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ABSTRACT

The sex ratio in the West Greenland catch history of the common minke whale (Balaenoptera
acutorostrata) is used to assess the current status of the common minke whale population
that supplies the West Greenland hunt. The female fraction in common minke whale foe-
tuses is around 1/2, but the fraction in the West Greenland catch has varied around 3/4
since the beginning of the hunt in 1948. This difference is likely to reflect sex specific be-
haviour, where females tend to occur in other areas than males, but it may also reflect
a female selective hunt and/or a female bias in the sex ratio at birth. These hypotheses
were examined by trial simulations, where an age- and sex-structured population model with
density regulated dynamics were set to cover a maximum sustainable yield rates between
1% and 7%, a current abundance between 800 and 50,000 females, different degrees of fe-
male bias in the sex specific dispersal, a sex specific hunt, a female bias in the sex ratio
at birth, increasing trends in the female bias of a sex specific dispersal and a sex specific
hunt, and a uniform, increasing and decreasing age-selectivity in the hunt. Given the trials
and the data is it concluded that a current abundance in the order of 20,000 individuals is
a conservative estimate, and that a current catch of 175 individuals most likely is sustainable.
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INTRODUCTION

Common minke whales (Balaenoptera acutorostrata) in the North Atlantic have a segregational
behaviour where females tend to occur further to the north than males (Jonsgard 1962; Larsen
and Oien 1988; Oien 1988; Horwood 1989). In the eastern North Atlantic, females are found
to dominate the catches in the Barents Sea, while males predominate the catches around the
British Isles and on the Norwegian coast including Finnmark (@ien 1988). The same pattern
is found in the Norwegian catches in the western North Atlantic, where males dominate the
catches in the southern areas with the percentage of females increasing going northwards along
East Greenland and West Greenland (Larsen and Qien 1988). Here it is also observed that
females dominate the catches early in the season with their proportion decreasing thereafter,
indicating that females arrive earlier in the season migrating farther north than males (Larsen
and ien 1988).

Sexual segregation by time and geographical area is usually not the main data input for
assessments of large whales. Assessment models have instead been fitting population dynamic
models to abundance data, with the historical catches being used to describe the dynamic
development of the stock. But when abundance data are either limited or relating to some
unknown sub-fraction of the total population, and the catch history is well documented it might



be more informative to fit the population models to the sex ratio of the catch history than to the
available abundance data. This is especially true if the sex ratio in the catches differs from the
overall sex ratio of the population. The catch data should then carry a signal on the exploitation
level of the population, in the sense that the catch sex ratio should change if the population
is becoming over-utilised to the extend that the sex ratio of the population is becoming biased
relative to the pristine sex ratio.

The common minke whale off West Greenland is a case where the sex ratio of the catches
may provide a data signal on the level of exploitation. Catches of common minke whales off
West Greenland has occurred regularly since the end of the 1940s, with the annual take having
a maximum of four to five hundred individuals in the early 1970s, and a current take of ap-
proximately 175 individuals per year. Throughout the period the catch has been predominately
of females. The average proportion of females in the catch from 1948 to 2004 is 0.74, and this
should be compared with a foetal sex ratio that is not significantly different from even [40%
females among 43 foetuses from the Norwegian hunt (Larsen and Kapel 1982), and 54% females
among 339 foetuses from the Greenland hunt (Witting 2000)].

As the sex ratio in the foetuses of pregnant females caught off West Greenland is even
(Larsen and Kapel 1982; Witting 2000), it is most likely the geographical sub-structuring of the
two sexes during summer (Larsen and Qien 1988; Qien 1988; Horwood 1989; Andersen et al.
2003) that determines the female bias in the West Greenland catch of common minke whales.
An alternative explanation is sex specific harvest selectivity combined with an even or uneven
dispersal of males and females. This latter model may also explain the female biased catch, but
is less likely to be true as female common minke whales cannot generally be distinguished from
males at distance.

While considering both of these hypotheses in this paper I use the sex ratio information of the
historical catches to perform a conservative assessment of the common minke whale population
that supplies the West Greenland harvest. This is done by incorporating the behaviour of sex
specific dispersal and sex specific catch selectivity into an age- and sex-structured population
model with density-regulated dynamics, and by fitting this model to the sex ratio information
of the catch history.

Owing to the continued female bias of the West Greenland catch there is some lack of a
data signal on the upper bounds of the population. This is because larger stocks can more easily
maintain a continued female biased catch. Other things being equal, this implies a likelihood that
is monotonically increasing with the overall abundance having a diminishing return where the
likelihood approaches an asymptotic value as the overall abundance increases towards infinity. In
order to obtain upper bounds on the population in an earlier assessment Witting (2005) applied
an abundance-based penalty to the likelihood function, with the tuning of the penalty function
being determined by the diminishing return in the likelihood with increased abundance.

While the method in Witting (2005) is likely unproblematic from a scientific point of view,
it provides no information on a preferred tuning of the penalty function. And as it may be
difficult, or even impossible, to obtain consensus on an assessment tuning level in a management
organisation like the IWC, I have chosen a different approach in the current paper. Here, I simu-
late trials that capture a realistic range of the dynamics of the common minke whale population
that supplies the West Greenland harvest. For each trial I generate hundred simulated catch
histories and performs Bayesian assessments on all the catch histories in the aim of identifying
an assessment approach that is conservative relative to the true population status of the trials.



Then, when a final assessment is run on the original data it should provide an assessment that
is conservative in the sense that the real population should be doing better than indicated by
the assessment results.

METHOD

Catch statistics

The IWC database on catches of common minke whales off West Greenland starts in 1948, with
reported catches of males and females falling into three major sets: Catches taken by Greenlandic
whalers from 1955 to 1978, and from 1985 to the present, and catches taken by the Norwegian
whalers from 1968 to 1985. Greenlandic whalers also took common minke whales from 1948 to
1954 and again from 1979 to 1984, but sex specific reporting is almost absent in these years.

The three time series of sex specified catches are listed in Table 1, with the top figure in
Fig. 1 showing the proportion of the reported catches that were reported with sex. Nearly all the
Norwegian catches were reported with sex, while the proportion reported with sex was generally
below 50% for the Greenlandic catches from 1955 to 1978, with the proportion declining to
approximately 10% toward the end of the period. The absolute number of sex reports remained
relatively stable over the period, with the decline in the proportion reflecting mainly an increase
in the absolute number of catches. From 1985 and onwards sex specific reporting was generally
high in the Greenlandic catches, with the fraction of sex specific reporting being above 90% in
10 out of 12 years since 1993.

Although the sex ratio of the sex specific reporting has fluctuated over the years there
is no apparent trend in the sex ratio (Fig. 1, middle). The average of the yearly sex ratio
(r = C™/CT) of reported caught males (C™) over reported caught females (C7) varies only
little between the three data sets (geometric mean of 0.30 for Greenlandic whalers from 1955
to 1978, 0.34 for Greenlandic whalers from 1968 to 2004, and 0.44 for Norwegian whalers from
1968 to 1985), while the three sets differ more substantial in the variation (cv for Inr of 0.62 for
Greenlandic whalers from 1955 to 1978, 0.23 for Greenlandic whalers from 1968 to 2004, and
0.96 for Norwegian whalers from 1968 to 1985).

When, for each of the three sets, it is assumed that there is no trend and Inr; in year ¢
is normalised [In# = (In7, — Inr)/o] by subtracted by the mean (Inr) and dividing by the
standard deviation (o) of the set, it follows that the joint distribution of In7; over all years with
sex specific reporting is very close to normal (Fig. 1, bottom).

