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ABSTRACT

The percentage of calves in a whale population can provide information on whether a population is increasing, stable or decreasing and is
an input to population models. In this paper a method for estimating the percentage of calves in the Bering-Chukchi-Beaufort Seas (B-C-
B) bowhead whale population in any given year by obtaining information on the percentage of calves passing Point Barrow, Alaska, during
the last three weeks of the spring migration is presented. The method incorporates information on the timing of the migration with the
percentage of calves detected during calf index surveys conducted during weekly periods from 14 May to early June. Historic data provide
the different proportions of the migration during the weekly periods during low, medium and high calf years. The index is adjusted to allow
for calves passing before 14 May and calves that are born after their mothers pass Point Barrow. The calf index was calculated for eight
years using data from aerial photographic surveys near Point Barrow from 1985 to 2004 and the mean percentage of calves in the sampled
years was 6.1%. Power analyses indicate that nine years of calf index data are required following a decline to detect a 60% reduction in the
calf index. Additional calf index surveys prior to a decline would increase the power to detect a decline. This method can provide a robust
estimate of the percentage of calves in the population each year with a modest aerial survey or photographic effort at Point Barrow. The
data would be valuable in evaluating whether calving rates are within the range tested for the purpose of reviewing the B-C-B bowhead
whale Strike Limit Algorithm.
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INTRODUCTION

The Bering-Chukchi-Beaufort (B-C-B) population of
bowhead whales (Balaena mysticetus) has increased at a rate
of 3.4% per annum (95% CI=1.7-5.0%) from 1978 to 2001
(George et al., 2004b; Zeh and Punt, 2005) despite a
subsistence harvest conducted under a quota administered
by the International Whaling Commission (IWC). Under the
current management agreement a new population estimate is
obtained at least every 10 years to confirm population
trends, but because the confidence intervals around these
estimates are broad, changes in population trends cannot be
confirmed by a single estimate. Therefore, a cost effective
technique is needed to gauge the health of the population
across shorter time intervals. This could be done by
monitoring calving success through a complete calving
cycle, which is thought to be 3-4 years (George et al., 2004a;
Koski et al., 1993). Such data would also be valuable to
evaluate whether calving rates were within the range tested
for the purposes of reviewing the bowhead whale Strike
Limit Algorithm (SLA) and would provide data for
evaluating the effect of environmental variability on calving
rates. The latter has been identified by IWC (2009) as an
important input to future stochastic operating models for
evaluating effects of harvests on stocks such as the B-C-B
bowhead whale.

Changes in sea ice cover have been found to impact
marine mammals in different ways. Species that avoid ice,
such as gray whales (Eschrichtius robustus), have lower calf
production and are in poorer condition during years when
ice lingers late into the summer feeding season (Perryman et

al., 2002; Perryman and Lynn, 2002). Species that rely on
ice as a feeding or resting habitat, such as walruses
(Odobenus romarus) and polar bears (Ursus maritimus),
have reduced reproductive success when ice cover is
reduced (Cooper et al., 2006; Stirling et al., 1999; Stirling
and Parkinson, 2006). Concerns that reductions in ice cover
in the Arctic might affect bowhead whale reproductive
success because of their strong affiliation with sea ice and
that increased oil and gas exploration activity might impact
the population further motivate development of a more
frequent and economical measure of reproductive success
for this population.

Aerial photogrammetry studies of bowhead whales have
been conducted near Point Barrow, Alaska, during their
spring migration from the Bering Sea toward summer
feeding areas in the Beaufort Sea and Amundsen Gulf. Data
from these studies have been used to document the length-
frequency distribution of the population and hence the
percentage of calves in the population (Koski et al., 2006).
The migration past Point Barrow is size structured (Angliss
et al., 1995; Koski et al., 2006; Withrow and Angliss, 1992;
1994). Few calves are seen before mid-May, so annual
recruitment can be estimated by monitoring the numbers of
calves migrating past Point Barrow from mid-May to early
June, the latter part of the spring bowhead whale migration.
Note that the gray whale spring migration off California is
also monitored for calves only during the latter half
(Perryman et al., 2004).

In this paper a method of monitoring the reproductive
success of B-C-B bowhead whales is described. Mothers
and calves passing Point Barrow during the mid-May to
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early June period were counted or photographed and these
data integrated with historic data on the proportion of the
migration passing during weekly periods, with the weekly
proportions varying among low, medium and high calf
years. This permits an estimate of the percentage of calves
in any given year without sampling the entire migration if
calves born later in the season than surveys are conducted or
after their mothers pass Point Barrow are accounted for
(Koski et al., 2004; 2006). If the data that are collected
include information on whale lengths obtained from
photogrammetry, the size structure of the sampled whales
permits evaluation of whether the season is a typical or
unusual season with respect to the timing of the migration.

