J. CETACEAN RES MANAGE. 8(3):225-239, 2006 225

Assessment of the Bering-Chukchi-Beaufort Seas stock of
bowhead whales using Bayesian model averaging
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ABSTRACT

Bayesian estimation methods are used to fit an age- and sex-structured population model to available data on abundance and stage-
proportions (i.e. calvesmature animals in the population) for the Bering-Chukchi-Beaufort Seas stock of bowhead whales (Balaena
mysticetus). The analyses consider three alternative population modelling approaches: (1) modelling the entire population trajectory from
1848, using the ‘backwards’ method where the trajectory is back-cal culated based on assigning a prior distribution to recent abundance; (2)
modelling only the recent population trajectory, using the ‘forwards from recent abundance’ method, where the population is projected
forwards from a recent year and the abundance in that year is not assumed to be at carrying capacity; and (3) a version of (2) that ignores
density-dependence. The ‘backwards’ method leads to more precise estimates of depletion level. In contrast, the ‘forwards from recent
abundance’ method provides an alternative way of calculating catch-related quantities without having to assume that the catch record is
known exactly from 1848 to the present, or having to assume that carrying capacity has not changed since 1848. Not only are al three
models able to fit the abundance data well, but each is also able to remain consistent with available estimates of adult survival and age of
sexual maturity. Sensitivity to the stage-proportion data and the prior distributions for the life history parameters indicates that use of the
1985 stage-proportion data has the greatest effect on the results, and that those data are |l ess consi stent with data on trends in abundance and
age of sexual maturity. The analysesindicate that the population has approximately doubled in size since 1978, and the ‘ backwards' analyses
suggest that the population may be approaching carrying capacity, although there is no obvious sign in the data that the population growth
rate has slowed. Bayes factors are calculated to compare model fits to the data. However, there is no evidence for selecting one model over
another, and furthermore, the models considered in this study result in different posterior distributions for quantities of interest to
management. Posterior model probabilities are therefore calculated and used as weights to construct Bayesian model-averaged posterior
distributions for outputs shared among models to take this ambiguity into account. This study represents the first attempt to explicitly
quantify model uncertainty when conducting a stock assessment of bowhead whales.
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INTRODUCTION

Bowhead whales (Balaena mysticetus) have been caught by
Alaskan Eskimos in an aboriginal fishery for hundreds of
years or more and active whaling started along the arctic
coast around 1,800-1,700 years before present (Braham,
1989; Dinesman and Savinetsky, 2003). A commercia
fishery began takes from the Bering-Chukchi-Beaufort Seas
(B-C-B) stock of bowhead whales in 1848, and the
population is thought to have been severely depleted by the
substantial commercial catches that occurred during the
1800s (Bockstoce and Botkin, 1983; Breiwick and Braham,
1990; Breiwick et al., 1984). Although the commercial
fishery amost completely collapsed early in the 1900s,
aboriginal catches of B-C-B bowhead whales continue (e.g.
Braham, 1995; George et al., 1988; Suydam and George,
2004).

Most of the B-C-B bowhead whale stock migrates
seasonally along the north slope of Alaska between
wintering areasin the Bering Sea and summer feeding areas
in the Beaufort Sea. Surveys have been conducted during
the spring migration past Point Barrow during eleven years
since 1978, to estimate the abundance and trends of this
population (George et al., 2004). The ice-based counts have
resulted in abundance estimates substantiated by estimates
using mark-recaptures of individually identifiable whales in
aerial photographs (da Silva et al., 2000). These abundance
estimates have served as the primary basis for assessments

of the status of and management advice for the B-C-B
bowhead whale stock by the Scientific Committee of the
International Whaling Commission (IWC).

Given a history of catches, it was possible to conduct an
initial assessment of the status of the population once the
first abundance estimate was made in 1978. This assessment
suggested that the population had experienced some
recovery sinceits depletion in the 1800s, but that it was still
below its carrying capacity (Breiwick et al., 1984). Breiwick
and Braham (1990) noted that estimates of carrying capacity
and depletion level are sensitive to the current estimated
population size. However, it is now possible to make more
precise estimates of these quantities (conditional on the
accuracy of the catch data and population dynamics model)
because the number and precision of the abundance
estimates has increased substantially.

Givens et al. (1993) and Raftery et al. (1995) introduced
Bayesian methods (e.g. Press, 1989) to the assessment of
bowhead whales. These methods can make use of multiple
sources of data and fully characterise uncertainty. Bayesian
assessments of the B-C-B bowhead whale stock (e.g. Givens
et al., 1995) using the BALEEN Il model (de laMare, 1989)
have consequently been used extensively by the IWC
Scientific Committee (Punt, 1999b). Although there was
general agreement that using multiple sources of data in
assessments was desirable, considerable debate ensued in
the IWC Scientific Committee regarding the details of the
statistical methods to be used in bowhead whale
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assessments (e.g. Butterworth and Punt, 1995; Poole and
Givens, 2001; Poole et al., 1999; Punt and Butterworth,
1999; 2000; Schweder and lanelli, 2000). One troublesome
outcome of the results in the standard ‘forwards from K’
assessment (i.e. projecting the population dynamics model
forwards from a prior distribution for the population size in
1848, which is assumed to be carrying capacity) was that the
observed rate of increase of the population (ROI) differed
substantially from the resulting posterior distribution for the
ROI, even though the data on ROI were the main data source
used in the analysis (eg. Punt and Butterworth, 1999;
Raftery and Poole, 1997). This and other related issues were
determined to be due in part to a methodological issue
associated with the forwards method and the specification of
prior distributions. It was also determined that these issues
could essentially be resolved by the use of the ‘backwards
method, in which no prior is specified for the population
size in 1848; instead, a prior distribution is specified for
abundance in arecent year, and the population level in 1848
(assumed to be carrying capacity) is then back-calculated
from that recent abundance (Butterworth and Punt, 1995;
Poole and Raftery, 1998; Punt and Butterworth, 1999).

An important assumption made in bowhead whale
assessments is that the catch history is known without error.
It has been found that the catch record going back to 1842
for the eastern North Pacific stock of gray whales cannot be
reconciled with the population’s current dynamics (Punt and
Butterworth, 2002), without assumptions that the catch
record has been substantially under-estimated and/or that
carrying capacity has changed since the mid 1800s. While it
appears from past assessments that the bowhead whale catch
record can be reconciled with the current dynamics, it is till
appropriate to investigate an alternative assessment that
does not make use of the historical catch record. This can be
achieved using the method developed by Wade (2002a) for
gray whales, where a model is projected forwards from a
prior distribution for abundance in a recent year, with a
separate prior distribution specified for carrying capacity.
Such an assessment does not use the historic catch record
prior to 1978, and does not need to assume that carrying
capacity has remained constant since the mid 1800s;
therefore, it should be robust to problems with these
assumptions.

