INTRODUCTION
Bowhead whales (Balaena mysticetus) of the Bering-ChukchiBeaufort Seas (B-C-B) stock are subject to subsistence whaling in
Alaska and Chukotka. Thus the assessment of this stock is
important for providing management advice to the International
Whaling Commission (IWC), the intergovernmental body that
establishes catch limits. The present regulations state that the total
number of landed whales for seasons 1998-2002 shall not exceed
280, with no more than 67 struck in anyone year (IWC, 1999).
Recent assessments of this stock have been conducted using
both conditioned maximum likelihood (e.g. Butterworth and Punt,
1992; 1995; Punt and Butterworth, 1996; 1997a) and Bayesian
methods (e.g. Givens et al., 1995; Givens and Thompson, 1996).
The Bayesian assessments have been based on Bayesian
Synthesis (e.g. Raftery et al., 1995a) and standard Bayesian
methods (e.g. Punt and Butterworth, 1997a; Breiwick, 1997).
These Bayesian analyses involve the development of a coherent
joint posterior distribution for seven population model
parameters: the total (1+) pre-exploitation size of the resource,
K1+; MSYR; MSYL; the age-at-maturity, am; the survival rate of
adults in the absence of exploitation, Sadult = exp(- Madult); the
survival rate of juveniles in the absence of exploitation, Sjuv =
exp(-Mjuv); and the greatest age at which juvenile natural
mortality applies, a. The assessment conducted by the IWC
Scientific Committee (hereafter ‘Scientific Committee’) at its
1994 meeting (IWC, 1995) used pre-model distributions 1 for
each of these parameters,

as well as pre-model distributions for the recent rate of population
increase (ROI), the 1988 (1+) population size (P1988), the
maximum pregnancy rate (fmax)2, and the proportion of mature
animals and calves in the population from 1985 to 1992.
There are three main reasons for using a Bayesian approach for
stock assessment: (a) it provides a relatively straightforward
means to represent the full range of uncertainty (both parameter
uncertainty and model-structure uncertainty); (b) information
based on ‘expert opinion’ and inferences about other
stocks/species can be incorporated explicitly into the stock
assessment within a statistically defensible framework; and (c) the
output of the analysis is exactly the information needed to
parameterise operating models for evaluating alternative candidate
management procedures (viz. the probability of alternative states
of nature). Thus, unlike the situation for maximum likelihood
approaches, it is not necessary to argue that the joint distribution
obtained for parameter estimates can be assumed to represent
these probabilities, because it is exactly these probabilities which
a Bayesian approach provides.
The principles underlying Bayesian Synthesis have been
criticised as this method is subject to the Borel paradox (Wolpert,
1995; Bravington, 1996). Put simply, the Borel paradox arises
because there are (through the relationships provided by the
population dynamics model) two different prior distributions for
the same quantity (Raftery and Givens, 1997). Concern has also
been expressed within the Scientific Committee about some of the
prior distributions selected for the 1994 assessment (IWC, 1995) see

Butterworth (1995), Punt and Butterworth (1996; 1997a), and
discussion of points raised therein in the section ‘Priors and
Likelihoods’ below.
The information used in a Bayesian assessment can be obtained
from both ‘direct’ and ‘indirect’ sources (Bravington, 1996).
‘Direct’ information means observations from the population
being assessed (e.g. the ‘proportion’ data for the B-C-B bowhead
stock). ‘Indirect’ information involves inferences that do not
depend on the population being assessed (e.g. inferences
concerning natural mortality from estimates for other baleen
whale species and stocks). The difference between these two
sources of information is critical to an understanding of Bayesian
stock assessments, as the two need to be treated quite differently
within such analyses.
The parameters for which prior (pre-model) distributions were
specified in the 1994 B-C-B bowhead assessments (IWC, 1995)
are conventional inputs for HITTER-FITTER (de la Mare, 1989)
with its underlying BALEEN II model (Punt, 1996; 1999).
