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ABSTRACT—A genetically distinct pop-
ulation of beluga whales, Delphinapter-
us leucas, in Cook Inlet, Alaska, displays 
strong site fi delity to the inlet year-round. 
A population viability analysis (PVA) mod-
el was developed to evaluate this popula-
tion’s risk of extinction and decline over 
50 and 100 years. Model assumptions and 
parameter sensitivity were tested by vary-
ing survival and fecundity rates, frequency 
of catastrophic events, predation level, and 
group mortality events and carrying ca-
pacity. While the different model scenarios 
showed considerable variation in extinc-
tion risk within 50 years (0–18%), and 100 
years (0–38%), and probability of decline 

 Introduction

Beluga whales, Delphinapterus leu-
cas, in Cook Inlet (lat. 59°–61.5°N, 
long. 149°–154°W), Alaska, make up 
a small, genetically distinct population 
that appears to have strong site fi del-
ity to the inlet year-round (O’Corry-
Crowe et al., 1997, 2002; Rugh et al., 
2004; Hobbs et al., 2005; Shelden 
et al., 2015). The Cook Inlet beluga 
whale (CIBW) population declined 
dramatically in the 1990’s, and con-
tinued a steady decline through 2012 
(Hobbs et al., 2015a), raising concern 
about its risk of extinction and subse-
quently leading to listing this distinct 
population segment as endangered 
under the U.S. Endangered Species 
Act (ESA) in October 2008 (NOAA, 
2008). Should the CIBW population 

go extinct, the closest population in 
Bristol Bay (BB) is 1,500 km away by 
sea and separated by the Alaska Pen-
insula that extends three degrees of 
latitude south of the southern limit of 
the bay. Similar to CIBWs, satellite-
tagged BB whales remained within the 
bay year-round (Citta et al., In press), 
thus, it is highly unlikely that beluga 
whales would repopulate Cook Inlet 
in the foreseeable future. Extinction of 
the CIBW population would result in a 
permanent loss of range for the beluga 
whale species.

Alutiiq Eskimos and Dena’ina Atha-
baskan Indians have occupied the 
coastal areas surrounding Cook Inlet 
since prehistoric times (de Laguna, 
1975). These hunting societies utilized 
many marine resources including be-
luga whales. During the 20th century, 
the Dena’ina in Tyonek (a small vil-
lage on the west side of Cook Inlet) 
and Eskimo whalers from communi-
ties outside of Cook Inlet hunted be-
luga whales for subsistence, and there 
was also periodic sport hunting and 
large-scale commercial hunts by non-
Native hunters (Mahoney and Shelden, 
2000). Commercial and sport hunt-

ing ended with the introduction of the 
U.S. Marine Mammal Protection Act 
(MMPA) in 1972. Subsistence hunt-
ing by Alaska Natives was allowed un-
der the MMPA and monitoring by the 
Alaska Department of Fish and Game 
(ADFG) indicated that the practice 
continued from 1972 to the present 
(Mahoney and Shelden, 2000). During 
the 1960’s, 70’s, and early 80’s, ADFG 
conducted a number of aerial surveys 
that covered parts of Cook Inlet, docu-
menting distribution and numbers of 
beluga whales (Shelden et al., 2015). 
The highest estimate of 1,292 beluga 
whales reported during these surveys 
was based on1counts made in August 
1979 (Calkins1). 

In June 1993, the National Ma-
rine Fisheries Service (NMFS) began 
comprehensive, systematic aerial sur-
veys of the beluga whale population 
in Cook Inlet (Rugh et al., 2000, 2005, 

1Calkins, D. G. 1989. Status of belukha whales 
in Cook Inlet. In L. E. Jarvela and L. K. Thor-
steinson (Editors), Proceedings of the Gulf of 
Alaska, Cook Inlet, and North Aleutian Basin 
Information update meeting, 7–8 Feb. 1989, 
Anchorage, Alaska, p. 109–112. U.S. Dep. In-
ter., Minerals Manage. Serv., OCS Study, MMS 
89-0041.

(1–71%), only the assumption of an intrin-
sic rate of growth greater than 2%, among 
the least likely scenarios (Models A, C–E), 
reduced the risk of further decline to 1–2%. 
Almost all model scenarios that included 
unusual mortality events (Models G–L) had 
probabilities of extinction within 50 years 
(2–18%, with the exception of Model G = 
0%) unlike scenarios without (0–1%). Both 
predation and group mortality events were 
shown to create thresholds below which the 
population could not recover. Models in-
cluding threshold effects had probabilities 
of extinction as much as 25% higher than 
similar models without. In Model B, with no 
threshold effects, and with no subsistence 

hunt after 2014, the population declines 
in 53% of the cases, with a probability of 
recovery in 100 years of 14%. The model 
scenarios that best fi t the existing Cook In-
let beluga whale data (Models B, F, M–O) 
included a per capita mechanism increas-
ing mortality (Models B, F, O), mortality 
from killer whale, Orcinus orca, predation 
(Models F, N, O), or a reduction in Cook 
Inlet carrying capacity (Models M–O). 
Model scenarios B, F, K, M–O were used to 
estimate the range of the probability of ex-
tinction: these had a probability of decline 
between 42% and 71%, and a probability 
of extinction between 0% and 14% in 100 
years.
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2010; Shelden et al., 2013, 2015). Sur-
vey results showed a decline in abun-
dance of nearly 50% between 1994 
and 1998, from an estimate of 653 
whales to 347 whales (Hobbs et al., 
2000a). Concern over the high level of 
human-caused mortality on this whale 
population prompted NMFS to desig-
nate it as depleted under the MMPA 
(NOAA, 2000) and to regulate the 
Native Alaskan subsistence hunt (Ma-
honey and Shelden, 2000). 

With a limited hunt between 1999 
and 2014 (a total of fi ve whales tak-
en), it was anticipated that the popu-
lation would begin to recover though 
this has not been the case (Hobbs et 
al., 2015a). Hunters indicated a pref-
erence for large, white-skinned beluga 
whales (presumably adults) (Mahoney 
and Shelden, 2000; Huntington, 
2000); therefore, it is conceivable that 
the population had a defi cit of repro-
ductive-age females, which could be 
inhibiting recovery through reduced 
calf production (Hobbs et al., 2015b). 
However, the hunt may not be the only 
risk factor behind the continued de-
cline of this population. 

In addition to the decline in num-
bers, the population has undergone a 
contraction within its range (Rugh et 
al., 2010; Shelden et al., 2015). Sum-
mer surveys during the 1970’s found 
beluga whales distributed through-
out much of the upper inlet and into 
the lower inlet around Kalgin Island. 
Since the mid-1990’s, from 96% to 
100% of beluga whales now congre-
gate in shallow areas near river mouths 
in the upper inlet during the summer 
months (Rugh et al., 2010; Shelden et 
al., 2015). 

It is unknown if this contracted 
distribution is a result of changing 
habitat (Moore et al., 2000), prey 
concentration, or predator avoidance 
(Shelden et al., 2003), or can simply 
be explained as the contraction of a 
reduced population into a small num-
ber of preferred habitat areas (Goetz 
et al., 2007, 2012), such as in a “ba-
sin” model (MacCall, 1990). While 
the recent trends in abundance and 
range are well documented, little is 
known about other mechanisms in-

fl uencing the recovery of this beluga 
whale population. 

The CIBW population may be less 
resilient to natural perturbations or 
anthropogenic impacts because of its 
small size and isolation. With such a 
small population in a relatively re-
stricted area, a substantial portion of 
the population could rapidly be ex-
posed to events such as infectious 
disease outbreaks, volcanic erup-
tions, fi sh run failures, and toxic spills 
(Moore et al., 2000; Vos and Shelden, 
2005). 

Additionally, the grouping behav-
ior of the population could potentially 
magnify exposure to even very local-
ized anthropogenic and environmental 
hazards. During the summer months, 
Cook Inlet beluga whales tend to be 
found in 2–10 groups of a few indi-
viduals to over 200 whales in a single 
group (Hobbs et al., 2015a; Shelden 
et al., 2015) in areas such as Knik 
Arm, the Susitna Delta, and Chick-
aloon Bay–Turnagain Arm (Fig. 1). If 
a group of 200 whales were exposed to 
a toxic spill, this would represent over 
half of the current population. 

The population’s small size and 
grouping behavior also mean that a rel-
atively large percentage of the popula-
tion could be involved in a single mass 
stranding (Vos and Shelden, 2005), or 
entrapped in ice similar to events doc-
umented in other beluga whale popu-
lations (Siegstad and Heide-Jørgensen, 
1994; Heide-Jørgensen et al., 2002), 
magnifying the effect on the popu-
lation’s recovery. Given the popula-
tion’s restricted range, particularly in 
summer, declines in local fi sh stocks, 
such as Pacifi c salmon, Oncorhynchus 
spp., runs in the rivers in Cook Inlet 
(Eggers and Irvine, 2007; Dischner2), 
could cause nutritional limitation in 
the population. Predation may also be 
a factor in the recovery of the popu-
lation; between 1999 and 2014 a total 
of 10 beach-cast and fl oating carcasses 

2Dischner, M. 2013. Inlet drift fi shermen fi le 
suit over salmon management. Alaska J. Com-
mer., Feb. Iss. 3 [http://www.alaskajournal.
com/Alaska-Journal-of-Commerce/February-
Issue-3-2013/Inlet-drift-fi shermen-fi le-suit-over-
salmon-management/].

reported to the NMFS Alaska Region-
al Offi ce (NMFS3) were determined 
to be related to killer whale, Orcinus 
orca, predation. Three of the carcass-
es were lactating females, so an addi-
tional 3 calves were thought to have 
died though carcasses were not found 
(NMFS3).

Therefore, potential factors for the 
delay in recovery include reduced fe-
cundity because the mature female 
segment of the population is deplet-
ed, reduced fecundity or survival due 
to reduced prey, predation by killer 
whales, and risks associated with a 
contracting range and grouping be-
havior of the whales. To examine these 
issues, we conducted a population vi-
ability analysis (PVA) by developing 
a detailed population model that in-
cluded age and sex structure as well 
as small population effects. Small 
population effects taken into account 
included demographic stochasticity, 
hunt mortality, density-dependent and 
density-independent effects, constant 
mortality effects (e.g., predation), un-
usual mortality events (e.g., catastro-
phes), and risks associated with the 
grouping behavior of these whales. 

The population model implicitly 
considers the time lags inherent in 
long-lived populations where sexu-
al maturity does not occur for many 
years (Litzky, 2001), and it was pro-
jected into the future to examine ex-
tinction risk under different risk factor 
scenarios for CIBWs. The rather de-
tailed population model and Bayesian 
framework were programmed in FOR-
TRAN and used existing data from the 
Cook Inlet population and similar be-
luga populations. 

The parameters of the model were 
estimated by fi tting the population 
model to the abundance time series 
and hunt data. Variations of the mod-
el, termed model scenarios, were de-
veloped to investigate a number of 
hypotheses for the delay in recovery 
and these hypotheses were statistically 

3NMFS. 2015. Draft recovery plan for the Cook 
Inlet beluga whale (Delphinapterus leucas). 
U.S. Dep. Commer., NOAA, Natl. Mar. Fish. 
Serv., Alaska Region. Off., Protected Resour. 
Div., Juneau, AK, 274 p.
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compared using Bayesian model selec-
tion, which provides the probability of 
each model scenario (or hypothesis) 
given the data, through the use of the 
Bayes factor. We also examine future 
recovery and extinction risk under 
each hypothesis.

We considered the following hy-
potheses (H) explicitly:

H1) The population has not yet be-
gun to recover but it will under 
the status quo—there has been a 
delay (time lag) in recovery due to 
a depletion of mature females, and 
the population will begin to in-
crease once it rebuilds the mature 
female segment of the population. 

H2) The subsistence hunt was not 
the sole cause of the decline ob-
served since 1994 and the popu-
lation has not begun to recover 
because an as yet unidentifi ed 
population wide stressor (e.g., nu-
tritional stress, disease, contami-
nants, noise, loss of key habitat) 
has caused a decrease in fecun-
dity and/or survival, resulting in 
a negative growth rate. The pop-
ulation will not begin to recover 
in the future without a change in 
the fecundity or survival of the 
population.

H3) The population has not begun to 
recover because the reduction in 
population size from hunting has 
led to it falling into a “predator 
pit”—a numerically constant level 
of predation was sustained by the 
population when it was >1,000 
animals, but at the current popu-
lation level, predation prevents 
recovery. 

H4) The population has not begun to 
recover because the level of pre-
dation from killer whales coinci-
dentally increased around the time 
of the population decline (e.g., 
due to a prey shift by the killer 
whale population). 

H5) The population has not begun 
to recover because the reduction 
in population size from hunting 
and subsequent retraction in range 

Figure 1.—Cook Inlet, Alaska, and place names mentioned in the text. Beluga 
whales are typically found in the upper inlet (inset) during the summer.

has led to a greater proportion of 
the population being vulnerable 
to “catastrophic” mortality events, 
such as disease outbreaks, oil or 
toxics spills, volcanic eruptions, 
or failure of several Pacifi c salm-
on runs in one year. 

H6) The population has not begun 
to recover because the reduction 
in population size from hunting 
and subsequent retraction in range 
has led to fewer social groups in 
the population, such that a great-

er proportion of the population is 
vulnerable to mortality events that 
affect all or a large fraction of a 
single social group. 

H7) The population has not begun 
to recover because of a combina-
tion of killer whale predation, per 
capita effects, and increased cata-
strophic or group mortality fol-
lowing population decline. 

H8) The population has not begun to 
recover because the carrying ca-
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pacity of Cook Inlet for belugas 
has declined during the popula-
tion decline. 

We use the Bayes factor to compare 
model scenarios and test hypotheses. 
The posterior sample of each model 
scenario was projected forward 100 
years to estimate the probabilities of 
population recovery, increase, decline, 
and extinction under each hypothesis. 
The results of the model comparison 
were then used to identify the best 
model scenarios for assessing popula-
tion viability.

Methods

The PVA was conducted by fi tting 
a population model for the CIBW 
population to available abundance 
data using Bayesian statistical meth-
ods. In a Bayesian analysis, prior 
distributions for the model param-
eters are combined with a likelihood 
function for the data to give poste-
rior probability distributions for the 
parameters, from which inference is 
based (Gelman et al., 1995; Ellison, 
1996; Wade, 2000). 

Prior distributions for the model pa-
rameters were specifi ed using informa-
tion from the CIBW population or, if 
necessary, from other beluga popula-
tions. The population model was initi-
ated in 1979 (when the population was 
thought to be near carrying capacity) 

which allowed 15 years for the age 
distribution to accommodate to the 
presumed hunting removals before the 
parameters of the model were estimat-
ed by fi tting the model to a time series 
of abundance estimates for the years 
1994–2014 (Table 1). The population 
model was additionally projected 100 
years into the future from 2014. 