Reconstructing sex specific catches

A single sex specific time series of the total removal of male and female common minke whales
off West Greenland was constructed. The sex ratio of the sex specific reporting in any year ¢
from a specific fishery (Greenlandic whalers or Norwegian whalers) was assumed to apply to
the total number of whales landed and struck and loss by that fishery in that year. And for
years with no or almost no sex information on the removals by Greenlandic whalers (1948-54;
1979-84), the sex specific removals were estimated from the sex ratio of the reported removals
in that fishery over all years with sex specific reporting. The estimated sex specific removals of
the two fisheries were then added to provide a time series of total sex specific removal (Table 2).
The r-ratio for this series has a geometric mean of 2.9 (95% CI:2.5-3.4).



Sampling and process variation

The cv of the sampling variance on the sex ratio estimate r in year ¢ was set to the sampling
cv for the number of reported males given the binominal reporting of males and females. The
sampling cv of the male/female ratio in year ¢ is then

v =\ 1/C = 1/Cy (1)

where C' = C™ + C/ is total sex specific reporting.

The total variation in the estimates of r is larger than the sampling variation indicating that
there is process variation in the sex ratio of the catches. Assuming, as indicated by the data,
that there has been no directional change in the underlying mean of the catch sex ratio over
the sample period, the reported r; ratio in any year (t) may be seen as a reflection of random
binominal sampling of males of females from a log normal distributed 7 that reflects, e.g.,
random variation in the sex ration among the common minke whales on the whaling grounds,
or random variation in a sex specific selection preference among the hunters with the sex ratio
on the whaling grounds being constant.

In a sex specified catch sample of C, = C’[” —i—(f'tf individuals in year ¢, the number of reported
females may thus reflect

¢! = Bin(Cy, 9y) (2)

where 1J; is the true fraction of females, given as 9J; = 1/(1 + 7%), with the true male / female
ratio 7; being a realisation of a fishery specific random process

ry = Fteet (3)
e ~ N(0;0%)

where 7; is the true mean of that year and o2 the process variance. The true year specific 7-ratio
was given by Eq. (7) during trial iterations.

Population dynamic model

A similar age- and sex-structured model with density-regulated dynamics was applied to the
trial iterations and to the Bayesian assessments. The number of animals in age classes larger
than zero was

NtTr/lj,ca«H = (NZ,Z/f - Czl/f>3a 0 S a S x—2 (4)
Nl = (N = oy (NP = O sy

where s, is age specific annual survival, NZZ/ 7 is the number of males/females of age a at the

start of year t, C’;Z/ f

lumped age-class. The age distribution of the catches was sex specific and proportional to the

is the catch of males/females of age a during year ¢, and =z = 15 is a

age-structured abundance, except that no catches were taken from age-class zero.

The harvest was taken from a sub-component H of the population, with the sex ratio in
the harvested component reflecting the sex ratio of the total population and a sex specific
aggregation between the total and the harvested component. The relative number of males and
females at age a in the harvested component was given as

H' = Ny (5)

a

HI = 9,N/



where 0 < 1), < 0o determines the female fraction in the harvested component relative to the
female fraction in the total component. Eq. (5) implicitly assumes a source-sink type of dynamic
dispersal pattern where the harvest area in West Greenland can act as a sink in the sense that
a relative depletion in the harvest area would induce some inflow of common minke whales from
other areas.

The catch was allowed to be both age and sex selective so that the catch of males and females
of age a in year t can be given as

Ciw = cactHy' (6)
Ct{a = ﬁccactH({

where ¢; reflect the year-specific harvest effort, ¢, the age-specific selectivity, and 0 < 9. < oo
the sex specific selectivity with 9. = 1 implying no selectivity on the sexes. The sex ratio r in

the catches is then . .
a=0 CaNa

r= — 7
Ve D g—o calNa

Let the annual survival rate s, of animals of age a be

(7)

SjuvSad 1fa =0
Sa =14 Sjuv ifl1<a<ag (8)
Sad if a > agq

where sy, is the survival rate for ‘juveniles’, sqq is the survival rate for adults, and a,q = 1 is
the greatest age at which the ‘juvenile’ survival rate applies.
The number of births at the start of year ¢, By, is

Bi= > B (9)

where a,, is the age of reproductive maturity, and B; 4, the number of births in age class a, is
Byo = biM{, (10)

where b; is the fecundity rate for mature females at time ¢, and Mtf , 1s the number of mature
females in age class a at the start of year ¢, defined as

0 if a,, > a
Mt{a:{ N i " (11)
ia Wam<a

Let the component of the population that imposes density-regulation be the one plus com-

ponent

x
N=> N/+nN (12)
a=1

and let the density-regulation on the fecundity rate b; take the Pella-Tomlinson form
be = b* + [bmaw — 01 — (No/ N¥)?] (13)

where b* is the birth rate at carrying capacity N*, b4, is the maximal birth rate, and z the
level of density dependence.



Although not explicit parameters of the model, the maximum sustainable yield level (msyl)
and the maximum sustainable yield rate (msyr) were treated as parameters in the analysis, with
both parameters relating to the harvested component, i.e., to the one plus component of the
population. The msyl depends mainly to the compensation parameter z, with the relationship
between z and the msyl being solved numerically.

A measure of a sustainable harvest in year t was defined as

Ty if di < msyl Ary, < 175
shy =< 0.9msy if dy > msyl A 0.9msy < 175 (14)
175 if dy < msyl Ary; > 175 or dy > msyl A 0.9msy > 175

where ry; is the replacement yield in year ¢, and 175 is the current quota.

Trials
Trial catch histories

Population dynamic trials were simulated, with the historical catches of the trials having abso-
lute catches that were similar to those originally reported in the West Greenland harvest, and
simulated sex ratios that were based on the population dynamics of the trials. The sex ratio
model of Eq. (7) and the sex ratio variation model of Eqs. (2) and (3) were used to simulate both
the historical times series of sex specific catches and the historical times series of sex specific
reporting of catches.

The sex ratio of the historical catch of a trial in year ¢ was calculated from the true sex
ratio (7¢) of the trial in that year, the process variation of Eq. (3), and the sampling variation
of Eq. (2) with the absolute number of catches in that year representing the sample. This catch
was the catch that was subtracted from the population during a trial simulation, and the sex
ratio of this catch differed from the reported catch sex ratio where the sampling variation of
Eq. (2) was based on the number of sex specific reporting in the original catch history. The
sex sample for the reported catch history was set to be a sub-sample of the total harvest, thus
implicitly assuming that all reporting of sex was correct.

To obtain estimates of time transitions in the process variation, the original catch series
were divided into three periods: 1955 to 1967 where only Greenlandic whalers were catching
common minke whales, 1968 to 1985 where both Greenlandic whalers and Norwegian whalers
were catching whales, and 1986 to the present where again only Greenlandic whalers were
catching whales. The period from 1948 to 1954, where there is no sex specific reporting, was
simulated as the period from 1955 to 1967.

