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Abstract. Anthropogenic disturbances may alter a population’s conservation status if the ability of indi-
viduals to survive and breed is affected. We used an adaptation of the Heligman-Pollard model to estimate
survival at age of Cook Inlet belugas (CIB; Delphinapterus leucas), an endangered population in south-cen-
tral Alaska. We developed an age-structured Leslie matrix model, based on the life history parameters sur-
vival and fecundity probability, to evaluate the sensitivity of population size and growth of CIB, to
variation in estimate values of Chinook and coho salmon abundance in the Deshka River, a major tributary
of the Susitna River. Birth effect (eb) was regressed against Chinook and coho salmon levels for the year of,
the year before, and two years before a beluga calf birth. The effect of a range of modifications of salmon
availability was illustrated in CIB with a series of simulations. The maximum annual population growths
(k) were set at 1.036 (3.6%). Ranges of CIB survival and fecundity probabilities indicated small changes in
survival probabilities have a greater impact on population growth than similar changes in birth probability.
As either survival (es) or fecundity (eb) was reduced, the annual growth declined, with either es = 0.961 or
eb = 0.388, causing a decreased annual growth of �0.4%. Regressions of Chinook salmon for the year of,
the year before, and two years before a birth were all significant at the 5% level as was coho in the year of
and year prior to birth. The mechanism model with the best fit was the sum of Chinook and coho in the
year of birth and year prior to birth. Simulations showed that if salmon runs remained at their current
levels, the CIB population would likely continue its current slow decline and per capita births would con-
tinue to be low. The results from this study suggest reproductive success in CIB is tied to salmon abun-
dance in the Deshka River. Current management practices should consider this when setting research
priorities, designing new studies, and developing management actions to achieve CIB population recovery
targets.
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INTRODUCTION

Birth and survival probabilities depend on
environmental factors that occur in the year of
birth or year prior to birth in large cetaceans
(Ford et al. 2010). The sources of variability in
these probabilities are a central tenet in the eco-
logical management of wildlife species, with dri-
vers of variations that include natural and
anthropogenic factors (Shelton and Mangel
2011). For example, variation in prey availability
at critical points in the life cycle has been
reported to influence population productivity
and trajectories of predators (Sidorovich
2006, Ford et al. 2010, C�ardenas-Alayza
2012, Wells et al. 2012). Modeling popula-
tion dynamics provides a tool with which to
assess the consequences of decreased energy
intake and thus supports informed conservation
and management decisions. Birth and survival
probabilities are commonly used in such
population models to estimate changes in
population abundance incorporating these
parameters.

Various modeling methods are used to assess
the viability and extinction risks of threatened
and endangered populations in relation to mis-
matches between prey abundance and the corre-
sponding population (Durant et al. 2007, Bell
et al. 2017). Matrix models contribute to mecha-
nistic models such as the population conse-
quences of disturbance (PCoD), by linking life
history parameters and population consequences
to disturbances (i.e., missed feeding opportuni-
ties) with changes in population growth rate
(King et al. 2015, Tollit et al. 2016). Through eval-
uation of the asymptotic annual growth, repre-
sented by lambda (k), these models can support
population management and assess long-term
population viability (Caswell 2001). With initial
population status and demographic vital rates
such as fecundity and mortality, the Leslie model
can simulate future population growth trends
and structure as a function of time (Leslie 1945).
The Leslie model may also examine the relative
effects on population growth of changing birth
and survival probabilities to demonstrate the
consequences (growth or decline) of current pop-
ulation status and structure under various per-
turbations (van Groenendael et al. 1988).

An endangered whale population, Alaska bel-
ugas (Delphinapterus leucas), residing in Cook
Inlet (CIB), are designated as one of eight popu-
lations in U.S. waters at greatest extinction risk
by the National Marine Fisheries Service (NMFS
2015). The CIB population was listed as endan-
gered in 2008 following a 47% population decline
during the 1990s due, in part, to unregulated
subsistence harvesting (Hobbs et al. 2015a). This
decline has continued to an estimated 328 whales
in 2016 despite a sharp reduction in subsistence
harvesting from 1999, and no hunting since 2005
(Shelden et al. 2017). The lack of significant
recovery in the CIB population from overex-
ploitation suggests other factors may be limiting
growth (Hobbs et al. 2015a). This CIB population
is geographically and reproductively isolated,
and faces a potentially increasing number of
threats that may preclude recovery to historical
numbers (NMFS 2016). As part of the process to
downlist from endangered to threatened status,
a population estimate of 520 must be achieved,
while a population size of 780 animals is one of
the requirements to delist from the current
endangered status (NMFS 2016).
Hobbs et al. (2015b) estimated the mean in-