The analysis can be viewed as hav-
ing two stages, a parameter estimation 
stage and a future projection stage, but 
it was conducted as a single integrat-
ed analysis. This ensures that the PVA 
projections are fully consistent with 
the available data (Wade, 2002). Ad-
ditionally, Bayesian model selection 
methods were used to compare how 
well different model scenarios fi t the 
data. The interpretation of the results 
focuses on the estimated probabilities 
of extinction or recovery and realized 
rates of growth or decline. 

The methods below are presented in 
three stages which proceed from the 
general to the specifi c. First the popu-
lation model is described and the vari-
ous components of the survival and 
reproductive models are developed 
mathematically. This is followed by a 
section which presents the parameters 
and prior distributions specifi c to the 
modeling of the CIBW population. Fi-
nally, the methods for developing the 
posterior distributions, conducting the 
inference, and testing of hypotheses 

are described. Comparisons between 
the model development and the pa-
rameter values and prior distributions 
used in the analysis are presented in 
the Parameter Estimation section. The 
relationship between the hypotheses 
model scenarios and the model com-
ponents included in each scenario are 
presented in the Model Scenario Com-
parison and Selection section.

Population Model 

An age and sex structured popula-
tion model was developed using life 
history and population parameters 
from Cook Inlet and other beluga 
whale populations (Table 2).

Age and Sex Structure

Age-classes included each year up 
to maturity to account for the time lag 
from birth to sexual maturity (Litzky, 
2001), and the preference of Native 
subsistence hunters for adult animals. 
Females and males were modeled sep-
arately to incorporate sex structure 
into the model and allow for unequal 
hunt of each. For both males and fe-
males, all adults greater than the age 
of sexual maturity (8+ growth layer 
groups (GLGs) Table 2 were lumped 
together for convenience. 

Demographic and Environmental 
Stochasticity

The numbers of individuals in each 
age- and sex-class were tracked as in-
tegers. Births and deaths were mod-
eled as discrete integer events using 
binomial distributions with the ex-
pected birth rate and survival rate, re-
spectively. Births were modeled as a 
binomial draw using the birth rate and 
the total number of mature females. 
Survival from one age and sex class 
to the next was modeled as a binomial 
draw using the survival rate and the 
number of individuals in that age and 
sex class. The use of a binomial dis-
tribution in the population model in-
corporates demographic stochasticity, 
the random variations in the number 
of individuals that happen to die or re-
produce in a given year even when the 
expected rate remains constant (Be-
gon et al., 1996:927). Recorded takes 

Table 1.—Time series of Cook Inlet beluga whale data used in the Bayesian analysis. Estimated abundance was 
calculated from observer and video data. Hunt landings and struck and lost data were from Mahoney and Shel-
den (2000) and NMFS Alaska Regional Offi ce (NMFS, text footnote 3). Where confl icting sources occurred, all are 
listed and the range of values is used. Note that killed but lost are included with the struck and lost.

Year Estimated abundance Abundance CV Hunt landings (struck and lost)

1994 653 0.24 19(2)
1995 491 0.21 60(14), 52(22), 42(26)
1996 594 0.20 49(49–98)
1997 440 0.13 35(30–40), 35(35)
1998 347 0.17 21(21)
1999 367 0.09 0(0)
2000 435 0.14 0(0)
2001 386 0.10 1(0)
2002 313 0.10 1(0)
2003 357 0.08 1(0)
2004 366 0.13 0(0)
2005 278 0.10 2(0)
2006 302 0.10 0(0)
2007 375 0.08 0(0)
2008 375 0.11 0(0)
2009 321 0.11 0(0)
2010 340 0.08 0(0)
2011 284 0.09 0(0)
2012 312 0.13 0(0)
2014 340 0.08 0(0)
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Table 2.—Review of female beluga life history parameters from the published literature. Growth layer groups (GLGs) obtained from beluga teeth were reported instead of 
ages. Past studies (e.g., source 1) used two GLG layers to represent one year of growth; however, recent studies support one GLG per year of growth (Stewart et al., 2006; 
Lockyer et al., 2007; NAMMCO:  http://septentrio.uit.no/index.php/NAMMCOSP/issue/view/236). 

Parameters Data Source

Age at sexual maturity 7–13 GLGs (mean = 10, no sample size), 5–6 to 11–12 GLGs (mean = 9, n = 33) 2A
 9–11 GLGs (mean = 10, no sample size) 1A
 8–9 GLGs (0%), 10–11 GLGs (33%), 12–13 GLGs (94%), 16–17 GLGs (100%)(n = 207) 3A
 9.1 ± 2.8 GLGs (n = 23)  4
 50% at 8.25 GLGs (n = 87)  5
 
Age at color change (gray to white) 12 GLGs (minimum age) 1
 14 GLGs (minimum from Mackenzie Delta), 2
 17 GLGs (minimums from western Hudson Bay) 2
 9–10 GLGs for males, 10–12 GLGs for females 5

Age at 1st conception 54% at 8–9 GLGs (n = 12 of 22) 3
 41% at 10–11 GLGs (n = 9 of 22) 3
 4% at 12–13 GLGs (n = 1 of 22) 3
 8.27 GLGs (SE = 2.88, n = 87) 5

Age at senescence 42–43 GLGs (arbitrarily assumed by Kleinenberg) 1
 40 GLGs (corpora level off and decline) 5

Pregnancy and birth rates With small fetuses: 0–11 GLGs (0.055), 12–21 GLGs (0.414), 22–45 GLGs (0.363),  3
 46–57 GLGs (0.267), 58–77 GLGs (0.190). With full-term/neonate: 0–11 GLGs (0), 
 12–21 GLGs (0.326), 22–45 GLGs (0.333), 46–51 GLGs (0.278), 52–57 GLGs (0.182), 
 58–77 GLGs (0.125)

 0.41 (w/small fetuses); 0.56 (w/full term fetuses or neonates) 5

Lifespan 60–61 GLGs 1
 50–53 GLGs 2B
 >60 GLGs (oldest female estimated at 70+ GLGs)  3
 46 GLGs (male, tooth worn w/no visible neonatal line) 5
 57 GLGs (female) 5

Adult annual survival 0.9064 (average based on mean annual mortality rate = 0.0936) 3
 0.91–0.92 6. 7
 0.842 and 0.905 (assuming 2GLGs/yr vs. 1 GLG/yr) 8
 0.96–0.97 9
 0.935 10
   
Immature annual survival 0.905 (for neonates in fi rst half year of life, mortality rate = 0.095) 2
 0.955 (based on pilot whale net recruitment) 11
  
Reproductive rate 0.13 (ratio of calves to adult females, modeled) 2
 0.143 (ratio of calves to adult females) 2
 0.114–0.117 (ratio of calves to whales) 2
 0.104 (a model population of 1,000 that included 94 calves) 3
 0.097 (ratio of calves to whales) 7
 0.08–0.10 (ratio of calves to whales) 11
 0.12 (ratio of calves to whales) 12
 0.056–0.10 (ratio of calves to whales) 13
 0.08–0.14 (ratio of calves to whales) 14
 0.08 (unknown) 15
 
Lactation period At least 2 years 1
 21 months on average  2C
 23 months (range:18–32 months) 7A

Calving interval 3 years  1, 2D, 3B
 2–3 years 5
 >2 years  7B

1Brodie, P. F. 1971. A reconsideration of aspects of growth, reproduction, and behavior of the white whale (Delphinapterus leucas) with reference to the Cumberland Sound, Baffi n 
Island, population. J. Fish. Res. Bd. Can. 28:1309–1318. A. [Canada] Cumberland Sound, Baffi n Island, population, n=124 animals (86% captured in nets which biased the sample 
toward females with newborns), ASM excluded one immature animal age 15 GLGs, sample sizes not provided though Fig.3 appears to show 51 females in the sample.

2Sergeant, D. E. 1973. Biology of white whales (Delphinapterus leucas) in western Hudson Bay. J. Fish. Res. Bd Can. 30:1065–1090. A. [Canada] Churchill and Whale Cove in western 
Hudson Bay, additional information from the Mackenzie Delta, Beaufort Sea and data collected by Khuzin (sample of 33) in the Kara/Barents seas, Russia. B. Found differences in 
maximum age based on sampling technique. Life span of netted whales tended to be lower (40 GLGs at Whale Cove) than those selected and harpooned (50 GLGs at Churchill, 53 
GLGs at Mackenzie Delta). Similar results were reported by Brodie (1971) for whales netted in Cumberland Sound (40 GLGs). C. based on length of gestation (14 months) x 33 lactat-
ing/22 pregnant whales. D. In 7 of the 29 pregnant females examined from Whale Cove, lactation was still occurring and for some analyses a 2 year calving cycle was assumed for 
25% of the adult female population (p. 1084). Concluded “overlap of pregnancy and previous lactation is infrequent so that calving occurs about once in three years. 

3Burns, J. J., and G. A. Seaman. 1986. Investigations of belukha whales in coastal waters of western and northern Alaska. II. Biology and ecology. U.S. Dep. Commer., NOAA, OCSEAP 
Final Rep. 56(1988):221–357. [Northwest Alaska]; A Sampling occurred in June, a time when most Alaskan belugas are born. It is possible non-pregnant 8–9 GLGs belugas would 
have conceived before their 10–11 GLGs birth date. B. For some female belugas. This was a tentative conclusion based on high conception rates noted in some females between 
the ages of 12–13 GLGs and 44–45 GLGs. 

4Robeck, T. R., S. L. Monfort, P. P. Calle, J. L. Dunn, E. Jensen, J. R. Boehm, S. Young, and S. T. Clark. 2005. Reproduction, growth and development in captive beluga (Delphinapterus 
leucas). Zoo Biol. 24:29–49. [captive belugas]. 

5Suydam, R.S., 2009. Age, growth, reproduction, and movements of beluga whales (Delphinapterus leucas) from the eastern Chukchi Sea. Ph.D. dissert., Univ. Wash., 152 p.
6Allen, K., and T. Smith. 1978. A note on the relation between pregnancy rate, age at maturity and adult and juvenile mortality rates. Rep. Int. Whal. Comm. 28:477–478. Reviewed in 

Braham, 1984.
7Braham, H. W. 1984. Review of reproduction in the white whale, Delphinapterus leucas, narwhal, Monodon monoceros, and Irrawaddy dolphin, Orcaella brevirostris, with comments 

on stock assessment. Rep. Int. Whal. Comm. (Spec. Issue 6):81–89. A. analysis of data collected by Seaman and Burns (1981). B. based this assumption on data from Brodie (1971) 
and Sergeant (1973) that age at fi rst pregnancy is 6 years (12 GLGs) and last pregnancy is about 21 years (42 GLGs ) resulting in a 14–15 year breeding period, which would allow 

Table notes continued
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only 6 calves rather than the 10 calves predicted by the authors if a female’s reproductive cycle is three years. However, this calculation was based on 2 GLGs = 1 year, using 42-12 
= a 30 year breeding period and a 3-year reproductive cycle would produce 10 calves.

8Ohsumi, 1979. Interspecies relationships among some biological parameters in cetaceans and estimation of the natural mortality coeffi cient of the southern hemisphere minke whale. 
Rep. Int. Whal. Comm. 29:397–406.

9Béland, P., S. De Guise, and R. Plante. 1992. Toxicologie et pathologie des mammiferes marins du Saint-Laurent. INELS, Montreal, QC for the Fond Mondial pour la Nature (Canada), 
Toronto. Canada] St. Lawrence population. 

10Lesage, V., and M. C. S. Kingsley. 1998. Updated status of the St. Lawrence River population of the beluga, Delphinapterus leucas. Can. Field-Nat. 112(1): 98–114. [Canada] St. 
Lawrence population.

11Brodie, P. F., J. L. Parsons, and D. E. Sergeant. 1981. Present status of the white whale (Delphinapterus leucas) in Cumberland Sound, Baffi n Island. Rep. Int. Whal. Comm. 31:579–
582 [Canada] Cumberland Sound, Baffi n Island. 

12Ray, G. C., D. Wartzok, and G. Taylor. 1984. Productivity and behavior of bowheads, Balaena mysticetus, and white whale, Delphinapterus leucas, as determined from remote sens-
ing. Rep. Int. Whal. Comm. (Spec. Issue 6):199–209.

13Davis, R. A., and K. J. Finley. 1979. Distribution, migrations, abundance and stock identity of eastern Arctic white whales. Unpubl. doc. Submitted to Int. Whal. Comm. (SC/31/SM10). 
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from the Native subsistence hunt were 
partitioned among adult males, adult 
females, and the older age classes of 
immature animals of both sexes. Re-
corded takes were directly subtracted 
from each class (Table 1), after modi-
fi cations to account for uncertainty, 
such as allocation to sex and struck 
and lost whales (explained below). 

No environmental time series and 
mechanism has been identifi ed as im-
pacting survival or fecundity of the 
CIBW population, however demo-
graphic stochasticity does not explain 
the variation observed in the calf index 
(Hobbs et al., 2015b) or the annual 
numbers of deaths recorded (NMFS3). 
To account for this observed variation 
we included a correlated random vari-
ation scaled to the variation in the two 
data sets. 

Population Projection

The CIBW population was projected 
annually for females (f) and males (m) 
as:

(1)

Where a is age and B(n, p) is a bi-
nomial distribution with n trials and 
probability p, the variables s and b 
represent survival and birth probabili-
ties, respectively, which are elaborated 
below.

Birth Rate

Density dependence was included in 
the birth rate in the form of the com-
monly-used generalized logistic func-
tion (Breiwick et al., 1984).

bt = b0−(b0−bK )
Nt

K

⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟

z

+b0σbεt

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥ Bc

εt =ρεt−1+ 1−ρ2ωt

Bc =
1− s0

1− s0Sc

K represents the population size at car-
rying capacity or, in other words, the 
population size that the population 
would reach if there is no reduction 

(2)

in birth rate or survival rate except 
due to density dependence and there 
is no environmental variation. The 
parameter z controls the shape of the 
density-dependence, where values of 
z > 1 mean that most of the density-
dependent response occurs close to 
K. σb is a scaling factor to the effect 
of environmental variation on birth-
rate relative to the effect on survival, 
εt is a stationary, correlated, random 
environmental deviation with mean = 
0, variance = σ2, and correlation = ρ  
(Morris and Doak, 2002:139) and ωt is 
a normal random deviate with mean = 
0 and variance = σ2, the same series 
was used for both birth rate and sur-
vival. Bc is a constant fractional re-
duction in per capita birth rate such 
as would occur as a result of chronic 
under nutrition or high contaminant 
loads; s0 is the survival rate for the 
unaffected population when it is small 
and Sc is the survival rate reduction 
from the per capita effect (described 
below). Bc was set to 1 except in sce-
narios with the per capita effect where 
Bc was the inverse of the proportional 
increase in mortality so that this ef-
fect was split approximately equally 
between mortality and reproduction. 
Note that without environmental vari-
ation, when the population is at car-
rying capacity so that Nt = K, then bt 
= bk Bc, and when the population is 
small so that Nt is close to zero, then 
bt = b0 Bc. 