The 1998 assessment of the B-C-B bowhead whale stock
(IWC, 1999; Punt, 1999a) used ‘backwards Bayesian
estimation based on the BALEEN |l model, and the then-
available abundance estimates and the data on the
proportion of calves and mature animals in the population
during 1985-94 (the ‘stage-proportion’ data). New
information available for this stock since the 1998
assessment includes. (1) a mark-recapture estimate of
adult survival from aerial photographs (Zeh et al., 2002);
(2) an estimated age at sexual maturity and an estimate of
maximum age (George et al., 1999); (3) arecalculation of
the stage-proportion data (Koski et al., 2004); and (4) an
estimate of abundance for 2001 (George et al., 2004).

This paper examines the sensitivity of the results of the B-
C-B bowhead whale assessment to modelling: (1) the entire
population trgjectory from 1848 (using the ‘backwards
method); and (2) only the recent period (where the
population is projected forwards from a recent year, and the
abundance in that year is not assumed to be at carrying
capacity). A third set of analysesis conducted using aLeslie
matrix with no density-dependence. The population model
used in this assessment is the density-dependent Ledlie
matrix model (Leslie, 1945; 1948) devel oped by Breiwick et
al. (1984) except that reproduction and natural mortality are

assumed to occur before removal by catches. When
parameterised in equivalent ways, the results of the
BALEEN Il model and this Leslie matrix model are almost
identical (Punt and Butterworth, 2002; Wade, 2002a).

This paper aso examines the sensitivity of the model
outputs to the sources of dataincluded in the assessment and
the specifications for the prior distributions. Scenarios are
specified to investigate the sensitivity of the results to data-
based informative vs. uniform (less informative) prior
distributions, as well as to how the stage-proportion data are
constructed. The stage-proportion data are excluded
atogether in some analyses, and varied in others based on
whether the aerial photographic survey data from 1985 are
included in their calculation or not. Within a scenario,
identical prior distributions are assumed for the life-history
parameters and matching data-sets are used in the likelihood
function for each of the three modelling approaches to
enable comparisons to be made among them.

Model uncertainty is accounted for within a Bayesian
framework, and Bayes factors (Kass and Raftery, 1995) are
calculated to quantify the evidence provided by the data in
favour of the different modelling approaches. For the
‘reference scenarios' there is no evidence for selecting one
model over another, but there are important differences in
the estimates of quantities that would be of interest to
management. Therefore, we follow the philosophy outlined
by a number of authors (e.g. Buckland et al., 1997; Durban
et al., 2005; Hoeting et al., 1999; Kass and Raftery, 1995;
Patterson, 1999; Raftery et al., 2005) and present quantities
of interest as Bayesian model averages; weighting the
output of contending models based upon their relative
likelihoods, as opposed to selecting between them.

METHODS

Available data

The population dynamics models were fitted to three
sources of data: (1) abundance estimates from ice-based
surveys at Point Barrow, Alaska between 1978 and 2001
(Table 1); (2) proportion calvesmature animals in the
population from 1985 to 1994 (Table 2); and (3) annua
catches in individuals from 1848 to 2002 (Table 3).

All of these sources of data were used in the 1998
assessment but have been updated since. The first ice-based
survey since 1993 was conducted in 2001 and has provided
an abundance estimate for that year of 10,545 with a
coefficient of variation of 0.128 (updated from Georgeet al.,
2004 by Zeh and Punt, 2005). The catch data have been
updated with the post-1998 catches and revisions to the
catches for 1994-96. Two additional years of aerial
photographic data have been analysed since the previous
assessment and the stage-proportion data have been
recalculated (Angliss et al., 1995; Koski et al., 2004).

Additional information available for this stock since the
1998 assessment includes a mark-recapture estimate of
survival (Zeh et al., 2002) and a recent estimate of age of
sexual maturity and the maximum age (George et al., 1999).
This information was included in the analyses of this paper
as data-based informative priors (see the section on Model
parameters and prior distributions).

11985 appears to have been an anomalously late migration year; the
aerial survey in 1985 is believed to have ended too early to have
sampled the tail-end of the migration, typically when most cow/calf
pairs are in the study area (Koski et al., 2004).
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Table 1

Estimates, coefficients of variance (CVs) (actually the standard errors of the log abundance estimates, which are
approximately equal) and the correlation matrix for the indices of abundance for the B-C-B Seas stock of bowhead whales
(Zeh and Punt, 2005).

Year Estimate CV Correlation matrix

1978 4,765 0.305 1.000

1980 3,885 0.343 0.118 1.000

1981 4,467 0.273 0.056 0.050 1.000

1982 7,395 0.281 0.094 0.084 0.035 1.000

1983 6,573 0.345 0.117 0.104 0.049 0.084 1.000

1985 5,762 0.253 0.070 0.062 0.020 0.078 0.062 1.000

1986 8,917 0.215 0.072 0.064 0.017 0.092 0.064 0.113 1.000

1987 5,298 0.327 0.124 0.110 0.052 0.088 0.110 0.065 0.067 1.000

1988 6,928 0.120 0.028 0.025 0.013 0.017 0.024 0.009 0.007 0.026 1.000

1993 8,167 0.071 0.001 0.001 0.001 0.000 0.001 -0.001 -0.002 0.001 0.000 1.000

2001 10,545 0.128 0.008 0.007 0.005 0.001 0.007 -0.004 -0.008 0.008 0.003 0.000 1.000
Table 2

obs

obs

The proportion of observed calves (p.”") and mature (p,’”") animals with associated standard errors,
over the years 1985-1994. Proportions are given based on including and ignoring the anomalous 1985
data set, as well as those used in the previous assessment (IWC, 1999; Koski et al., 2004).

Scenario plnh.\ Op, pmnlm c,,

Exclude 1985 0.0580 0.0062 0.4366 0.0106

Include 1985 0.0309 0.0034 0.4160 0.0096

1998 assessment 0.052 0.0164 0411 0.0286

Table 3 Population dynamics model
Catches of B-C-B Seas bowhead whales, 1848-2002. Values in parenthesis The underlying population model is a simplified age- and
are the catches used by Punt and Butterworth (1999) in the 1998 sex-structured Leslie matrix (Leslie, 1945; 1948)
assessment where these catches differ from those used in the present projected as:
analyses.
Total Total Total Total n,,= (Atﬁ/ ) -h, (0]

Year kill Year kill Year kill Year kill
1848 18 1887 240 1926 35 1965 14 where:
1849 573 1888 160 1927 14 1966 24
1850 2,067 1889 127 1928 30 1967 12 n, isvector of population size in each age class at the
Sm e R omm o b 3 st ol yex ¢ (Gefined when caving and rturl
1853 807 1892 346 1931 32 1970 48 mortality occur); _
1854 166 1893 180 1932 27 1971 25 A, istheLeslie matrix for year t; _
1855 2 1894 234 1933 21 1972 44 h  isthe vector of age-specific catches during year t.
1856 0 1895 117 1934 21 1973 51 '
1857 78 1896 118 1935 15 1974 42 The catches and birth rates are assumed to be equal for
1858 461 1897 130 1936 24 1975 32 both mal 4 females (i.e. the vectors ab divided
1859 372 1898 309 1937 53 1976 74 oth males and females (i.e. the vectors above are divi
1860 221 1899 234 1938 36 1977 72 equally by sex). The parameters that define the entries of the
1861 306 1900 148 1939 18 1978 15 Ledlie matrix are: (1) S, the surviva rate of immature
1862 157 1901 55 1940 20 1979 20 whales (assumed identical for calves and juveniles); (2) a,