crease in the number of calves per capita for the
years 2006–2012 was 3.5% (standard deviation
[SD] = 4.3%), based on aerial surveys, compared
to a minimum mean mortality of 2% (SD = 1.2%;
2006–2012), derived from carcass counts, and
suggested that births were still likely at or below
replacement levels. Boat-based photo-identifica-
tion data, collected during the same years as aer-
ial surveys, indicate that while aerial surveys
were performed near peak birthing, post-aerial
survey births may have been missed and there-
fore not taken into account, underestimating
calving rates (McGuire and Stephens 2017).
Applying a correction method that uses the
encounter rate of calves during photo-identifica-
tion surveys to estimate the fraction of births that
occurred after the aerial survey dates, the esti-
mated mean calves per capita is 6.1% during
2006–2012 (R. C. Hobbs and S. A. Norman, un-
published manuscript). Assuming adult females
comprise 30–35% of the Cook Inlet population,
then it is estimated that 17–20% give birth yearly
which equals one-half estimated levels for Alaska
beluga populations outside of Cook Inlet (Hobbs
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et al. 2015b; R. C. Hobbs and S. A. Norman, un-
published manuscript).

While the CIB population decline and lack of
recovery are well-documented (Hobbs et al.
2015a, c, Shelden et al. 2017), data on the mecha-
nisms influencing future population trajectories
and potential recovery are lacking (Norman et al.
2015). Decreased energy intake was selected
from potential factors identified as obstacles to
CIB recovery as demonstrated in other odonto-
cete species such as killer whales (Orcinus orca;
see NMFS 2016: Table 6).

Decreased energy intake (i.e., reduction in
prey) was considered a potential threat to CIB
recovery of medium concern and of a continu-
ous, intermittent, and seasonal frequency as
described in the CIB Recovery Plan (NMFS
2016). However, few data exist regarding its
impact or its correlation to estimated annual
births and survival. Several factors may result in
the reduction of the abundance, quality, avail-
ability, or seasonality of CIB prey: competition by
fisheries, prey habitat modification or distur-
bance, and disruption of prey aggregation by
noise (NMFS 2016). Key prey species of CIB are
eulachon smelt in the spring (Thaleichthys pacifi-
cus), Chinook (Oncorhynchus tshawytscha), and
coho (Oncorhynchus kisutch) salmon during the
summer (Quakenbush et al. 2015). Though CIB
forage on a variety of prey species, these fish spe-
cies were prominent in analyses of stomach con-
tents collected during April through October,
coinciding with early pregnancy, calving, and
early lactation (Quakenbush et al. 2015).
Reduced prey availability (i.e., salmon) was
examined in killer whales (Ward et al. 2009, Ford
et al. 2010), where a 25% reduction in prey avail-
ability reduced survival by 1% (Ford et al. 2010)
and fecundity by 15% (Ward et al. 2009).

In this study, we consider that the persistent
current decline in the CIB population, after cessa-
tion of subsistence hunting, is associated with
changes in the abundance levels of prey (i.e., Chi-
nook and coho salmon). A healthy, idealized
population model for CIB was developed based
on age-structured fecundity and survival data for
a growing population of belugas in Bristol Bay
(Burns and Seaman 1986, Lowry et al. 2008). The
current growth rate of the CIB was modeled with
observed fecundity rates for the CIB taken into
consideration. Next, we consider the correlation

between the observed fecundity values for the
CIB with Chinook and coho salmon abundance
in the Deshka River, a primary tributary of the
Susitna River, key foraging habitat for CIB.
Finally, we assume that the correlations represent
a causational mechanism and use the age-struc-
tured population model to project population
growth or decline under various simulations of
Chinook and coho salmon abundance in the
Deshka River. Also, survival at age has not been
estimated for CIB other than a minimum mortal-
ity rate based on annual carcass counts which
have been shown to substantially underrepresent
mortality in other marine mammal populations
(Sharrow 2013, Saavedra et al. 2017). This model-
ing effort is useful to the CIB population and pro-
vides a framework for researchers to further
quantify this and other mechanisms possibly
impacting the CIB. Further, this study provides
fishery managers an estimate of the magnitude
of increase in salmon escapement that could be
necessary to facilitate the recovery of the CIB.

MATERIALS AND METHODS

Population model for Cook Inlet beluga
Based on life history data from western Alaska

belugas, the maximum value for fecundity prob-
ability was 0.333 (Burns and Seaman 1986). Age
at first birth was assumed to be seven years
(seven growth layer groups [GLGs] in the teeth).
Therefore, it was assumed one-third of females
first give birth at age seven, one-third at age
eight, and one-third at age nine, for a mean age
at first birth of eight years which corresponds to
8.3 yr (SD = 2.9) estimated for belugas from
western Alaska (Suydam 2009). This corresponds
with anecdotal data from hunted CIB in which
two females with lengths 320 cm, one found to
be pregnant and thought to be multiparous and
the second to be lactating (Mahoney and Shelden
2000). Based on age–length data, lengths for
these two whales correspond to a whale aged at
ten years (Vos et al. 2019). Shelden et al. (2019)
found the youngest aged mature female in their
sample to be 14 yr old; however, there were no
aged females between ages 3 and 13 with repro-
ductive results; thus, this sample is not suitable
for estimating mean age at first birth but does
provide an upper limit. Pregnancy probabilities
by age class, but with age at first birth at 12 yr,
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were obtained from a previous study (Burns and
Seaman 1986). While some evidence suggests age
at first birth may be older than seven, it has been
suggested age at first birth may vary with nutri-
tional status. For this study, we use the value from
Suydam (2009) as the best available estimate for
the healthy population model. The fraction preg-
nant for the youngest mature females was
extended for the CIB down to seven years, result-
ing in the following birth probabilities for females
by age (years), bx,: (0.00 births per year: 0–6,
0.326:7–21, 0.333:22–45, 0.278:46–51, 0.182:52–57,
0.125:58–77, 0.00:78+; Burns and Seaman 1986),
which were divided by two to obtain per capita
births of calves of both sexes at age.

