (males) is still the accepted method 

by which the status of polar bear populations are deter- 
mined (Lunn et al. In Press; 2001 Canadian Federal/Pro- 
vincial Polar Bear Technical Meeting Minutes, 2002). 

The present work uses the same standing age analysis 
approach and the population simulation model is a sto- 
chastic version of the same harvest simulation model de- 
scribed by Taylor et al. (1987c). The main differences from 

previous population inventory studies are the way the data 
were collected, the mark-recapture analysis, and the in- 

corporation of uncertainty into the harvest management 
recommendations. It is relevant to compare our results to 
other demographic studies completed since 1987 so that 
the reader can evaluate both our estimates of parameter 
values and the risk estimates that are based on them. 

Mark-recapture Analysis 
Only a few published studies report survival or abun- 

dance estimates from mark-recapture studies of polar bears 
after 1987 (Derocher and Stirling 1995, Lunn et al. 1997, 
Amstrup et al. 2001). Amstrup et al. (2001) suggested 
that previous mark-recapture studies of polar bears in the 
Beaufort Sea were compromised by unmodeled hetero- 
geneity in survival and capture probabilities. Heteroge- 
neity probably affects all mark-recapture studies to some 

degree but it was undoubtedly important for Amstrup et 
al. (2001) because they analyzed spring and fall capture 

data collected by different researchers for different pur- 
poses from 1969 to 1998, and 38% of the 1,137 "cap- 
tures" after 1981 were radio relocations. They modeled 
survival and capture heterogeneity of female polar bears 
and used a "modified" QAICc procedure (McDonald and 
Amstrup 2001) to select from 82 different models that 
included combinations of potential covariates. Our analy- 
sis differed from that of Amstrup et al. (2001) and 
McDonald and Amstrup (2001) in that our data were spe- 
cifically collected for mark-recapture analysis and in- 
cluded both sexes. We used a different variance estimator 
which produced larger variance estimates because we feel 
the variance estimator they used neglected covariance 
between the estimated capture probabilities of individu- 
als. Our model selection criteria were according to 
Burnham and Anderson (1998), except that we did not 
model average for "tied" models. We did not understand 
the modified QAICc method used by McDonald and 

Amstrup (2001) because QAICc already attempts to opti- 
mize for both bias and variance. Our survival estimates 
are provided; the reader may judge if they are reasonable 
and consistent with other estimates and with what is know 
about polar bear life history. 

Since the analyses of Derocher and Stirling (1995) and 
Lunn et al. (1997), the development of computer software 

packages like MARK have enabled researchers to develop 
more sophisticated analyses to account for heterogeneity. 
However, this capability should not be viewed as a way 
to avoid a proper study design. Heterogeneity can only be 
modeled if the data are sufficient. Further, we cannot model 
extreme heterogeneity whereby some animals have no 
chance of being captured. Although our analysis was simi- 
lar to that of Amstrup et al. (2001), we believe our data 
were less heterogeneous. We did have much smaller 

sample sizes and thus would expect to be able to identify 
less heterogeneity. However, we believe our data were 
less heterogeneous because we attempted to survey the 
entire VM area from 1989-92 in a geographically uni- 
form manner and we captured every bear we encountered. 
The flexibility of MARK allowed us to incorporate the 
earlier limited effort from 1974-76 by using the initial 

captures but excluding recaptures of those bears until the 

years with uniform sampling coverage. 
Unfortunately, uniform coverage of the survey area does 
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not guarantee homogeneity. We did have temporal vari- 
ability in capture probability because telemetry efforts in 
1989 and 1990 reduced the helicopter time available for 
search and capture operations. Also, female polar bears 
who were given radiocollars and their cubs (as yearlings) 
were more likely to be recaptured than other bears. This 
was only partly because some of the collared adult fe- 
males were located and recaptured using radio signals. 
Even after the radiocollars were removed, these individu- 
als still had higher capture probabilities. This may have 
been because these individuals had a preference for a par- 
ticular geographic area where they were easily located 
year after year. However, our data were not sufficient to 
establish the mechanism by which radiocollared bears and 
their offspring were more likely to be captured than other 
bears. We did not identify any sources of capture hetero- 
geneity that would cause bias in the analysis of the stand- 
ing age distribution. However, the small sample sizes may 
have resulted in the failure to fit more stratified models to 
detect additional sex, age, or family status effects. 