Survival Rates

The variables s0,t, sa,t sf,mat,t, and 
sm,mat,t are annual survival rates by age 
and sex. They are the products of two 

f0,t =
B fmat ,t ,

bt
2( ) if fmat ,t−1,mmat ,t−1≥1

0 otherwise

⎧
⎨
⎪⎪⎪

⎩
⎪⎪⎪

m0,t =
B fmat ,t ,

bt
2( )if fmat ,t−1,mmat ,t−1≥1

0 otherwise

⎧
⎨
⎪⎪⎪

⎩
⎪⎪⎪

fa+1,t+1= B fa,t ,sa,t( ) for a= 0 to (amat −2)

ma+1,t+1= B ma,t ,sa,t( ) for a= 0 to (amat −2)

fmat ,t+1= B( fmat ,t ,s f ,mat ,t )+ B( fmat−1,t ,smat−1,t )

mmat ,t+1= B(mmat ,t ,sm,mat ,t )+ B(mmat−1,t ,smat−1,t )
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components: 1) St, a population wide survival rate that is independent of age and 
sex, and determined by density dependence; and 2) Sh,age-sex,t, an age and sex 
dependent survival rate determined by hunting activity (h) on adult males, adult 
females, and immature (j) whales. 

s0,t = St sf,mat,t, which accounts for a calf’s dependence on its mother;  (3a)

sa,t = St , for a = 1 to 3; (3b)

sa,t = St Sh,j,t , for a = 4 to mat-1; (3c)

sf,mat,t = St Sh,f,t , for adult females; and (3d)

sm,mat,t = St Sh,m,t for adult males (3e)

Hunt Mortality

The hunt mortality was modeled as 
the sum of the recorded landed whales 
with different rates for adult males, 
adult females, and immature whales. 
Additional mortality was added to ac-
count for whales that were struck and 
lost (injured or killed during a hunt 
but not retrieved and landed), speci-
fi ed by year. The total hunt mortality 
(Ht = landings + struck and lost) was 
allocated to age and sex class using a 
binomial distribution and parameters 
controlling the expected age and sex 
bias in the hunt: 

Hj,t = B(Ht , Pr(Hunt Immature))  (4a)

Hm,t = B(Ht – Hj,t , Pr(Hunt Male)) (4b)

Hf,t= Ht – Hj,t – Hm,t  (4c)

Where t is the year, Hj,t is the num-
ber of immature whales killed, Hm,t 
is the number of mature male whales 
killed, and Hf,t is the number of mature 
female whales killed. The Pr(Hunt) 
were chosen from a Beta distribution 
prior for each case of the model, as de-
scribed below. The numbers of whales 
killed were translated into survival 
rates from the hunt as: 

NVt = fa,t +ma,ta=4
mat−1∑   (5a)

Sh, j,t =1−
H j,t

NV t
  (5b)

Sh,m,t =1−
Hm,t

mmat ,t
 (5c)

Sh, f ,t =1−
H f ,t

fmat ,t
  (5d)

representing survival of immature 
whales, mature males, and mature fe-
males, respectively. NVt is the total 
number of immature whales vulner-
able to hunting. The hunt survival pa-
rameters are formulated as survival 
rates so that if there is no hunt mortal-
ity the rates all equal 1. 

Population Level
Survival Rate

Density dependence was included 
in the population level component 
of survival. Variations of the survival 
model were also specifi ed to allow for 
(depending upon the model scenario) 
changes in survival from other factors. 
The other factors include 1) a constant 
decline in the survival rate (a “per 
capita impact”) such as might occur 
as a result of chronic under nutrition 
or high contaminant loads, 2) a con-
stant numeric decline in survival (e.g., 
one additional whale per year) such as 
could occur from density-independent 
predation by killer whales, 3) occa-
sional unusual mortality events (“ca-
tastrophes”) that affect a percentage of 
the entire population, and 4) occasion-
al mortality events (“group mortal-
ity”) that affect an entire social group, 
which is a form of an Allee effect (Al-
lee et al., 1949) as this mortality has 
a greater effect as the population be-
comes smaller and has fewer social 
groups. The population level survival 
rate is:

St = s0−(s0− sk )
Nt

K
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ScSp,tSe,tSg,t

 (6)

Where Sc is the constant per cap-
ita impact, Sp,t is the predation ef-
fect, Se,t is the catastrophe effect, and 
Sg,t is the group mortality effect (de-
tails on calculations of these factors 
are found below). εt is the same en-
vironmental series used in the birth 
rate. Note that these additional mor-
tality factors are formulated as mul-
tiplicative adjustments to St that act 
independently. These specifi c survival 
models can then be employed together 
or separately. 

Killer Whale 
Predation Mortality

Predation from killer whales was 
modeled as a density-independent 
survival factor, meaning the expected 
number of additional deaths will re-
main the same regardless of the CIBW 
population size. This assumes that kill-
er whales prey on belugas irrespective 
of the size of the population (i.e., there 
is no numerical or functional response 
by the predator). Killer whale preda-
tion mortality was modeled in this way 
because predation on CIBWs would 
represent such a small fraction of the 
annual diet of mammal-eating killer 
whales in the region that there would 
be no predation response to the den-
sity of CIBWs.

This means that predation mortal-
ity was assumed to be determined by 
factors such as the frequency of kill-
er whale visits to the upper inlet. By 
modeling predation this way, the same 
number of predation deaths was a larg-
er percentage of the population size 
when the population was smaller, and 
increased the risk to the population. 
Eventually, a population may decline 
to the point where predation cannot be 
sustained and thus prevents its recovery, 
this has been termed a “predator pit.” 

Predation mortality from killer 
whales was specifi cally modeled as 

Sp,t =
Nt −CsCp

Nt
 (7)
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where Cs is estimated as the average 
number of observed deaths from kill-
er whales during the time period 1999 
to 2014, and Cp represents a scaler 
to allow for decreasing or increasing 
the level of killer whale predation in 
the model scenario (e.g., a value of 2 
means that twice as many predation 
deaths occurred than were observed 
from 1999 to 2014). Note that Sp,t was 
also constrained to be no less than 0 
for the case where the constant num-
ber of expected killer whale predations 
was greater than the population size. 

Catastrophes (Unusual 
Mortality Events)

Occasional unusual mortality 
events, including but not limited to 
disease outbreaks, mass strandings, 
volcanic activity, toxic spills, and fail-
ure of Pacifi c salmon runs, could po-
tentially impact a substantial portion 
of the CIBW population and were, 
therefore, important to consider. Ca-
tastrophes were modeled as mortality 
events where an additional specifi ed 
fraction of the population died in a 
given year: 

Se =1−Me B(1, PMe )  (8)

where Me is the probability of mortal-
ity during an unusual mortality event 
(e.g., where a value of 0.1 means that 
10% of the population was expected 
to die, in addition to the density-de-
pendent mortality that takes place); 
and PMe is the binomial probability 
of an unusual mortality event occur-
ring in a given year. The catastrophe 
survival factor models random events 
that affect the entire population. If PMe 
equals 0, no catastrophic events occur 
because Se = 1. 

Group Mortality

Given that a large percentage of the 
CIBW population may aggregate in a 
single behavioral group at one time, 
another way to model an unusual mor-
tality event would be to have it af-
fect a single social group. Events that 
could affect an entire social group at 
the same time include entrapment in 
ice, becoming stranded in a shallow 

area at low tide, a local toxic spill, or a 
stranding related to an acoustic event. 

A group mortality event can be 
viewed as a different form of a cata-
strophic mortality event, but where the 
size of the social group and the mor-
tality rate within the group determines 
the number of whales that die, rather 
than being specifi ed as a fi xed propor-
tion of the population. Therefore, ca-
tastrophes and group mortality were 
not included together in any model 
scenario but were instead viewed as 
alternative ways of modeling unusual 
mortality events. 

To model this type of mortality af-
fecting all or part of a single social 
group, a group survival factor is mod-
eled as:

Sg,t =1−
M gGt

Nt
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⎞

⎠
⎟⎟⎟⎟
B(1, Pg )  (9)

where Pg is the probability of an event 
occurring in a given year that would 
lead to a group mortality; Mg is the 
probability of mortality for individuals 
in the group affected by a group mor-
tality event; and Gt is the size of the 
affected group drawn for each event 
from the observed distribution of 
group sizes (truncated at Nt). Whether 
or not an event occurs in a given year 
is determined by an annual draw from 
a binomial distribution with probabil-
ity of occurrence in a given year of Pg 
such that either one or no event occurs 
in that year. 

For this factor, groups were collec-
tions of belugas in a locale and may 
include several social groups in prox-
imity to each other or possibly one 
large group. If the group size drawn 
was equal to the population size, then 
Gt was replaced with Nt and the Group 
Mortality model was the same as the 
Catastrophe model. The risk of an 
event remained the same but the group 
size changed. The individual risk in 
this model at a particular population 
size is proportional to the ratio of the 
average group size in the population to 
the population size, which increases as 
abundance declines because there are 
fewer groups, so the chance of being 
in the group affected increases. 

This model implies that only one 
group is affected by any event so, 
for example, a localized toxic spill at 
the Port of Anchorage would affect 
a group in Knik Arm but not impact 
groups in other areas such as the Susit-
na Delta or Chickaloon Bay. Similarly, 
this models a group stranding event 
that affects only the group trapped by 
a falling tide. As the population in-
creases and divides into more groups, 
it becomes less vulnerable to these 
sorts of events. If Pg = 0.0, no group 
mortality event occurs in any year.

Starting Population Size and 
Initial Age Distribution

The model parameters were estimat-
ed by fi tting the population model to 
abundance data starting in 1994, when 
NMFS began an annual series of sys-
tematic counts with applied correction 
factors for the CIBW population esti-
mates (Hobbs et al., 2015a). The 1979 
abundance estimate was from a single 
day survey to which Calkins1 applied 
a correction factor based on radio-tag 
data from the Bristol Bay population 
(Frost et al., 1985). This estimate was 
used as the basis for the prior distri-
bution for population size in the start 
year of 1979, the population was then 
projected forward to 1994 to allow 15 
years for the hunt to affect the sex and 
age distribution of the population. The 
population was initialized in 1979, 
with a stable age distribution calcu-
lated from the life-history parameters 
with the survival rate associated with 
the population size in 1979, and with 
a population growth rate of 0.0 (λ set 
to 1.0, see below). Age and sex classes 
were fi lled by randomly sampling as 
a multinomial distribution from the 
stable age distribution until the initial 
population size was reached. 

Prior Distributions 

Values for model parameters were 
taken from data available on beluga 
populations (Table 2). For parameters 
for which little data were available or 
inference was intended, prior distribu-
tions were devised as described be-
low. Some parameters were fi xed at a 
single value. A “healthy” population 
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model scenario was specifi ed with 
a growth rate that was considered 
to be typical of increasing cetacean 
populations and no additional mor-
tality from per capita effects, preda-
tion, catastrophes, or group mortality. 
Other model scenarios were specifi ed 
that included additional mortality as a 
fi xed number of deaths or fi xed rate 
or drawn from a prior distribution of 
deaths or rates from those factors. 
The fi t of the different model scenar-
ios to the data were compared using 
Bayesian model selection methods 
(detailed below).

Annual Growth Rate (λ)

The population rate of increase (λ) 
is not among the parameters of the 
population model above; however, for 
given values of the life history param-
eters (e.g., survival, birth rate, age of 
sexual maturity) in the population 
model, λ is determined, because they 
are functionally related (Euler, 1760; 
Lotka, 1907). We use a simplifi ed ver-
sion of the population model as fol-
lows. Treating s and b, as constant 
parameters (rather than probabilities), 
we have a deterministic projection of 
the expected values of the abundance 
and individual age and sex classes. 
Considering only females, we have a 
recursion model in expected births by 
year:

f0,t =
b

2
fmat ,t =

b

2
samat+1 f0,t−amat

+
b

2
samat+2 f0,t−amat−1

+
b

2
samat+3 f0,t−amat−2

 

(10)

This is a discrete form of the Lotka 
renewal equation (Lotka, 1907; Good-
man, 1982), which has a solution for 
a constant rate of increase by replac-
ing f0,t with λt . Dividing through by λt 
yields:

1=
b

2
samat+1λ−amat +

b

2
samat+2λ−amat−1

+
b

2
samat+3λ−amat−2 =

bsamat+1λ−amat

2(1− sλ−1)  

(11)

Note that if the rate of increase and 

two of the three life history parameters 
are known, the third life history pa-
rameter is determined. Consequently, 
only three of the four parameters can 
be assigned values and the fourth will 
then be determined by the other three. 
For these analyses, we chose values 
for λ because the inference included 
a healthy population model with fi xed 
growth rate range. In the Bayesian 
analysis, we chose to put an uninfor-
mative prior distribution on λ (i.e., a 
uniform distribution) because we were 
interested in the probability of the fu-
ture increase or decline of this popu-
lation. Furthermore, we assigned prior 
distributions to age at sexual maturity 
and survival rate; therefore, birth rate 
was a derived parameter.

The quantities of interest are the 
maximum rates of increase (λ0) of the 
population, which under compensa-
tory density-dependence, is the annual 
growth rate near zero population size. 
For a population that is doing well and 
has the capacity to increase, λ0 should 
be greater than 1.0. However, if the 
population is in a state of decline, λ0 
may well be less than 1.0. To allow for 
both possibilities, the prior distribu-
tion for the maximum annual growth 
rate, λ0, was specifi ed to be a uniform 
distribution between 0.94 and 1.031 
in order to provide a broad, unin-
formative prior distribution for this 
parameter. 

It is thought that the maximum an-
nual increase for an odontocete ce-
tacean with a life history such as a 
beluga whale is unlikely to be much 
greater than about 1.04 or 4% per 
year (Reilly and Barlow, 1986; Wade, 
1998, 2009). The BB population has 
increased at an estimated rate of 4.8% 
per year (95% CL: 2.1%–7.5%) (Low-
ry et al., 2008). Therefore, the value of 
1.06 (a 6% increase per year) could be 
considered a reasonable upper bound 
for this parameter. However, carcass 
counts and calving rate data, described 
in more detail below, provide maxi-
mum possible survival and birth rates 
which because of the functional re-
lationship of these parameters effec-
tively reduces the upper limit for λ0 to 
1.031. 

Log-linear regression of the CIBW 
abundance estimates for 1999–2014 
indicate an annual rate of decline of 
-1.3% (SE = 0.008) (Shelden et al.4); 
consequently, the lower bound of 0.94 
(representing a 6% decline per year 
or the slope of the recent trend mi-
nus more than fi ve times the SE of the 
slope) was set to a value thought to be 
low enough to capture any possible 
outcome from the analysis. The re-
sults for each model scenario were ex-
amined to ensure that the data did not 
support any greater rate of increase or 
decline. Model scenarios were rerun 
with a broader prior distribution where 
support was indicated.