Beluga was originally aged by counting GLGs
in the teeth and assuming a deposition rate of
two GLGs/year (Sergeant 1973, Goren et al.
1987). However, recent evidence supports one
GLG/year of age (Stewart et al. 2006, Matthews
and Ferguson 2014, Read et al. 2018, Waugh
et al. 2018, Vos et al. 2019). Mortality proba-
bilities at age, originally based on two GLGs
per year of age (Burns and Seaman 1986;
Appendix S1: Table S1), were fitted with a
Heligman-Pollard model (Heligman and Pollard
1980) using the MortalityLaws package (Pascariu
2018) in the R statistical language (R Core Team
2014). Annual survival was estimated at half-
year intervals in the two-GLG model, which
could be deconvolved to estimate annual sur-
vival for one GLG/year starting from the square
root of the higher of the two GLG/year probabili-
ties (Appendix S1: Table S2).

A baseline Leslie matrix model was con-
structed for a healthy CIB population using the
survival probabilities and the per capita births
described above. We assume these life history
characteristics represent a CIB population with
no stressors affecting reproduction or survival.
These parameters are used to calculate the stable
age distribution and the expected per capita
births in an ideal setting in a growing popula-
tion. The Leslie matrix population projection
model describes age group transitions within a
population from one age class to the next (Leslie
1945, Caswell 2001).

ntþ1 ¼ Ant

where nt is the vector of the number of individu-
als, nx, of age x, at time t. Within nt, the index

indicates the lower bound for the age class so
that 0 is animals <1 yr of age, 1 for age
1 ≤ years < 2, and so on. The matrix A, the pop-
ulation projection matrix, determines the number
of individuals born into the youngest age each
year by specifying fecundity for each subsequent
age group. The matrix also specifies the individ-
ual proportion in each age class that survives to
enter the next age class, known as the transition
probability. Note that in the formulation used
here, the birth probability was multiplied by the
survival probability from the previous age class
to account for survival of the mother during the
year of pregnancy. Baseline survival and fecun-
dity vectors were used to construct the baseline
transition matrix, multiplying each age-specific
component of the survival vector (sx) by the age
class-specific modifying effect (modifier) from
the threat of interest (es):

sx;e ¼ sx � es.

The annual survival and fecundity probabili-
ties consisted of density-independent compo-
nents (se, be) set to values <1 to model processes,
such as decreased energy (i.e., salmon) intake,
that decrease survival or fecundity. Baseline age-
specific fecundity probabilities, bx, were multi-
plied by eb, where e was a value between 0 and 1
that represented the effect of a health threat to
fecundity:

bx;e ¼ bx � eb.

The dominant eigenvalue, k, of A was calcu-
lated to determine the maximum annual growth.
An isopleth was constructed based on maximum
annual growth displaying the results of fitting
changes in per capita calving to salmon abun-
dance.

Time series analyses
We consider the period from 1999 to 2016 dur-

ing which the estimated CIB population abun-
dance had an average trend of �0.4% (Shelden
et al. 2017). Because calving rates may serve as an
indicator of population health and recovery
potential, data were collected during aerial sur-
veys in August of 2006–2012 (Hobbs et al. 2015b).
These data reflect births occurring after the survey
period to estimate the per capita births in the
population in each year (R. C. Hobbs and S. A.
Norman, unpublished manuscript; Table 1). Per
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capita births are divided by the maximum per
capita births estimated from the population model
to estimate the Birth Index, BIyr (Table 1). Note
that BIyr is an empirical measure of eb. The birth
effect, however, is not constrained to be less than
or equal to one; for example, if years of poor sal-
mon abundance are followed by a few good
years, then BIyr in the first relatively good years
may well exceed a value of one because a larger
than average fraction of mature females are avail-
able to become pregnant. It was not possible to
examine temporal changes in survival due to the
lack of comprehensive data on all total deaths
each year, and by sex and age class. Alternatively,
as a proxy for survival rates, the annual number
of CIB carcasses reported each year was obtained
for the years 1999–2016 (Muto et al. 2017; NMFS,
unpublished data).