Based on our unpublished analyses of larger popula- 
tions in Lancaster Sound, Baffin Bay, and Gulf of Boothia, 
we anticipated that survival would vary by age and sex. 
The best model based on QAICc only supported sex-spe- 
cific rates, but we chose a closely competing model with 
separate cub (age 0) and non-cub (age 1+) survival rates. 
The failure of our analysis to identify additional age strati- 
fication in polar bear survival rates is probably because 
our data were too sparse to support additional model pa- 
rameters. The population size imposes an obvious con- 
straint on the number of captures. In turn, small numbers 
of captures limit analysis models to fewer parameters (e.g., 
simpler models). Thus, sample size can influence not only 
the precision, but also may influence the accuracy of the 
analysis. 

Vital Rate Comparisons 
Our estimates of cub and yearling litter size, AMI>, 

AFP, and to a certain extent total cub survival and age of 
first birth fall within the general range of published val- 
ues in spite of differences in methodology and the possi- 
bility of non-representative sampling on other studies. Our 
standing age estimates of survival were not independent 
of our mark-recapture estimates because they were based 
on the same data. However, we did observe that the stand- 
ing age 1 for both male and female non-cubs was larger 
than the mark-recapture survival estimates (harvest mor- 
tality included) for the same parameters. The higher val- 
ues for the standing age estimates suggest that population 
growth rate (X) was less than 1.0 for most of the years 
represented in the standing age distribution. We used the 
mark-recapture survival estimates for our simulations 
because mark-recapture estimates are potentially adjusted 

for differential capture probabilities and because we had 
no independent estimate of X to correct the standing age 
survival estimates. 

Lunn et al. (1997) estimated the annual adult (age > 2) 
total (natural + harvest mortality included) female sur- 
vival rates to be 0.88 for females and 0.86 for males in 
western Hudson Bay. Although the survival estimates were 
within the sampling range of our equivalent survival rates 
for VM non-cubs for both sexes, this comparison is com- 
promised because the harvest mortality rates for the 2 
populations are likely different. Lunn et al. (1997) did not 
report natural survival estimates. We were unable to com- 
pare our estimates with those of Amstrup et al. (2001) 
because they did not report survival estimates except as a 
function of covariates that were not clearly defined. 
Amstrup et al. (1986) assumed a range of annual survival 
rates from 0.82 to 0.94 bracketed the true survival rate of 
polar bears in the Southern Beaufort Sea. Amstrup and 
Durer (1995) later estimated the natural survival rate of 
adult females in the same population to be 0.996 and the 
total survival rate of adult females to be 0.969; however, 
this telemetry based estimate was not consistent with the 
age distribution of polar bears in this area (Amstrup 1995). 

Comparisons with other vital rate values in the litera- 
ture were often difficult because most other researchers 
used different methods and different terminology for the 
estimates they reported (Stirling et al. 1980, 1999; Ramsay 
and Stirling 1988; Derocher and Stirling 1992, 1995; 
Amstrup 1995). Most of the published estimates that were 
based on the standing age distribution ignored the 3-year 
reproduction cycle of polar bears and published annual 
summary rates (i.e., mean natality = male and female cubs/ 
female/year, as per Stirling et al. [1980] and Ramsay and 
Stirling [1988]). This mean natality rate (MNR) was cal- 
culated as: 

MNR= (C + !)Y(N + MNR - ( Cx + -po Nx + Nx+l 

where Cx = cubs (male and female) with females of age x; 
YX+ = yearlings (male and female) with females of age 
x+l; po = survival rate of age class 0 (i.e., cubs); N = 
females of age x. The estimate for p0 was the standing 
age distribution ratio of yearlings (Y) to cubs (C), or Y/C. 
If the age distribution is stable and stationary, the ratio Y/ 
C is actually po/ (Caughley 1977). Additionally the mor- 
tality of females from age x to x+1 was not considered, 
although this would clearly affect how many yearlings 
were counted because age 0 cubs are completely depen- 
dent on their mother. The mean annual natality rate is an 
abstraction for species with a 3-year reproduction cycle 
and we suggest that mean natality estimates using the 
method described in Stirling et al. (1977, 1980) and 
Ramsay and Stirling (1988) are only correct when female 
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mortality rates are zero and thus not directly comparable 
to the product of mean litter size and reproduction rate 
used in this paper. 