2 was estimated by numerical iteration for each of the three time

The process variance o
periods, with the geometric mean of the r ratios for each time period being used as an estimate
of the true 7 ratio. The o2 parameter of the simulation model of Egs. (2) and (3) was then
adjusted so that the simulated variation in the reported sex ratio was similar to the actual
variation in the reported sex ratio. For each period, ng-random data sets of r, over all the years
in the period were generated from the geometric mean of the r ratio in the true data set, the
number of sexed individuals in each year and a value for o2, with the number of generated data
sets ng being set so that the error cv on the average standard deviation in r across the ng-data
sets were below 0.1 percent. The o2 parameter was then adjusted so that the absolute difference
between the standard deviation in the r ratio of the original data set and the average standard

deviation in the r ratio across the simulated data sets was less than 0.001. This gave ¢ estimates



of 0.55 for 1955 to 1967, 0.57 for 1968 to 1985, and 0.097 for 1986 to 2005. The process variation
was also estimated for the Greenlandic whaling from 1955 to 1978 and 1985 to 2005, and the
Norwegian whaling from 1968 to 1985. This gave ¢ estimates of 0.59, 0.10 and 0.75, which were
used for the error bars in the middle figure in Fig. 1, assuming a total cv of ,/cvg + cvg with cuy,
reflecting binominal sampling variation and cv, reflecting process variation.

Trial parameters

Being based on the age and sex structured population model with density regulated dynamics,
the trials were generally defined by the total abundance of females in year 2005 (/V), the msyr,
the msyl, the female/male ratio of the harvested component of the population relative to the
female/male ratio in the total component (¢},), the sex selectivity factor of the harvest (1J.), and
the female fraction at birth (¥).

Three trial sets were defined (Table 3). The first (wga) was based on variation in the
abundance and msyr, assuming a standard set for the other trial parameters. The second set
(wgb) was incorporating variation in the sex ratio parameters ¥, J. and ¥. And the third set
was incorporating time-trends in the sex ratio parameters ¥ and 9., as well as variation in the
age-structured selectivity of the harvest.

The msyr was set to 0.01, 0.04 and 0.07 across the wga-trials, and the abundance in 2005
was set to have a log uniform distribution across the trials ranging from 800 to 50,000 females.
The 800 females resemble a lower 95% confident limit of a ship born survey off West Greenland
in 2005 (Heide-Jorgensen et al. 2006), thus representing a pessimistic view of the abundance of
the common minke whale population that supplies the West Greenland harvest. The 50,000
females, on the other hand, was set to represent the optimistic view that West Greenland waters
are visited by common minke whales from large areas of the Central North Atlantic and the
Western North Atlantic. Together, the point estimates of the 1997 estimate from the CM area
(Skaug et al. 2002), the 2001 estimate from the CIC area (Borchers et al. 2003), and the 2001
estimate from the CG and CIP areas (Gunnlaugsson et al. 2003) of the Central North Atlantic
sums to approximately 90.000 common minke whales.

The female fraction at birth was set to 0.5 for all wga-trials, as indicated by data. The
fraction of females in the foetuses of pregnant common minke whale females caught off West
Greenland has been estimated to 0.41 (Larsen and Kapel 1982; Larsen 1984) and 0.54 (Witting
2000), and a rather similar fraction of 0.48 have been found for East Canadian common minke
whales (Mitchell 1974). None of these values differs significantly from the even sex ratio 0.50.

The female/male ratio of the harvested component of the population relative to that of the
total population (¥;) was set to represent the sole cause for the female biased harvest in the
wga trials, i.e., ¥, was set to 2.9 and 9. to one. The msyl was set to 0.60 for all wga-trials.

The msyr and the msyl were set to 0.04 and 0.60 for all wgb- and wgc-trials, with the
female abundance in 2005 being either low (1,000), medium (5,000) or high (25,000). For the
wgb-trials, the cause of the sex ratio biased harvest was set to resemble sex specific harvest
selectivity for trial one to three, while the female bias of the harvested population component
was set to be large (¥, = 3.4) for trial four to six, and small (9, = 2.4) for trial seven to
nine, covering the 95% confidence interval around the point estimate of 2.9. For trial ten to 12
the cause for a sex-biased harvest was distributed evenly between a sex bias of the harvested
component and a sex biased harvest selectivity (9, = Y. = 1.7), and for trial 13 to 15 the cause
was split between a sex bias harvest component and 60% females at birth.



For the wgc-trials were the sex ratio parameters ¥y, 9. and 9 set to the values in the wga-
trials, except that time trends were added to the v}, and 1J. parameters in trial one to nine; with
the trends reflecting stable values (¥, = 2.9 & ¥, = 1) from 1948 to 1970, where after one or
both of the parameters would increase linearly to 2005 (see Table 3 for detail). Although not all
that likely, an increase in the female bias of these factors with time can be problematic as it can
potentially compensate an expected data signal of overexploitation; leaving the male fraction in
the harvest stable while it would have increased in the absence of a trend in the female bias.
The trends were initialised in 1970 because the 1970s were the period with the largest catches
and, thus, the period where we might expect the first signs of an overexploitation to show up.
The opposite trend, with an increase in the male bias over time, is less problematic as it would
induce a false data signal of overexploitation and, thus, it is not included in the trials. Such a
trend would also be extremely unlikely as there is no sign in the catch history of an increase in
the male fraction with time.

In the previous trials have all individuals in age-classes larger than zero had the same prob-
ability of being caught, while no individuals were taken from age-class zero. In order to test
the assumption, was the relative age-structured selectivity in trial ten to 12 in trial set wgc set
to increase linearly from 0.07 for individuals in age-class one to one for individuals in age-class
x = 15. In trial 13 to 15 was the relative selectivity set to decline from one for individuals in
age-class one to 0.07 for individuals in age-class x. In all trials were no individuals taken from
age-class zero.

Life history parameters

The msyr is the only growth related parameter in the trials because it is the most crucial single
parameter that determines the growth potential in the population dynamic model. Each msyr
have infinitely many possible life history combinations associated with it, and to capture this
variation was each trial described by hundred iterations with each iteration having it’s own
randomly chosen combination of life history parameters.

Prior distributions were set on the life history parameters in order to solve the life history
parameterisations for the trials (Table 4). Larsen (1991) summarised estimates of biological
parameters in North Atlantic common minke whales. An annual natural survival rate of 0.90
was estimated by Horwood (1989) for the central North Atlantic, and a rate of 0.91 for the
eastern North Atlantic was given by Ugland (1977). The prior on adult survival (s,q) was set to
cover the range from 0.92 to 0.99, and juvenile survival (s;,,) was set to cover the range from
0.10 to 0.99, with the additional constraint that juvenile survival is smaller than adult survival.

Various studies have found annual pregnancy rates between 0.86 and 0.99 for North Atlantic
common minke whales (Sergeant 1963; Mitchell and Kozicki 1975; Christensen 1981; Larsen
and Kapel 1983; Sigurjonsson 1988), and the prior on the maximal birth rate (by,q.) was set to
cover the range from 0.50 to 1.00 indicating birth every year or every other year. The age of
sexual maturity was estimated to lie between five and eight years (Mitchell and Kozicki 1975;
Christensen 1981; Sigurjonsson 1988), and the prior on the age of reproductive maturity (a,)
was set to cover the range between three and ten year.

Later studies (Oien, pers. comm.) have found that age determination in North Atlantic
common minke whales is problematic, questioning some of the life history estimates given above.
The ranges covered by the priors, however, are likely to be broad enough to capture realistic
parameter values. Here it is also important to keep in mind that it is mainly the prior on the



msyr that is driving the prior on the relative productivity of the population.

To parameterise a trial iteration with a given randomly drawn msyr, were the msyl and
all life history parameters except juvenile survival drawn randomly from their priors. It was
then by numerical iterations attempted to solve for a juvenile survival rate, within the upper
and the lower bounds, that would generate the selected msyr. If no solution was possible, was
the selected msyr maintained while a new set of life history parameters and msyl were drawn
from their priors searching for a parameter combination that would allow for a solution where
the juvenile survival rate would match the selected msyr. If no solution was found after 1000
randomly selected parameter sets, would a new msyr be drawn from the prior.