Annual indices of Chinook and coho salmon
abundance were derived from the Alaska
Department of Fish and Game (ADFG 2018) esti-
mated escapement in the Deshka River of south-
central Alaska (Appendix S1: Table S3). Salmon
indices were total escapement estimated from
salmon weir counts multiplied by mean weight
and energy content (Chinook = 10.9 kg/fish 9

1642 kcal/kg; coho = 3.6 kg/fish 9 1366 kcal/
kg), with units designated as 108 kcal (Bigler
et al. 1996, O’Neill et al. 2014). The Deshka is a
large tributary of the Susitna River, and salmon
spawning in the Deshka will have passed
through an important CIB foraging site in the
Susitna River delta. Though there are other sal-
mon runs in Cook Inlet, the Deshka River run is

most commonly found in the Susitna Delta and
is the only run with a long-enough time series of
annual counts to compare to the time interval of
interest for this study (Fig. 1). Abundance esti-
mates for eulachon were not available and thus
not evaluated in this study. The strength and sta-
tistical significance of associations between the
BIyr (as well as survival) and salmon abundance
indices were assessed by regressing the BIyr and
the annual carcass counts against each individual
salmon species index, as well as the two species
considered together, at various time lags ranging
from zero to three years.

Effect models
To model the relationships between birth and

survival salmon abundance, we consider each
salmon species separately, and the two summed
together. For the birth effects, we consider the
correlation with salmon abundance in the year of
birth, the year prior to birth, which corresponds
to feeding during the first trimester of pregnancy,
and two years prior which would correspond to
the reserves that the female would have prior to
mating. For CIB survival, we consider the year of
carcass count as well as the year prior to the
count. The birth regression model was developed
using the data from the period 2006–2012, incor-
porating the corresponding salmon escapement
time series to estimate the BI values in 1999–2005
and 2013–2016. Note that negative estimates of
BI are set to zero. The BI values were averaged to
estimate the average value of eb for the whole
period 1999–2016 (Table 1). It was not possible to
develop an effect model for survival using the
carcass count data; therefore, we used the iso-
pleths to estimate the value of es, that when
applied with the value of eb estimated above,
results in a �0.4% growth rate.

Population projections
The Leslie matrix model was used to project

recovery or decline of the CIB population over
25 yr when the birth rate is as a function of the
Deshka salmon (Chinook and coho combined)
abundance. Annual values for eb were calculated
from a hypothetical salmon data set using a birth
effect model with parameters drawn from the
parameter distributions fitted to the CIB BI val-
ues, to account for uncertainty in the model
parameters. A parameter set is drawn for each of

Table 1. Annual birth data for CIB from August aerial
surveys (R. C. Hobbs and S. A. Norman, unpublished
manuscript).

Year
Estimated per capita

birth Rate (Byr) CV Birth Index (BIyr)

2006 0.154 0.164 1.266
2007 0.151 1.069 1.246
2008 0.020 0.289 0.165
2009 0.015 0.316 0.127
2010 0.008 0.782 0.069
2011 0.053 0.335 0.436
2012 0.028 0.422 0.232

Notes: CIB, Cook Inlet belugas. Note that the Birth Index
estimated for 2006 and 2007 is greater than one this can occur
when conditions are poor in the previous years so that more
than the average numbers of females are ready to become
pregnant in the following good years.
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the 10,000 simulated populations and used for all
of the runs. The residual variance is used for the
process error. To prevent biologically unreason-
able fecundity values, eb(t) values were limited to
the interval [0, 3 � (eb(t � 1) + eb(t � 2))]. The
optimal birth interval in belugas is three years
(Suydam 2009), and consequently at high fecun-
dity rates, one-third of females would become
pregnant each year. After a period of low fecun-
dity, more than one-third of the females may be
available to begin pregnancies in the first year or
two of better salmon abundance, thus resulting
in higher than maximum values of eb; however,
this is not sustainable when a general improve-
ment occurs. So that

ebðtÞ ¼ maximumð0;minimumðð3� ðebðt� 1Þ
þ ebðt� 2ÞÞ; interceptþ slope� SIðtÞ
þ eðtÞÞÞ

where eb(t) is the birth effect in year t, intercept
and slope are values specific to that simulation,
SI(t) is the salmon index in year t, and e(t) is the
process error in year t.

Hypothetical salmon data sets SI for the 2017–
2042 projections (25 yr) were created by

sampling with replacement from the 1999–2016
salmon data. To preserve the autocorrelation and
cross-correlation within the salmon data, three
years were drawn from the interval 1999–2016,
and then, the ten-year segments of salmon data
for both species beginning at each of the years
(wrapping around from 2016 to 1999 for the
years after 2006) were pieced together to create a
30-yr time series. A random start point in the first
five years was chosen so that the joints between
segments would not all occur at 10 and 20 yr. A
set of 10,000 of these salmon time series was
developed. To test the response of the population
to an increase in salmon, increases ranging from
0.0 (no increase) to 1.0 (salmon abundance dou-
bled) were considered, and for each simulation,
all of the salmon index values in the set of time
series were multiplied by the increase factor
(1.0 + increase) to create salmon time series at
higher average abundance.
The initial age structures for the simulations