1863 303 1902 162 1941 38 1980 32 ; ; . ;
1864 13 1903 11€ 1942 26 1681 26 thelast agewith survival rate §,,; (3) S,, the survival rate of

1865 590 1904 86 1943 14 1982 14 mature whales; (4) a,, the age at sexua maturity (the last

1866 554 1905 105 1944 8 1983 16 age class with zero fecundity); (5) f e the maximum
1867 599 1906 69 1945 23 1984 16 fecundity rate; and (6) a,,, the maximum age, after which
1868 516 1907 96 1946 20 1985 14 survival becomes zero. Fecundity is assumed identical for
1869 382 1908 123 1947 21 1986 22 al mat imal d is calculated as th ber of
1870 637 1909 61 1948 8 1987 29 mature animas, and Is calcu & the number o
1871 138 1910 37 1949 11 1988 28 female calves per mature female. Recruitment to the
1872 200 1911 48 1950 23 1989 25 fishery is assumed to be knife-edged and to occur at age 1,
12;‘31 1‘9‘; igg ;(3) ig; ﬁ }gg? ;‘; and the catch is distributed uniformly over all recruited age-
1875 200 1914 61 1953 a1 1992 16 classes (i.e. uniform selectivity across recruited age-
1876 76 1915 23 1954 9 1993 51 classes). S

1877 270 1916 23 1955 36 1994 39 (38) The projections are initialised from a stable age
1878 80 1917 35 1956 11 1995 56 (57) distribution for the population in the year prior to that with

1879 266 1918 27 1957 5 1996 42(49) the first catch (e.g. 1977 or 1847) based on the values
1880 480 1919 33 1958 5197 62

1881 35 1920 33 1959 > 1998 s1 for the parameters sampled from the prior. This
1882 242 1921 9 1960 33 1999 47 population vector is then projected one year forward
1883 42 1922 39 1961 17 2000 42 without catch, and the population vector re-scaled so
1884 160 1923 12192 20 2001 67 that the 1+ population size in the year with the first catch

1885 377 1924 41 1963 15 2002 44

1886 168 1925 3 1964 2 equals that generated from the prior for 1+ abundance for

that year.
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Density dependence is assumed to affect fecundity
according to:

y =/$+(fmax—/$)[1—[ﬁ£} ] @

where:

f, is the fecundity during year t;

f is the maximum fecundity (in the limit of zero
population size);

N,* isthe (1+) population size at the start of year t;

K" isthe pre-exploitation (1+) population size;

z is the shape parameter;

fo  isthefecundity at carrying capacity.

max

Given values of life-history parameters in the model, the
valuefor f, is determined from the characteristic equation of
the Ledlie matrix given equilibrium conditions:

P 1-8,
PTG g DRI )

juv a

Model parametersand prior distributions
Table 4 lists the parameters and their priors used in three
‘reference’ scenarios. The population trajectory is modelled
in three ways: (1) a density-dependent model initialised in
1848 (abbreviated: ‘1848 DD’); (2) a density-dependent
model initialised in 1978 (‘1978 DD’); and (3) a density-
independent model initialised in 1978 (‘1978 NON DD’).
The six life-history parameters of the Leslie model are
included in each of three models, but the remaining
parameters differ among models. The ‘1848 DD’ model
includes a parameter for the population size in 1993, N1$4,
and one for the maximum sustainable yield level,
MSYLY. The ‘1978 DD’ model also includes the parameter
MSYL™ but instead of placing aprior on N1, places one on
Nis7g. Thismodel also includes an additional (explicit) prior
on the carrying capacity, K**. The ‘1978 NON DD’ model
includes priors on Nii,s and the maximum population
growth rate in the absence of density dependence, r. For this
model, fecundity and population growth rates apply only to
the specified period, and where the distinction is
appropriate, they are referred to as f and r. However, when
methods are consistent across models, these rates are
referred to asf, ., and r,, for the sake of simplicity.

‘Data-based’ prior distributions are assigned to adult
survival rate and the age at sexua maturity and the
maximum age of the Ledlie matrix is determined from the
results of recent research on ageing. The informative prior
for S, (Table 4) approximates the Bayesian posterior
calculated for this parameter based on a mark-recapture
analysis of photo-identification data (Zeh et al., 2002).
Information on age-at-maturity is taken from a study by
George et al. (1999) that estimated ages of caught animals
based on the chemistry of eye lenses. Those authors fitted a
growth curve to these ages from known lengths and
combined this relationship with previous data on length at
sexual maturity to provide an estimate of the age-at-
maturity. The ageing results also estimated some animals
were older than the previously accepted maximum age, and
this result is supported by the recent recovery of traditional
whaling tools in five whales (reported in the same study).
The maximum age in the Leslie matrix is therefore set to
200 to reflect thisinformation.

Punt and Butterworth (1999) noted that due to the
functional relationships among the life-history parametersin
an age-structured population model, placing a prior on S,

would be an instance of Borel’s Paradox (i.e. effectively
placing two priors on the same parameter); instead the value
of §,, is solved for analytically in this study by rearranging
the characteristic equation of the Leslie matrix given the
values for the remaining five parameters and A, the
dominant eigenvalue of the Ledlie matrix (i.e. r o + 1)
(Breiwick et al., 1984):

l(am'H) _ S ﬂ/(am)
Sz(zam o )fmax {1 - (Sa / /1)(”""“ - 71)}

S

Juv T

4

The value for §,, is forced to be less than that of S,. If
necessary, valuesfor f, ., and S, are re-sampled (see below),
until this condition is met, or 1,000 re-samples occur. If this
maximum is reached, a new value for r, is re-sampled,
and the process repeated until an acceptable sample from the
prior occurs.

The priors for the remaining life history parameters are
also based on available information. The prior distribution
for .. iS based on an assumed range of a 2.5- to 4-year
calving interval for large baleen whales (IWC, 1998). Note
that f.. is specified in the standard Leslie matrix
formulation as female calves per female per year (i.e. a
fecundity rate of 0.125 implies a female calving interval of
8 years, and therefore a total calving interval of 4 years,
assuming an equal sex ratio of calves). The age of transition
from immature to adult survival is assigned a discrete
uniform prior over theinterval 1 to 9 years.

Output quantities

Posterior distributions are calculated for several output
guantities that are functions of the parameters in Table 4.
The maximum sustainable yield rate (MSYRY) is ca culated
as A — 1 based on the f, value associated with MSYLY*.
Maximum sustainable yield (MSYY) is calculated as the
product, MSYRY" - MSYLY* - K¥*. Current replacement yield
(RY*) is calculated as the difference between the number of
1+ animals in 2002 (prior to the removal of catches in that
year) and the number of such animals at the end of 2001.
The quantity QY designed to meet the intent of aboriginal
whaling management objectives (Wade and Givens, 1997),
is also calculated. This quantity has the property that the
proportion of net production allocated to recovery increases
at higher levels of stock depletion2. Specificaly:

I+ = min ( MSYR'™ * Nig,,,0.90MSY'™) (5)

The post-model-pre-data distribution is reported for the
parameters. This distribution arises after conditioning the
specified priors on the model (i.e. by eliminating
combinations of parameters for which the juvenile survival
rate implied by equation (4) exceeds the adult survival rate
drawn from the joint prior distribution). Likewise, post-
model-pre-data distributions for output quantities are
caculated as the distributions for these quantities in the
sampled joint prior space.