Trial averaging

Each trial is a more or less likely model hypothesis on the dynamics of the common minke whale
population that supplies the West Greenland harvest, and in order to guide the evaluation of the
relative likelihood of the different trials I applied the model selection framework of the Akaike
information criterion (Akaike 1973; Johnson and Omland 2004).

Following the log-normal distribution of Fig. 1, the likelihood of a trial iteration was calcu-
lated under the assumption that the estimation errors of the male/female ratio were log-normally
distributed

(257
where 1955 < ¢t < 2005, 7 is the male/female ratio of the catch of the trial iteration in year
t, r; is the reported male/female ratio of the West Greenland catches, and cv; the coefficient
of variation of the reported male/female ratio incorporating both the sampling and process
variation described earlier.

The average likelihood L of a trial across the hundred trial iterations was then used to
calculate the Akaike weight of a trial. As all trial models had the same number of parameters
and were fit to the same catch history, the Akaike weight of the ith trial in trial set wgi was

Li
W = —=———= (16)
ZiEwgi L;
These weights can be interpreted as the probability that trial ¢ is the best model for the observed
data, given the data and the set of trials. Thus, when the Akaike weights are used to produce
a weighted average of a management related statistics across the trials, we obtain an average

estimate that is weighted according to the relative likelihood of the different trials.

Bayesian assessments

Sets of Bayesian assessments were conducted for all trial iterations and the original data, with
all assessments in a set being based on the same priors and population dynamic model. In
each assessment was the population projected by subtracting the reported catches from the
abundance, starting from a dynamic equilibrium in 1948.

Three density regulated population dynamic models were tried out in initial assessments, one
being the age and sex structured model, and the two others being discrete sex structured models,
one with yearly catches being taken before reproduction and the other with yearly catches being
taken after reproduction. The age and sex structured model was selected for all subsequent



assessments as it was found to be better to predict the true trajectory of the trials, especially
for the later years.

The priors on the msyr and the female bias of the harvested population components (¥p)
were then used as tuning parameters, in order to tune the assessment set towards a conservative
assessment where the estimates of abundance and sustainable harvest in 2005 were smaller than
the true values of the trials.

Prior distributions

The prior distributions for the life history parameters (sqq, Sjuv, Am and bmaz) in the Bayesian
assessments were set to the priors of the trials. The prior on the carrying capacity was uniform
between 2,000 and 200, 000 individuals, and the prior on the msyl was uniform from 0.5 to 0.7.
The female fraction at birth was fixed at 0.5, and there were no female biased selection in the
harvest, i.e., ¥, = 1.

For the final tuned assessment set was the msyr set to be uniform from 0.01 to 0.02, and
the female bias of the harvested population component (¥;) was set to 3.3. The female bias
of the harvested component is an efficient tuning parameter to scale the estimates of absolute
abundance for the high-abundance trials, while it has a much smaller effect on the low-abundance
trials. The chosen ;, value of 3.3 resulted in median abundance estimates that were generally
smaller than the true abundance of the trials while, given 0.01 < msyr < 0.02, most of the
median abundance estimates were higher than the true abundance for a 9, value of 2.9, which
is the expected value from the original catch history.

Bayestan integration

The Bayesian integration for each assessment was obtained by the sampling-importance-resampling
routine (Berger 1985; Rubin 1988), where n; random parameterisations 6; (1 <1i < n;) are sam-
pled from an importance function h(f). This function is a probability distribution function from
which a large number, ni, of independent and identically distributed draws of 6 can be taken.
For each drawn parameter set 6; the population was projected from 1948 until 2005. For each
draw an importance weight, or ratio, was then calculated

L(0:)p(0;)

O =)

(17)
where L(0;) is the likelihood given the data, and h(6;) and p(6;) are the importance and prior
functions evaluated at 6;. In the present study the importance function is set to the joint prior,
so that the importance weight is given simply by the likelihood. The n; parameter sets were
then re-sampled no times with replacement, with the sampling probability of the ith parameter
set being @)
w(b;
%= Z?Q w(0;) 18)
This generates a random sample of the posterior distribution of size ns. The resample of the
posterior distribution was set to ng = 1000, and the sample from the joint prior distribution was
set to n; = 500, 000.
The likelihood was calculated by Eq. (15), with the 7{ ratio being the reported sex ratio, the
r; ratio begin the theoretically expected value from Eq. (7), and the coefficient of variation cv,
incorporating both the sampling and the process variation described earlier.
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If the importance function is adequately specified, the mean of the importance sample for each
parameter should approach the mean from the true posterior distribution, given a sufficiently
large sample. To examine if the sampled posterior quantities can be assumed to be representative
of the true posterior distribution, convergence diagnostics were calculated. One such diagnostic
is the maximum importance weight of a parameter set relative to the total summed importance
weight over all ny draws. McAllister et al. (2001) suggest that the maximum importance weight
needs to have dropped below 1% of the total sum; in the present study it dropped below 0.1%
in all assessments.

RESULTS

Akaike weights

Large differences were found in the Akaike weights of the different trials (Table 5), indicating
that some trials may be much more likely to reflect the dynamics of the common minke whale
population than other trials are. For the wga trials, which were based on variation in the
abundance and msyr, was it found that trials with a female abundance in 2005 at and below
6,300 have basically no Akaike weight. For the wgb trials, which were based on variation in the
sex ratio related parameters, was it especially the high-abundance trials three, 12 and 15 that
have a large weight, with the remaining trials having almost no Akaike weight. For the wgc
trials it is especially trial nine, with a high abundance and an increasing trend in both of the
¥y, and . parameters, that has a high weight, although trial 15, with a high abundance and a
decline in catch selectivity with age, has approximately half the weight of trial nine. Apart from
these two trials do three other wgc-trials have a small weight, while the remaining trials have
almost no Akaike weight.

Trial results

A realisation of the abundance projection for each trial, together with the median and the 90%
credibility interval of the corresponding assessment are shown in Fig. 2 for all wga trials, in Fig. 3
for all wgb trials, and in Fig 4 for all wgc trials. These projections and associated estimates
are typical for the trials; illustrating the tendency towards conservative abundance estimates
for the high-abundance trials (caused mainly by the 1}, parameter value of 3.3) and the general
absence of too positive production estimates even for the low production trials (caused mainly
by the 0.01 to 0.02 constraint on the msyr prior).

The generally conservative abundance estimates of the assessments are also shown in Table 6
that, for the hundred iterations of each trial, gives the average, minimum and maximum values
of the median abundance estimate for 2005 relative to the true trial-abundance in 2005 (me-
dian estimate divided by true abundance). The un-weighted average and the Akaike weighted
average of the 2005 abundance across the wga trials were respectively 70% and 32% of the true
abundance, with corresponding maximum values being 140% and 98%. The un-weighted and
the Akaike weighted average for the 2005 abundance were less conservative for the wgb and wgc
trials; being 97% and 46% of the true abundance for the wgb trials (with the corresponding
maximum estimates being 200% and 120%), and 93% and 51% of the true abundance for the
wgc trials (with the corresponding maximum estimates being 230% and 190%).

More importantly in terms of exploitation is the sh estimate of the sustainable harvest in
2005, also given in Table 6. Here the un-weighted and the Akaike weighted average of the me-
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dian estimate across the wga trials were a 2005 sustainable harvest of 69% and 41% of the true
value, with corresponding maximum values being 130% and 72%. For the wgb and wgc trials,
the un-weighted and the Akaike weighted average were more conservative; being 33% and 18%
of the true value for the wgb trials (with the corresponding maximum estimates being 63%
and 36%), and 34% and 20% of the true value for the wgc trials (with the corresponding max-
imum estimates being 65% and 36%). Thus, the relative lack of conservatism in the abundance
estimates for the wgb and wgc trials are not affecting the estimate of sustainability which is
actually more conservative for the wgb and wgc trials.

