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ABSTRACT

Management Strategy Evaluation is a key tool used by the Scientific Committee of the International Whaling Commission to identify appropriate
management strategies for commercial and aboriginal subsistence whaling. In several cases, Bayesian approaches have been used to condition the
operating models and the assumed priors may substantially impact the conclusions regarding appropriate management strategies in data-poor
situations. Three approaches for defining a prior on the ‘scaling’ parameter (on ‘initial depletion’, ‘current depletion’, and ‘carrying capacity’) are
compared in terms of the proportion of draws from the prior that are rejected during the construction of the post-model-pre-data distribution and
hence the resulting implied distribution for initial and current depletion. Overall, placing a prior on initial depletion leads to the fewest rejected
draws but the implied distribution for current depletion depends on the catch history. In contrast, placing a prior on carrying capacity leads to less
optimistic distributions for initial and current depletion and perhaps to unreasonably optimistic distributions for MSY. The issue of the appropriate
distribution for the ‘scaling’ parameter in population models should be an explicit component of Management Strategy Evaluation and Bayesian

assessments in data-poor situations in general.
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INTRODUCTION

The Scientific Committee of the International Whaling
Commission (IWC) uses Management Strategy Evaluation
(MSE)? to compare the abilities of alternative candidate
management strategies to achieve pre-specified management
goals for commercial and aboriginal subsistence whaling
recognising the inherent scientific uncertainty (Punt and
Donovan, 2007; Punt et al., 2016). The IWC was the first
organisation to make extensive use of MSE, but MSE is now
considered state of the art by most marine renewable
resource management bodies. The MSE approach has been
used to evaluate management strategies for fish and
invertebrate resources (e.g. Plaganyi et al., 2007; Hillary
et al., 2016) as well as in a broader ecosystem context (e.g.
Dichmont et al., 2013; Fulton et al., 2919), and has been
proposed for use in the terrestrial realm (Bunnefeld ef al.,
2011).

A key component of MSE is the operating model, which
is a mathematical model of the system being managed, its
current status and how future data will be generated. The
values for the parameters of the operating model are
specified (or the operating model is ‘conditioned’) by fitting
it to the available data. In general, the operating models used
to compare alternative variants of the Revised Management
Procedure (RMP; IWC, 2012) are conditioned using a
bootstrap-like procedure (e.g. western North Pacific Bryde’s
whales: IWC, 2019a; North Pacific minke whales: IWC,
2014a; North Atlantic minke whales: ITWC, 2017). In
contrast, the operating models used to compare alternative
candidate Strike Limit Algorithms for aboriginal subsistence
whaling have often been fitted using Bayesian methods (e.g.
Bering-Chukchi-Beaufort Seas [B-C-B] bowhead whales:

3 Usually termed the Management Procedure approach in IWC literature.

IWC, 2003; West Greenland bowhead, humpback and fin
whales: IWC, 2014b, IWC, 2019b)*.

Bayesian methods allow (and in fact require) prior
distributions to be imposed on the parameters of the
population dynamics model, with these updated into
posterior distributions based on the available data. The
(estimated) parameters of the operating model relate to
biological parameters (survival, age-at-maturity, the oldest
age at which the juvenile survival rate applies), productivity
(usually quantified by the Maximum Sustainable Yield rate;
MSYR), current abundance (N_ ), and a parameter that
determines the current status of the population relative to
carrying capacity (the ‘scaling’ parameter). The last three
parameters have the greatest influence on the performance
of candidate management strategies, which has led most
IWC MSE:s to develop trials in which MSYR is set to default
values agreed by the Scientific Committee after considerable
review (IWC, 2014c) rather than being treated as estimable
(often MSYR, = 1% and MSYR = 4%). The prior for
current abundance is usually treated as ‘informative’ and set
to the sampling distribution for a recent estimate of
abundance (equivalent to placing a uniform prior on current
(year y_ ) abundance and including the recent estimate of
abundance in the likelihood function). The °‘scaling’
parameter has usually been taken to be carrying capacity (K),
with the prior for K taken to be uniform over a suitably broad
range.