The method of calculating natality rate has also varied. 
For example, the mean litter production rate for polar bears 
in the western Hudson Bay population for the interval 
1980-84 was given as 0.69 in Derocher and Stirling (1992) 
and 0.70 in Derocher and Stirling (1995). However, 
Stirling et al. (1999: their Fig. 6) indicate that natality rates 

ranged between 0.93-0.98 from 1981 to 1985 in western 
Hudson Bay. Similar discrepancies in reported natality 
rates for the western Hudson Bay population were also 

apparent for other intervals (Derocher and Stirling 1992, 
1995; Stirling et al. 1999). The natality rates reported by 
Derocher and Stirling (1992, 1995) and Stirling et al. 

(1999) were calculated to examine trends over time, so 
this discrepancy between papers does not affect their main 

points. 
Amstrup and DeMaster (1988) discussed measures of 

reproduction and concluded that recruitment rate (mx) as 
calculated by pooling male and female cubs (i.e., litter 

size) /reproduction intervalx) was a more appropriate mea- 
sure of recruitment than the mx defined by Taylor et al. 

(1987c) (i.e., [% females availablex_ ] [litter production 
ratex/females availablex] [litter size ]) because the latter 

requires an estimate of the percent of females available 
for breeding which was not available in their study. Any 
estimate that depends on the relative frequencies of fe- 
males with cubs, females with yearlings, females with 2- 

year-olds and unencumbered females (e.g., reproduction 
interval) will be biased if these frequencies are distorted 

by non-representative sampling. Amstrup (1995:191) dis- 
cussed these same issues for the Beaufort Sea populations, 
but concluded that the low estimates of natality were "not 

entirely" due to the sampling problems mentioned in 

Amstrup and DeMaster (1988). Amstrup (1995) found 
that the age distribution estimates of natality were not dif- 
ferent from estimates based on cohorts of polar bears fol- 
lowed through time using radiocollars. Amstrup 
(1995:192) stated that "females with cubs were under- 

sampled throughout the study", although he applied a 
correction factor based on the survival of cubs in an at- 

tempt to remove this bias. If females with cubs were un- 

der-sampled, then family group classes and solitary adults 
must have been oversampled and it is unclear why biased 

standing age distribution estimates would be the same as 
unbiased estimates based on telemetry cohorts. 

Similar concerns were expressed about vital rate esti- 
mates for polar bear populations from the M'Clintock 
Channel and Gulf of Boothia (Furell and Schweinsburg 
1984). The parameter values reported in Taylor et al. 

(1987c) were calculated from a pooled data set that in- 
cluded all data collected in Canada, except western Hudson 

Bay which was recognized as distinct. The available data 
in 1987 for individual population analysis (i.e., Southern 
Beaufort Sea, Northern Beaufort Sea, Viscount Melville 
Sound, M'Clintock Channel, Davis Strait, Lancaster 
Sound, Baffin Bay, and Davis Strait) using ANURSUS 
(Taylor et al. 1987a) produced results that were judged to 
be incorrect because of non-representative sampling. The 
pooled data estimates (Taylor et al. 1987c) were assumed 
to have compensating biases and represented the best avail- 
able data at that time. The parameter values from Taylor 
et al. (1987a) gave a natality rate of 0.554. However, it is 
difficult to make meaningful comparisons to estimates that 
were based on pooled data with apparent but unquantified 
biases. 

The discrepancies in reported estimates for mean an- 
nual natality rate estimates for the western Hudson Bay 
population (Derocher and Stirling 1992, 1995; Stirling et 
al. 1999) are unfortunate because an extensive database 
has been developed for this population. However, the val- 
ues given by Derocher and Stirling (1995) (i.e., 1966-79: 
0.75; 1980-84: 0.70; 1985-92:0.52) for "mean annual re- 
cruitment" do seem comparable, in spite of the difference 
in methodology. A mean natality rate (i.e., cubs of both 
sexes produced/female/year) estimate of 0.849 was re- 

ported by Kolenosky et al. (1992) for the Southern Hudson 

Bay population. However, previously published estimates 
of natality rates reported by Kolenosky et al. (1992: Table 

7) do not match the estimates reported in the references 
cited. Kolenosky et al.'s (1992) natality estimate was based 

only on females with cubs (as opposed to both females 
with cubs and yearlings as per Ramsay and Stirling 
[1988]). Stirling et al. (1980), also using both cub and 

yearling litters, estimated the natality rate (i.e., cubs of 
both sexes produced/female/year) of Davis Strait polar 
bears as 0.527; however, this estimate did not correct for 
cub to yearling survival. 