However, when specifying prior distributions, it is often better to
select ‘natural parameterisations’. The choice of parameterisation
should be made to ease the specification of the priors. Some
choices for parameters are simpler for scientists to relate to
practical experience, and should therefore be preferred. For
example, we argue later that specifying a prior for the average
number of years an animal lives after reaching maturity may be
more ‘natural’ than doing this for an adult natural mortality rate.
Punt and Hilborn (1997) advocate using parameters that do not
depend on a separate parameter that scales the population size.
This is because such parameters are then comparable among
stocks/species, making it considerably easier to construct priors on
the basis of inferences for other stocks/species. This practice also
means that the biological parameters are independent of the
parameter that scales the population size. The parameters chosen
for the 1994 B-C-B bowhead stock assessment (IWC, 1995)
confonn to this suggestion.
In several instances, the use of an ‘uninformative’ prior is
advocated. This is perhaps somewhat misleading (and perhaps
even unhelpful) because it is not always clear to what extent a
particular prior is uninformative. For example, the selection of a
uniform prior for MSYR may be ‘uninformative’ with respect to
MSYR, but it will certainly not be uninformative with respect to
the current replacement yield (a possibly more important quantity
from the management viewpoint). In most cases where we
advocate that a prior be chosen to be uninformative, we suggest
that it should be uniform. However, several alternatives exist (e.g.
uniform on a log-scale). The selection of a metric for
uninformative priors can have a substantial impact on assessment
results. There is therefore a need for the metric to be explicitly
considered when specifying uninformative priors. For example, if
comparing the options of uniform on the given or a log-scale, the
key question to be addressed is on which of the two scales do
intervals of equal length correspond to equally likely ranges of
possible values.
This paper first considers the appropriate framework (Bayesian
Synthesis or ‘standard’ Bayesian) for conducting the assessment of
the B-C-B bowhead stock. It then compares the ‘backwards’ and
‘forwards’ approaches3 by
3
The ‘backwards’ approach effectively projects population trajectories
backwards from a population estimate generated from a prior for a
population size in a recent year, whereas the ‘forwards’ methodology
generates a population size for the year in which exploitation started from
a prior for the pre-exploitation equilibrium population K, and projects this
forwards in time by means of the population model.

means of simulation and considers the information about each
model parameter and data type in turn to suggest how these should
be treated in a Bayesian assessment of the B-C-B bowhead stock.
Finally, the results for two ‘preferred’ variants are presented and
discussed.
BA YES IAN SYNTHESIS OR BAYESIAN ANALYSIS
Bayesian stock assessment and risk analysis methods have been
applied in the fisheries field for several years (e.g. Walters and
Hilborn, 1976; Bergh and Butterworth, 1987; Sainsbury, 1988;
Collie and Walters, 1991; Thompson, 1992; Hilborn et al., 1994;
McAllister et al., 1994; Walters and Ludwig, 1994; Walters and
Punt, 1994). The assessment method applied to the South African
fur seal population by Butterworth et al. (1987) and more recently
by Givens et al. (1993; 1995) for the B-C-B bowhead stock differs
from other Bayesian assessments because it is based on a Bayesian
Synthesis approach rather than a standard Bayesian analysis. As
such, these assessments are subject to the Borel paradox (Wolpert,
1995).
Bravington’s (1996) appraisal of Bayesian Synthesis highlights
the Borel paradox and suggests that sensitivity to this paradox can
be explored through relabelling of model inputs and outputs. This
suggestion is both sensible and adequate but it is required only if
the assessment has been provided with more priors than are
actually needed. (As detailed in the following section, one of the
two sources of the Borel paradox in the 1994 B-C-B assessment
was removed by the Scientific Committee’s decision in 1997 not
to include a prior on Sjuv (IWC, 1998c).)
Bayesian analysis deals with priors and likelihoods in different
ways. However, the 1994 B-C-B bowhead assessment treats some
priors (e.g. that for the maximum pregnancy rate) as likelihoods.