This paper explores options for choosing the prior for the
scaling parameter. It would be desirable for this choice to be
irrelevant, as would be the case for a stock such as the

4 Exceptions are the most recent trials for the Eastern North Pacific gray
whales (maximum likelihood approach; IWC, 2019¢) and West Greenland
minke whales (based on the operating model used to evaluate RMP
variants).

' School of Aquatic and Fishery Sciences, University of Washington, Box 355020, Seattle, WA 98195-5020, USA
2 CSIRO Marine and Atmospheric Research, Castray Esplanade, Hobart, TAS 7001, Australia
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B-C-B bowheads for which the available data are fairly
informative (but cannot place an upper limit on [present]
carrying capacity). Desirable properties of this parameter are
that (a) a wide range of scenarios are represented in the trials
that would be conducted if there were no data, and (b) the
posterior for the parameter closely matches the prior if there
were no data (i.e. the specified prior is actually used as
expected by those developing trials; A.E. Punt, pers. obs.) and
hence relatively few of the draws from the priors are rejected
because the population model is inconsistent with the
generated values for the parameters. For example, an
inconsistency would arise if the catch series was a constant
100 whales annually, the value for carrying capacity was set
to 1,000 and the value for current population size to 999
unless the population growth rate parameter was set to a very
(unrealistically) high value. Ideally, the set of parameters from
the posterior should be such that the true population trajectory
is included within the set of implied population trajectories.

The focus for this paper is the case in which the population
projections do not start at carrying capacity but at some
lower value in some year y,, as is the case for all the recent
operating models on which evaluations of Strike Limits
Algorithms are based (IWC, 2014b; 2019). The paper
considers the following three (almost exhaustive) options for
defining the scaling parameter:

(A) The scaling parameter is taken to be the ratio of
abundance in year y, (year 25 for this paper) relative to
carrying capacity (‘initial depletion’) D,, with the prior
for initial depletion assumed to be uniform over 0.01
t0 0.99, i.e. D, ~ U[0.01,0.99], with carrying capacity
for each draw from the prior set such that current
abundance equals a value drawn from the sampling
distribution for N__(denoted “Year 25 depletion prior’);

(B) The scaling parameter is taken to be current (y; year
75 for this paper) depletion, with the prior for current
depletion assumed to be uniform over 0.01 to 0.99,
i.e. the implied prior for current abundance N_ is
uniform between 1 and 99% of carrying capacity. This
assumption leads to the following prior for carrying
capacity K ~ U[N_ /0.99,N_ /0.01] where is N___is the
mean of sampling distribution for current abundance
(denoted ‘Carrying capacity prior (A)’); and

(C) The scaling parameter is taken to be carrying capacity,
K, with a uniform prior over a ‘wide range’ placed
on the logarithm of K, illustrated by K ~ U[tnN_,
£n(1 00]\7cur)] (denoted ‘Carrying capacity prior (B)’).

The last two options are based on the same support range for

carrying capacity.

METHODS

Overview of the testing procedure

Two analyses (one that ignores observation error and one that
accounts for observation error) are conducted to compare the
three approaches for specifying the scale parameter (A—C
above). All of these assume that catches started in year 0 and
continued to year 75, and that the catches from years 25 to
75 are known. This reflects a case where the earlier catches
are either not known well or there is concern that the
abundance changed over years 0 to 25 for reasons not

captured by the known catch history (e.g. if the stock is
found in a region where catches are taken, but they are not
included in the catch history for the stock; e.g. fin whales off
West Greenland, or carrying capacity changed). The stock
is assumed to be 1,000 animals at the start of year 75 (i.e.
N, =1,000), although the methods are such that the results
are independent of the choice of the value for V..
The two analyses are:

(1) Conduct projections from year 25 to year 75 where the
abundance in year 75 is known to be 1,000, for 99
values of the ‘scaling’ parameter (initial depletion or
carrying capacity) across its assumed plausible range
(this is referred to as a ‘hitting” analysis within the IWC
Scientific Committee).

(2) As for (1), except that 1,000 values for N, are drawn
from a prior (lognormal with mean 1,000 and standard
error of the log 0.3°) rather than N, being known to be
1,000 (the ‘post-model-pre-data distribution’ analysis®).