The only previously published natality rate estimate that 
we view as unambiguous is the one presented by Amstrup 
(1995), because both the age distribution and the telem- 

etry cohort estimates were not different. Amstrup's (1995) 
mean annual natality rate (0.40, SE not reported) was mar- 

ginally larger than our equivalent recruitment rate esti- 
mate of 0.356 (SD = 0.035). We were surprised that the 2 
mean natality estimates were so close because Kingsley 
et al. (1985) reported that the habitat in VM has a lower 

density of seals than the Southern Beaufort Sea. 

Historical Harvest and Natural History 
Although the VM polar bear population (Fig. 1) is cur- 

rently few in number, it encompasses a very large geo- 
graphic area (203,100 km2, of which 104,540 km2 is sea 

ice). Wynniatt Bay has 3 polynya areas caused by current 

upwellings in shallow areas. Hadley Bay is separated from 
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Wynniatt Bay by the Natkusiak Peninsula. Both captures 
and the movements of radiocollared adult females sug- 
gested that most of the VM polar bear population was 
located in either Hadley or Wynniatt Bay or in the mixed 
annual and multi-year ice that extended about 50 km into 
VM in the same vicinity (Fig. 1). The concentration of 
bears may also explain why harvest quotas were so lib- 
eral in the 1970-95 years. Hunters had no difficulty har- 
vesting polar bears in this area, even in the final years 
before the moratorium. One individual and his wife took 
8 bears (5 females and 3 males) in the final year (1991) of 
the now discontinued Melville quota in a single hunting 
trip. The 20% shift in adult sex ratio (M/F) and 18% de- 
cline in the fraction of the population that were adults from 
1974-76 to 1989-92 suggest that the population was se- 
verely over-harvested during this interval and that the ini- 
tial numbers may have been between 500-600 bears. 

It is unusual to find 4 females that kept their cubs to age 
3, and we also observed one female that was accompa- 
nied by a cub of age 4. Only 3 other instances of females 
with 3-year-old cubs have been recorded previously in 
Canada; and no instances of females with 4-year-old cubs 
were known. Typically large males force 2-year-old cubs 
to leave their mothers during mating season. The reduced 
number of males in the population may have reduced en- 
counter rates during mating season thus allowing cubs to 
remain with their mothers. Alternatively some females 
may have kept offspring an extra year in this area to in- 
crease their chance of survival post-weaning. A third pos- 
sibility is that because the best habitat is concentrated in a 
relatively small area of VM, 2-year-old cubs re-associate 
with their mothers after mating and remain with females 
that do not enter maternity dens. We also observed a sub- 
adult male (age 5) accompanied by 3 females in estrous. 
Observations of multiple males with females are common, 
but we know of no other observations of a single subadult 
male with >1 adult female during the mating season. This 
observation is consistent with the suggestion that males 
were depleted in this population. 

Assumptions of Harvest Risk Analysis 
The sensitivity of risk estimates to partitioning of the 

uncertainty in demographic parameters (Table 9) demon- 
strates the need to use estimation procedures that parti- 
tion total variance (White 2000) and to collect sufficient 
data to enable that partitioning. However, when popula- 
tion and sample sizes are small, or when the sampling 
occurs over too few years, it may not be possible to esti- 
mate the proportion of total variance that is due to sam- 
pling error and environmental variability. Our data were 
too sparse to partition survival and population variance 
estimates. Our variance estimates of recruitment param- 
eters were determined using the jackknife method, which 

did not allow partitioning the variance estimate (White 
2000). The risk estimates did vary as a function of how 
the uncertainty was partitioned (Table 9). 

The magnitude of the deviation in the proportion of runs 
that were identified as unacceptable (i.e., reduction to lev- 
els requiring 5 or more years of no hunting to recover) 
between simulations that assumed independence and simu- 
lations that set environmental covariance to 1.0 ranged 
from 0.0 to 0.124 and averaged 0.058 for a range of an- 
nual harvest rates from 0 to 20. The largest deviations 
were observed at harvest levels close to the deterministic 
sustainable yield value. The smallest deviations occurred 
at harvest levels either so small that they were almost cer- 
tainly sustainable or so large that they were almost cer- 
tainly not sustainable. 