The risk of overestimating the 2005 abundance and the 2005 sustainable harvest level, how-
ever, is even better integrated and described by the fraction of the hundred trial iterations that
have abundance and sustainable harvest estimates below the true values of the trials, letting this
fraction be described separately for each trial and as an un-weighted and an Akaike weighted
average across all trials. This information is given in Table 7 for the wga trials, in Table 8
for the wgb trials, and in Table 9 for the wgc trials, with all tables showing results for seven
percentiles between the 2.5 and the 50th percentiles.

Looking first at the wgb and wgc trials is it found that nearly all sustainable harvest
estimates are below the true levels of sustainable harvest, with the un-weighted and the Akaike
weighted probability of underestimating the sustainable harvest being 98% and 100% for the
50th percentile of the wgb trials, and 97% and 100% for the 50th percentile of the wgc trials.
More variation is found in the estimates of the 2005 abundance, with the un-weighted and the
Akaike weighted probability of underestimating the abundance declining from 93% and 100%
for the 2.5th percentile to 69% and 97% for the 50th percentile for the wgb trials, and from 98%
and 100% for the 2.5th percentile to 70% and 92% for the 50th percentile for the wgc trials.

The wga trials are slightly more conservative for the abundance estimates, and less so for
the sustainability estimates. Table 7 shows, that the un-weighted and the Akaike weighted
probability of underestimating the 2005 abundance decline from 97% and 100% for the 2.5th
percentile, to 81% and 100% for the 50¢h percentile. And that the un-weighted and the Akaike
weighted probability of underestimating the sustainable harvest in 2005 decline from 92% and
100% for the 2.5th percentile, to 80% and 98% for the 50th percentile. Note here the variation
between trials, where the low production (msyr = 1%) trials with a 2005 female abundance equal
to or below 6,300 (trial 9, 12 and 15) have probabilities of 91%, 75% and 13% of underestimating
the sustainable harvest for the 2.5-percentile. These trials, however, have basically no Akaike
weight (Table 5). If instead the probability of underestimating the sustainable harvest is checked
across all wga, wgb and wgc trials with a non zero Akaike weight, for the 20th percentile, we
find that it is 100% except for trial six in wga where it is 99%, and for trial two in wgc where
it is 94%.

Assessment results

The parameter estimates for the assessment based on the original harvest data are given in Ta-
ble 10. Given the data and the trials, for the 10th percentile is it estimated that the un-weighted
probability that the 2005 abundance exceeds 15,600 is 93%, and that the corresponding Akaike
weighted probability in 100%. Furthermore, the un-weighted probability that the sustainable
harvest in 2005 exceeds 162 is 96%, while the corresponding Akaike weighted probability is a
100%. For the 20th percentile is it estimated that the un-weighted probability that the 2005
abundance exceeds 19,600 is 88%, and that the corresponding Akaike weighted probability is
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100%. Furthermore, the un-weighted probability that the sustainable harvest in 2005 exceeds
175 is 95%, while the corresponding Akaike weighted probability is a 100%.

DISCUSSION

The result that there is an un-weighted probability of 88%, and a Akaike weighted probability of
100%, that the current abundance exceeds 19,600 common minke whales, can be compared with
a negatively biased abundance estimate of 4090 (95% CI: 1650-10200) common minke whales
from the harvest area in 2005 (Heide-Jgrgensen et al. 2006). Depending on the extend of the
negative bias, this suggests that the harvest in West Greenland is supplied by a population
that is approximately five, or more than five, times larger than the number of common minke
whales that occur just off West Greenland. Although this difference might at first seem large,
an abundance of 20,000 common minke whales is not large compared with the likely abundance
of approximately 90.000 common minke whales in the Central North Atlantic (Skaug et al. 2002;
Borchers et al. 2003; Gunnlaugsson et al. 2003) and the largely unknown abundance of common
minke whales in the Western North Atlantic.

But could the assessment results reflect, not a true data signal, but only an artefact that
is being introduced by the specifications of the trials and/or the specifications of the priors in
the Bayesian assessments. The applied method would clearly fail if it is possible to get it to
produce “conservative” abundance estimates that are unrealistically high compared with the
known abundance and distribution of common minke whales in the North Atlantic.

The upper limit on the prior on the carrying capacity in the Bayesian assessments was in-
creased from 200, 000 to two millions, in order to examine if the conservative abundance estimate
of the assessment was an artefacts of the prior on the carrying capacity. This had only a minor
impact on the assessment results. Where the 5th and the 50th percentiles of the 2005 abundance
for the original assessment on the real data were 12,000 and 34, 000, the corresponding estimates
for the assessment with an upper limit of two million on the carrying capacity were 14,000 and
36,000. Clearly, the conservative abundance estimates of the assessment are not controlled by
the abundance prior.

But if the assessment tuning parameter 9}, is changed from 3.3 to the expected point estimate
of 2.9, would it then be possible to generate a so called “conservative” abundance estimate that is
unrealistically high. An upper limit on the carrying capacity prior in the Bayesian assessments
of two millions and a fixed ¥, at 2.9, gave unrealistically high 2005 abundance estimates of
130.000 and 910.000 for the 5th and the 50th percentiles. But these estimates could not be
classified as being conservative. Across nine trials that covered the most optimistic range of
plausible abundance estimates (2005 female abundance of 100,000, 50,000 and 10,000, each
with a msyr of 0.01, 0.04 and 0.07), did the latter assessment produce median 2005 abundance
estimates that were on average 4.3 times the true abundance, with a maximal overestimate that
was 46 time the true abundance. It may therefore be concluded that the applied method has
an inherent trade-off where abundance estimates that cannot be guaranteed conservative can
be unrealistically high, while conservative abundance estimates tend to fall within a plausible
range.

In the assessment has it implicitly been assumed that the sex has been determined correctly
and reported correctly. Most of the sex information has been provided by the hunters, and the
reported female fraction has been estimated to be the same (67%) for animals caught by Green-
landers and animals caught by the Norwegian whaling vessels (Kapel 1980). An independent
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estimate for 1982 and 1996-1998 of 77% females is available from the genetic analysis of Ander-
sen et al. (2003). For 166 samples from common minke whales taken off West Greenland they
found that only three males were reported as females, and two females were reported as males.
In result there appears to be no reason to question the general reliability of the sex information
in the harvest data. However, should the catch sex ratio be included as an essential part of
future assessments and a future AWMP for West Greenland common minke whales, might it be
advisable to shift to a system where the sex ratio is genetically estimated from tissue samples
of caught whales.
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Greenlandic whalers 1955 to 1978

Year m f Year m f Year m f Year m f
1955 7 8 1961 7 9 1967 7 42 1973 8 39
1956 5 15 1962 17 43 1968 10 47 1974 6 34
1957 6 18 1963 32 47 1969 14 42 1975 1 17
1958 5 6 1964 26 37 1970 12 20 1976 2 20
1959 2 17 1965 19 30 1971 6 25 1977 15 39
1960 2 15 1966 24 49 1972 6 40 1978 2 13

Greenlandic whalers 1985 to 2005
1985 59 163 1991 22 66 1997 42 99 2003 58 117
1986 38 107 1992 18 72 1998 39 118 2004 44 129
1987 14 29 1993 25 74 1999 34 123 2005 34 130
1988 6 34 1994 22 78 2000 36 102 2006 - -
1989 14 32 1995 44 103 2001 32 91 2007 - -
1990 15 63 1996 36 120 2002 33 88 2008 - -

Norwegian whalers 1968 to 1985
1968 7 13 1973 67 154 1978 10 65 1983 25 42
1969 119 46 1974 43 209 1979 31 44 1984 20 49
1970 74 52 1975 11 91 1980 13 62 1985 28 24
1971 86 177 1976 38 149 1981 15 46 1986 - -
1972 32 91 1977 21 54 1982 24 42 1987 - -

Table 1: Yearly reporting of caught male (m) and female (f) common minke whales by Greenlandic
whalers from 1955 to 1978, and from 1985 to 2005, and by Norwegian whalers from 1968 to 1985.