Parameter estimation

The Sampling-Importance-Resample (SIR) algorithm
(Rubin, 1988; Smith and Gelfand, 1992; Wade, 20023) is
used to generate samples of parameter vectors (and output
quantities of interest) from the posterior distribution. This

2 This definition applies to a population above some minimum level,
Prin (@ssumed here to be 0.1K1+), below which catches are set to zero.
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Table 4

Prior distributions used for the reference scenarios for each model type. Dashes (-) represent prior distributions that are equal to those from the model in
the column to the left (e.g. the 1978 NON DD model had the same prior on the size of the 1+ population in 1978 as the 1978 DD model). ‘N/A’ represents
a prior that was not applicable to a certain model or models. Fecundity is defined as female calves per mature female. For the 1978 NON DD model #ax
and fn.x are not maxima, but constant values. Results from the reference scenario were used in all figures and when performing the Bayesian model
averaging. The reference scenarios are based on the stage-proportion data set that ignores the data for 1985.

Model type

Parameter 1848 DD 1978 DD 1978 NON DD
Sa Adult survival N(0.990, 0.02), truncated at 0.940 and 0.995* - -
Jrnax Maximum fecundity U[0.125, 0‘200]b - -
ar Age-at-transition to adult survival U[l,971° - -
an Age-at-sexual maturity N(20.0, 3.0) truncated at 13.0 and 26.0° - -
Fmax= A -1 Intrinsic population growth rate U[0.005, 0.075]° - -
N 197 1+ population size in 1978 N/A U[3,000, 9,000]" -
N 1003 1+ population size in 1993 N(7,800, 1,200)¢ N/A N/A

“ 1+ carrying capacity N/A U[8,000, 30,0007]" N/A
MSYL" MSYL in terms of the 1+ component U[0.40, 0.80]' - -

‘Based on the posterior distribution for adult survival rate obtained by Zeh et al. (2002).

*The prior for the maximum number of calves (of both sexes) per mature female selected by the Scientific Committee of the International Whaling
Commission was U[0.25, 0.4] AWC, 1995). This is the corresponding prior given fecundity has been defined here as female calves per mature female per
year.

‘Selected by the Scientific Committee of the International Whaling Commission (IWC, 1995) although there is little information on the value of this
parameter (Givens ef al., 1995).

“Based on a best estimate of 20 years and a lower confidence for the age-at-maturity of 14 years (IWC, 1995).

‘Preliminary trials indicated there was no posterior probability outside this range, which was confirmed in the final analyses. This range was therefore
selected to improve the efficiency of the numerical integration while not affecting the results.

'Selected to encompass a plausible range of values for 1+ population size in 1978.

Selected by the Scientific Committee of the International Whaling Commission (IWC, 1995) based on the prior distribution assumed for the Bayes
empirical Bayes estimate of abundance (Raftery and Zeh, 1991).

"Based on the range selected by the Scientific Committee of the International Whaling Commission (IWC, 1995).

'Selected to encompass the range of values commonly assumed when conducting assessments of cetacean populations.

algorithm involves randomly sampling a large number of

A 2
parameter vectors 6; (draws) from the prior distribution. A L (NW” _8293)

population trajectory is then calculated for each vector of 626>
parameter values, and this trajectory is used to determinethe R s\ -1 A s
likelihood of the data for each random draw. 10,000 draws L, = 0-522(&11\’,1 — (nN" ) Z/l,/,('an': —(nN" )

(which form the numerical representation of the posterior
distribution) are then selected by sampling (with
replacement) from the initial samples from the prior, with
probability proportional to the likelihood. Following Punt
and Butterworth (1999) and Raftery et al. (1995), the SIR
agorithm is considered to have converged if the number of
unique parameter vectors in the sample from the posterior is
fairly high (>5,000) and if the most frequently re-sampled
parameter vector did not occur in the posterior sample more
than ten times.

The total negative log-likelihood of a model trajectory,
given a vector of parameters and the data, consists of
contributions from four data sources. (1) the estimate of
abundance for 1993; (2) the estimates of abundance for the
remaining years; (3) the proportion of calves in the
population; and (4) the proportion of mature animals in the
population. The abundance estimates are assumed to be
indices of the 1+ component of the population. The
scientific surveys at Point Barrow are assumed to have
occurred after the aboriginal catch, and the likelihood
function is calculated accordingly (i.e. catches are removed
before calculating the likelihood of the data for a given
year). Model-predicted proportions are calculated over the
period 1985 to 1994, as the actua stage proportions are
based on data for these years.

The estimate of abundance for 1993 is assumed to be
independent of the remaining estimates (Punt and
Butterworth, 1999) and to have normally as opposed to log-
normally distributed sampling error. The contribution of the
abundance estimates to the negative of the log-likelihood
function (ignoring constants independent of model
parameters):

Lo

(6)

where:

]\A],‘”"" is the estimate of abundance for year t;

N, isthe model estimate of 1+ abundance for year t;
z isthe variance-covariance matrix for the logarithms of
the estimates of abundance (excluding 1993).

The estimates of abundance (Table 1) are based on
combining the data from visual counts at Point Barrow,
Alaska, and estimates of the proportion of animals which
passed within visual range based on acoustic data. Egn. 6
accounts for the correlation among the non-1993 estimates
of abundance that arises because the proportion within
visual range istreated as a random effect when constructing
the estimates of abundance (Zeh and Punt, 2005).

The contribution of the proportion data to the likelihood
function follows Punt (2006), i.e. given the bootstrapping
approach adopted to calculate the length-frequency
distributions from which the proportion data were cal cul ated
(Koski et al., 2004), it was reasonable to assume that the
estimates are normally distributed (ignoring constants):

_ 1
2(017(‘ )2

Ly = (p.- pfb‘)2 L=—1—(p,-p" )2

2( o, )2
(7)
where:

obs

p.” is the observed fraction of the population that
consisted of calves between 1985 and 1994,

obs

o, isthestandard deviation of p,™ ;
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p. isthe model-estimate of the fraction of the population
that consisted of calves between 1985 and 1994;

P2 is the observed fraction of the population that
consisted of mature animals between 1985 and 1994;

o, isthestandard deviation of py”;

P,, isthe model-estimate of the fraction of the population
that consisted of mature animals between 1985 and
1994.