If the population is healthy and 
growing, such as the BB population, 
we would expect the value of λ0 to fall 
between 1.02 and 1.031, (i.e., annual 
growth of 2% to 3.1%) and by defi -
nition, the value of λ at carrying ca-
pacity, what we call λk, for a healthy 
population would be 1.0 (i.e., no an-
nual growth or decline), causing the 
population size to stabilize and reach 
equilibrium near the value K. Each of 
the alternative scenarios was modeled 
as a modifi cation to this healthy pop-
ulation model. To account for several 
different survival or fecundity models, 
given that λ0 was allowed to be less 
than 1.0 in some scenarios, we devise 
a healthy population growth rate for a 
small population, λH0, with a prior dis-
tribution between 1.02 or λ0 (which-
ever was larger) and 1.031, which 
spanned the range of what would be 
the expected maximum rate of in-
crease for a beluga whale population. 

The model scenario with no addi-
tional mortality (healthy), specifi ed a 
prior distribution for λ0 of a uniform 
distribution between 1.02 and 1.031. 
In this case, λ0 and λH0 are equal, 
with the assumption that the popula-
tion will increase if below K. If a sce-
nario includes reduced survival and/or 
fecundity λ0 is less than λH0 and the 

4Shelden, K. E. W., C. L. Sims, L. Vate Brat-
tström, K. T. Goetz, and R. C. Hobbs. 2015. 
Aerial surveys of beluga whales (Delphinapter-
us leucas) in Cook Inlet, Alaska, June 2014. 
AFSC Proc. Rep. 2015-03, 55 p. Available at 
http://www.afsc.noaa.gov/Publications/ProcRpt/
PR2015-03.pdf accessed 8 Sept. 2015.
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difference of λH0 -λ0 determined the 
magnitude of the reduction of fecundi-
ty and/or survival under the alternative 
scenario. The values of λH0 and λK = 
1 at N = K determine the density-de-
pendent drop in the population growth 
rate. For example, if λH0 is 1.03 and λ0 
is 0.99, density dependent change in 
the growth rate is -0.03, whereas, the 
change resulting from reduced surviv-
al and/or fecundity is -0.04 at both N 
= 0 and N = K. 

Survival Rate

A uniform prior distribution was set 
for s0, the maximum population level 
survival rate, when the population is 
near zero and where (under the stan-
dard assumption of density depen-
dence) the population is assumed to 
be healthy and growing at a maximal 
rate. A range (0.962–0.975) was speci-
fi ed for this distribution to make it an 
uninformative prior distribution, while 
avoiding values that were not possi-
ble for the prior range of λH0 and the 
range of birth rates. 

The upper value for the prior distri-
bution was calculated by estimating 
the maximum survival rate that could 
be achieved by the CIBW population. 
A minimum annual mortality rate was 
estimated from annual summaries of 
beach-cast and fl oating CIBW carcass-
es reported to the NMFS Alaska Re-
gional Offi ce (e.g., Vos and Shelden, 
2005; NMFS3). From 1999 through 
2014, a total of 148 carcasses were 
found, of which 10 were attributed to 
killer whale predation and, as three of 
the deaths were lactating females, an 
additional 3 calves were thought to 
have died though carcasses were not 
found (NMFS3). The remaining 138 
carcasses result in an average of 8.6 
documented deaths per year over the 
16-year timespan (Allen and Angliss, 
2013), or 2.5% per year (SE = 0.3%) 
from a population size that has aver-
aged 346 animals during those years. 
The lower value for the prior distribu-
tion was set to the minimum value that 
would allow a growth rate of 1.02 with 
a birth rate of 0.20 per year to encom-
pass the range of possible values for 

the healthy population growth rate in 
Cook Inlet.

The value of Ks was set to  

s0 –
λH0
−1

2
 to partition the density- 

dependent effect approximately evenly 
between the survival and birth rate. 
The priors for the parameters of the 
environmental variation were deter-
mined from the variation in the an-
nual counts of beach-cast carcasses. 
The value for σ was drawn from uni-
form [0.005, 0.01], the square root of 
the variance of the annual observed 
mortality rates (carcass count/aver-
age population size) less the variance 
of the demographic stochasticity. The 
value for ρ was chosen from a uniform 
[0.5, 0.8].

Age of Maturity

The prior distribution for the age of 
maturity (amat), or the age at fi rst pos-
sible birth was set at 9 GLGs based 
on an average age of fi rst pregnancy 
of 8.25 GLGs which would result in a 
fi rst birth at age 9 GLGs (Table 2).

Birth Rate

With the population rate of in-
crease, survival rate, and age of ma-
turity specifi ed we solve Equation 11 
for birth rate (b) as a function of the 
other parameters to get Equation 12. 
Equation 11 was solved with extreme 
values of b and s to identify the lim-
its for survival and intrinsic rate of in-
crease that will allow b to fall into the 
specifi ed ranges (Brandon and Wade, 
2006). Equation 12 is then solved for 
b given s, amat, and λ:

b=
2(1− sλ−1)

samat+1λ−amat
 (12)

This equation was used to determine 
the annual probability of giving birth 
when the population was small (b0) 
or large (bK), using the values for λH0 
and s0 or λ K = 1 and sK, respective-
ly. The values for s0 and sK were con-
strained so that b0 and bK fell into the 
biologically reasonable range for these 
variables of [0.05, 0.20] and [0.0, b0], 
respectively. Ranges were derived 
from the data on pregnancy rates and 

birth interval from wild beluga popu-
lations (Table 2) and a calving rate 
study conducted in Cook Inlet (Hobbs 
et al., 2015b), with 0.05 set lower than 
the lowest value of 0.13 found in the 
literature to allow for the possibility 
of poorer fecundity in Cook Inlet and 
the value 0.20 set at nearly twice the 
value estimated in Cook Inlet to allow 
for the possibility that the time period 
in which the calving rate was esti-
mated was unusually low and to also 
allow for potential bias in the index 
itself. The value for σb is set to 33 so 
that variation in annual birth rate had 
an equivalent effect on the variation in 
annual growth as on the variation in 
survival. The same correlated random 
series was used for both survival and 
birth rates.

Density Dependence

The prior distribution for carrying 
capacity (K), the population size that 
the population would reach if there is 
no reduction in birth rate or surviv-
al rate except due to density depen-
dence and there is no environmental 
variation, was a uniform distribution 
U[811, 2056] based on a log-normal 
95% confi dence interval for an esti-
mated 1,293 beluga whales from an 
aerial survey conducted in August 
1979 by the ADFG (Calkins1; Hobbs 
and Shelden5). No error was calcu-
lated for this estimate; thus, we have 
assumed that it was no more accurate 
than the 1994 estimate, and we have 
applied the CV from the 1994 aerial 
survey estimate. 

While this is the best available es-
timate of population size before the 
1990’s, it potentially represents a pop-
ulation that was depleted to an un-
known degree by poorly documented 
and undocumented removals in earlier 
years of the 20th century (Mahoney 
and Shelden, 2000). The prior distri-
bution on K represents the uncertainty 
in the estimate from 1979. For hypoth-

5Hobbs, R. C., and K. E. W. Shelden. 2008. 
Supplemental status review and extinction as-
sessment of Cook Inlet belugas (Delphinapterus 
leucas). AFSC Processed Rep. 2008-08, 76 p. 
Available at http://www.afsc.noaa.gov/Publica-
tions/ProcRpt/PR2008-08.pdf, accessed 17 Sept. 
2015.
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esis H8 we also consider a change in 
K over time. For these scenarios, we 
reduce K by a constant amount each 
year between 1979 and 1999, the val-
ues for K1999 in 1999 are drawn from 
a uniform [100, 800]. Carrying capac-
ity continues at a constant level after 
1999.

The parameter z determines the 
maximum net production level 
(MNPL; the population size where 
growth in numbers is greatest) as a 
fraction of K and determines the shape 
of the growth curve of the population 
(Taylor and DeMaster, 1993). MNPL 
has not been determined for Cook In-
let or any other beluga whale popula-
tion, consequently we adopted a range 
considered reasonable for cetaceans of 
50–80% (MNPL 650 to 1,040 for K = 
1,300). MNPL/K is drawn from U[0.5, 
0.8], then the value of z is determined 

by solving 
1

z+1
=

MNPL

K

⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟

Z

 itera-

tively for z. This modeling effort was 
focused on the behavior of the popu-
lation at sizes at or below the current 
population size, which is well below 
these values of K and MNPL. There-
fore, the specifi c values of K and 
MNPL will have little or minimal in-
fl uence on the results. 

Hunt Mortality

The prior distribution for the num-
ber of whales killed in the hunt was 
handled differently for two time peri-
ods. The total number of whales killed 
each year were poorly documented 
before 1994 (Mahoney and Shelden, 
2000). Reported landings averaged 
10 per year for the years 1987–89 and 
1991–93 when a partial survey of Na-
tive hunters was conducted (Stanek, 
1994). But only in 1993 was there an 
effort to estimate the complete remov-
als (26 landed beluga whales). No in-
dependent study of struck and lost 
rates was conducted during the Cook 
Inlet hunt. 

Struck and lost numbers reported by 
hunters during 1979–93 averaged 25% 
of the reported landings, resulting in 
an average of 12.5 whales reported 
killed in those years. In 1993 the esti-

mated kill was 32.5 whales. Therefore, 
to allow for the uncertainty during 
this time period, the prior distribution 
for the number of animals killed each 
year for the years 1979–93 (H79-93) 
was specifi ed as a uniform distribution 
from 10 to 40 whales to span the range 
of possible take levels. 

NMFS fi rst documented the entire 
take (landings, and struck and lost) by 
the subsistence hunt starting in 1994 
(Mahoney and Shelden, 2000), so the 
data for years 1994–98 are believed 
to be accurate. Hunting dramatical-
ly declined starting in 1999 with the 
moratorium on the hunt and with sub-
sequent harvest management plans, 
and recorded landings and struck and 
lost whales from the hunt are thought 
to be accurate for the years 1999–
2014 (NMFS3) (Table 1). Therefore, 
the prior distributions for total kill 
(landings plus struck and lost) in the 
years 1994–2014 were fi xed at the 
reported values. In years when more 
than one value was reported, or a 
range was reported, the total killed in 
the hunt was drawn from a uniform 
distribution with limits at the small-
est and largest value (see Table 1, i.e., 
1995 U[68,74]; 1996 U[98,147]; 1997 
U[65,75]). 

The youngest animal documented 
in the hunt was 4 GLGs (Mahoney 
and Shelden, 2000), so the fi rst im-
mature age vulnerable to the hunt was 
set to age 4. Although the hunters are 
thought to have a preference for tak-
ing large white adults, some gray im-
mature beluga were also taken in the 
hunt. A review of hunted whales listed 
in Table 2 in Mahoney and Shelden 
(2000:131) shows 33 individuals for 
which age or length was known and 
sex determined, 7 of which were im-
mature (i.e., smaller than 340 cm, not 
pregnant or lactating, and/or young-
er than 9, with the youngest at 4), of 
these immature whales, four were 
females. 

While 33 is a relatively small sam-
ple of the more than 250 whales killed 
in the hunt between 1994 and 1998, it 
does provide a basis for an informed 
prior for the fraction of the hunt that 
was immature animals. The standard 

Beta distribution, Beta(α, β), is con-
sidered the likelihood distribution for 
the probability of success estimated 
from binomial data with α-1, success-
es and β-1, failures (Johnson and Kotz, 
1970). The distribution for the prob-
ability that an individual taken in the 
hunt is immature is then Beta(8, 27), 
with the parameters derived from the 
values 7 immature captures (success-
es) and 26 mature animals (failures) 
recorded in the hunt data. Therefore, 
the informed prior distribution for the 
probability that an animal taken in 
the hunt was an immature, Pr(Hunt 
Immature), was drawn from Beta(8, 
27), truncated at the 2.5th and 97.5th 
percentiles.

For mature whales, the hunt was bi-
ased towards males. Of the 26 mature 
whales for which sex was determined, 
16 were males and 10 were females. 
The male bias may be due to the fact 
that when a calf was seen closely as-
sociated with a whale (presumably the 
mother), the hunters would break off 
pursuit, creating a bias toward taking 
males (Huntington, 2000). The Beta 
distribution was also applied; there-
fore, the informed prior distribution 
for sex-bias of mature belugas in the 
hunt, Pr(Hunt Male), the probabil-
ity that a mature animal taken in the 
hunt was a male, was drawn from a 
standard Beta distribution, Beta(17, 
11), truncated at the 2.5th and 97.5th 
percentiles.

Modifi cations to Birth 
and Survival Rates

To account for the observed growth 
rate of the population, we compared 
the effects of four different survival 
factors, each of which is formulated 
as a modifi cation of the survival rate, 
Sc, Sp,t, Se,t, and Sg,t, and one modifi -
cation of the birth rate, Bc. Of these, 
only Sp,t, can be parameterized from 
data for the Cook Inlet beluga popu-
lation and is either equal to 1.0 or the 
value determined by the parameters. 
For the others, we use the λ0, (Sx Sp 
s0) and b0 in equation (11), solving it-
eratively for Sx, where Sx is the prod-
uct of Sc, E(Se,t), and E(Sg,t). Note that 
these modifi cations do not include 
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density dependence so it was unneces-
sary to solve using N = K, sk and bk. 
E(X) indicates the expected value of 
a stochastic process X. Sp is the value 
of Sp,t when the population size is 350 
belugas. 

When more than one modifi cation 
was used in a model scenario, the 
value for Sx is partitioned into surviv-
al effects which multiplied together to 
equal Sx. This was done using random 
partitions between zero and one that 
sum to one as exponents of Sx. For 
example, if 3 partitions are needed 
two random numbers between 0 and 
1 are drawn and then sorted into or-
der with 0 and 1. The fi rst partition is 
equal to the value of the lower num-
ber, the second is the difference be-
tween the two random numbers, and 
the third is the difference between the 
larger random number and 1, so that 
product of the three partial powers of 
Sx is Sx. 

If the model scenario includes killer 
whale predation, which has fi xed pa-
rameters, this has been accounted for 
and Sx is partitioned to account for the 
other survival effects if it is less than 
1. In a model scenario with the per 
capita effect, both survival rate and 
birth were modifi ed, so fi rst the parti-
tioning described above is completed 
then Sc is raised to the power 0.5 and 

then Bc = 
1− s0

1− s0Sc
 so the decrease

in birth rate is proportional to the in-
crease in mortality.

Per Capita Survival 
and Fecundity Effects

When these survival and fecun-
dity effects are included in a model 
scenario they are used together. The 
values for Bc and Sc are based on the 
necessary partitioning of the value of 
Sx. Both Bc and Sc are constrained to 
be greater than zero and less than or 
equal to 1. These are intended to mod-
el effects that impact the population on 
a per capita basis such as reduced fre-
quency of foraging events resulting in 
chronic under nutrition, or signifi cant 
contaminant loads resulting in poorer 
survival and fecundity.