were set up using the stable age distribution for
the population growing at �0.4%. The age
classes aged 28 and older were then reduced by
60% to account for the depletion of the popula-
tion in the 1990s by subsistence hunting. In the
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mid-1990s, there was a period of high removals
by subsistence hunting, in which the population
was reduced by 47%, mostly by removals of older
adults (Mahoney and Shelden 2000, Vos et al.
2019). Hunting was at much lower levels prior to
1990, and since 1998, only five whales have been
taken. Thus, we treated hunting as a single event
with the lowest impacted age class at 28 yr (age
10 yr + 2017–1999). The variability of salmon
abundance in the years prior to 2017 would affect
size of the initial cohort of each age class. To
account for this, each age class of the distribution
was multiplied by a birth effect for each of the
79 yr prior to 2016. The birth effects for the years
2006–2012 were the per capita birth data in R. C.
Hobbs and S. A. Norman (unpublished manuscript;
Table 1). Birth effects for 1999–2005 and 2013–
2016 were based on the existing salmon data,
while those effects prior to 1999 were generated
using the same approach as above. Thus, the pro-
portional size of age class is as follows:

PðaÞ ¼ ð0:996�aÞ � SðaÞ � ebð2017-ageÞ
� ð0:4 if a[ 27Þ

where P(a) is the proportion of the population at
age a; (0.996�a) accounts for the larger initial
cohort sizes at older ages; S(a) is the survival to
age a; eb(2017-age) is the age effect for the birth
year, and (0.4 if a > 27) accounts for the high
mortality rate in the mid-1990s. The proportions
of the population in each age class developed
above were divided by the sum of the propor-
tions over all ages to get an initial age distribu-
tion for each simulated population. The number
of individuals in each age class was determined
using the age class probability in a binomial
draw from 328, the population estimate for 2016.
This resulted in variation in the initial population
sizes that approximated the uncertainty in the
population estimate.

Thus, for each of the 10,000 populations, there
was an initial population, a model relating sal-
mon abundance to birth rate and a time series of
salmon data, with the only difference between
the simulations being the relative increase of the
available salmon after 2017. Simulations over
25 yr, ranging from no increase in salmon (multi-
plier = 1) to a 100 percent increase (multi-
plier = 2) for each species separately and
combined together, were conducted to estimate

the increase or decline in birth rates and abun-
dance of CIB. The program R was used for all
analyses (R Core Team 2014), and code is pro-
vided in Data S1.

RESULTS

Leslie matrix
Annual survivorship in the one GLG/yr age

estimate was at a maximum (97.3%) at ages 23
and 24 and dropped off at the extremes with
first-year survival at 76.2% (Fig. 2; Data S1). The
decrease in survival to age (i.e., cumulative sur-
vival) was curvilinear, with the greatest
decreases occurring from 0 to 5 yr of age (Fig. 2).
When combined with the age-specific per capita
births, the Leslie matrix yields a k of 1.036 for
maximum annual growth of 3.6%. Using the
stable age distribution, with the age-specific birth
rates, the population per capita maximum birth
rate (Bmax), during the period of �0.4% growth,
is estimated to be 0.121 births per nonage zero
(i.e., born that year) individual in the population,
and from the stable age distribution, we estimate
0.53 deaths per capita.
Ranges of CIB survival and fecundity probabil-

ities indicate a small change in survival has a
greater impact on population growth than a sim-
ilar change in per capita births (Table 2, Fig. 3).

Fig. 2. Cook Inlet beluga baseline cumulative or sur-
vival to age (red line) and annual (solid line) survival
probabilities based on the one growth layer group
(GLG)/yr age estimation. The annual survival, based
on two GLGs/yr from Burns and Seaman (1986), is
included for comparison (dashed line). Per capita age-
specific births are represented by the dot-dash line.
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For example, the isopleth for CIB annual growth
at 0.02 indicates that an approximate 2% decline
in survival, with no reduction in per capita
births, has nearly an equivalent effect as a 40%
decline in per capita births assuming no reduc-
tion in survival probability.

Optimal 3.6% yearly growth was used as the
base rate, achieved when survival (es), and fecun-
dity (eb), effects were both equal to one, which is
assumed to be the case in Bristol Bay. As either
parameter was reduced, annual growth declined,
with either es = 0.961 or eb = 0.388, causing a
decreased growth rate of �0.4%, representing
the range of differences between the CIB at
�0.4% per yr, and that of the presumed healthy
population at 3.6% per yr. Annual growth from
�5% to 3% is also presented (Fig. 3) to demon-
strate the ranges of survival and fecundity effects
that result in a corresponding increase or
decrease in population growth. The two effect (e)
values each resulting in �0.4% growth, when
added together, have a nearly additive effect,
reducing the growth rate to �4.2%, or a total of
�7.8% below maximum growth.