Model comparison

The three models considered in this paper are compared
using Bayes factors (Kass and Raftery, 1995). The Bayes
factor is calculated as the probability of observing the data
given one hypothesis (model) divided by the probability of
observing the same data given an alternative hypothesis, i.e.:

_pr(0H)
© (0l

In the context of model comparison, the hypotheses
represent competing models and the Bayes factor is used as
the evidence provided by the data in favour of one model
over another. Although Egn. (8) has the form of alikelihood
ratio, if there are unknown parameters in either of the
competing models, the probability densities must be found
by integrating, as opposed to maximising, over the
parameter space. Therefore, for a given model, the
probability of the datais:

pr(D|H):j'pr(D|H,0)pr(9|H)d9 (9)

(8)

Thisintegration is based on the sample from the prior using

the equation:
D| H Z pr\D

A
111

(10)

where 0, is the ith (of n;) samples from the prior
distribution.

Model averaging

Model uncertainty is accounted for by calculating the
posterior probability of each model conditioned on the data
and the priors, and then combining results across models as
a weighted average of the posterior densities for a quantity
of interest (Kass and Raftery, 1995). Hoeting et al. (1999)
provide a convenient method of calculating the posterior
probability of model H, (where, k=1, ..., K models are being
considered) based on Bayes' theorem:

pr(Hk|D): I;D”(D|Hk).0’”(Hk)

Zpr(D| H,)pr(H,)

i=1

(11)

where pr(H,) is the prior probability that H, is the true
model and pr(D|H,) is the estimate of the probability of the
data (Egn. (10)). All of the probabilities are conditional on
the set of models being considered (Hoeting et al., 1999).
For f e Mmax @d quantities related to carrying capacity,
only the two models incorporating density dependence
could be used to derive model averages. Under the set of
models considered, these posterior model probabilities were
used to determine model-averaged posterior probability
distributions for the model outputs, 6:

r(0] D) = ipr(0| H,.D)pr(HJ|D) (12

i=k

In the context of the SIR algorithm used here, Bayesian
model averaging was accomplished by selecting a number
of random draws from the posterior for each model and
combining them to form a model-averaged posterior. This
number was determined by the posterior probability for each
model. All models were considered equally probable a
priori (i.e. objective ignorance regarding the true modd!), so
the posterior probability of a given model is determined
using the values from Egn. (10) normalised to sum to one
over models.

RESULTSAND DISCUSSION

Fitsto the data

Fig. 1 shows the fits to the abundance estimates for three
reference scenarios and the Bayesian model average. All
three models provide a relatively good fit to these data,
athough the abundance estimate for 2001 falls well above
the upper 90% credibility limit from the ‘1848 DD’ model.
This occurs because the median of the posterior distribution
for 1+ population size in 2002 for this model (9,496) is
smaller than the posterior medians for the other two models
(Fig. 2, Table 5).

The abundance estimates indicate the popul ation has been
increasing steadily over 1978-2001, and the data on adult
survival, age of sexual maturity, and the stage-proportion
data (excluding 1985) are al relatively consistent with this
increase (i.e. the inclusion of those datain the analysis does
not lead to the model being unable to mimic the abundance
data).

Backwar ds to 1848 (density dependent model):

1848 DD

The upper left panel of Fig. 1 shows the posterior median
time-trgjectory of 1+ population size aong with its 90%
credibility interval for the reference scenario. The
population size is estimated to have declined dramatically
during the 1800s, being reduced to approximately half of its
pre-exploitation level within five years of the start of the
commercial fishery, and 10% of this size by the early 1900s.
However, the population recovered steadily thereafter. The
90% credibility interval for the post-model-pre-data
distribution for K* is [8,000-30,000], with lower values
favoured (Fig. 2). In contrast, the 90% credibility interval
for the posterior distribution of K** is[9,000, 14,000] (Table
5) indicating that the data update the prior distribution
substantially. The 2002 population size is estimated to be
above 50% of K'*, and there is a high probability of it being
above MSYLY (Fig. 3, Table 5). The posterior distribution
for replacement yield in 2002 has a mode around 200, with
alower 5t percentile of 61 (Fig. 4, Table 5). In contrast, the
lower 5th percentile for Q1*is 99 (Fig. 4, Table 5). These two
quantities differ because the current population size is
estimated to be larger than MSYLY*, and approaching K**.
Therefore, density dependence has slowed population
growth and RY** has decreased. This is the same situation
that led to the use of Q}" as a more appropriate measure of
sustainable catch (to achieve IWC management goals) for
the eastern North Pacific stock of gray whales (Wade,
2002a).

The constraints imposed by the relationships among the
life-history parameters constrained r ., to be less than about
0.07 (Fig. 3), athough they also reduced the (prior)
probability of values of r,,,, larger than 0.06. The posterior
for r,. @signs most support to values larger than 0.03
(posterior median 0.041, Table 6). The posterior
distributions for adult and immature survival favour higher
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values than implied by the prior distributions for these
parameters, and that for a,,, values lower than implied by the
prior distributions (Figs 5 and 6). The post-model-pre-data
distribution for fecundity favours higher values (~0.20, Fig.
6), but the posterior median is0.171, or acalving interval of
approximately three years (Table 6). Theresultsin Figs 3, 5
and 6 show that the data are clearly capable of updating the
prior distributions for the life-history parameters.

The results for this model are not particularly sensitive to
changing the prior distributions for S, and a,, and to
ignoring the proportion data (Table 5). The most noteworthy
feature of these sensitivity tests are the changesto the catch-
related outputs (RY*, Qft and MSY*). Results are not
shown in Table 5 for the case in which the 1985 stage-
proportion data are included in the analyses due to
computational difficulties in achieving convergence.
Preliminary analyses including these data indicated,

T
1990

T T
1995 2000

Year

Fig. 1. Time trajectories (medians and 90% credibility intervals) for 1+ population size for the three reference scenarios and the
Bayesian model average. The two uppermost plots are for the 1848 DD model, showing the entire tragjectory from 1848, and
only the recent trajectory from 1978 for comparison. Error bars represent 95% Cls, and are assumed to be log-normally
distributed for all abundance estimates except 1993 (second to last), which is assumed to have a normally distributed error

however, that they are inconsistent with what is known
about bowhead whale life history and the time series of
abundance estimates. This inconsistency was the cause of
the inability to achieve convergence.

Forwards from 1978 (density dependent model):

1978 DD

The posterior for K* from this analysis is much more
uncertain than that from the ‘1848 DD’ anaysis (Fig. 2).
This is because this analysis ignores the information
contained in the 1848-1977 catch record, and because the
abundance estimates show no evidence for a reduction in
trend (which would be expected as the population
approaches carrying capacity) and, unlike the ‘1848 DD’
model, the ‘1978 DD’ model does not make the assumption
that the population size in 1848 was K. Therefore,
although this model confirms that the population is
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Fig. 2. Posterior (vertical bars) and post-model-pre-data (solid lines) distributions for 1+ population size in 2002, N&,, (Ieft
panels) and 1+ carrying capacity, K** (right panels). Results are shown for only two of the three reference scenarios for K,
and the Bayesian model average for K** is based on the results of these two scenarios only.

increasing (Fig. 1), it infers that the population is currently
at a much lower fraction of its (current) carrying capacity
than the 1848 DD’ model (Fig. 3; Table 5). The posterior
for N3¢,/ K isstrongly influenced by the prior distribution
assumed for K¥* given the inability of the data to place an
upper bound on K**. Thisis clearly evident from the results
of the sensitivity test in which the upper limit of the prior for
K¥ isincreased from 30,000 to 100,000. The results for this
sensitivity test imply an increase to the median of the
posterior for K¥* of 165% and a reduction to the posterior
median for N3,/ K** of 62% (Table 5) as the upper bound
for K¥* isincreased by 233%.