Our estimate of the over-dispersion coefficient (c) is 
rational (Appendix), but is also somewhat subjective. The 
model based estimates of c (i.e., 1.0) were clearly low, 
given that polar bear family groups are captured as groups, 
not individuals. Estimating c as mean group size (c= 2.0) 
was clearly too large because most polar bears are not 
captured as family groups and because once a cub was 
weaned, it was no longer likely to be captured with its 
mother or litter mates. Perhaps better estimates may be 
possible from these data as analysis models continue to 
develop. 

An additional limitation in our simulation results is that 
our Monte Carlo simulations assumed independence in 
both sampling and environmental random deviates. The 
standing age vital rate estimates were based on the same 
data and non-zero covariance was apparent. Our simula- 
tion model was not able to incorporate co-variance di- 
rectly; however, it did contain an option that forced all 
random deviates for a given year (i.e., environmental un- 
certainty) to be based on the same uniform random devi- 
ate. This option allowed us to view the extreme covariance 
assumption with respect to parameters that might be ex- 
pected to increase or be reduced simultaneously by good 
and bad years. The effect of setting environmental cova- 
riance to 1.0 was to slightly increase the variance of the 
simulation and thereby also slightly increase the risk as- 
sociated with a given harvest level. 

Harvest Risk 
When information is uncertain, harvest presents a risk 

to the harvested population. Our field work was done in 
collaboration with local hunters and simultaneous with 
polar bear hunting. It was clear that the hunters were very 
adept at locating and harvesting polar bears. Although the 
area was large and the density of polar bears was rela- 
tively low, local hunters maintained high success rates in 
all years they hunted in Viscount Melville Sound. This 
hunt was legal and within the quota limitations set by the 
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Government of the Northwest Territories, Canada. The 
apparent over-harvest was not caused by a failure to obey 
conservation regulations. Rather, it was caused by lack of 
accurate information on the size and sustainable harvest 
rate for this population, which resulted in overly aggres- 
sive harvest quotas. 

Although we were able to document that prior harvest 
had reduced the population and that the current harvest 
rate (4/year) is "likely" sustainable (Table 8), our infor- 
mation was too uncertain to identify an absolutely safe 
sustainable harvest rate for this population. The risk as- 
sessment is an expression of the uncertainty in the demo- 
graphic process and parameters. The RISKMAN 
simulations indicated that even though the point estimate 
of population growth rate was >1 (i.e., 1.059), the confi- 
dence interval includes values <1. The population is at 
some risk even if the annual harvest policy is zero (Table 
8) because the uncertainty in demographic parameters 
causes a small fraction of the scenarios to result in unac- 

ceptable declines. Higher harvest rates constitute an in- 
creased risk (fewer acceptable outcomes) to the population. 
If managers and stakeholders are willing to accept long 
periods (e.g., decades) of no harvesting, the proportion of 

acceptable outcomes is increased. We indicated risk lev- 
els using recovery times (Table 8) rather than fractions of 

original numbers because this consequence of reduced 
numbers was more intuitive to many managers and stake- 
holders. 

We suggest that these results are more realistic than a 
deterministic maximum sustained yield estimate that does 
not consider the uncertainty of the underlying informa- 
tion. Both managers and stakeholders must recognize that 
scientific information rarely provides exact and absolutely 
correct harvest rate or harvest quota values. Researchers 
have a responsibility to quantify the uncertainty of their 
measurements and the uncertainty of their management 
recommendations. Reporting scientific results in this man- 
ner identifies the distribution of solutions where local and 
traditional knowledge may be used to guide the final de- 
terminations. 

MANAGEMENT IMPLICATIONS 
Even when risk has been quantified, periodic monitor- 

ing is still required if the harvest level poses a significant 
risk to the population. Small populations limit the pos- 
sible sample size of demographic studies. Estimates de- 

veloped from few data may not be sufficiently precise or 
accurate (i.e., certain) to justify the cost and ethical con- 
siderations involved in frequent mark-recapture sampling. 
There may be some polar bear populations that are sim- 

ply too small to be inventoried with sufficient precision 
and accuracy to provide a meaningful harvest at an ac- 

ceptable risk level. These small populations may require 
particularly risk-aversive harvest management policies. 
These small populations may be best managed as non- 
hunted, or harvested at conservative (i.e., clearly safe) 
rates, so that monitoring resources can be shifted into the 
larger populations where the return (harvest levels) is 
greater. We believe that total anthropogenic mortality from 
all sources (i.e., harvest, defense, accidental, and illegal) 
would have to be reduced to levels that posed essentially 
no risk to the population before it would be justified to 
extend or terminate the inventory cycle. 