Results are shown for three values for N, /K (0.25, 0.5 and
0.75) for each of five effort series (Fig. 1, left column;
resulting catches in Fig. 1, columns 2—4). The results of the
first analysis are evaluated in terms of the extent to which
the resulting trajectories cover an adequate range of
scenarios, while the results of the second analysis are
evaluated in terms of a range of outcomes, including the
extent to which the priors for D, (‘Year 25 depletion prior’),
K (the two carrying capacity priors), and N, are updated
simply by projecting the model forward and rejecting
parameter combinations that are not consistent with the
assumed population dynamics.

Population dynamics

The model of the population dynamics is a deterministic

Schaefer production model, i.e.:
N.=N+rN(1-NJ/K)-¢EN; N,=K (1)

t+1

where N, is the population size at the start of year t, 7 is the
intrinsic rate of growth (set to 0.05, equivalent to an MSYR
of 0.0257), K is carrying capacity (set to the current
abundance, N,, = 1,000, divided by current depletion D,
i.e. K=1,000/D,,), E, is the relative effort in year ¢ (Fig. 1,
column 1), and ¢ is a catchability parameter, selected so that
the pre-specified depletion D_is achieved. The value of ¢ is
set separately for each of the five effort scenarios. The term
@E N, is replaced by the catch for year ¢ from the operating
model when applying the Bayesian estimation methods.

RESULTS AND DISCUSSION

Results of ‘hitting’ analyses
Fig. 2 shows the time-trajectories of true population size
(thick red line) for each of the five effort scenarios (rows) in

30.3 is within the range of the CVs of the estimates of abundance used when
conditioning operating models, but the results would be insensitive to this
value.

®The post-model-pre-data distribution for a parameter is the distribution for
that parameter that arises once parameter combinations that are inconsistent
with the population dynamics model are excluded; post-model-pre-data
distributions can be computed for model outputs (derived variables) as well
as parameters.

"Results (not shown here) confirm that the qualitative results are insensitive
to decreasing (to 0.02) or increasing (to 0.1) the value assumed for r.
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Fig. 1. Time-trajectories of effort (left column), and of catch [red lines] and depletion [blue lines] (columns 2—4). Results are shown for five scenarios regarding

the time-trajectories of relative effort (rows).

absolute terms and relative to carrying capacity, along with
the range of time-trajectories of inferred population size in
absolute and relative terms for each of the three priors
(columns). The results in Fig. 2 pertain to N/K = 0.5 in year
75 (results for N/K = 0.25 and N/K = 0.75 are shown in
supplementary Figs S.1 and S.2). As expected, all of the
time-trajectories of inferred population size (the blue lines)
pass through the 1,000 in year 75. The distributions of time-
trajectories of inferred population sizes, in absolute terms,
are quite tight irrespective of the method used to account for
uncertainty. However, there is less variability in the time-
trajectories of population size when the priors on carrying
capacity are used, which is most noticeable for relative
population size.

Post-model-pre-data distribution
Allowing for uncertainty in current abundance (log-normal
with a log-scale standard deviation of 0.3; N/K in year 75 of

0.5 in Fig. 3 and 0f 0.25 and 0.75 in Supplementary Figs S.3
and S.4) led to results that are generally qualitatively similar
to those when current abundance is known. However,
carrying capacity prior (B) leads to samples from the prior
that do not include the true trajectory for the 1-1 effort
scenario and particularly the 0.1-1 effort scenario for
much of the time-series (first and third rows in Fig. 3).
This discrepancy is related to the value of N/K in year 75,
with the effect being smaller for D, = 0.25 and larger for
D, =0.75 (Supplementary Figs S.3 and S.4). None of the
three methods do well at including the true trajectory in the
sampled trajectories for the 0.1-1 effort scenario, particularly
for D, = 0.75 (Supplementary Fig. S.4).

The number of draws from the priors that are not
consistent with the model (and are rejected in the process of
constructing the post-model-pre-data distribution) differs
among the various prior assumptions (Table 1). It is possible
to find acceptable values for carrying capacity for almost all
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Fig. 2. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to carrying capacity
(depletion), along with the range of time-trajectories of inferred population size (thin blue lines) in absolute and relative terms when sampling from each of
the three priors (columns). The results in this figure pertain to N/K = 0.5 in year 75.