Birth effect model
Birth Index was regressed against Chinook

and coho salmon levels for the year of birth, the
year before, and two years before birth (Table 3).
Regressions of Chinook salmon for the year of,
the year before, and two years before a beluga’s
birth were all significant at the 5% level, as was

coho in the year of a beluga’s birth and the year
prior. The mechanism model with the best fit
based on R2 values was the sum of Chinook and
coho in the year of birth, and the year prior to a
birth, we used this to model birth effect for the
simulations. To estimate mean fecundity (eb) for
the period 1999–2016, assuming that salmon
abundance is the key influence, we used the calv-
ing indices from 2006 to 2012 (Table 3), and the
mechanism model with the salmon data for
1999–2005 and 2013–2016. A yearly eb was calcu-
lated, and then used to estimate the mean value
of eb for the whole period 1999–2016 (Table 4).
The estimated mean value of eb through the per-
iod 1999–2016 was 0.538 which is t higher than
the mean of 0.504 during 2006–2012.

Survival effect model
Carcass counts were available for all years

between 1999 and 2016, averaging 8.7 yr�1 and
ranging between 3 and 20 in a year. The age-
structured model estimated that the population
should average 15.6 mortalities, suggesting that
half of the carcasses are discovered yearly.
Regression of the carcass counts against the sal-
mon data over the period 1999–2016 yielded one
significant positive correlation between the car-
cass counts and the size of the Chinook salmon
run in the same year (Table 4).
Inserting the estimated eb value into the age-

structured model, we have an annual growth of
0.8%, which is greater than the trend for 1999–
2016 (vertical arrow, Fig. 3). We hypothesize a
survival effect es of 0.9877 (horizontal arrow,
Fig. 3), which when combined with the birth
effect, results in a decline of �0.4% per yr (diago-
nal arrow, Fig. 3). We include this survival effect
in the population projections so that the model
with unchanged salmon levels is consistent with
the observed �0.4% growth.

Population simulations
The simulations showed that if the salmon

runs remained at their current levels, the popula-
tion would likely continue its current lack of
growth and per capita births would continue to
be low (Fig. 4). The per capita birth rate increases
within two years of the increase in salmon. Fur-
thermore, the three-year birth interval is evident
in both the 50% and 100% increases in salmon
because the sudden increase in prey availability

Table 2. Estimated annual population growth in the
Cook Inlet beluga population, incorporating health
modifiers into the matrix model due to decreased
energy intake.

Threat
Population
growth (%)

Change from
baseline (%)

Fraction of
baseline

(%)

Model with no effects
(baseline)

3.6 0.000 100.0

Model with effects
Fecundity affected 0.8 �2.8 97.3
Survival affected 2.3 �1.3 98.7
Fecundity and
survival affected

�0.4 �4.0 96.1

Notes: The change in fecundity is based on the estimate for
the period 1999–2016 (eb = 0.538). The change in survival
(es = 0.9877) is hypothesized, assuming the reduced energy
intake is responsible for the current rate of decline.
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results in a pulse that initially synchronizes the
cycle in the simulated populations (Fig. 4). The
model predicted that if salmon levels of both spe-
cies increased by 50%, the CIB population would
increase with 48% probability of reaching 520
individuals (downlisting size) within 25 yr and
per capita births would be near their maximum
value at least 50% of the time (Fig. 5). Doubling
the salmon run (100%) would result in a 73%
probability of reaching a 520-individual popula-
tion size in 25 yr and per capita births above 10%
in 50% of the years, and rarely falling below 5%
(Fig. 5). If Chinook salmon increased 20% or
more, the current decline would likely be
reversed and the population would increase,
while only increasing the coho run would be less

effective (Fig. 5). Average birth effect eb doubled
with the doubling of both salmon runs, with the
majority of the change resulting from the
increase in Chinook salmon availability (Fig. 5).
The average per capita births for CIB nearly dou-
bled, but less than the birth effect, because higher
annual population growth results in an increased
fraction of subadults in the population.

DISCUSSION

Though other sources of anthropogenic distur-
bance such as noise or environmental threats
such as predation by killer whales may con-
tribute to sub-optimal birth rates, a strong corre-
lation is evident for both salmon species in the

Fig. 3. Isopleths for values of survival and fecundity for annual growth in a simulated model of Cook Inlet,
Alaska belugas (�5% to +3.6%). Isopleths show the relationship between changes in fecundity and survival that
result in the same population growth rate. The long dashed line represents the current beluga population decline
of �0.5%. The fecundity effect was estimated from Cook Inlet belugas survey data 2006–2012 (short dashes) and
from the salmon data 1999–2016 (dot-dash line vertical arrow). The survival effect (horizontal arrow) is hypothe-
sized assuming that the reduced salmon availability is responsible for current annual decline (diagonal arrow).
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year of birth and Chinook in the year prior to a
beluga birth. The contraction of the range of the
CIB population to the area surrounding the
mouth of the Susitna River during the timing of
these runs (Shelden et al. 2017) suggests that the
population is likely dependent on the Chinook
run, and to a lesser degree, the coho run, which
has less than one-quarter of the energy content of
the Chinook run, as primary food resources dur-
ing the summer. We suggest no compensatory
prey sources of sufficient quantity nor quality
substitute for Chinook salmon declines and the
accompanying nutritional stress (Ford et al.