We quantified the associated risks for the range of an- 
nual harvest levels that we deemed to be practical. Man- 
agement decisions must also consider the long-term goals 
for the population and the resources available for moni- 
toring. Shorter intervals between population inventories 
could allow more aggressive harvest policies with the same 
level of risk, but these inventories are expensive, inva- 
sive, and time consuming. Whatever harvest level is cho- 
sen, stakeholders should be informed that the quota 
recommendations are based on uncertain information and 
that long-term harvest moratoriums may be required to 
regain the current number of bears. If the management 
goal for the VM population is recovery to pristine levels, 
the harvest rate will have to be very conservative or the 
likelihood of recovery will be small. Immigration from 

adjoining populations is likely to be low because adjoin- 
ing populations are currently harvested at the estimated 
maximum sustained rate (Anonymous In Press, Lunn et 
al. In Press) and permanent immigration between polar 
bear populations is rare (Taylor et al. 2001a). 

Our risk analysis results were specific for a 15-year in- 
terval between analyses. Longer monitoring intervals 
would increase the risk of harvest to the population. A 

systematic exploration of the risk implications for the en- 
tire range of monitoring options is beyond the scope of 
this paper. However, the risk of longer monitoring inter- 
vals for a range of harvest levels was explored using a 5- 

year recovery at zero harvest as the "acceptable" criteria 

(Fig. 2) for a 75-year time interval. Even the risk from 
low harvest rates was greater over the longer monitoring 
interval and the risk from intermediate and large harvest 
rates increased dramatically. The risk of a given harvest 
rate depends on the monitoring interval, and more fre- 

quent monitoring is required to manage the risk of ag- 
gressive harvest policies. 

We were surprised to estimate the unharvested popula- 
tion growth rate of this population at 1.059 (SE = 0.063) 
because relatively low seal densities and heavy multi-year 
ice that characterize VM make this area relatively poor 
habitat for polar bears. Although our estimate of the mean 

population growth rate had considerable variance, it is one 
of the highest estimates of polar bear population growth 
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rate ever published. One could speculate that the over- 
harvest reduced the population to the point that density 
effects have been relaxed. Most of the population seemed 
to be concentrated in a relatively small part of the area 
during our study (Fig. 1). However, our estimates of re- 
cruitment parameters were numerically (but not signifi- 
cantly) lower than estimates for recruitment parameters 
from other polar bear populations areas (M. Taylor, un- 
published analyses). The high population growth rate es- 
timate was due to the high natural survival rate estimates 
that were age constant for non-cubs of both sexes. Both 
survival and population estimates had relatively large stan- 
dard errors because of sample size limitations. 

Harvest quotas based on deterministic estimates of the 
maximum sustained yield are difficult to evaluate and dan- 
gerous because they do not consider the uncertainty of 
the underlying information. However, incorporation of the 
uncertainty of the underlying demographic estimates also 
requires assumptions about how the total variance of the 
estimates is partitioned, and the estimated variance de- 
pends, in part, on the over-dispersion coefficient. We tried 
to make reasonable assumptions that were consistent with 
the data, analysis models, and natural history of polar 
bears. We were unable to validate all of these assump- 
tions and suggest that the risk values that we present be 
viewed as the best currently available, but also be em- 
ployed cautiously for management. 

For small populations, an alternative to population-based 
assessments is a meta-analysis or empirical Bayes ap- 
proach that would use information from other populations 
to derive demographic estimates with greater certainty 
(Meyers and Mertz 1998) and potentially improve the cer- 
tainty of harvest levels and risk. However, to move in that 
direction, researchers must report unbiased vital rate esti- 
mates, and standard estimation methods should be used 
to make the estimates comparable. Additionally, the esti- 
mates of vital rates for a given population should be ex- 
amined when reported to confirm that the population 
trajectory they imply is rational. 