This practice is dangerous and can readily be shown to lead to
erroneous results (e.g. Bravington, 1996). Raftery and Poole
(1997) and Poole and Raftery (1998) provide suggestions on how
to combine priors in a manner that overcomes this problem.
However, for the B-C-B stock of bowhead whales, the most
obvious solution to this problem is to place all of the ‘indirect’
information into the prior distributions and to represent all of the
data for the B-C-B bowhead stock in the fonn of a likelihood
function. In this situation (which we will refer to as a ‘standard’
Bayesian assessment), the Borel paradox is not a concern provided
the joint prior is of the same dimension as the parameter vector.
Naturally, one cannot use a ‘standard’ Bayesian assessment if
there really is ‘indirect’ information about both model inputs and
outputs. However, we will argue below that the basis for some of
the priors used in the 1994 B-C-B bowhead assessment is so weak
that it is perhaps better to ignore certain of these priors and thus be
able to take advantage of adopting a ‘standard’ Bayesian approach.
THE ‘REFERENCE’ ANALYSIS
In 1997, the Scientific Committee specified a ‘reference case’ for
comparing alternative approaches to the assessment of the B-C-B
bowhead stock (IWC, 1998b and see Tables 1 and 2). The 1994 BC-B bowhead assessment (IWC, 1995) incorporated priors for
MSYRmat, MSYLmat, am, a, Sadult, Sjuv and fmax. However, given
values for any six of these seven parameters, the value for the
seventh can be derived from the BALEEN II population dynamics
model (Punt, 1999). The use of all seven priors therefore leads to
an instance of the Borel paradox. The specifications of the
‘reference case’ resolve this problem as no prior is placed on Sjuv
and instead

The results for the ‘reference case’
Table 3 lists post-model-pre-data and posterior
distributions for the ‘backwards’ and ‘forwards’
approaches. Results are shown in Table 3 for the
‘forwards’ approach for Z1 = 1,000,000 (‘reference
case’) and Z1 =2,500,000. The maximum weight for
anyone draw for the reference case ‘backwards’
analysis (0.00066) suggests that Z1 = 250,000 is more
than sufficient to obtain an adequate numerical
representation of the posterior. In contrast, the
maximum weight for the reference case ‘forwards’
analysis (0.02286) is perhaps larger than desirable.
Increasing Z1 from 1,000,000 to 2,500,000 decreases
the maximum weight to 0.00894, which seems
adequate. The results for these two choices of Z1,
however, differ only marginally (Table 3).
The posterior distributions differ markedly from the
post-model-pre-data distributions (both in terms of
precision and central tendency). The post-model-predata distributions for ‘backwards’ are more similar to
the posteriors because the ‘backwards’ projections
include the prior information
4

Unless stated otherwise, z1 for the analyses of this paper is
250,000 for the ‘backwards’ analyses and 1,000,000 for the
‘forwards’ analyses.
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The analyses of this paper involve applying the simulation testing
framework developed by Punt and Butterworth (1997a) to
compare the estimation ability of the ‘backwards’ and ‘forwards’
approaches to Bayesian analysis5. Punt and Butterworth (1997a)
considered eleven trials, the first nine of which involved fixed
values for the biological parameters. Here we consider only the
remaining two trials, which involved generating true values for
the biological parameters from the posterior distributions obtained
from either the ‘forwards’ or the ‘backwards’ variants of the
Bayesian assessment.
IWC (1997) noted that previous simulation evaluations had
made no attempt to compare estimation methods for the B-C-B
bowhead stock with respect to their estimates of precision. Both
estimation procedures are Bayesian, and so can readily be applied
to provide comparable 90% credibility intervals. The intervals are
compared for each management quantity using three measures of
performance: (a) the probability that the 90% credibility interval
includes the true value, (b) the probability that the true value is
smaller than the lower 90% limit and (c) the probability that the
true value is larger than the upper 90% limit. If the estimation
procedure performed ‘perfectly’, the values for these quantities
would be 0.90, 0.05 and 0.05.