Killer Whale 
Predation Mortality

Killer whale predation was mod-
eled as a constant expected number 
of individuals. Cs is estimated as the 
average number of observed deaths 
from killer whales during the time pe-
riod 1999–2014. The data available 
on killer whale predation in Cook In-
let are based on recovered carcasses, 
and determining the actual number of 
deaths depends on knowing the dis-
covery rate of carcasses. To get around 
this problem, Cs is calculated from the 
expected number of total deaths (the 
total mortality rate in the population 
model times the population size), and 
from the proportion of carcasses deter-
mined to be the result of killer whale 
predation. 

During the period 1985–2002, 
known beluga whale deaths resulting 
from killer whales averaged about one 
per year (Shelden et al., 2003). More 
complete records are available for the 
period between 1999 and 2014, when 
148 beluga carcasses were discovered 
and of these 10 were determined to 
be the result of killer whale predation 
(NMFS3), or 6.8% of all observed car-
casses. Therefore, if we assume that 
6.8% of all deaths between 1999 and 
2014 occurred from killer whale pre-
dation, we can estimate the number of 
predation deaths as Cs = (0.068) (1-
s346) (346) where, s346 is the density 
dependent survival rate at N = 346, 
which was the average population size 
during the period 1999–2014. 

These numbers may be low relative 
to actual deaths because belugas that 
are nearly or entirely consumed will 
not be recovered; indeed, three of the 
carcasses were lactating females but 
no calf carcasses were recovered sug-
gesting that the calves were consumed. 
The parameter Cp represents a scaler 
to allow for decreasing or increasing 
the level of killer whale predation in 
the population model (e.g., a value of 
2 means that twice as many predation 
deaths occurred than were observed 
from 1999 to 2014). Note that when 
Cp = 0, there is no mortality from 
predation as Sp,t = 1. The value of Cp 

was set to either 0.0 (no predation), 
1.0 (predation equal to the number 
estimated from carcass data collected 
from 1999 to 2014), or 2.0 (predation 
equal to twice the number estimated 
from carcass data such as associated 
calves or carcasses that were entirely 
consumed). 

Catastrophes (Unusual 
Mortality Events)

No population-wide mortality event 
has been documented for Cook Inlet 
belugas, and the events that we are 
considering here, such a disease out-
breaks, oil spills, volcanic eruptions, 
or failure of Pacifi c salmon runs, are 
infrequent. Examples are available for 
other marine mammal populations, 
such as recent disease outbreaks6 in 
bottlenose dolphins, Tursiops trun-
catus, on the east coast of the United 
States and in ice associated seals, Pho-
ca spp., in the Arctic waters of Alaska. 

Oil spills, such as the Exxon Valdez 
in Prince William Sound, Alaska, and 
recently the Deep Water Horizon spill 
in the Gulf of Mexico, have resulted in 
deaths of a number of species of ma-
rine mammals (Matkin et al., 2008; 
Schwacke et al., 2014). Between 1976 
and 2004, nine documented major oil 
spills occurred in Cook Inlet, rang-
ing in volume from 5,700 gallons to 
395,640 gallons.7 In addition, oil from 
the Exxon Valdez spill entered Cook 
Inlet8, resulting in an average of one 
spill per three years. 

There are seven known volcanoes 
adjacent to Cook Inlet, four of which 
are suffi ciently active to warrant moni-
toring by the Alaska Volcano Observa-
tory (Miller et al., 1998). In addition, 

6An unusual mortality event is defi ned under the 
Marine Mammal Protection Act as “a strand-
ing that is unexpected; involves a signifi cant 
die-off of any marine mammal population; and 
demands immediate response.” See http://www.
nmfs.noaa.gov/pr/health/mmume/ accessed 14 
May 2014.
7Alaska Department of Environmental Conser-
vation. 2011. Major oil spills to coastal waters. 
Spill Prevention and Response. Division of Wa-
ter. Available at http://www.dec.state.ak.us/wa-
ter/wqsar/index.htm accessed 19 Mar. 2014.
8Map of the Exxon Valdez Oil Spill, Exxon Val-
dez Oil Spill Trusties Council website http://
www.evostc.state.ak.us/index.cfm?FA=facts.
map, accessed 19 Mar. 2014. 
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there are a number of volcanos south 
and west of Cook Inlet that could pro-
duce signifi cant ash falls in Cook In-
let. While eruptions are infrequent, 
they can pose a substantial hazard 
when they occur. 

Finally, anadromous species, such 
as Pacifi c salmon and eulachon, Tha-
leichthys pacifi cus, represent a con-
centrated feeding opportunity that the 
beluga population may depend on as 
an important component of their an-
nual nutrition. While individual fi sh 
runs are known to vary from year to 
year, a coincidental failure of several 
runs in one year could have a sub-
stantial impact on beluga survival and 
reproduction. For example, other ma-
rine mammal populations, such as the 
southern resident killer whale popula-
tion, have shown reduced survival and 
fecundity rates in years in which salm-
on returns to the Frazer River, B.C., 
Can., are low (Ford et al., 2010; Ward 
et al., 2009).

For catastrophic events, the ex-
pected or average annual survival 
rate E(Se) has been set above for each 
population run either in the partition-
ing of additional survival effects or 
directly depending on the model sce-
nario. The value of E( Se ) = (1-Me 
PMe). To determine the mortality rate 
per event, Me, we use a broad prior 
with Me drawn from U[0.10, 0.50] for 
each population run. The frequency 
of events, PMe, is then calculated as 
(1-Se)/Me for that run. The values for 
Me and PMe remained fi xed through 
each population run which resulted 
in an expected or average annual un-
usual mortality rate of (1-Se) for the 
population run.

Group Mortality

The group size Gt is drawn at ran-
dom from the distribution of groups 
observed in Cook Inlet during aerial 
surveys from 1994 to 2014, truncated 
at the current population size (Fig. 2). 
Groups within 5 km of each other are 
treated as one. Note that for the cur-
rent population size, the average ob-
served group size represented about 
20% of the total population (Fig. 3).

An example of one type of group 

mortality event that was observed for 
the time period was a stranding of 46 
animals in 2003 in which 5 animals 
died (Vos and Shelden, 2005), rep-
resenting a group mortality rate for 
the event of 5/46 = 0.11. Under the 
assumption that all group strandings 
were observed for the years 1994–
2014, the probability of a group mor-
tality event in this example would 
then be 1/21 = 0.05. This is but one 
example and not the only possibil-
ity for a group mortality event. The 
expected or average annual survival 
rate E(Sg) has been set above for each 
population run either in the partition-
ing of additional survival effects or 
directly depending on the model sce-
nario. Thus, we specifi ed a broad pri-
or distribution for the group mortality 
rate, Mg, of U[(1-Sg)/0.20, 1.0], with 
the lower limit determined by the ex-
pected mortality rate if an event oc-
curred every year and affected 20% 
of the population. A value for Mg 
was drawn for each population run 
then the value for Pg is set to (1-Sg)/
(Mg*0.20) for that run so that the ex-
pected mortality rate for the popula-
tion is (1-Sg).

Population Size in 1979

To set up the initial population size 
and age structure in 1979 (N1979), N1979 
was drawn from a uniform distribution 
ranging from 800 to K belugas. The 
age structure for each sex was then 
drawn as a multinomial from N1979 us-
ing the probabilities from a stable age 
and sex distribution with the density- 
dependent survival rate for N1979.

Statistical Methods

Likelihood Function

The parameters of the population 
model were estimated by fi tting the 
model to population abundance esti-
mates available from 1994 to 2014 and 
the ratios of adult males and females 
and immature animals observed in the 
subsistence hunt. Aerial surveys have 
been conducted each June–July from 
1994 to 2014 using essentially the 
same data collection methods through 
the entire time series (Hobbs et al., 

2000a, b; Hobbs et al., 2015a). The 
subsistence hunt was subsampled as 
discussed above based on 7 immature 
belugas, 10 mature females, and 16 
mature males. The likelihood function 
used was 
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where Li is the relative likelihood of 
the ith population projection; T(X, 
DF Y) is the density of Student’s t-
distribution at X with Y degrees of 
freedom; Nt,i is the population size of 
the ith projection in year t; Nt and 
CV(Nt ) are the estimated abundance 
(point estimate) and associated coef-
fi cient of variation in year t; Hj is the 
sum of Hj,t ,t = 1993 to 1998; Hf is the 
sum of Hf,t ,t = 1993 to 1998; and Hm 
is the sum of Hm,t ,t = 1993 to 1998. 
ε\ is the average deviation of the envi-
ronmental variation from 1994 to 2014 
and SE(ε\) is the standard error for ε\ 
when σ = 0.01.

The Student’s t-distribution was cho-
sen as the likelihood function for the 
abundance estimates by comparing the 
fi t of several different likelihood func-
tions to the distribution of bootstrap 
abundance estimates that results from 
analysis of these survey data. The Stu-
dent’s t-distribution with 10 degrees of 
freedom was chosen because it provid-
ed a better fi t than a Student’s t with 
5 degrees of freedom, a gamma distri-
bution, a log-normal distribution, or a 
normal distribution. 

Parameter Estimation

Each individual population projec-
tion was fully defi ned by the 18-pa-
rameter vector: λ0, λH0, λk, 0s , Ks , 
amat, N1979, K, K1999, z, Ht, Pr(Hunt Im-
mature), Pr(Hunt male), Cp, PMe , Me, 
Pg, and Mg (Table 3). Note that two of 
the parameters (amat, Cp) were set at 
fi xed values for any particular model 
scenario. While this is a substantial 
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Figure 2.—Cumulative distribution of estimated group 
sizes for Cook Inlet beluga whale groups observed during 
abundance surveys, 1994–2014. The bars are the estimated 
group sizes from abundance surveys in June and July. For 
each group mortality event, a group size is chosen at ran-
dom from this distribution truncated at the current popula-
tion size. 

Figure 3.—Ratio of average group size to population size 
for Cook Inlet beluga whales when group size distribution 
is truncated (such that the largest possible group is the pop-
ulation size for groups observed during abundance surveys, 
1994–2014). The average risk to animals within a group re-
mains constant but the average risk for population size is 
proportional to this ratio. 

Table 3.—Estimated model parameters and their prior distributions.

Parameter Description Prior distribution

λ0  Annual growth multiplier (or e(intrinsic rate of growth)) when the population size approaches 0 Healthy model scenario U[1.02, 1.031]; 
  alternative model scenarios U[0.94, 1.031]  

λH0  Annual growth multiplier (or e(intrinsic rate of growth)) for healthy population size approaches 0 Healthy model scenario λH0 = λ0; alternative model 
  scenarios U[1.02, 1.031] or U[λ0, 1.031] if λ0 >1.02

λk Annual growth multiplier when the population is at K.  1.0

s0  Survival rate when population size is small (close to 0) and survival is unmodifi ed. U[0.962, 0.974]

sk Survival rate when population size is at K and survival is unmodifi ed.  U[s0 λk  / λ0, s0]

amat Age of maturity or age at which a female could fi rst give birth Fixed at 9 GLGs 

N1979 Total population size in 1979 U[800, K]

K High density population size (derived from aerial survey results in 1979:  U[811, 2056]
 Calkins [text footnote 1], Hobbs and Shelden [text footnote 5] 

K1999 High density population after 1999 in models M, N and O U[100, 800]

z Shape parameter resulting in a maximum rate of population increase at  Iterative solution for z of 
 MNPL (c.f. Taylor and DeMaster, 1993) 

Ht Total number of whales killed in the hunt in year t (includes landed and  H79-93 U(10, 40)
 struck and lost whales) H94-12 Reported values (see Table 1)

Pr(Hunt Immature) Probability that an animal taken in the hunt was an immature whale Beta(8, 27)

Pr(Hunt Male) Probability that a mature animal taken in the hunt was a male Beta(17, 11)

Cp Constant mortality effect (killer whale predation) (can be thought of as the  Fixed at 0, 1, or 2 (depending on model scenario)
 number of deaths per carcass)

PMe Probability of a catastrophic mortality event occurring in a given year Fixed at 0.0 or calculated as (1- E(Se,t))/Me 
  (depending on model scenario)

Me Individual probability of mortality during a catastrophic mortality event Fixed at 0.0 or U[0.10, 0.50] (depending on model scenario) 

Pg  Probability of a group mortality event occurring in a given year  Fixed at 0.0, or calculated as (1- E(Sg,t) )/(0.20 Me ) 
  (depending on model scenario)

Mg Individual probability of mortality in the affected group during a group mortality event U[0.10, 1.0] or 0.0 (depending on model scenario)

Gt Size of the group in which a group mortality event occurs at time t  Observed distribution of group sizes (with upper limit = Nt)
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Table 4.—Other parameters and variables and their derivation, if applicable.

Parameter Description Derivation

Nt Population size at time t ∑ fa,t + ma,t

fa,t , ma,t Number of females and males, respectively, of age a at beginning of year t Eq. 1

fmat,t , mmat,t Number of mature females and mature males, respectively, at beginning of year t Eq. 1

sa,t Probability of an individual at age a in year t surviving to age a+1 year t+1 Eq 3

bt Probability of a mature female giving birth to a live offspring in year t Eq. 2

b0  Values for fecundity when population size approaches 0 From Eq. 2, and required to be within interval 0.05 to 0.20

bk Values for fecundity when population size is at K. From Eq. 2, and required to be within interval 0.00 to b0 

Cs Constant mortality effect annual deaths depends on survival rate for each case 0.068(1-s346)346

Hj,t  Landings of immature whales in the hunt in year t B(Ht , Pr(Hunt Immature))

Hm,t  Landings of mature male whales in the hunt in year t B(Ht – Hi,t , Pr(Hunt Male))

Hf,t Landings of mature female whales in the hunt in year t Ht – Hi,t – Hm,t

NVt Total number of immature animals in the vulnerable age classes in year t ∑  fa,t  + ma,t for age 4 to amat

Sh,j,t Survival rate of juveniles from hunting in year t  1-Hj,t  /NVt

Sh,f,t Survival rate of adult females from hunting in year t  1-Hf,t  /fmat,t

Sh,m,t Survival rate of adult males from hunting in year t  1-Hm,t  /mmat,t

St Population survival rate in year t  1.0 or partition of Sx 

Sc Survival of a constant per capita impact Eq. 6

Sp,t Survival of a constant mortality effect such as predation by killer whales in year t Eq. 7

Se,t Survival of a catastrophe, a stochastic event in year t  Eq. 8; E(Se,t) partition of Sx

Sg,t survival of a group mortality, a stochastic event affecting a social group in year t Eq. 9; E(Sg,t) partition of Sx

Sx Product of survival of modifi cations partitioned in to survival for individual effects  Eq. 11 solved iteratively for s0Sx with λ0 and b0 fi xed.
 Sc, Sp,t, E(Se,t ) and E(Sg,t). 