Given that there is little independent information on
which to base a prior distribution for K**, the choice of the
prior for K¥* is essentialy arbitrary, and it should be
recognised that this ‘forwards analysis consequently does
not provide robust estimates of quantities related to K**
(such as N,/ K**). However, Punt and Butterworth (1999)
noted that some key management-related quantities (e.g.
RY* and QY") are relatively insensitive to the prior assumed
for K1*, so this approach still has some vaue. The implicit
(post-model-pre-data) distribution for RY** favours (is

skewed towards) values less than 200 (Fig. 4). Despite this,
the posterior median is 324, with a lower 5t percentile of
147 (Table 5). A similar result is evident for QY*, with low
values favoured by the post-model-pre-data distribution, but
higher values supported by the data (median=295, lower 5t
percentile=160) (Fig. 4, Table 5). In essence, the joint prior
distribution for the parameter values, conditioned on the
population dynamics model, is hot neutral (non-informative)
with respect to these catch-related quantities, but the data
are influential enough to move the posterior distribution
away from the mode of the prior distribution.

The posterior distributions for r,,.,, MSYR, and the life
history parameters for this model are generally similar to
those for the ‘1848 DD’ model. The most noteworthy
difference between the posterior distributions for the ‘1978
DD’ and ‘1848 DD’ models in Table 6 relates to the
posterior median for §,,, which is larger for the ‘1978 DD’
model. As was the case for the ‘1848 DD’ model, there is
again little sensitivity to changing the priors for S, and for
a,, and ignoring the stage-proportion data (Tables 5 and 6).
In contrast, inclusion of the 1985 survey data when
calculating the stage-proportion data has a large impact on
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Table 5

Posterior medians (5", 95" percentiles) for eight management-related quantities. This table includes results for all models and scenarios, and Bayesian
model-averaged results for the reference scenarios. Model averages for all quantities, except RY and N''50, (i.e. the two quantities not dependent on K),
could only be based on the 1848 and 1978 DD models. Where noted, additional scenarios are based on the reference scenarios in Table 4, but changed to
examine the sensitivity of the results to different proportion data sets and less informative priors. The uniform prior for S, is U[0.940, 0.995], and that for
an is Discrete U[13, 26]. Unique draws and the maximum number of times an individual draw is included in the final SIR resample are listed in the

rightmost two columns.

Unique Max sampled

1+ 1+ + 1+ 1+ 1+ 1+ + 1+

Ny K RY' 0 Ny, /K MSYL MSY' MSYR draws  draw (1)
1848 DD
Reference 9,496 10,960 171 228 0.888 0.734 253 0.033
scenario (8,750, 10,180) (9,190, 13,950) (61, 233) (149, 296) (0.647,0.985) (0.639,0.793) (166,329) (0.019,0.048) 7,399 9
No proportion 9,380 10,980 160 216 0.874 0.703 240 0.032
data (8,652,10,070) (9,245, 14,710) (63,222) (132, 283) (0.602, 0.983) (0.555,0.791) (147,315) (0.017,0.047) 9,456 4
Uniform priors 9,488 10,580 159 241 0.921 0.740 267 0.035
onS,anda, (8,782,10,180) (9,112,13,610) (59,229) (158,301) (0.674,0.986) (0.644,0.795) (176,335) (0.020,0.049) 6,527 9
1978 DD
Reference 10,670 20,510 324 295 0.530 0.651 368 0.030
scenario (9,042, 12,410) (11,010,29,120) (147,501) (160, 439) (0.356, 0.925) (0.573,0.779) (206,599) (0.018,0.043) 8,992 5
No proportion 10,410 20,350 297 270 0.524 0.661 341 0.029
data (8,740, 12,380) (10,600, 29,070) (119,519) (136,457) (0.348, 0.930) (0.528,0.785) (169, 644) (0.016,0.043) 9,519 3
Include 1985 9,294 13,510 166 193 0.705 0.607 225 0.025
proportion data (7,780, 10,720) (8,110, 28,890) (44, 280) (74,289) (0.299, 0.990) (0.459,0.784) (89, 333) (0.009,0.048) 8,034 8
Uniform priors 10,820 19,870 336 309 0.554 0.654 379 0.032
onS,and a,  (9,124,12,600) (10,750, 29,090) (138, 525) (168, 459) (0.362, 0.947) (0.570,0.781) (215,624) (0.019,0.045) 7,493 9
U[8,000, 100,000] 10,830 54,430 363 267 0.201 0.606 712 0.025
prior on K (9,160, 12,690) (14,990, 95,500) (188, 566) (136, 426) (0.110,0.710) (0.523,0.777) (282, 1,737) (0.014, 0.038) 7,554 7
1978 NON DD
Reference 10,740 366
scenario (9,130, 12,700) N/A (204,588) N/A N/A N/A N/A N/A 9,262 5
No proportion 11,020 402
data (9,199, 13,130) N/A (206, 654) N/A N/A N/A N/A N/A 9,809 3
Include 1985 10,280 310
proportion data (8,796, 12,090) N/A (166,511) N/A N/A N/A N/A N/A 6,264 9
Uniform priors 11,110 414
onS,and a, (9,265, 13,050) N/A (217,644) N/A N/A N/A N/A N/A 8,374 6
Bayesian
model 10,276 13,854 297 257 0.720 0.695 302 0.031
average (8,907, 12,406) (9,466,28,475) (92,539) (155,412) (0.372,0.980) (0.581,0.788) (180,555) (0.018,0.046) - -

the results. Specifically, K¥* and MSYR!* are estimated to be
lower, and N3t/ K¥* higher, with the population estimated
to be above MSYL* with almost 100% probability. r.., is
estimated to be higher (as the population is estimated to be
closer to K¥* and therefore experiencing a growth rate much
lower than r.,). The estimates of the catch-related
guantities are considerably lower for this scenario (e.g. the
posterior median and the lower 5% percentile for RY** are
166 and 44 respectively).

Forwards from 1978 (density independent model):

1978 NON DD

The posterior median for RY** for this model ranges from
310 to 414 across the scenarios (166-217 for the lower 5th
percentile for RY**). The posterior for for the ‘1978 NON
DD’ model is centred on lower values than those for the
other two models (Fig. 3). Thisisto be expected because the
r for the 1978 NON DD’ model’ pertains to the current rate
of increase rather than the increase rate in the limit of zero
population size. The inclusion in the analyses of the 1985
stage-proportion datais again very influential. For example,
the posterior distribution for fecundity for the ‘include 1985
proportion data® sensitivity test does not overlap with that
for the reference scenario.