Table 4 lists the relative biases and RMSEs for the ‘forwards’
and ‘backwards’ approaches for six quantities of interest to
management (K1+, MSYR1+, Q0 (1998), Pf1998/Kf,P+11998/MSYL 1+,
and RY (1998). Figs 1 and 2 plot the actual and estimated values
for four of the six quantities for the two trials. Results are not
shown in these figures for RY (1998) and p1+1998/MSYL1+ because
they are qualitatively the same as those for Q0 (1998) and Pf1998/Kf
respectively. Not surprisingly, the performance of the ‘forwards’
estimation approach is better when ‘forwards’ rather than
‘backwards’ is used to generate the true data, although it remains
poor in both cases. But importantly, whichever approach is used
to generate the data, the ‘backwards’ estimation approach
outperforms its ‘forwards’ counterpart in terms of both RMSEs
and the absolute size of the bias. Both approaches tend to provide
‘conservative’ (i.e. negatively biased) estimates of the
management quantities upon which catch limits would be based
(Table 4; Figs 1 and 2).
In terms of coverage probability, the ‘backwards’ approach
again performs better than the ‘forwards’ approach (Table 5 on p.
60). The poor performance of the ‘forwards’ approach is
attributable to the fact that the estimate of the upper 90%
credibility value is far too low for all of the quantities except
K1+for which the lower limit is too high.
This comparison overestimates the confidence to be placed in
the Bayesian credibility intervals because all the estimators
assume the exact form of the true population dynamics model, and
further because the assumption of deterministic dynamics made
by all the estimation procedures is correct. Had the simulations
allowed for process error effects (such as variation in the juvenile
survival rate or uncertainty about historical catches), it is likely
that the credibility intervals would have been shown to be overly
narrow. Punt and Butterworth (1993) demonstrate that
coefficients of variation estimated using bootstrap
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The 1994 application of the Bayesian Synthesis method (IWC,
1995) was based on seven input pre-model (prior) distributions
and five terms in the likelihood function. The basis for each of the
prior distributions based on ‘indirect’ data is discussed below,
including comments on some of the updates reflected by the
‘reference case’ specifications of ‘IWC (1998c). This section does
not deal in detail with the derivation of the ‘direct’ data (e.g. the
‘proportion’ data) because they were derived using standard
statistical procedures, but does comment on alternative
approaches to including the abundance data in the likelihood
function.

Absolute abundance
All stock assessments must incorporate a parameter that scales the
overall abundance. Punt and Hilborn (1997) note that this
parameter is of particular importance in most assessments, but that
data for other stocks/species can rarely be used to construct an
informative prior for it. In many stock assessments, this parameter
is chosen to be K (the pre-exploitation equilibrium biomass),
although it is possible to select the biomass/numbers/exploitation
rate in any year as this scaling parameter. For stock assessment
methods based on (conditional) maximum likelihood estimation,
the choice of this parameter (whether, for example, K or the
current biomass) is irrelevant because the likelihood is invariant to
transformations of the model parameters. However, for a Bayesian
approach, this choice can be very important and the results may be
highly sensitive to it because a Bayesian assessment is not
invariant to such transformations.
Two approaches to the B-C-B bowhead Bayesian Synthesis
assessment have been a focus for discussion. The ‘forwards’
approach requires a prior distribution for K 1+ and projects
population trajectories forwards from realisations generated from
this prior distribution. In contrast, the ‘backwards’ approach uses
realisations from a prior distribution for a recent estimate of
absolute abundance to essentially extrapolate trajectories back to
1848; thus it provides an implicit distribution for K 1+, and so
avoids the

need for an explicit specification of a prior distribution for this
parameter. Punt and Bu,tterworth (1997a) show that the results of
the ‘backwards’ approach are not notably sensitive to the year
(within the period of the past two decades) for which abundance
estimates are available which is selected to provide the recent
estimate of abundance.