2010). Nutritional quality is especially critical for
the reproductive health in marine mammals
(Malinowski and Herzing 2015), and in most
mammals, metabolic and subsequent nutritional
demands (i.e., calories, proteins, lipids, moisture)
tend to increase gradually throughout pregnancy
and into lactation (Robinson 1986), such that lac-
tation is often considered the most costly state of
mammalian reproduction (Clutton-Brock 1991).
Thus, this is a plausible mechanism of the
reduced birth rate and lack of recovery. Further-
more, simulation results indicate that doubling
the salmon abundance would be sufficient to
allow recovery of the population regardless of
impacts from other threats.
Demographic CIB data immediately prior to

and during their population decline have been
limited and largely inferential (NOAA, unpub-
lished data). Very few studies have been con-
ducted on beluga health to investigate how food
limitation may influence their decline (Quaken-
bush et al. 2015). A range of other health threats
including harvest, predation from killer whales,
pollution, disease, and fishery interactions has
been investigated (Mahoney and Shelden 2000,
Moore et al. 2000, Shelden et al. 2003, Hobbs
et al. 2015c). These studies generally indicate
these threats are associated with lower survival
or fecundity, but the challenge remains to quan-
tify their impacts and determine their relative
role in CIB population decline. Increasing popu-
lations, such as the Bristol Bay stock, experience

Table 3. Regression of various models of the influence of Chinook and coho runs in the Deshka River on per cap-
ita births of CIB between 2006 and 2012.

Model Estimate SE t value Pr(>|t|) R2

Coho (yr) 0.419 0.088 4.789 0.005 0.785
Coho (yr-1) 0.558 0.068 8.165 0.000 0.916
Coho (yr-2) 0.352 0.150 2.351 0.066 0.430
Chinook (yr) 0.295 0.038 7.863 0.001 0.910
Chinook (yr-1) 0.246 0.030 8.290 0.000 0.919
Chinook (yr-2) 0.140 0.027 5.089 0.004 0.806
Chin + Coho 0.183 0.022 8.428 0.000 0.921
(Chin + Coho) (yr-1) 0.177 0.015 11.980 0.000 0.960
Chin + Coho + (Chin + Coho) (yr-1) 0.093 0.006 16.817 0.000 0.979
(Chin + Coho) ((yr-1) + (yr-2)) 0.069 0.011 6.359 0.001 0.868

Notes: CIB, Cook Inlet belugas; SE, standard error; yr, year of birth; yr-1, year prior to birth corresponding to first-trimester
pregnancy; yr-2, two years prior to birth corresponding to summer prior to conception the following spring. Time-lagged series
of each salmon species were considered separately; then, plausible combinations of the more significant fits were considered for
a projection model. Salmon counts were multiplied by average weight and by energy density (Chinook = 10.9 kg/
fish 9 1642 kcal/kg, coho = 3.6 kg/fish 9 1366 kcal/kg); units were 108 kcal.

Table 4. Regression of various models of the influence
of Chinook and coho runs in the Deshka River on
annual carcass counts of CIB between 1999 and
2016.

Model Estimate SE t value Pr(>|t|) R2

Coho (yr) 0.69 1.35 0.52 0.61 0.02
Coho (yr-1) 1.12 1.33 0.84 0.41 0.04
Chinook (yr) 1.05 0.48 2.16 0.05 0.23
Chinook (yr-1) 0.72 0.51 1.40 0.18 0.11
Chin + coho 0.68 0.39 1.76 0.10 0.16
(Chin + coho) (yr-1) 0.52 0.39 1.34 0.20 0.10

Notes: CIB, Cook Inlet belugas; SE, standard error. Time-
lagged series of each species were considered separately; then,
plausible combinations of the more significant fits were
considered for a projection model. Salmon counts were
multiplied by average weight and by energy density
(Chinook = 10.9 kg/fish 9 1642 kcal/kg, coho = 3.6 kg/fish 9
1366 kcal/kg); unitswere in 108 kcal.
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similar threats, but appear to thrive (Lowry et al.
2008).