Model comparison and Bayesian model aver ages

Bayes factors based on pair-wise comparisons of models
range from 1.10 to 1.51, and indicate that there is no
evidence for selecting one model over another (Table 7).
Rather, these Bayes factors imply that the best approach to
summarising the state of the B-C-B bowhead whale stock is
to consider al three models, e.g. through Bayesian model
averaging. Average likelihoods of draws from the initial
sample range from 0.522 (* 1848 DD’) to 0.789 (* 1978 NON
DD’). The two models that involve forward projection from
recent abundance (‘1978 DD’ and ‘1978 NON DD’) have
dlightly higher average likelihoods, and hence posterior
model probabilities, than the model which started the
population projection in 1848, although differences are not
large (Table 8).

The time-trajectory of 1+ population size (medians and
90% credibility intervals) from the Bayesian model-
averaged posterior provides, as expected, a good fit to the
abundance estimates (Fig. 1, lower panel). The fit to the
estimate of abundance for 2001 for the model-averaged
posterior isnot quite as good as for the * 1978 DD’ and 1978
NON DD’ models because of the impact of including the
‘1848 DD’ model in the average. The model-averaged
posterior distribution for K* (Fig. 2) has a mode close to
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Fig. 3. Posterior (vertical bars) and post-model-pre-data (solid lines) distributions for intrinsic population growth rate, r,, and r
(left panels) and recent depletion in terms of the 1+ component, N33, /K" (right panels). The Bayesian model average is based

only on the two models with density dependence.

that of the posterior median for the ‘1848 DD’ model, and a
long tail caused by the uncertainty associated fromthe ‘1978
DD’ model. The model-average posterior for N, / K*
(Fig. 3) is wide, but less so than that for the ‘1978 DD’
model. The model-averaged posterior for RYY is dightly
irregular because it consists of the combination of a bimodal
posterior (for the ‘1848 DD’ model) and a symmetric
posterior (for the ‘1978 DD’ model). In contrast to the
model-average posterior for RY**, that for Qf* is actualy
quite symmetric (Fig. 4, Table 5).

The ‘1978 NON DD’ model estimates only the recent
fecundity and rate of increase for the population, whereas
the two density-dependent models estimate the maximum
fecundity and rate of increase. Therefore, the posterior for
freax @NA 1, is @veraged across the two models with density
dependence only. Maximum fecundity and population
growth rate are relatively consistent across these two models
and have a median of 0.171 and 4.3% respectively (Fig. 6
and Fig. 3, Table 6). Likewise, both adult and juvenile
survival rates are consistent across models, with a median
for adult survival of 0.990 and for juvenile survival of 0.932
(Fig. 5, Table 6).

It is straightforward to calculate model-averaged
posterior probability distributions given different prior
probability distributions for the models. For example, the
models based on starting the projections in 1978 could be
assigned probabilities of 0.25 and that which starts the
population projections in 1848, a prior probability of 0.5 to
indicate, for example, that the assumption that carrying
capacity has not changed over the last 150 years is equally
as likely as some shift in the equilibrium population size
during this time. Alternatively, the models with density-
dependence could be assigned prior probabilities of 0.25
each, and that which ignores density-dependence a prior
probability of 0.5.

General discussion

The three models have shown good concurrence. However,
use of the historic catch record leads to lower estimates of
RYY because the analysis estimates the population to be
close to carrying capacity and so the growth rate is reduced
compared to that at low population size. However, there is
no (visual) evidence in the abundance estimates for a
reduction in trend. It therefore appears that it is the
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Fig. 4. Posterior (vertical bars) and post-model-pre-data (solid lines) distributions for replacement yield, RY**(Ieft panels) and Q}*
(right panels). Results are shown for only two of the three reference scenarios for Q3*, and the Bayesian model average for Q1+

is based on the results of these two scenarios only.

combination of the magnitude of the historical catches and
the values for the biological parameters that determines the
estimate of the carrying capacity. Oneimplication of starting
the population projection in 1848 is that the model under-
predicts the 2001 estimate of abundance (probably because
if the population is approaching carrying capacity, a near-
linear growth in population size could not still be occurring).
The ‘1848 DD’ model is assigned less weight than the * 1978
DD’ and ‘1989 NON DD’ models using Bayes factor, but the
discrepancy between the predictions of the ‘1848 DD’
model and the data remains sufficiently small that the * 1848
DD’ model cannot be rejected. It should be stressed that the
resultsin this paper do not suggest that changes are required
to the Bowhead SLA used to provide management advice on
bowhead whales (e.g. IWC, 2003)

RY¥ isthe catch that will keep apopulation at its current
size. This quantity isless useful asthe basis for management
advice for the B-C-B bowhead whale stock now that at least
some of the analyses suggest the recruited population may
be approaching K*. Obviously RY** will be zero if the
population stops increasing because it reaches carrying
capacity. Qf* is therefore a more appropriate catch-related

guantity to examine because it does not become zero at
carrying capacity. Furthermore, this quantity represents a
catch level that has been argued to meet the requirements of
aborigina subsistence management (Wade, 2002b; Wade
and Givens, 1997). The fact that there is no evidence to
select one model over the others and not all models result in
similar estimates of catch quantities is a reason why model
uncertainty is important to include when conducting
assessments of marine renewable resources. The lower 5th
percentile of the Bayesian model-averaged posterior of

1+ is 155 whales, and represents our best estimate of the
catch level that would meet the intent of aboriginal whaling
management objectives, taking into account both parameter,
and model uncertainty (to the extent that model uncertainty
can be captured by the three models considered in this
study). It should be noted, in light of recent discussions
regarding stock structure (IWC, 2005), that the results
presented here are based on the assumption that the B-C-B
bowhead whal es comprise a single stock.

The actual aboriginal catch quotas are driven by need, and
have averaged 36 whales per year from 1978-2002. There
appearsto belittle effect on population size due to this catch
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Fig. 5. Posterior (vertical bars) and post-model-pre-data (solid lines) distributions for adult survival rate, S, (left panels) and calf
and juvenile survival rate, §,,, (right panels). Results are shown for the three reference scenarios and for the Bayesian model

average.

level. In fact, during this timeframe the B-C-B stock of
bowhead whales is estimated to have more than doubled.
Another way of putting an average take of 36 whales per
year into perspective isto examine the annual net production
over the last 25 years. If it is assumed that the population
was increasing at a constant 3.5% per year (the median rate
estimated from the density independent Leslie matrix
analysis), the population increased by about 175 whales per
year in 1978 (population size ~5,000), about 260 whales per
year in 1990 (population size ~7,500), and about 350 whales
per year in 2002 (population size ~10,000). Given that the
population has increased from about 5,000 whales to about
10,000 whales, in this timeframe an average kill of 36
whales per year represents an annua catch rate between
0.35-0.70% of the total population size.