Considerable attention has been directed towards identifying
the reason for the difference in the results for these two
approaches (see Table 3). Much of the debate initially centred on
the justification of the basis used to provide the ‘direct’
component of the prior distribution for K1+. For the 1994
assessment (IWC, 1995), this was based on an application of the
DeLury (1947) estimation procedure to historical (1849-1870)
catch per unit effort (CPUE) data. Butterworth and Punt (1995)
criticised the derivation of this prior because the DeLury method
effectively assumes that MSYR = 0 and because the general
acceptance of CPUE as an index of abundance has proved
problematic in the past in the Scientific Committee (IWC, 1988,
p.35; IWC, 1989). Punt and Butterworth (1996) and Givens and
Thompson (1996) show, however, that including the ‘direct’
component of the K1+ prior in the likelihood when applying the
‘backwards’ method has virtually no impact on the results.
Subsequently, Raftery and Poole (1997) showed that the reason
for the differences between the results for ‘forwards’ and
‘backwards’ is attributable to differences in the joint region of
support for P1993, K1+, and MSYR for the two approaches
This is a case in which there are two priors for the same
quantity (the parameter that scales the population). However,
although the full pooling approach of Raftery and Poole (1997)
and Poole and Raftery (1998) removes the associated problem of
the Borel paradox, in doing so it introduces a new one, namely
how to choose the pooling weight that is to be placed on the two
priors (K1+ and P1993) when conducting full pooling7. Clearly
results are sensitive to the weight chosen, as demonstrated by the
differences in results for the two extreme choices for this weight
(corresponding to ‘backwards’ and ‘forwards’) which are shown
in Table 3. In addition, the assumption of a priori independence
between KI+ and MSYR underlying the inclusion of ‘forwards’ in
full-pooling is violated because, prior to inclusion of the data in
the assessment, some combinations of K1+ and MSYR can be
rejected as implausible (see below for further details). Rather than
attempting to combine these two priors, we prefer instead to
choose the more appropriate of the two.
This choice initially seems rather arbitrary because both seem
reasonable a priori. However, the simulation results of Table 4
are available to guide a choice in this matter. These suggest that
the assumption underlying the ‘backwards’ approach is more
appropriate as it leads to lower MSEs and less biased 90%
credibility intervals. There are also two ‘in principle’ reasons for
preferring a current rather than a historical population size as the
parameter which scales the
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for this stock twice in the analysis) and the estimate for the
Eastern North Pacific gray whale (which is not currently at a
small fraction of its pre-exploitation equilibrium size), and taking
the lower rate of increase when more than one estimate is
provided for a given population, leads to seven estimated rates of
increase at low population size (Table 6). The mean of these
estimated annual rates is 0.085 (SD 0.024).
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Age-at-recruitment
The assessment assumes that recruitment occurs at age 1
and that the historical harvest has been taken with uniform
selectivity from the 1 + component of the population. This
is equivalent to assuming a delta-function prior for the ageat-recruitment at age 1. However, the age-at-recruitment is
likely to have changed over time because, during the early
years of the commercial fishery, whalers presumably
targeted large animals (IWC, 1992). Following the demise
of this fishery, aboriginal exploitation targeted smaller
animals (IWC, 1992). The current formulation of the
Baleen II model cannot allow for changes to the age-atrecruitment explicitly. It can, however, divide catches into
those from the mature component of the population and
those from the recruited (in this case the 1 +) component.