Bc Reduced fecundity of a constant per capita impact Eq. 2, 

σb A scaling factor for environmental variation of  fecundity Eq. 2 

εt
 

A stationary correlated random environmental deviation with mean = 0 and 
 variance = σ2 and correlation = ρ

 
Eq. 2

ωt A stationary uncorrelated random environmental deviation with mean = 0 and variance = σ2 Eq. 2

σ2 Variance of environmental effect on annual survival  Eq. 2

ρ
 

Correlation of environmental variation Eq. 2

      

number of parameters, the purpose 
was not to estimate posterior distri-
butions for all of these parameters to 
draw inferences directly, but instead 
include suffi cient detail in each model 
scenario to test the ability of particu-
lar model scenarios to reproduce the 
existing abundance data and deter-
mine the consequences for population 
projections. The time lags inherent in 
age-structured populations are a key 
element of this inference. For clar-
ity, other derived parameters (mean-
ing they are functions of the estimated 
parameters) that are referred to in the 
methods are listed in Table 4. 

A Metropolis-Hastings Markov chain 
Monte Carlo (MCMC)  algorithm (King
 et al., 2010) was used to generate sam-
ples of parameter vectors (and output 
quantities of interest) from the pos-
terior distribution; these samples are 
then used to approximate the posterior 
distribution. This algorithm generates 

a random walk through the parameter 
space by selecting a test set of param-
eters from the neighborhood of the 
current parameter set, estimating the 
likelihood for the test parameter set, 
then applying a stochastic acceptance 
test to determine if the chain updated 
to the new parameters or remained at 
the current parameters. 

All parameters were updated at 
once, drawn from distributions cen-
tered on each parameter value and 
spanning one tenth of the prior of each 
parameter. Where a distribution other 
than the uniform distribution is used 
as the prior, the cumulative probabil-
ity was used as the uniform prior then 
transformed. Ranges of 0.01, 0.10, and 
0.20 were also tested, but 0.05 was 
found to give the best performance, 
with higher acceptance rates similar to 
0.01 but larger jumps. 

For each model scenario, three 
chains of 10,000,000 trials were gen-

erated after an initial burn in of 6,000. 
Every 1,000th trial was retained to 
create three sets of 10,000 samples 
from the posterior distribution. When 
the algorithm repeated a parameter set, 
i.e. more than 1,000 trials occurred 
without a jump, the chain was forced 
to jump to the next highest likelihood 
point in the previous 1,500 trials and a 
burn in of 2,000 trials was completed 
before accepting the next point. This 
process insured that the algorithm 
made a thorough sampling of the pos-
terior distribution. Inference was based 
on the combined sample of 30,000. We 
tested convergence of the three chains 
using the method of Brooks and Gel-
man (1998), which uses the ratio of 
the covariance matrix of the parameter 
sets from the individual chains to the 
covariance among their means to esti-
mate the potential scale reduction fac-
tor (PSRF). Values of PSRF close to 
1.0 indicate that each chain is a rep-

Bc =
1−S0

1−S0Sc
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resentative sample of the posterior 
distribution. 

The population sizes for the projec-
tions from 1994 to 2164 were retained 
as output quantities of interest, cover-
ing the period for which we have data, 
1994 to 2004, and projecting 150 years 
into the future. A population with one 
or zero individuals or only one sex 
was considered extinct, and its popula-
tion size was set to 0 for the rest of the 
trajectory.

Model Scenario 
Comparison and Selection

Model scenarios were specifi ed that 
included different prior distributions 
for λ0 and different fi xed values for 
the additional mortality factors (Table 
5). A model scenario (Model A) was 
specifi ed that assumed the population 
was healthy (or recovering) by setting 
the prior distribution for λH0

 = λ0 to 
U[1.02, 1.031]. All other model sce-
narios are modifi cations to this healthy 
population scenario with λH0

 drawn 
from U[1.02, 1.031] and λ0 drawn 
from U[0.94, 1.031] or specifi ed by 
other parameters with additional mor-
tality or reduced fecundity modeled, as 
described above. Model B is a scenar-
io that included per capita mortality 
and fecundity factors, and had a prior 
distribution for λ0 of U[0.94, 1.031]. 
Models C–E considered the effect of 
killer whale predation on an otherwise 
healthy population, in Model C, Cp is 

Table 5.—Model scenarios (Models A–O) for sources of mortality affecting recovery of Cook Inlet beluga whales. 
“All” indicates all of the additional mortality is attributed to a single mechanism mortality model. “Partition” indi-
cates a random partitioning between two or more mortality models (with an exception when the constant mor-
tality effect is included, its effect is determined by the parameter Cp and the remaining mortality is partitioned).

  Per capita   Group
  survival rate Constant  mortality Change in
 Annual growth and birth mortality Catastrophic event carrying
 multiplier rate effect effect mortality percentage capacity
Model ID (λ0)  (Sc, Bc)  (Cp)  (Me, PMe)  (Mg, Pg) 1979–99 Hypothesis

A 1.02, 1.031      H1–7
B 0.94, 1.031 All     H1–2
C 1.02, 1.031  1    H3
D 1.02, 1.031  2    H3
E
 1.02, 1.031  1(year<99)
   2(year≥99)    H4
F 0.94, 1.031 Partition 1    H7
G 0.94, 1.031   All   H5
H 0.94, 1.031    All  H6
I 0.94, 1.031  1 Partition   H7
J 0.94, 1.031  1  Partition  H7
K 0.94, 1.031 Partition 1 Partition   H7
L 0.94, 1.031 Partition 1  Partition  H7
M 1.02, 1.031     Yes H8
N 1.02, 1.031  1   Yes H8
O 0.94, 1.031 All 1   Yes H8

      

set to 1.0, in Model D, Cp is set to 2, 
and in Model E, Cp changes from 1 to 
2 in 1999 so that the increase in kill-
er whale mortality coincides with the 
change in Native subsistence hunting 
practices. 

The remaining models, F–O, had 
a prior distribution for λ0 of U[0.94, 
1.031], and where killer whale mor-
tality is included, Cp is set to 1. Mod-
el F accounts for the reduced growth 
rate with both killer whale predation 
and per capita effects. Models G–L 
account for reduced growth rates with 
stochastic mortality effects. Model G 
considers the catastrophic mortality by 
itself. Model H uses the group mor-
tality alone. Model I is catastrophic 
mortality with killer whale mortality. 
Model J is group mortality with killer 
whale mortality. Model K partitions 
reduced growth among catastrophic 
mortality, killer whale predation, and 
per capita effects. Model L is similar 
to Model K but with group mortal-
ity instead of catastrophic mortality. 
Models M, N, and O are the same as 
Models A, C, and F, respectively, but 
with a value for K that declined from 
1979 to 1999 and remained low after 
1999. 

Model scenarios were compared us-
ing the Bayes factor (Kass and Raf-
tery, 1995; Wade, 2002), where Hxy 
represents the Bayes factor comparing 
model scenario x to model scenario 
y. If model scenarios are considered 

to have equal prior probability (prior 
to examination of the data), then the 
Bayes factor gives the posterior odds 
ratio for one model scenario compared 
to another (Kass and Raftery, 1995). 
In other words, a Bayes factor of Hxy 
= 3 means model scenario x is 3 times 
more probable, in light of the data 
(i.e., the abundance estimates), than 
model scenario y. 

Kass and Raftery (1995) provide a 
useful scale for interpreting the Bayes 
factor by converting it to twice the 
natural logarithm of the Bayes fac-
tor. With the larger of the two pos-
terior probabilities in the numerator 
(model scenario x), a value less than 
2 indicates no substantial difference 
between the model scenarios, and val-
ues between 2 and 6 are interpreted as 
positive evidence for one model sce-
nario over the other. Values between 6 
and 10 are strong evidence, and val-
ues greater than 10 are very strong 
evidence for model scenario x over 
model scenario y (Kass and Raf-
tery, 1995). We employ the harmonic 
mean identity to estimate the relative 
Bayes factor as the harmonic mean of 
the distribution of the log likelihoods 
from the MCMC sample using only 
data from the posterior sample. The 
harmonic mean is a poor estimator 
on its own as it is highly sensitive to 
the few very low likelihood samples, 
which the MCMC algorithm will tend 
to include (Kass and Raftery, 1995). 
To resolve this we calculated the har-
monic means of each posterior data 
set truncated at various low likeli-
hood values and selected the quantile 
at which these low likelihood samples 
begin to dominate the inference for 
some of the scenarios. Inference was 
then done using the truncated pos-
terior data set. The value for com-
parison is then twice the difference 
between the log Bayes factors of the 
two models or, in other words, twice 
the difference of the log of the har-
monic means. From the three separate 
chains, we estimated a standard error 
for each 2 log Bayes factor estimate. 
Hypothesis testing was done by com-
paring the Bayes factor, and examin-
ing the posterior distributions.
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Results and Discussion

To illustrate the consequences of the 
different mortality effects in relation to 
population size, examples of expected 
annual survival rates by population 
size are given in Figure 4. Where sur-
vival rate is determined only by den-
sity dependence, survival increased as 
the population declined (Fig. 4, solid 
line), so that the highest survival rate 
(97% in this example) occurs as the 
population approaches zero. 

When the catastrophic mortal-
ity effect is added, because it is in-
dependent of population size, in this 
example there is a 1% reduction in 
survival throughout the range of pop-
ulation sizes. When killer whale pre-

dation or group mortality effects are 
added to the population model, sur-
vival still increases as the population 
declines at moderate population sizes, 
but below some threshold population 
size, survival declines as population 
numbers decline (Fig. 4). This repre-
sents depensation, or an Allee effect, 
which is known to increase extinction 
risk for small populations (Courchamp 
et al., 1999). 

Consequently, if demographic sto-
chasticity environmental variability or 
mortality events pushed the popula-
tion below the threshold, the popula-
tion continues to decline to extinction. 
For example, the group mortality ef-
fect intensifi es as the population de-
clines because there are fewer groups, 

so each individual is more likely to be 
in a group that is affected. When the 
group mortality effect is included with 
the constant mortality effect of pre-
dation, the threshold effects are com-
bined (Fig. 4, gray dashed line).

Population Model Results

The MCMC numerical integration 
method makes it possible to calculate 
a posterior distribution for any output 
quantity of interest. For each of the 
model scenarios, we calculated poste-
rior distributions for population size 
in 50 and 100 years, as well as for the 
population growth rate over the next 
20 years (2014–34). All model sce-
narios showed a range of outcomes 
(Fig. 5; Table 6), which could include 
a decline to extinction, an increase to 
K, and intermediate values between 
extinction and K. For the purposes of 
these results, we defi ne recovery as a 
population size exceeding 780 whales 
or 60% of 1,300, the largest histori-
cal CIBW abundance estimate that is 
based on survey data (Calkins1). How-
ever, the probability of each outcome 
depended on the parameters of the in-
dividual model scenarios. 

In the healthy population scenario 
(Model A, Fig. 5A) there was a 99% 
probability the population would in-
crease during the next 100 years, with 
a median value above 1,000 by 2080 
and 0% probability of extinction in 
100 years. In the per capita mortality 
scenario (Model B, Fig. 5B), there was 
an over 50% probability that the pop-
ulation would decline (Table 6), with 
limited probability of recovery to 780 
belugas. This contrast in outcomes was 
largely predicted by the distribution of 
population trends over the years 2014–
2034, where the Model A growth rate 
over the next 20 years is nearly all in-
creasing (i.e. >0.0) while Model B on 
average is near zero and has much of 
its distribution below 0.0 resulting in 
population decline (Fig. 5A,B; Table 
6). 

Models C–E include constant mor-
tality from predation as an addition-
al source of mortality in the healthy 
model scenario (Table 5; Fig. 5C–E). 
In all three models this resulted in a 

Figure 4.—Annual survival rates by population size for Cook Inlet beluga whales 
under different mortality models. For these examples, the density dependent sur-
vival (solid black line) is for s0 = 97% and sK = 94% with K = 1,300 and MNPL 
at 780 (z = 2.39) (Model A). With per capita mortality or catastrophic mortality 
events averaging 1% per annum (black long dash), the survival is reduced uni-
formly by 1% (Models B, G). With constant mortality added at Cp=1 (black me-
dium dash), the survival declines quickly as the population declines below 100 
animals (Model C), and for Cp =2 (black short dash), as the population declines 
below 200 animals (Model D, and Model E after 1999). While the group mortality 
events (solid gray line) results in a 1% decrease when the population is near 350 
animals, survival drops off quickly as the population declines below 100 animals 
(Model H), and when combined with constant mortality at Cp =1 (gray medium 
dash), survival drops when the population is below 200 animals (Model J). In the 
models with reduced carrying capacity (gray short dash), the density dependence 
acts at lower population sizes. In this example, K is reduced to 350 belugas (Model 
M after 1999).
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small quantitative change such that the 
population was estimated to increase 
more slowly and take longer to re-
cover, but, as in Model A, there was a 
high probability the population would 
increase and not go extinct, suggest-
ing that the threshold effect was not 
acting on these population trajecto-
ries in most cases. The 20-year aver-
age trend (Table 6) for Models C–E, 
does decrease from Model A, refl ect-
ing decreased survival resulting from 
predation. 

Model F combines the per capita 
mortality with the predation mortal-
ity at the observed level showing a 
slightly broader range of outcomes, 
but a 6% probability of extinction in 
100 years (Fig. 5F; Table 6). Models 
G and H both include additional mor-
tality as stochastic events resulting in 
increased uncertainty in the outcomes 
at 100 years, with the main difference 
that the threshold effect of the group 
mortality resulted in a greater risk of 
extinction (Fig. 5G, H; Table 6). The 
four models (I–L) are mixtures of the 
different mortality effects (Table 5). 
Including predation mortality with the 
catastrophic mortality, Model I results 
in similar uncertainty in the outcomes 
but shifts the range of outcomes to-
ward increased risk of decline and 
extinction (Fig. 5I; Table 6), while in-
cluding predation mortality with the 
group mortality, Model J has the high-
est risk of extinction of the scenarios 
(Fig. 5J; Table 6). Models K and L are 
mixtures of Models I and J with Model 
B (Table 5) and showed behavior more 
similar to Models K and L, respec-
tively (Fig. 5K, L; Table 6). The three 
models with reduced carrying capacity 
all behaved similarly except that the 
threshold effect of predation and the 
per capita decline acting together had 
an extinction risk 3% in 100 years and 
predation alone had an extinction risk 
of 1% indicating that the lower carry-
ing capacity reduced the risk of extinc-
tion compared to Models C and F. 