What is known about B-C-B bowhead whale life-history
vital rates (survival, fecundity, etc.) appears consistent with
the available data on trends in abundance and the proportion
of the population in three stages (calves, immature and
mature). Overall, the results support a value of r,,, of
between 0.03-0.05, a range often assumed for cetaceans,
particularly species with delayed sexual maturity and a
longer than 2-year calving interval (Reilly and Barlow,

1986; Wade, 1998; 20024). In light of the reproductive life-
history of this species, the results make clear that the
observed population growth rates can only be supported by
extremely high survival rates, as aready suggested by the
estimates of adult survival (0.990) in Zeh et al. (2002), and
the observations of exceptionally old individuals (George et
al., 1999).

The analyses of this paper are based on the same types of
data that were available for the 1998 assessment of this
stock. Several other sources of data exist. For example,
Schweder and lanelli (2000) examined whether the data on
the age-composition of the 1973-93 catches are consistent
with the abundance and proportion data. Punt (2006) shows
that it is possible to reconcile the abundance, proportion,
length-frequency and age-composition data within a
Bayesian framework. It would be straightforward
conceptually (but perhaps computationally challenging) to
use the approach outlined in this paper to compare models
that utilise these additional data sources. Bringing in those
additional data, as well as doing a full model comparison of
avariety of models, was beyond the scope of this paper, but
we agree this would be important future work, particularly
in light of the methods now developed in Punt (2006).
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Fig. 6. Posterior (vertical bars) and post-model-pre-data (solid lines) distributions for the age-at-maturity, a,, (Ieft panels) and
fecundity, f,, or f (right panels). Results are shown for the three reference scenarios and for the Bayesian model average,
which is based only on the two models with density dependence for fecundity.

Table 6

Posterior medians (5", 95" percentiles) for eight life history-related quantities for all models and scenarios, and the Bayesian model-averaged results for
the reference scenario. For the 1978 NON DD model, fecundity and population growth rate only apply to the specified period, and are referred to here as f°
and r. The model-averaged results for these rates are based only on the two models with density dependence, and refer to fnay and rpax.

Sa Sjm’ ./‘r‘nax(or.f) rmax(or }") [ ar Pc Pm

1848 DD

Reference scenario 0.989 0.926 0.171 0.041 16 5 0.055 0.436
(0.977,0.995) (0.718,0.980) (0.135,0.198) (0.024,0.059) (14,21) (1,9) (0.046,0.065) (0.418,0.453)

No proportion data 0.991 0.957 0.181 0.046 17 5 N/A N/A
(0.978,0.995)  (0.739,0.990) (0.136,0.199) (0.024,0.062) (13,23) (1,9)

Uniform priors on S, and a, 0.988 0.943 0.174 0.044 15 5 0.056 0.437
(0.972,0.994) (0.786,0.981) (0.138,0.198) (0.026,0.059) (13,20) (1,9) (0.048,0.065) (0.420,0.454)

1978 DD

Reference scenario 0.991 0.945 0.171 0.045 16 5 0.057 0435
(0.979,0.995) (0.765,0.988) (0.133,0.198) (0.025,0.063) (13,21) (1,9) (0.048,0.066) (0.418,0.452)

No proportion data 0.991 0.957 0.181 0.045 17 5 N/A N/A
(0.978,0.995) (0.753,0.990) (0.136,0.199) (0.025,0.062) (13,23) (1,9)

Include 1985 proportion data 0.993 0.981 0.182 0.049 20 5 0.034 0.424
(0.979,0.995) (0.750,0.993) (0.126,0.199) (0.027,0.065) (13,25) (1,9) (0.025,0.040) (0.394,0.663)

Uniform priors on S, and a,, 0.989 0.956 0.171 0.047 15 5 0.058 0.436
(0.974,0.995) (0.816,0.988) (0.135,0.198) (0.027,0.064) (13,19) (1,9) (0.050,0.066) (0.419, 0.453)

U[8,000, 100,000] prior on K 0.990 0.940 0.162 0.042 16 5 0.057 0.435
(0.978,0.995) (0.752,0.987) (0.130,0.197) (0.025,0.061) (14,21) (1,9) (0.049,0.067) (0.417,0.453)

1978 NON DD

Reference scenario 0.990 0.923 0.141 0.035 17 5 0.060 0.434
(0.977,0.995) (0.717,0.978) (0.127,0.163) (0.022,0.049) (14,22) (1,9) (0.054,0.068) (0.417,0.450)

No proportion data 0.989 0.936 0.173 0.038 19 5 N/A N/A
(0.975,0.995) (0.684,0.985) (0.132,0.198) (0.022,0.053) (14,23) (1,9)

Include 1985 proportion data 0.989 0.823 0.197 0.031 18 4 0.081 0.424
(0.976,0.995) (0.477,0.899) (0.191,0.200) (0.018,0.044) (14,22) (1,9) (0.080,0.084) (0.414,0.437)

Uniform priors on S, and a, 0.988 0.943 0.144 0.038 15 5 0.061 0.435
(0.973,0.995) (0.783,0.982) (0.128,0.166) (0.023,0.052) (13,21) (1,9) (0.054,0.069) (0.418,0.452)

Bayesian model average 0.990 0.932 0.171 0.043 16 5 0.058 0.435

(0.978,0.995)  (0.733,0.984)  (0.133,0.198) (0.025,0.062) (14,21) (1,9) (0.049,0.067) (0.417,0.452)
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Table 7

Bayes factors for comparison of paired models. Evidence categories are
modifications of the original categories of Jefferys (1961), as presented by
Kass and Raftery (1995) and used by Wade (2002a) in an assessment of
the eastern North Pacific gray whales: >150 is decisive evidence, 12-150 is
strong evidence, 3-12 is positive evidence, and 1-3 is not worth more than
a bare mention. All comparisons are based on the results of the reference
scenarios.

Bayes
Models factor Evidence for the first model
1978 DD vs 1848 DD 1.37 Not worth more than a bare mention.

1978 NONDD vs 1848 DD  1.51 ~
1978 NONDDvs 1978 DD 1.10

Table 8

The average likelihood (Eqn. (10)) and posterior model probabilities used
in the Bayesian model averaging. It was only possible to consider the two
DD models for averaging quantities related to carrying capacity. All
models were considered equally likely a priori.

Posterior model probabilities for models

considered
Average
Model likelihood All three 1848 DD and 1978 DD
1848 DD 0.522 0.258 0.422
1978 DD 0.715 0.353 0.578
1978 NON DD 0.789 0.389 N/A

This study represents the first attempt to quantify model
uncertainty when conducting assessments of the B-C-B
bowhead whale stock. The analyses consider three
alternative models and take model uncertainty into account
by weighting alternative models based on their posterior
model probabilities and by calculating a Bayesian model-
averaged posterior. The only previous attempt to consider
model uncertainty when conducting assessments of whale
stocks was by Wade (2002a), who compared models for the
Eastern North Pacific stock of gray whaleswith and without
additional variance about the abundance estimates. In that
case, one model received amost al the weight making
model-averaging redundant. In contrast, in this study all
three models were assigned non-negligible weight and this
led to different estimates of quantities of interest (e.g.
carrying capacity and related measures). The Bayesian
model-averaged posterior distribution clearly represents our
best efforts to incorporate al levels of uncertainty in the
estimates of these quantities.
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