Table 1

Proportion of 100,000 draws from the prior that were not rejected as infeasible as a function of the
relative population size (depletion) in year 75 and the effort scenario.

Relative population/ Year 25 depletion Carrying Capacity Carrying Capacity
effort scenarios prior prior (A) prior (B)

N75/K=0.25

1,1 0.996 0.375 0.788

10, 1 1.000 0.848 0.961

0.1,1 0.986 0.257 0.710

1,0.1 1.000 0.644 0.902

10, 0.1 1.000 0.908 0.976
N75s/K=0.5

1,1 1.000 0.589 0.883

10, 1 1.000 0.865 0.965

0.1, 1 1.000 0.513 0.856

1,0.1 1.000 0.784 0.943

10, 0.1 1.000 0.910 0.976
N7s/K=0.75

1,1 1.000 0.803 0.948

10, 1 1.000 0.885 0.970

0.1, 1 1.000 0.782 0.942

1,0.1 1.000 0.857 0.963

10, 0.1 1.000 0911 0.977
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values for year 25 depletion (the few exceptions being —
somewhat surprisingly — the constant effort scenario). In
contrast, up to 29% of the ‘Carrying capacity prior (B)’
draws can be rejected, but it is generally possible to find
values for initial population size to match the generated
current abundance and carrying capacity values. The poorest
performance in terms of rejecting draws during the post-
model-pre-data stage is ‘Carrying capacity prior (A)’ for
which it is seldom possible to find an initial depletion that
matches the generated current abundance and carrying
capacity values, and the proportion of rejected draws can be
as high as 74%, with most of the rejections occurring for
higher levels for current depletion (i.e. population sizes close
to carrying capacity). Although a large proportion of draws
may be rejected, this does not (visually at least) impact
the post-model-pre-data distribution for current abundance

(Fig. 4).

Year 25 depletion prior

Carrying capacity prior (A)

Fig. 5 shows the post-model-pre-data distribution for
initial (year 25) and current (year 75) depletion. The
distributions (except for initial depletion for the “Year 25
depletion prior’) are far from uniform, suggesting that
any of the choices of prior lead to a priori implications
regarding stock status at various points in time. The
sensitivity of the post-model-pre-data distributions for
current depletion to the effort scenario is greatest for the
“Year 25 depletion prior, with three of the distributions
centered somewhere close to the true depletion and two
centered on much more optimistic values (Fig. 5, column 2).
In contrast, ‘Carrying capacity prior (A)’ implies that the
stock was fairly depleted in year 25 irrespective of the effort
scenario. The distribution for current depletion is shifted
towards lower values for this prior, even though this method
was developed based on a uniform distribution for current
depletion. ‘Carrying capacity prior (B)’ leads to the most
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Fig. 3. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to carrying capacity
(depletion), along with the range of time-trajectories of inferred population size in absolute and relative terms for each of the three priors when account is
taken of uncertainty in current population size (columns). The green lines denote the distribution medians, the light gray shading the 50%iles of the
distributions and the dark gray shading the 90%siles of the distributions. The results in this figure pertain to N/K = 0.5 in year 75.
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Fig. 4. Histograms of the post-model-pre-data distribution for the variable that is generated to create the scaling parameter (first column for each prior) and
the post-model-pre-data distribution for population size in year 75. The results in this figure pertain to N/K = 0.5 in year 75. The results for other values of

N/K in year 75 are very similar and are not shown.

extreme depletion distributions, with the implication a priori
that the stock was highly depleted and still is, irrespective
of how effort (and hence fishing mortality) has changed over
time.

CONCLUSIONS, CAVEATS AND FINAL REMARKS

The process of constructing the post-model-pre-data
distribution has long been known to lead to rejected
parameter combinations (e.g. Brandon et al., 2007).
However, those analyses tended to focus on biological
parameters such as survival and the age-at-maturity. The
analysis of this paper suggests that the choice of the prior
for the ‘scaling’ parameter (carrying capacity or initial
depletion) has a large impact on the proportion of rejected
draws and that the resulting post-model-pre-data
distributions are sensitive to the choice of the scaling
parameter and the prior assigned to it (and for ‘year 25
depletion prior’ to the series of historical catches). In the

case of ‘Carrying capacity prior (A)’ the post-model-pre-
data distribution for the parameter on which the prior is
based is updated, sometimes quite substantially, which is
undesirable because priors should be only be updated due to
data.