Model Scenario Comparison 
with the Bayes Factor

The inference based on the natural 
logarithm of harmonic means of the 

Figure 5.—Cook Inlet beluga whale population prediction intervals and posterior 
distributions of mean annual growth [(N2034/N2014)

0.05 -1] for each model scenario 
(Models A–O, see Table 5) from projections of the posterior sample of 30,000 tri-
als. The heavy center line is the median (50th percentile); the dot with dash lines 

Figure 5 Continued
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posterior samples of likelihoods trun-
cated at quantiles above 0.01 remained 
consistent while the inference became 
quite variable at quantiles below 0.01 
thus, the 0.01 quantile was selected as 
the truncation point (Fig. 6). Samples 
with likelihoods less than that value 
of the 0.01 quantile, the lowest 300, 
in each data set were discarded and 
inference was conducted using the re-
maining 29,700 samples. The standard 
errors for the estimated 2ln(Bayes fac-
tors); were all less than 1.0 and the 
PSRF values were all less than 1.5 
indicating that the three chains were 
consistent with each other and cov-
ered the posterior distribution. The 
alternative model scenarios with the 
per capita effects or the reduced car-
rying capacity, Models B, F, M, N, and 
O had substantially higher posterior 
probability than Model A, the healthy 
population scenario (Table 7). All of 
these alternative model scenarios had 
2ln(Bayes factor) values greater than 
20. Therefore, there was substantial 
evidence that the data supported these 
alternative model scenarios more than 
the healthy population scenario. Mod-
els D, E, H, K, and L also had higher 
posterior probability than Model A. 
The scenarios with the highest posteri-
or probabilities were the declining car-
rying capacity Models M, N, and O.

Using Models B, F, M, N, and O 
as the basis of comparison, we see 
that there is positive evidence to pre-
fer these models over all others and, 
in most cases, there is strong or very 
strong evidence supporting these mod-
els. While the probabilities are simi-
lar, the risk of extinction is different, 
ranging from 0% in 100 years to 6% 
in 100 years, with differences result-
ing from the threshold effect of the 
predation mortality and the declining 
growth rates in the per capita model. 
Also, these models predict low prob-
abilities of recovery to 780 belugas. 
Thus, a better understanding of the 
change in predation rates with CIBW 
population size, factors affecting car-
rying capacity and stressors impacting 
survival and fecundity are essential to 
improving the estimates of extinction 
risk and identifying a path to recovery. 

on either side are the 25th and 75th percentiles; the short dashed lines are the 10th 
and 90th percentiles; the long dashed lines are the 5th and 95th percentiles; and 
the outer solid lines are the 1st and 99th percentiles. Figure 5 continues on next 
two pages.

Figure 5.—Continued
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Hypotheses Results

Hypothesis comparison and rank-
ing using the Bayes factors provide 
alternative views to the same analysis. 
Under Hypothesis H1, the population 
has not yet begun to recover but it will 
under the status quo—there has been 
a delay (time lag) in recovery due to 
a depletion of mature females and the 
population will begin to increase once 
it rebuilds the mature female segment 
of the population. The data do not sup-
port this hypothesis. The Bayes fac-
tor comparison estimates Model B is 
8.4×105 times more likely than Model 
A (Table 7). In other words, the pro-
posed mechanism in Model B is sup-
ported, while a defi cit of reproductive 
age females from the biased hunt can-
not explain the lack of recovery in the 
population. Thus, we must conclude 
that the current lack of recovery is not 
due to time lags that will resolve in the 
future. 

Under Hypothesis H2, the subsis-
tence hunt was not the sole cause of 
the decline observed since 1994 and 
the population has not begun to recov-
er because an as yet unidentifi ed pop-
ulation-wide stressor (e.g., nutritional 
stress, disease, contaminants, noise, 
loss of key habitat) has caused a de-
crease in fecundity and/or survival, re-
sulting in a negative growth rate. The 
population will not begin to recover in 
the future without a change in the fe-
cundity and or survival of the popula-
tion. The data support this hypothesis 
because Model B was 8.4×105 times 
more likely than Model A (Table 7), 
and there was over a 50% probability 
that the population will continue to de-
cline (Table 6).

Under Hypothesis H3, the popu-
lation has not begun to recover be-
cause the reduction in population size 
from hunting has led to it falling into 
a “predator pit” (a numerically con-
stant level of predation was sustained 
by the population when it was >1,000 
animals, but at the current population 
level, predation prevents recovery). 
The data do not support this hypoth-
esis. Models D and E were more likely 
than Model A (Table 7), suggesting 

Figure 5.—Continued
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that the mortality rates from predation 
are likely underestimated by carcass 
counts. However even when the preda-
tion mortality risk was doubled (Mod-
el D), the anticipated average growth 
rate over the next 20 years was re-
duced only by 0.3% from the average 
for Model A, and the probability of 
decline remained only 2% (Table 6). 

Under Hypothesis H4, the popu-
lation has not begun to recover be-
cause the level of predation from 
killer whales coincidentally increased 
around the time of the population de-
cline (e.g., due to a prey shift by the 
killer whale population). The data do 
not provide support for this hypoth-
esis for the same reasons stated under 
H3, while Model E is more likely than 
Model A, it does not reduce the growth 
rate suffi ciently to prevent recovery. 

Under Hypothesis H5, the popula-
tion has not begun to recover because 
the reduction in population size from 
hunting and subsequent retraction in 
range has led to a greater proportion 
of the population being vulnerable to 
“catastrophic” mortality events such as 
disease outbreaks, oil or toxics spills, 
volcanic eruptions, or fi sh run failures. 
The results do not support this hypoth-
esis in that Model G was 0.0027 less 
likely than Model A (Table 7), largely 
the result of the greater variability of 
growth from year to year. 

Under Hypothesis H6, the popula-
tion has not begun to recover because 
the reduction in population size from 
hunting and subsequent retraction in 
range has led to fewer social groups in 
the population, such that a greater pro-
portion of the population is vulnerable 
to mortality events that affect all or a 
large fraction of a single social group. 
The results do support this hypothesis 
in that Model H was 110 times more 
likely than Model A (Table 7). 

Under Hypothesis H7, the popula-
tion has not begun to recover because 
of a combination of killer whale preda-
tion, per capita effects, and increased 
catastrophic or group mortality fol-
lowing population decline. The results 
support this hypothesis in that some of 
the model scenarios with mixed mor-
tality effects, Models F, K, and L, were 

Table 6.—Probability of extinction and recovery for Cook Inlet beluga whales and expected growth over the next 
20 years based on model scenarios (Models A–O) for sources of mortality affecting this population. Probability of 
declining is the probability that N2114< N2014. 

 Probability of extinction (%) Probability of recovery (%)

     Mean (SD) of Probability
 by 2064 by 2114 by 2064 by 2114 annual growth of declining
Model ID  (50 years) (100 years) (50 years)  (100 years) % 2014–34  (%)

A 0 0 81 94 2.1(1.0) 1
B 0 0 7 14 0.1(1.3) 53
C 0 2 64 88 1.8(1.2) 2
D 1 1 50 83 1.6(1.0) 2
E 0 0 52 85 1.5(1.1) 1
F 0 6 12 25 0.3(1.3) 42
G 0 4 26 37 0.5(2.4) 37
H 9 27 22 34 -0.8(4.1) 49
I 2 13 24 35 0.3(2.4) 41
J 18 38 21 33 -1.1(4.5) 51
K 2 14 18 30 0.2(2.1) 44
L 10 29 15 27 -0.7(3.6) 54
M 0 0 0 1 0.1(0.8) 59
N 0 1 0 1 0.0(0.9) 60
O 0 3 0 0 -0.2(0.9) 71

     

Figure 5.—Continued
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Figure 6.—Difference in ln(Bayes factor) in comparison 
to Model A (healthy Cook Inlet beluga whale population) 
when the posterior sample is truncated at various quantiles 
of the likelihood. Positive values indicate evidence in favor 
of the comparison model over Model A. Negative values in-
dicate evidence in favor of Model A over the comparison 
model.

Figure 7.—The estimation error distribution and the poste-
rior distributions for Cook Inlet beluga whale abundance in 
June 1994. The estimation error distribution for the abun-
dance in June 1994 is indicated by the heavy black line, 
which represents a noncentral Student’s t-distribution with 
mean = 653 and CV = 0.24. The posterior distributions for 
all model scenarios are represented by the narrow lines. The 
gray lines have the healthy population growth rate with or 
without the predation mortality. Note that while some varia-
tion occurred, all of the posterior distributions were con-
tained well within the range of the prior.

Figure 8.—The estimation error distribution for Cook Inlet 
beluga whale abundance in June 2014 is indicated by the 
heavy black line which represents a noncentral Student’s t- 
distribution with mean = 340 and CV = 0.08. The posterior 
distributions for all models are represented by the narrow 
lines. The gray lines have the healthy population growth 
rate with or without the predation mortality. 
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Table 7.—Statistics for the posterior distributions of the Cook Inlet beluga whale expected growth rate and the 
Bayes factors for each model scenario compared to Model A (the healthy population scenario) or Model B (the 
per capita mortality model). PSRF is the potential scale reduction factor. Values of PSRF close to 1.0 indicate that 
each chain is a representative sample of the posterior distribution. A value of 2(ln(Bayes factor)) greater than 2.0 
or less than -2.0 indicates positive evidence of one model over the other. MCMC = Metropolis-Hastings Markov 
chain Monte Carlo algorithm (King et al., 2010).

    Bayes 
 Average MCMC  Standard error factor odds 2 × Ln Bayes 2 × Ln Bayes
 jumps  of 2X Ln ratio relative comparison comparison
Model ID per case PSRF Bayes factor to Model A to Model A to Model B

A 3.28 1.44 0.61 1.0E+00 0 -27
B 3.25 1.35 0.87 8.4E+05 27 0
C 3.28 1.20 0.18 7.3E-01 -1 -28
D 3.26 1.12 0.53 1.4E+03 14 -13
E 3.26 1.24 0.28 4.1E+02 12 -15
F 3.26 1.16 0.42 3.2E+04 21 -7
G 3.27 1.26 0.52 2.7E-03 -12 -39
H 3.28 1.13 0.45 1.1E+02 9 -18
I 3.27 1.11 0.32 4.5E-02 -6 -33
J 3.24 1.23 0.49 6.3E-01 -1 -28
K 3.27 1.40 0.82 6.5E+02 13 -14
L 3.25 1.06 0.22 1.2E+02 10 -18
M 3.23 1.13 0.40 1.1E+09 42 14
N 3.26 1.26 0.25 5.1E+09 45 17
O 3.24 1.28 0.22 1.4E+09 42 15

    

more likely than Model A. Models I 
and J were less likely than Model A 
suggesting that the mixture with the 
per capita effect was key, and all of the 
mixed models were much less likely 
than Model B (Table 7).

Under Hypothesis H8, the popula-
tion has not begun to recover because 
the carrying capacity has declined to 
a low level. The results support this 
hypotheses in that Models M, N, and 
O were substantially more likely than 
Model A (Table 7). Through hypoth-
esis comparison, we demonstrated that 
several of the mortality models were 
more likely than the assumption of a 
healthy population, but this did not 
distinguish among the models except 
that the constant or predation mortal-
ity model was not suffi cient by itself. 
The Bayes factors provided a means 
to rank the model scenarios and select 
the most likely, the per capita mortal-
ity or reduced carrying capacity with 
or without the threshold effect of con-
stant or predation mortality. 

Posterior Distributions

There was some variability in the 
posterior distributions for the 1994 
abundance, with modes ranging from 
590 for Model A to 700 for Model O. 
Model scenarios with higher average 
growth rates had lower modes while 
models with negative average growth 
rates had higher modes (Fig. 7; Table 
6). The three highest modes were Mod-
els M, N, and O which had declining 
carrying capacity. All of the results fell 
well within the sampling distribution 
for the 1994 abundance estimate, indi-
cating that it was not very selective in 
the likelihood. Posterior distributions 
for the 2014 abundance distributions 
closely matched the sampling distribu-
tion of the 2014 abundance estimate in 
shape, but were somewhat lower, while 
the healthy population scenario and 
killer whale predation model scenarios 
favored higher values, with modes of 
50 belugas greater than the 2014 abun-
dance estimate (Fig. 8). The stochastic 
mortality effects broadened the distri-
butions for Models G–J but when the 
per capita effect was included, Mod-

Figure 9.—Posterior distributions of a) intrinsic growth rate (λ0) and b) of mean 
annual growth [(N2034/N2014)

0.05 -1] for Model A (healthy Cook Inlet beluga whale 
population, gray line) and Model B (w/per capita survival and birth rate effects, 
black line). 
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Figure 10.—Posterior distributions of fraction of adult female Cook Inlet belugas 
in each population trajectory and number of adult females in each population tra-
jectory for Models A (healthy population) and B (w/ per capita survival and birth 
rate effects). The heavy center line is the median (50th percentile); the dot with 
dash lines on either side are the 25th and 75th percentiles; the short dashed lines 
are the 10th and 90th percentiles; the long dashed lines are the 5th and 95th per-
centiles; and the outer solid lines are the 1st and 99th percentiles. 

els K and L, the posterior distributions 
were more similar to Models B and F.

As discussed above, the current lack 
of recovery in the population cannot 
be explained by a defi cit of adult fe-
males caused by the subsistence hunt, 
as the healthy population scenario was 
shown to have a much poorer fi t to the 
data. This occurs because the healthy 
scenario is forced (via the prior dis-
tribution) to have a positive intrinsic 
rate of increase, and this results in an 
increasing population trajectory (Fig. 
9), but the trend of the abundance es-
timates indicates the population is not 
growing. Note that the posterior distri-
bution of the intrinsic growth rate for 
Model A is skewed toward its lower 
bound indicating that the lower limit 
of the prior distribution was informa-
tive. The constraints on the upper limit 
of survival rate and birth rate limited 

the intrinsic growth rate to be less than 
1.031, however the posterior distribu-
tion of Model A had declined to low 
probability so that these constraints 
were not informative to Model A. 

A comparison of the distributions of 
the number of females and the fraction 
of females in the population trajecto-
ries for each model, shows a moder-
ately depleted adult female fraction 
in the Model A trajectories during the 
years 1997–2003, but this is fully re-
covered by 2014 (Fig. 10). The results 
for Model B indicate that the male 
fraction was more strongly depleted 
than the female fraction but this is 
also resolved by 2014. In other words, 
while the defi cit of reproductive age 
females is a plausible mechanism for 
slowing recovery, the trajectory for the 
numbers of adult females in Model A 
(Fig. 10) shows an upturn within the 

fi rst few years after the end of uncon-
trolled hunting in 1999. This result for 
adult females is corroborated by the 
abundance trajectories for these years 
where the Model A trajectories begin 
to increase after 1999 (Fig. 11), indi-
cating that any delay in recovery that 
would have occurred from a defi cit of 
adult females would have lasted for 
only a few years. 

One interesting outcome is that the 
best fi t for Models A, C, D, and E oc-
curred by estimating that a larger frac-
tion of adult females were taken in the 
hunt (Fig. 12). This is a case of two 
sources of data confl icting. For ex-
ample, Model A imposes an increas-
ing population growth rate, which 
confl icts with the observed abundance 
trend. The growth rate can be partially 
offset for a few years (Fig. 11) by hav-
ing a higher proportion of females tak-
en in the hunt than actually observed, 
as this will slow the model population 
increase. 