Year m f Year m f Year m f Year m f Year m f
1948 1 3 1960 7T 49 1972 52 227 1984 77 228 1996 38 126
19499 1 4 1961 15 20 1973 114 383 1985 87 187 1997 44 104
1950 2 7 1962 20 52 1974 76 393 1986 38 107 1998 41 125
1951 4 12 1963 67 99 1975 23 301 1987 28 58 1999 37 133
1952 8 24 1964 67 95 1976 55 323 1988 16 93 2000 38 107
1953 8 24 1965 76 120 1977 100 260 1989 19 44 2001 36 103
1954 5 17 1966 74 151 1978 34 221 1990 17 72 2002 38 101
1955 10 12 1967 35 209 1979 91 234 1991 28 81 2003 61 124
1956 6 16 1968 62 273 1980 75 258 1992 21 82 2004 46 133
1957 6 18 1969 186 248 1981 117 148 1993 27 80 2005 34 132
1958 14 16 1970 152 181 1982 84 232 1994 23 81 2006 - -

1959 6 49 1971 124 335 1983 90 246 1995 46 107 2007 - -

Table 2: Yearly catch of male (m) and female (f) West Greenland common minke whales, as recon-

structed from total reported catch and reporting on caught males and females.
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T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
N | 50 50 50 18 18 18 63 63 63 22 22 22 .8 .80 .80
msyr | .07 .04 .01 .07 .04 .01 .07 .04 .01 .07 .04 .01 .07 .04 .01
msyl | .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60
9, 129 29 29 29 29 29 29 29 29 29 29 29 29 29 29
4% (10 10 10 10 10 10 10 10 10 1.0 1.0 1.0 1.0 10 1.0
wga ¢ 1.50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50
N |10 50 25 10 50 25 10 50 25 1.0 50 25 1.0 5.0 25
msyr | .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04
msyl | .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60
9,110 1.0 1.0 34 34 34 24 24 24 1.7 1.7 1.7 19 19 19
9129 29 29 10 10 10 10 10 10 17 1.7 1.7 1.0 10 1.0
wgb 9 1.50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .60 .60 .60
N |10 50 25 10 50 25 10 50 25 1.0 50 25 1.0 50 25
msyr | .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04
msyl | .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60 .60
9,129 29 29 29 29 29 29 29 29 29 29 29 29 29 29
9110 10 10 10 10 10 10 10 10 10 1.0 1.0 1.0 1.0 1.0
9 1.50 .50 .50 50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50
wgce Pex | Pa Pa Pa Db Pb Db Pc Pc Pc Pd  Pd Pd Pe De De
Per | Trial specification
Pa | Up scaling in time: la from 1948 to 1970, linear to 1.52 in 2005
pp | Y¢ scaling in time: 1x from 1948 to 1970, linear to 1.5z in 2005
pe | 9n & U, in time: both 1z from 1948 to 1970, linear to 1.2x in 2005
Pd Catch selection over age: c¢g = 0, linear ¢; =0.07to ¢, =1
De Catch selection over age: c¢g = 0, linear ¢; =1 to ¢; = 0.07

Table 3: Parameter values for the trials (T'), of the wga, wgb, and wgc trial sets.

Par ‘ Sad  Sjuv  Dmaz Om
0.92 0.10 0.50 3
0.99 099 1.00 10

min

max

Table 4: Minimum and maximum values of the uniform priors on the life history parameters.

T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
wga | 1210 536 4437 17 78 1071 0 O 0 0 O 0 0 O 0
wgb 0 0 207 0 O 1 0 0 0 0 0 198 0 0 413
wgce 0 10 0o 0 O 29 0 0 1189 0 0 67 0 0 539

Table 5: The Akaike weights of the different trials given a total weight of 10,000. For details see the

main text.
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wga T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 P D
K |29 30 31 b7 bH9 56 1.0 98 82 15 1.2 97 15 12 10| .86 .35
N |21 24 30 38 43 54 51 62 87 b1 78 14 64 1.0 21|.70 .32
avg sh | .05 .10 45 .11 21 .8 .18 32 13 .13 30 19 .21 37 38| .69 .41
K|.18 19 19 40 44 42 82 80 .70 13 11 8 14 11 86| .71 .23
N |09 11 15 17 24 29 22 32 46 .19 39 .72 14 45 11| .34 .16
min sh|.03 .06 .29 .07 .15 60 .07 .19 .89 .04 .14 1.0 .05 .17 19| .38 .28
K |8 8 84 8 13 1.1 13 14 12 16 15 12 1.7 14 11|12 .89
N |.7% 8 94 67 12 14 86 13 15 88 15 22 12 20 39|14 .98
max sh | .10 .18 .74 16 47 1.7 26 .52 22 23 53 39 10 7 71|13 .72
wgb T 1 2 3 4 ) 6 7 8 9 100 11 12 13 14 15 D D
K| 13 11 48 13 14 16 12 91 29 13 11 47 19 1.7 69|11 .58
N|1.92 64 3 12 12 15 66 .37 .15 94 64 35 36 14 .56 | .97 .46
avg sh | .32 33 .17 46 48 32 26 .20 .09 .32 33 .16 .87 .50 .20 | .33 .18
K|11 9 3 11 99 52 11 81 26 11 89 34 16 14 48| .86 .41
N | .42 34 20 54 49 3r 28 21 .10 .39 .32 .20 2.0 .80 .30 | .46 .25
min sh | .16 .19 .12 20 .27 .17 .11 .10 .07 .16 .18 .11 .50 .37 .13 |.19 .12
K|14 14 11 15 36 26 14 10 35 14 14 11 24 22 15|16 13
N |20 12 11 25 45 26 12 .57 23 18 12 11 61 26 14|20 1.2
max sh | .64 52 35 94 13 37 94 33 .13 66 .52 35 14 69 .36 | .63 .36
wge T 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 P D
K|14 23 25 12 98 3 13 11 65 13 87 .42 10 13 .56 | 1.1 .62
N |17 25 24 79 50 23 11 .76 .55 91 41 30 .47 98 45| .93 .51
avg sh | .69 73 33 28 27 13 38 .38 21 .32 .20 .15 .34 45 .19 ] .34 .20
K|12 11 16 11 8 30 11 92 38 11 .76 .33 .85 10 .36 | .86 .37
N |66 .66 14 34 .28 .14 53 37 23 43 .22 19 .15 b3 .22 | 42 .22
min sh|.26 35 30 .14 .15 .09 .16 .22 .12 .12 .10 .11 .06 .31 .12 | .17 .12
K|19 87 27 14 12 57 15 17 21 14 98 8 12 21 16|20 19
N |42 11 28 14 84 47 21 1.7 21 19 64 .78 90 23 15|23 19
max sh |14 14 37 .76 .42 20 .77 61 36 .64 31 31 1.1 .75 35| .65 .36