The effects found here will, of course, be ‘mitigated’ by
the availability of data, as the data will update the priors,
and the ‘scaling’ parameter should be updated substantially
if there is a time series of estimates of abundance.
Nevertheless, some IWC MSEs (e.g. for West Greenland
bowhead whales) are based on limited data, and the extent
of updating may be low. This can have an effect on the final
outcomes. For example, ‘carrying capacity prior (B)” implies
higher levels of carrying capacity than the other two priors.
As MSY is the product of 7 and K, this implies higher MSY
for this choice of prior (which is close to the default
for recent IWC MSEs for aboriginal subsistence whaling
operations) and hence that more ‘aggressive’ Strike Limit
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Fig. 5. Histograms of the post-model-pre-data distribution for initial (year 25) and current (year 75) relative population size (depletion). The results in this
figure pertain to N/K = 0.5 in year 75. The results for other values of N/K in year 75 are very similar and are not shown.

Algorithms could be concluded to be °‘safe’ from a
conservation viewpoint.

The analyses of this paper are based on a simple
population dynamics model and actual simulation trials are
usually based on more complex (e.g. sex- and age-structured,
and often spatial) models. These models contain additional
reasons for rejecting draws from prior distributions (e.g.
parameter combinations that lead to adult survival being
lower than that for juveniles). However, the general concerns
raised here would be robust to more complex model
structures because the fundamental population dynamic
process that leads to the results (the 7-K trade-off) is a basic
property of all population models.

Overall, the results of this paper lead to some
recommendations regarding future best practices for
Bayesian MSEs (particularly those for which data are sparse
and/or uninformative) as well as Bayesian and Bayesian-like
data-poor methods for assessment stocks (e.g. Martell and
Froese, 2013).

(1) The issue of the appropriate distribution for the ‘scaling’
parameter should be an explicit component of the IWC
Implementation and Implementation Review process,
and in general in best practice guidelines for MSE (e.g.
Punt et al., 2016).

(2) The post-model-pre-data distribution (and posterior) for
key parameters (such as initial and final depletion and
MSY) should be reported and evaluated, particularly if
the prior distribution for the scaling parameter is not
updated substantially. It is necessary to assess the extent
to which the posterior for key model outputs reflects the

data or the prior/the post-model-pre-data distribution.

(3) There may be value in ‘redrawing’ parameters when the
implied post-model-pre-data distribution does not

match that intended (c.f. Brandon et al., 2007).

“)

There would be value in considering more than one
assumption (e.g. the three approaches considered in this
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paper) regarding the ‘scaling’ parameter in MSEs if the
post-model-pre-data distributions (and posteriors) are
sensitive to the choice of ‘scaling parameter’.
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Supplementary Fig. S.1. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to
carrying capacity, along with the range of time-trajectories of inferred population size in absolute and relative terms (thin blue lines) for each of the three
priors (columns). The results in this figure pertain to N/K = 0.25 in year 75.
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Supplementary Fig. S.2. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to

carrying capacity, along with the range of time-trajectories of inferred population size in absolute and relative terms (thin blue lines) for each of the three

priors (columns). The results in this figure pertain to N/K

0.75 in year 75.
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Supplementary Fig. S.3. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to

carrying capacity, along with the range of time-trajectories of inferred population size in absolute and relative terms for each of the three priors when account

is taken of uncertainty in current population size (columns). The green lines denote the distribution medians, the light grey shading the 50%iles of the

distributions and the dark grey shading the 90%iles of the distributions. The results in this figure pertain to N/K

0.25 in year 75.
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Supplementary Fig. S.4. Time-trajectories of true population size (thick red line) for each of the five effort scenarios (rows) in absolute terms and relative to

carrying capacity, along with the range of time-trajectories of inferred population size in absolute and relative terms for each of the three priors when account

is taken of uncertainty in current population size (columns). The green lines denote the distribution medians, the light grey shading the 50%iles of the

distributions and the dark grey shading the 90%iles of the distributions. The results in this figure pertain to N/K

0.75 in year 75.
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