For example, when the mark-recapture survival esti- 
mates for the Western Hudson Bay (WH) population (Lunn 
et al. 1997) are combined with the recruitment estimates 
for the same area (Stirling et al. 1999), they indicate a 
rapid decline in polar bear numbers (M. Taylor, unpub- 
lished simulation). This decline is not supported by the 
WH population estimates (Lunn et al. 1997), which em- 
ploy those same survival rates, or by qualitative observa- 
tions of residents and long-term researchers. 

Development of a conservative polar bear model that 
could be used with confidence, even when data are sparse 
or absent, will require systematic accumulation of accu- 
rate and internally consistent vital rate estimates for the 
various polar bear populations. We urge those reporting 

polar bear vital rate estimates to make an effort to recon- 
cile new information with what has been published previ- 
ously and to ensure that the information reported is 
internally consistent or that any discrepancies are ex- 
plained. 

An example of a default population dynamics model 
used for management of populations where scant or no 
data are available for direct estimates of vital rates is the 
"potential biological removal" (PBR) management policy 
that is part of the U.S. Marine Mammal Protection Act 
(16 U.S. Code 4041-4042; Wade 1998, Taylor et al. 2000). 
The PBR method regulates the risk of human-caused mor- 
tality to acceptable limits by restricting takes to a propor- 
tion of the current minimum population size (i.e., a lower 
confidence limit value of the population estimate). The 
allowable proportion is one-half the maximum popula- 
tion growth rate which may be scaled back by a recovery 
factor (Fr) when the population status is unknown or the 
population is known to be recovering. Periodic monitor- 
ing allows adjustment of PBR based on population dy- 
namics, or alternatively, values of Fr can be selected that 
would yield PBR values that would keep the population 
secure indefinitely (Wade 1998). This approach was de- 
signed as a management tool to prevent depletion of ma- 
rine mammal populations from by-catch or other 
human-caused mortality and it is robust in terms of con- 
servation. If PBR were applied as a tool for setting polar 
bear harvest quotas, it could greatly reduce harvest op- 
portunities for populations that are recovering or where 
there is little information. However, the PBR approach or 
a similar "default" polar bear population dynamics model 
based on other polar bear populations could be a strong 
option for small populations where the cost:benefit ratio 
of population inventory research was prohibitive, or for 
large populations where the data were few or suspect. 
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APPENDIX 
Various approaches for estimating the over-dispersion 

coefficient c have been suggested (Lebreton et al. 1992, 
White et al. In Press). The bootstrap goodness of fit op- 
tion in MARK currently under-estimates over-dispersion 
for reasons that are not currently understood (G.C. White, 
Colorado State University, Boulder Colorado, USA, per- 
sonal communication, 2001). The use of Test2 +Test3 from 
program RELEASE (Lebreton et al. 1992) also has limi- 
tations in coping with age-structure and non-time depen- 
dent covariates because inclusion of these factors as strata 
will often yield an over-parameterized model that may 
underestimate c . Preliminary investigations indicated 
that both the bootstrap option in program MARK and pro- 
gram RELEASE estimated c as less than one, which is 

clearly an underestimate because of extended parental care 
in polar bears. McCullagh and Nelder (1991:125) show 
that the over-dispersion coefficient is bounded above by 
the cluster (group) size for a population in equal-sized 
clusters in which the binomial response varies by cluster. 
Thus, we could have used an upper bound of c= 2.0 bears 

per capture group. However, while captures of bears in 

groups are dependent, their survival and recapture are not 

necessarily linked except in the case of mothers and cubs. 

To reflect this dependence, we chose to estimate c as nl 
(n-n) where n is the total number of bear captures and 
recaptures and nc is the number of initial cub captures. We 
used the 1989-91 data because recaptures were excluded 
prior to 1989 and captures in the final year were not used 
as trials in further years. We used c in the computation of 
QAICc and to inflate variance estimates. This c adjust- 
ment effectively treats the survival and potential recap- 
tures of cubs as entirely dependent on their mothers and 
can be viewed as a sample size adjustment. The use of 
mean group size as an upper bound would have yielded 
conservative (i.e., too large) variances and would have 
tended to favor simpler models. The alternatives (Lebreton 
et al. 1992, White et al. In Press) would have likely yielded 
underestimates of c because the data were sparse. Under- 
estimation of c would lead to over-fitted models with op- 
timistic estimates of precision that would be less useful 
for prediction. Our estimate of c was subjective to a cer- 
tain degree, but we feel it was justified until better meth- 
ods for estimation of c are developed. 
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