Table 6: The average, minimum and maximum of the median estimate over the true trial value for
selected parameters, for the hundred iterations of the different wga, wgb, and wgc trials. The un-

weighted average and the Akaike weighted average across each trial set is given by p and p.
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wga T 1 2 3 4 ) 6 7 8 9 100 11 12 13 14 15 p p
K|10 10 10 10 10 10 10 10 10 .00 .09 1.0 .00 .02 10].7 1.0

N|10 10 10 10 10 10 10 10 10 10 1.0 99 10 10 .bH4] .97 1.0

msyr | 1.0 1.0 .00 10 10 .00 10 10 .00 10 10 .00 1.0 1.0 .00 | .67 .25
d}10 10 10 10 10 10 10 10 10 10 10 .88 1.0 10 47| .96 1.0

ry | .96 99 81 10 10 91 10 10 91 10 10 .75 1.0 1.0 .13 | .90 .86

2.5% sh {10 10 10 10 10 10 1.0 10 91 10 10 .75 1.0 1.0 .13]| .92 1.0
Kj|10 10 10 10 10 10 10 10 10 .00 .07 1.0 .00 .02 10].74 1.0

N |10 10 10 10 10 10 10 10 10 10 10 .95 10 10 43| .96 1.0

msyr | 1.0 10 .00 10 10 .00 10 10 .00 1.0 10 .00 10 1.0 .00 | .67 .25
d}10 10 10 10 10 10 10 10 10 10 10 .87 1.0 10 .39] .95 1.0

ry | .91 98 8 10 10 .8 10 10 87 10 10 .62 1.0 1.0 .11 | .88 .83

5.0% sh {10 10 10 10 10 10 10 10 88 10 1.0 .62 10 1.0 .11|.91 1.0
K |10 10 10 10 10 10 98 99 10 .00 .01 1.0 .00 .00 94 ]|.73 1.0

N|]1l0 10 10 10 10 10 10 10 10 10 10 .88 1.0 10 .301| .95 1.0

msyr | 1.0 10 .00 10 10 .00 10 10 .00 1.0 10 .00 1.0 1.0 .00 | .67 .25
d|{10 10 99 10 10 99 10 10 1.0 10 10 277 10 1.0 .31 |.94 .99

ry | .86 92 62 10 99 8 10 10 .80 10 10 33 10 10 .03|.82 .71

10% sh {10 10 10 10 10 10 10 10 80 10 1.0 .33 10 1.0 .03|.88 1.0
K|10 10 10 10 10 10 90 99 10 .00 .01 99 .00 .00 .79].71 1.0

N|1l0 10 10 10 10 10 10 10 99 10 10 .71 10 95 .14].92 1.0

msyr | 1.0 1.0 .00 10 10 .00 10 10 .00 10 10 .00 1.0 1.0 .00 | .67 .25
d}10 10 97 10 10 97 10 10 92 10 10 .57 1.0 10 .15] .91 .98

ry | .66 .89 46 95 99 .67 1.0 1.0 .67 10 1.0 .13 1.0 1.0 .00 | .76 .56

20% sh {10 10 10 10 10 99 10 10 59 10 1.0 .13 10 1.0 .00| .8 1.0
K|10 10 10 10 10 10 72 91 99 .00 .00 .95 .00 .00 .64 | .68 1.0

N |10 10 10 10 10 99 10 10 98 10 99 45 1.0 .94 .08 | .90 1.0

msyr | 1.0 1.0 .00 10 10 .00 10 10 .00 1.0 10 .00 1.0 1.0 .00 | .67 .25
d}10 10 9 10 10 92 10 10 .78 10 10 .38 1.0 .96 .05| .87 .96

ry | .54 81 36 90 .98 47 1.0 1.0 42 10 10 .06 1.0 1.0 .00 | .70 .45

30% sh {10 10 10 10 10 94 10 10 40 10 1.0 .06 10 1.0 .00]| .83 .99
K |10 10 10 10 99 10 64 79 99 .00 .00 .91 .00 .00 .51 ] .66 1.0

N |10 10 10 10 99 98 10 99 90 10 94 29 99 .77 01| .86 1.0

msyr | 1.0 10 .00 10 10 .00 10 10 .00 1.0 10 .00 10 1.0 .00 | .67 .25
d|{10 10 93 10 10 86 10 10 .64 1.0 1.0 .25 10 .93 .01 | .84 .94

ry | .39 70 21 8 94 27 10 10 .21 10 1.0 .01 1.0 10 .00| .64 .29

40% sh {10 10 10 10 10 8 10 10 .17 10 1.0 .01 10 1.0 .00| .80 .98
K |10 10 10 10 99 98 b4 .67 96 .00 .00 .78 .00 .00 .38 | .62 1.0

N|1l0 10 10 10 99 98 10 99 .72 10 83 .16 97 .58 .00| .81 1.0

msyr | 1.0 10 .00 10 10 .00 10 10 .00 1.0 10 .00 1.0 1.0 .00 | .67 .25
dj10 10 9 10 10 .82 10 10 49 10 98 .12 1.0 .79 .00 | .81 .91

ry | .26 .57 .12 .75 92 15 99 10 .06 10 1.0 .00 99 1.0 .00 | .59 .19

50% sh {10 10 10 10 10 86 10 10 .08 1.0 1.0 .00 .99 1.0 .00| .80 .98

Table 7: The probabilities that the percentiles of parameter estimates are below the parameter values

for the wga-trials (T), with p giving the average probability and p the Akaike weighted probability across

trials.
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wgb T 1 2 3 4 ) 6 7 8 9 100 11 12 13 14 15 p p
K|.02 10 10 .01 .64 10 .06 10 10 .02 .99 1.0 .00 .00 101 .58 1.0

N|1l0 10 10 10 98 10 10 10 10 10 1.0 1.0 .02 99 10| .93 1.0

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d}10 10 10 10 10 10 10 10 10 10 10 1.0 .57 10 10| .97 1.0

ry |10 1.0 99 10 10 94 10 10 10 10 10 1.0 1.0 1.0 94| .99 .97

2.5% sh {10 10 10 10 10 10 10 10 10 10 10 10 1.0 1.0 10|10 1.0
K|].01 98 10 .00 .51 10 .04 10 10 .01 98 1.0 .00 .00 1.0 .57 1.0

N |10 10 10 99 98 10 10 10 10 10 10 1.0 .02 99 10| .93 1.0

msyr (1.0 10 10 10 10 10 10 10 10 10 10 10 1.0 1.0 10|10 1.0
d}10 10 10 10 10 10 10 10 10 10 10 1.0 .49 10 10| .97 1.0

ry | 1.0 10 99 10 10 8 10 10 10 10 10 99 1.0 1.0 92| .99 .95

5.0% sh|{10 10 10 10 10 10 10 10 10 10 1.0 10 10 10 1.0|10 1.0
K|.00 949 10 .00 34 8 .02 10 10 .00 .94 1.0 .00 .00 10| .54 1.0

N |10 10 10 9 95 9 10 10 10 10 1.0 1.0 .01 95 1.0].92 1.0

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d|{10 10 10 10 99 10 10 10 10 10 10 10 .24 10 1.0| .95 1.0

ry |10 10 99 10 10 .9 10 10 10 10 1.0 99 1.0 1.0 .90 ]| .98 .94

10% sh{10 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0]10 1.0
K |00 8 10 .00 .11 54 00 10 10 .00 .81 1.0 .00 .00 10} .49 1.0