An age-structured population model allowed
a separate analysis of the responses of survival
and fecundity to decreased salmon intake in a
simulated CIB population. Demographic param-
eters from a healthy beluga population in Bristol
Bay were modified to create ranges for the sur-
vival and fecundity and subsequently used to
quantify differences in the CIB population.
Decreased energy intake from reduced salmon
runs correlated with reduced per capita calving
as observed from aerial surveys. The noticeable
association between changes in Chinook and
coho salmon abundance and birth rate of CIB
suggests that prey limitation is an important

factor in recent population declines. While low
salmon abundance may indeed reduce survival
rates, the simulations indicated that the change
in birth effect alone would be sufficient to allow
recovery.
Survival as estimated by carcass counts was

not correlated with salmon abundance. This
suggests that the carcass discovery process
rather than survival was influenced by the size
of the run and the survival influence was not
considered further (cf Williams et al. 2011).
Location of a beluga carcass and cause of death
can impact whether or not a carcass is discov-
ered. The positive correlation between CIB
yearly carcass counts and Chinook salmon
abundance was more likely a reflection of the

Fig. 4. Trajectories of population size (left) and per capita births (right) over the 25 yr following an increase in
the average of salmon counts on the Deshka River. The solid line is the median population size trajectory, and the
lower and upper dashed lines represent the 2.5% and 97.5% quantiles, respectively, of the range of trajectories.
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greater likelihood of discovering a beluga car-
cass due to more numerous beluga feeding in
the Susitna River delta during years of larger
salmon runs, rather than a true increase in
probability of death.

Examination of the annual growth isopleths
indicates that percentage change in survival had
more of an impact on population growth com-
pared to changes in fecundity. Therefore, for a
long-lived species like beluga whales, selection
has favored preserving the life of a reproductive
female over an individual fetus. The present
study models the potential impact of decreased
salmon intake on CIB population recovery,
through the relative impacts on a population and
per capita calving. While the ultimate cause(s) of
the CIB decline cannot be confirmed, under-
standing the proximate changes in survivorship
and fecundity may help estimate the importance
of these ecologic drivers, as well as aid in priori-
tizing research funds and management actions
(Morris et al. 2002).

The models in this study reveal that a rela-
tively small increase in salmon available to CIB
would elicit a population increase. Further, this

change in the nutritional environment would
diminish the time necessary to change its popu-
lation status from downlisted to threatened
under different scenarios of increased energy
intake (NMFS 2016). For example, from models
presented here, if Chinook and coho runs dou-
bled over the next 25 yr, growth rates would be
predicted to increase to near the maximum in
this model from the current �0.04%. This would
result in the population recovering to the down-
listing size of 520 individuals 95% of the time.
Obviously, these models do not provide the
mechanisms in which to increase the food avail-
ability but may afford managers with the magni-
tude of the changes required for CIB recovery.
Our modeling approach also provides a method
in which to monitor population recovery pro-
gress without waiting 10 yr for the population to
show a change in trajectory. Using the age-struc-
tured model, a doubling of per capita calving is
predicted if the salmon runs are doubled (Fig. 5).
We surmise changes in calving success can be
detected with just a few years of monitoring data
derived from aerial and photo-identification
studies (cf. Hobbs et al. 2015b).

Fig. 5. Summary results from simulations with various increases in the size of the Deshka salmon counts over
25 yr for both Chinook and coho salmon, increased by the same proportion (solid line), Chinook only increased
(dashed line), and coho only increased (dot-dash line). All results are for the 25 yr following the change in the
mean salmon run sizes.
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A limitation of these models is incorporating
incomplete CIB demographic data and assuming
that the Bristol Bay beluga demographic parame-
ters are representative under optimal ecological
conditions, and that the assumptions regarding
the current age structure approximate the actual
population. While the stable age distribution is a
convenient assumption, we modified the age
structure to account for the loss of approximately
60% of the adult population in just a few years
prior to 1999. This left a deficit in age classes
28 yr and older (i.e., the generation length or the
average at giving birth for adult females). Over
the 25 yr of the simulation, this deficit ages out
of the population and the per capita birth rate
increases even without an increase in salmon
abundance, accounting for the 70% chance of
increase with no change. Additionally, available
data on demographic response of CIB to changes
in salmon abundance do not include a range of
population sizes and environmental conditions,
which limits the ability of the model to accu-
rately capture the response to the complete range
of interannual environmental variability or to
account for density-dependent demographic
rates (Bierzychudek 1999). Over longer temporal
scales of years, density-dependent responses
would affect population growth and the relative
impact of increasing the size of salmon runs. The
projection model does not include a density-de-
pendent effect; however, the population is
assumed to be below its carrying capacity of
1300 beluga whales. This modeling effort is
based on current CIB demographic data, and
thus, while we predict that an increase in
salmon availability results in a population
increase, we must include the caveat that model
predictions will be less reliable as the popula-
tion increases to the 520 whale minimum which
is one of the criteria to downlist to threatened
status.

In this study, the models revealed the partial
or relative contribution of a threat (i.e., decreased
energy intake) on a target population in its cur-
rent state. The age-structured model framework
can model additional external threats and pro-
vides a mechanism to consider multiple environ-
mental or anthropogenic threats within the same
model. As additional data on health threats and
their relative influence on CIB or other cetaceans
become available, the model used in this study

can be improved to assess the interaction of mul-
tiple threats as a function of age class. Results
from this study will provide researchers with
insights to develop additional studies that
address the low birth rates of the CIB, and to
fisheries resource managers, some guidance on
the degree of increase in salmon escapement.
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