Model scenarios with a catastro-
phe or a group mortality effect had 
greater variability, such that there was 
a broader range of population trajec-
tories possible. This is evident in the 
probabilities of recovery and extinc-
tion, and the range of growth rates 
from 2014 to 2034 (Fig. 5G, H; Table 
6). While this variability might allow 
the trajectories to match the point es-
timates of abundance closely, it also 
could push the trajectory away from 
the abundance time series with one or 
two large events. 

In both Models G (Fig. 13) and H 
(Fig. 14), the posterior distributions of 
the mortality rate for an event showed 
a preference for lower expected mor-
tality rates (Figs. 13c, 14c). For cata-
strophic mortality, the histogram 
indicates a preference for the lower 
range of 10–20% mortality per event 
(Fig. 13a). For the group mortality, the 
mode is near 25% mortality per event 
but the distribution is quite broad 
(Fig. 14a); however, this is applied to 
a group that on average is 20% of the 
population and averages approximate-
ly 5% mortality at the population lev-
el. Even at 100% mortality, this only 
represents a 20% mortality to the pop-
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Figure 11.—Posterior distributions of Cook Inlet beluga 
whale population size in population trajectory for the years 
1994–2014 for Model A (healthy population, green lines) 
and Model B (w/ per capita survival and birth rate effects, 
red lines) showing the median (solid), with the 1st and 99th 
percentiles (dashed) overlaid on the abundance point esti-
mates (black dashes) with 95% CI (gray lines). 

Figure 12.—Posterior distributions for the harvest fraction 
of male Cook Inlet beluga whales (the probability that an 
adult taken in the harvest is a male). The prior distribution 
is indicated by the heavy black line which represents a Beta 
distribution, Beta(17, 11). The posterior distributions for all 
models are represented by the narrow lines. The gray lines 
have the healthy population growth rate with or without the 
predation mortality. 

ulation. Thus, the two survival models 
support similar ranges of mortality at 
the population level. 

The low mortality rate for events 
limits the variability of the trajecto-
ries to the lowest values possible for 
these model scenarios. The probabil-
ity of events was then determined by 
the change in survival rate required 
to achieve the change in growth rate 
from the healthy population scenario. 
For the catastrophic mortality scenar-
io, this resulted in a fairly strong pref-
erence for lower probability of events, 
indicating that the selection in Model 
G was stronger on the event probabil-
ity rather than the mortality rate (Fig. 
13a, b). In contrast, for the group mor-
tality scenario in Model H, the prob-
ability of an event was less strongly 
selected and resulted in a posterior dis-
tribution mode near 20% but ranging 
from 0% to 100% (Fig. 14b). When 
these are combined into the expected 
annual mortality, the posterior distri-
butions have lower medians, with the 

median and distribution for the expect-
ed annual group mortality about twice 
as broadly distributed (Figs. 13c, 14c). 

In general, when the predation mor-
tality effect with Cc = 1 was added 
to the healthy population scenario 
(Model A vs. Model C), there was 
little change in the population out-
comes, but it improved the fi t to the 
data. However, when Cc = 1 was in-
cluded in the model scenario with per 
capita effects on fecundity or surviv-
al (Model B vs. Model F), there was 
no improvement in the fi t to the data, 
and, in fact, the fi t was reduced, but it 
added 6% to the probabilities of ex-
tinction in 100 years. The group and 
catastrophic mortality scenarios, with 
or without predation mortality added, 
did not provide a good fi t to the data 
by themselves, and received little pos-
terior probability. However, when per 
capita effects were added, these sce-
narios improved in fi t over Model A, 
but remained poorer fi ts than Model 
B, suggesting that of the four types of 

effects the per capita effects were the 
most likely (Table 7).

Little information is available for 
the model on the carrying capacity 
of Cook Inlet for belugas and conse-
quently a range of posterior distribu-
tions resulted for the different model 
scenarios. In general, the models with-
out either a decline in carrying capac-
ity or a per capita effect (Models A, 
C–E, G–J) selected the lower values 
for K (Fig. 15). Models with a change 
in carrying capacity (Models M–O) 
and a per capita effect (Models B, F, 
K, L, O) selected higher values for K, 
with Model O, which included both 
scenarios, showing the strongest selec-
tion for high values (Fig. 15). For the 
three models that allowed a change in 
K over time, the two models that did 
not include a per capita effect had pos-
terior distributions for K1999 that close-
ly matched the sampling distribution 
for the abundance estimate in 2014 
(Fig. 16). Model O (with the per capita 
effect and decreasing K) did select the 
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Figure 13.—Posterior distributions for Model G: a) catastrophic mortality rate (Me) 
and b) probability of an event (PMe), and c) the expected annual mortality rate (Me 
PMe), the product of the two. In Model G, the value of the expected annual mortal-
ity rate for the Cook Inlet beluga whale population was determined by the change 
in the survival rate. The value for Me was drawn from its prior distribution, U(0.1, 
0.5). The value for PMe was found by dividing the expected annual mortality rate 
by Me.

range of the 2014 abundance estimate, 
but also chose the range between 400 
and 800 with nearly equal preference. 
This difference between the models 
with and without the per capita effect 
is also evident in the projections for 
the next 100 years, with the majority 
of cases for Models M and N showing 
the CIBW population remaining stable 
at a low level while Model O shows a 
signifi cant number of declining popu-
lation trajectories. None of the models 
selected values below 250 indicating 
that if the carrying capacity has de-
clined it is not less than the current 
population size.

Extinction Risk and 
Potential for Recovery

The key purpose for this analysis was 
to estimate the risk of extinction and to 
compare potential mortality models for 
the endangered CIBW population. The 
fi ve most likely scenarios, Models B, F, 
M, N, and O, are all much more likely 
than any of the other model scenarios, 
therefore, they are the preferred scenar-
ios to estimate extinction risk. These 
models fi t the data well because they 
all indicate there has been a substantial 
decline in the population growth rate 
from an expected healthy population 
model. In the case of Models B and F, 
it is through a per capita decline in fe-
cundity or survival, whereas, in Models 
M, N, and O, it is through a reduction in 
carrying capacity. The reduction in car-
rying capacity in turn reduces the per 
capita survival and fecundity through 
the density dependence of the popu-
lation model, as the model essentially 
estimates the population is close to car-
rying capacity. 

To the fi ve most likely models we 
add Model K to account for the risk of 
catastrophic events. While these events 
are known to occur, there are few data 
on their impact on beluga populations 
that could be included in the current 
analysis. Consequently, the likelihood 
of this model was not as well support-
ed by the data used. It has, however, 
the highest likelihood of the models 
that include unusual mortality events. 
From these models, we estimate that 
the risk of extinction in 100 years is 

between 0% and 14% with the main 
uncertainty resulting from the strength 
of the threshold resulting from the 
constant mortality effect. 

In 2008, Hobbs and Shelden5 esti-
mated the range of extinction risk to 
be between 1% and 27% in 100 years 
from a similar set of models. In our 
current analysis, Models B, F, and 
K correspond to Models a, d, and h 
in Hobbs and Shelden5, respectively. 
There are no equivalents for Models 
M, N, and O in Hobbs and Shelden5 

and the current analysis includes no 
equivalents for their Models c, e, and 
g. Models a, d, and h in Hobbs and 
Shelden5 had extinction risks of 1%, 
12%, and 26% in 100 years, respec-
tively; consequently, they spanned the 
range of extinction risks (i.e., 1–27%) 

in that paper, but are roughly twice the 
values for the corresponding models in 
our current analysis. 

There are several reasons for these 
changes. First, we now have 20 abun-
dance estimates, up from the 15 es-
timates used in the earlier analysis. 
These additional data supported the 
selection of annual growth rates close 
to zero; consequently, there is a more 
precise estimation of the growth rate 
parameter with fewer outliers that 
would be low and trend towards ex-
tinction. Second, the mean growth rate 
for Model B is 0.1%/yr with 53% of 
cases declining, while the correspond-
ing Model a in Hobbs and Shelden5 
had a mean growth rate of -0.4%/yr 
and 62% of cases declining, which 
supported this slightly improved out-
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Figure 14.—Posterior distributions for Model H: a) group mortality rate (Mg), and 
b) probability of an event (Pg), and c) the expected annual mortality rate, (0.20 Mg 
Pg) where 0.20 is the average fraction of the population per group at the current 
abundance. In Model H, the value of the expected annual mortality rate for the 
Cook Inlet beluga whale population was determined by the change in the survival 
rate. The value for Mg was drawn from its prior distribution, U(0.1, 0.5). The value 
for Pg was found by dividing the expected annual mortality rate bºy 0.20 Mg.

look. In other words, with more data 
the recent trend of the population has 
been estimated more precisely and it 
has been found to be roughly stable 
or slowly declining. Thus, although 
the population is not increasing as ex-
pected, the data indicate the popula-
tion is not declining precipitously, and, 
therefore, the probability of extinction 
is lower than in the previous analyses 
(i.e., Hobbs and Shelden5).

Models K and h were not identi-
cal in that in Model h of Hobbs and 
Shelden5 the mortality rate was fi xed 
at 20% and the probability of an event 
was fi xed at 5%; consequently, the ex-
pected mortality was 1%/yr. In Model 
K these percentages were allowed to 
vary with the mortality rate chosen 
from between 10% and 50%, and the 

probability selected so that the ex-
pected mortality per year met a value 
selected by the model for that case. 
Model K also included per capita mor-
tality and predation mortality, so the 
three were competing. In Model K, 
the average values of the probability 
of an event was 3.1% and the expect-
ed annual mortality from catastrophic 
events was 0.7%; therefore, Model K 
selected fewer events with a lower ex-
pected mortality rate than in Model 
h, which resulted in a decreased risk 
of extinction. Thus the effect of cata-
strophic mortality events was reduced 
in Model K compared to model h in 
Hobbs and Shelden5. 

The strong selection of the fi ve 
model scenarios (Models B, F, M–O) 
indicates that the observed decline of 

the population is likely the result of a 
per capita or chronic decrease in sur-
vival or reproduction or that carrying 
capacity has declined. While we have 
provided examples of long-term habi-
tat changes, reduction of available for-
age, and anthropogenic effects such 
as introduced toxins, there is also the 
possibility that the reduction in the fe-
cundity or survival of the population 
is the result of reduction in population 
size itself. 

There are many examples of popu-
lation level consequences beyond the 
numerical effect of the removal of in-
dividuals caused by social disruption 
from hunting. For example, hunting 
elephants, Loxodonta africana, led to 
lower fecundity in several elephant 
populations (Poole, 1987; Gobush et 
al., 2008). Part of the explanation for 
this was the loss of “social knowl-
edge” from the removal of matriarchs 
for their large tusks (McComb et al., 
2001). Similarly, lower fecundity has 
been seen in a population of bighorn 
sheep, Ovis canadensis, where rams 
with larger horns were removed (Colt-
man et al., 2003). Heavy hunting pres-
sure on wolves decreased the average 
size of social groups and led to lower 
natural survival for a variety of rea-
sons (Haber, 1996). Specifi cally, a re-
view of multiple studies showed that 
removal of breeding wolves, Canis lu-
pus, led to decreased wolf packs or to 
the dissolution of packs, and that pup 
survival was higher in larger packs and 
was correlated with the presence of 
auxiliary nonbreeders (Brainerd et al., 
2008). Heavy hunting pressure on cou-
gar populations, Puma concolor, was 
correlated with increased immigration, 
reduced kitten survival, and reduced 
female population growth (Cooley et 
al., 2009). 

At least two examples exist show-
ing lower fecundity in cetaceans after 
hunting and social disruption. Fecun-
dity was very low in Galapagos sperm 
whales, Physeter macrocephalus, after 
the population was severely depleted 
during commercial whaling, appar-
ently due to a lack of mature males 
(Whitehead et al., 1997). Spinner dol-
phins, Stenella longirostris, subjected 
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Figure 16.—Posterior distributions for K1999, the carrying 
capacity after 1999 for the Cook Inlet beluga whale popula-
tion for the three models (M, N, O) where carrying capacity 
declined between 1979 and 1999. The prior distribution was 
a uniform distribution, U(100, 800). The black line is the 
sampling distribution of the 2014 abundance estimate. The 
posterior distributions for the three models are represented 
by the narrow lines. 

Figure 15.—Posterior distributions for K, the carrying ca-
pacity of the Cook Inlet beluga whale population. The pri-
or distribution is indicated by the heavy black line which 
represents a uniform distribution, U(811, 2056). The pos-
terior distributions for all models (A-O) are represented by 
the narrow lines. The gray lines have the healthy population 
growth rate with or without the predation mortality. 

to chase and encirclement by yellowfi n 
tuna, Thunnus albacares, purse sein-
ers in the eastern tropical Pacifi c have 
experienced a decline in fecundity 
(Cramer et al., 2008), and this could 
be due to the loss of breeding males, 
which represent only a tiny frac-
tion of all mature males (Perrin and 
Mesnick, 2003). There was also ap-
parently lower calf survival caused by 
the separation of mothers and depen-
dent calves during the chase (Archer 
et al., 2001). The CIBW population 
underwent heavy hunting pressure for 
at least 20 years (1979–99), which 
caused the population to decline from 
approximately 1,300 whales to about 
300 whales, and the number of adult 
females in the population may have 
declined to less than 100 (Fig. 10). 
Social disruption from the hunt caus-
ing a decline in fecundity or survival 
in the population is plausible, however, 
we did not attempt to develop a model 
specifi c to this mechanism. 

Some examples from other mam-

malian populations suggest that once 
a hunt is limited or ended, the popu-
lation would rebound. Other exam-
ples, such as the loss of matriarchs in 
elephants, dominant breeding males 
in sperm whales, or optimal pack 
structure in wolves, suggest there is a 
lag of 1–2 generations, during which 
the population continues to decline, 
before the population recovers. These 
small population effects and the 
threshold effects modeled above, may 
act at population sizes near to the 
current population size, suggesting 
that a signifi cantly larger population 
is necessary to keep the population 
from becoming extinct in the next 
100 years.

The ultimate goal for the CIBW 
population is not just avoiding extinc-
tion but recovering to a sustainable size 
and distribution. To this end, we can 
draw two conclusions from the results 
of this modeling effort. First, if the in-
trinsic growth rate can be increased 
above 2%, then recovery is very likely. 

Second, one or more per capita effects 
are reducing survival and/or fecun-
dity or substantial carrying capacity 
has been lost. While there was con-
siderable variation in extinction risk at 
100 years among the models, the as-
sumption of an intrinsic rate of growth 
greater than 2% removed the risk of 
decline and extinction even when the 
threshold effect of predation mortality 
was included. Thus, research intended 
to support recovery of this population 
should be directed toward identifying 
and reversing these per capita effects. 
Also, a better understanding of the 
factors determining carrying capacity 
is required. The possible presence of a 
threshold in the growth rate resulting 
in an Allee effect, increases the urgen-
cy of these efforts, as reversal of the 
trend may become far more diffi cult if 
the population declines further. Taken 
as a whole, these modeling results in-
dicate clearly that it is likely that the 
CIBW population will continue to de-
cline or go extinct unless factors de-
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termining its growth and survival are 
altered in its favor. 
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