N|9% 10 10 8 84 63 10 10 10 96 1.0 1.0 .00 .70 1.0} .87 1.0

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d}10 10 10 9 97 97 10 10 10 10 10 1.0 .06 1.0 1.0].93 1.0

ry | 1.0 1.0 96 10 10 60 10 1.0 10 10 1.0 97 .99 10 .78 | .95 .87

20% sh {10 10 10 10 10 10 10 10 10 10 1.0 10 .99 10 1.0]10 1.0
K|].00 62 10 .00 .03 .41 .00 10 10 .00 .63 1.0 .00 .00 .98 | .44 .99

N|]94 10 10 .72 .71 49 10 10 10 95 10 1.0 .00 42 10| .82 1.0

msyr (1.0 10 10 10 10 10 10 10 10 10 10 10 10 1.0 10|10 1.0
d}.99 10 10 8 95 92 10 10 10 98 10 1.0 .01 10 1.0].91 1.0

ry | 1.0 1.0 92 10 10 .47 10 10 10 10 10 93 96 1.0 65| .93 .79

30% sh |10 10 10 10 99 10 10 10 10 10 1.0 10 97 10 1.0|1.0 1.0
K |00 4 10 .00 .01 31 .00 10 10 .00 .46 1.0 .00 .00 .96 | .41 .98

N |8 99 10 .52 b5 38 9 10 1.0 .83 99 1.0 .00 .19 97 |.75 .98

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 10|10 1.0
d|{.93 10 10 .72 91 8 10 10 10 94 10 10 .00 .99 1.0| .89 1.0

ry | 1.0 10 88 10 10 32 10 10 10 1.0 1.0 90 90 10 .H4|.90 .71

40% sh {10 10 10 10 99 10 10 10 10 10 1.0 10 90 1.0 1.0].99 1.0
K |00 30 .99 .00 .01 .23 .00 98 10 .00 .28 .99 .00 .00 .94 ]| .38 .96

N|65 98 99 41 49 29 94 10 10 .64 98 99 .00 .07 .96 | .69 .97

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0

d| .8 10 10 b5 8 .76 99 10 10 .84 10 1.0 .00 98 1.0 .85 1.0

ry |10 10 8 10 1.0 .20 10 10 99 10 10 82 .74 1.0 .45 | .87 .63

50% sh {10 10 10 10 98 10 10 10 10 10 1.0 10 .79 1.0 1.0].98 1.0

Table 8: The probabilities that the percentiles of parameter estimates are below the parameter values

for the wgb-trials (T'), with p giving the average probability and p the Akaike weighted probability across

trials.
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wgc T 1 2 3 4 ) 6 7 8 9 100 11 12 13 14 15 p p
K|.00 .12 10 .04 10 10 .01 98 10 .02 1.0 1.0 93 .79 10| .66 1.0

N|9 /2 10 10 10 10 10 10 10 10 1.0 1.0 10 10 10| .98 1.0

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0

d} 97 98 10 10 10 10 10 10 10 10 10 10 10 10 10]1.0 1.0

ry 1.0 10 92 10 10 10 10 10 98 10 10 1.0 1.0 1.0 98| .99 .98

2.5% sh {10 10 10 10 10 10 10 10 10 10 10 10 1.0 1.0 10|10 1.0
K|.00 06 10 .03 10 10 .01 .90 10 .01 10 1.0 .82 .59 10| .63 1.0

N| 8 64 10 10 10 10 10 10 10 10 10 1.0 1.0 99 10| .97 1.0

msyr | 10 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d}.92 92 10 10 10 10 10 10 10 10 10 1.0 10 10 10].99 1.0

ry | 1.0 10 8 10 10 10 1.0 10 98 10 10 1.0 1.0 1.0 98| .99 .98

5.0% sh|{10 10 10 10 10 10 10 10 10 10 1.0 10 10 10 1.0|10 1.0
K |00 .02 54 01 10 10 .00 8 10 .00 1.0 1.0 .73 .30 10| .56 .99

N |.76 b5 8 10 10 10 9 10 10 10 10 1.0 1.0 .99 10| .94 1.0

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d|{.9 .79 10 10 10 10 10 10 10 10 10 10 10 10 1.0 .98 1.0

ry |10 10 .73 10 1.0 10 10 10 93 10 1.0 99 10 10 92| .97 .93

10% sh {10 99 10 10 10 10 10 10 10 10 10 10 10 10 1.0]10 1.0
K |00 .01 .08 .00 .98 10 .00 58 .99 .00 1.0 1.0 65 .12 1.0 .49 .99

N | b5 41 .11 10 1.0 10 94 99 99 96 1.0 1.0 1.0 99 10| .86 .99

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0
d|.%% .71 91 10 10 10 99 10 10 10 10 1.0 10 10 1.0].96 1.0

ry | 1.0 1.0 .57 10 10 99 10 10 .89 10 1.0 99 1.0 1.0 .90 .96 .90

20% sh {10 94 10 10 10 10 10 10 10 10 10 10 10 10 1.0]10 1.0
K|.0 .00 .00 .00 93 10 .00 35 .95 .00 1.0 1.0 .57 .04 99| .46 .96

N |41 25 01 97 1.0 10 80 .99 98 94 10 1.0 1.0 92 99| .82 .98

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0| 1.0 1.0

d| .60 65 .76 10 10 10 93 10 10 98 10 1.0 1.0 .99 101 .93 1.0

ry | .98 99 38 10 10 99 10 10 82 10 1.0 99 1.0 1.0 .78 | .93 .82

30% sh .98 88 10 10 10 10 10 10 10 10 1.0 10 10 1.0 1.0].99 1.0
K |.00 .00 .00 .00 .84 10 .00 .18 93 .00 1.0 1.0 43 .00 .98 | .42 .94

N |.23 20 00 9 10 10 65 96 .94 8 1.0 1.0 1.0 .81 .99 | .77 .95

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 10|10 1.0

d| .49 b4 69 99 10 10 8 10 1.0 93 10 10 10 .98 1.0| .90 1.0

ry | .92 99 25 10 1.0 98 10 10 .67 10 1.0 .98 .98 .99 .67 | .90 .69

40% sh1.92 8 10 10 10 10 10 10 10 10 1.0 1.0 98 1.0 1.0].98 1.0
K|.00 00 .00 .00 .68 10 .00 .07 90 .00 1.0 1.0 33 .00 .95| .40 .91

N|.10 .10 .00 .86 10 10 47 88 90 .67 1.0 1.0 1.0 .62 .97 |.70 .92

msyr | 1.0 10 10 10 10 10 10 10 10 10 10 10 10 10 1.0|1.0 1.0

d| .3 44 b4 97 10 10 72 99 10 88 10 1.0 1.0 98 10| .8 1.0

ry | .88 98 .07 10 1.0 93 10 1.0 .57 10 1.0 .93 .96 .99 .55 | .86 .59

50% sh|.88 w7 10 10 10 10 10 10 10 10 1.0 10 96 1.0 1.0|.97 1.0

Table 9: The probabilities that the percentiles of parameter estimates are below the parameter values

for the wgc-trials (T'), with p giving the average probability and p the Akaike weighted probability across

trials.
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K N  msyr d ry sh

e | 21400 11600 0.01 0.62 61.2 127
D 0.66 096 089 097 096 0.97
25% p 1.00 1.00 0.75 1.00 0.94 1.00
e | 23200 13100 0.01 0.66 72.2 144
D 0.65 0.95 0.89 097 095 097
5.0% p 1.00 1.00 0.75 1.00 0.92 1.00
e | 25900 15600 0.01 0.71 844 162
D 0.61 093 0