The available data should be examined to see if an
appropriate division of the historical
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MSYL
The prior for this quantity is based on the arguments of Givens et
al. (1995). It encompasses the range of values considered during
the development of the CLA for commercial whaling. The prior
chosen for MSYL1+ (U[0.4; 0.8]) is centred on the Scientific
Committee’s choice in general past practice of MSYL = 0.6. This
choice was based primarily on empirical evidence (e.g. Fowler,
1981) that the per capita growth rate of large mammal
populations as a function of population size has a negative second
derivative -see Butterworth and Best (1994) for a more detailed
historical summary. However, the evidence and justification for
this view has more recently been called into question (de la Mare,
1994; IWC, 1994; MacCall and Tatsukawa, 1994). IWC (1995)
specified this prior for MSYLmat, but this was changed to MSYL1+
in IWC (1998c), in the light of arguments reflected in IWC
(1998a).
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Approach (a) above forms part of the ‘reference case’, while
approaches (b)-(g) provide increasingly sophisticated treatments of
the data. Equation (9) provides the most complete treatment of the
data as it assumes: that the data in Appendix A provide an index of
relative rather than absolute abundance; that those estimates are
correlated; and that the likelihood for the B-E-B estimate provides
information on absolute abundance. The likelihood for the 1993 BE-B estimate is not explicitly included in Equation (9) as much of
the information underlying this likelihood is already included in
the survey estimate for 1993. Zeh and Givens (1997) illustrate that
including both the likelihood of the B-E-B estimate and the
information corresponding to the data on trend in an analysis can
lead to severely biased estimates of quantities of importance to
management. If data were available on the likelihood for the 1988
B-E-B estimate of abundance, Equation (9) could be extended by
including a second term related to the associated estimate of
survey bias.
Table 9 presents results for analyses based on the ‘backwards’
approach. Results are shown in this table for the ‘reference’
method for incorporating the abundance data in the likelihood
function (Equation 3) and six alternative methods (see Equations 4
to 9). The results based on Equations 4-9 indicate a slightly less
productive population and hence lower values for RY (1998) and
Qo (1998). It should be noted that the abundance estimates for
these latter analyses are not identical to those upon which ROI is
based (contrast the estimates in Tables 8 and A.1). However, this
is not the only reason for the differences in Table 9 because Punt
and Butterworth (1996) show that incorporating the N4/P4 data in
Table 8 into the assessment as absolute indices of abundance (cf.
Equation 4) also leads to less optimistic results.
The results become slightly less optimistic if account is taken of
the correlation among the estimates of abundance. Treating the
abundance estimates as relative (Equations 6 and 7) rather than as
absolute indices of abundance (Equations 4 and 5) or including a
prior for the bias factor (Equations 8 and 9) increases the widths of
the 90% credibility intervals slightly. However, the posterior
means and medians are not impacted markedly by this change.
Including a prior on the bias factor (our preferred approach) leads
to results that are intermediate in terms of the widths of the 90%
credibility intervals between those which treat all of the abundance
estimates as absolute and those which treat all of the abundance
data as relative. The posterior medians for Slope, RY (1998) and
Q0 (1998) for our preferred approach are also intermediate.

CONDUCTING THE POPULATION
PROJECTION FOR RECENT YEARS ONLY
Assessments of the B-C-B bowhead stock have been conducted
under the assumptions that, at the start of the catch series (1848),
the population was at pre-exploitation equilibrium and that the
carrying capacity of the bowhead population has not changed over
time. An alternative to this set of assumptions is to assume instead
that the population had a stable age-structure in some more recent
year (see Punt (1999) for details of how this is implemented for
the Baleen II model). The assessments of the Eastern North
Pacific stock of gray whales are based on this latter assumption
(Punt and Butterworth, 1997b; Wade, 1997; 1999).
One arguable advantage of this approach to conducting
assessments of the B-C-B bowhead stock is that it becomes
possible to place a (joint) prior distribution on K 1+ and the 1 +
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although the upper 95%ile differs markedly between the
‘reference case’ and the sensitivity tests. The posterior
median for the Slope statistic for the sensitivity tests is
slightly closer to the ‘observed’ value in Table 2.
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CONSTRUCTING INDICES OF ABUNDANCE FOR THE B-C-B BOWHEAD STOCK
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