METHODS

Aerial photogrammetry surveys

Aerial photogrammetry surveys were flown near Point
Barrow, Alaska, in each of 1985-87, 1989-92, 1994 and
2003-04 by the National Marine Mammal Lab (NMML),
Alaska Fisheries Science Center, NOAA Fisheries Service
and/or LGL Limited. All of these years except 1987 and
1994 covered the latter part of the spring migration well.
The methods employed build on the approach used by Koski
et al. (2006) to estimate the length-frequency distribution of
B-C-B bowhead whales by combining information on the
proportion of the population passing during weekly periods
with the length structure of the population during those same
periods. This approach minimised biases caused by low
sampling rates during some weekly periods. The calf index
is an extension of this approach and does not require
sampling during the first four weekly periods because no or
few calves pass Point Barrow before 14 May (fig. 3 of Koski
et al., 2006).

The weekly proportions of the migration passing Point
Barrow late in the season vary among low, medium and high
calf years with a higher proportion of the migration passing
later in the season during years when higher numbers of
calves are present. Although the mean weekly proportions
used by Koski et al. (2006) were appropriate when
averaging several years of data, year-specific proportions
are necessary to compute an unbiased calf index for a
specific year. Visual, acoustic and aerial survey data from
the ice-based surveys of bowhead whales in 1985, 1986,
1988, 1993 and 2001 (George et al., 2004b; Zeh and Punt,
2005) were analysed to estimate the proportion of the
migration that passed Point Barrow during the periods 14-20
May, 21-27 May and >27 May. These were the years when
ice-based effort supplemented by aerial surveys spanned the
entire migration. Based on earlier studies, 1986 and 2001
were categorised as high calf years (Angliss et al., 1995;
George et al., 2004b) and 1985 and 1988 as low calf years
(Angliss et al., 1995; George et al., 1995). Based on number
of calves seen as a percentage of number of whales seen by
the ice-based survey (George et al., 1995; 2004b) it is likely
that 1993 was a medium calf year. The low survey
proportions after 13 May in 1993 compared to those in the
high calf years 1986 and 2001 (Table 1) also suggest that
1993 was not a high calf year.

Calculation of calf index

The calf index is calculated by multiplying the proportion of
the migration estimated to pass Point Barrow during a
weekly period by the percentage of calves detected during
that same period and then summing the resulting products
for the last three weekly periods of the season (i.e. 14-20
May, 21-27 May and >27 May). The percentage of the

calves during each period can be obtained either from aerial
surveys or from photogrammetry studies. If aerial surveys
are used, each whale sighted should be circled to confirm
whether or not it has a calf. Calves can be very difficult to
detect during aerial surveys because they are small and
frequently travel below their mothers (Davis et al., 1983).

Koski et al. (2004; 2006) noted that the spring
photography data are positively biased towards larger
numbers of mother-calf pairs than other whales for two
reasons. First, calves which are recently born in the spring,
have much shorter dive times than non-calves and so the
calves (and hence their mothers) are approximately 1.69X
(SE=0.14) more likely to be detected than non-calves (Koski
et al., 2004). Thus, when calculating the percentage of
calves during each weekly period from survey data, the
weekly counts of mothers and calves should be divided by
1.69. Second, researchers conducting photographic studies
made extra effort to photograph mothers and calves
(including mothers accompanied by yearlings), resulting in
1.46 X (SE=0.17) more photographs of mothers and calves
than of other whales (Koski et al., 2006). Thus, when
photographs provide the data for calculating the calf index,
as in this paper, the number of images of mothers and calves
seen together in each week needs to be divided by 1.69 X
1.46=2.47. The 1.46 factor also needs to be applied to
mother-yearling pairs in spring to avoid giving them too
much weight when estimating the percentage of calves
because extra effort was also made to photograph mother-
yearling pairs. However, the dive times of yearling
bowheads whales are much longer than spring-born calves
and so the 1.69 correction factor is not applied to mother-
yearling pairs.

To accomplish these corrections, each image of a whale
was given a weight. The single image of an unaccompanied
calf identified by a post-survey length measurement was
given a weight of 1/1.69. All other images of calves were
given weights of 1/2.47, as were the images of their
mothers. Images of a mother-yearling pair were given a
weight of 1/1.46. All other images had weights of 1. Thus,
summing the weights of the images of calves and of other
whales during a given week of a given year and computing
the percentage of calves as

100 X (sum of calf weights) / (sum of calf weights + sum
of other whale weights)

is equivalent to counting the images requiring each
correction factor, dividing by the correction factor and
computing the percentage of calves from the corrected
counts.

Compared to previous estimates based on aerial and ice-
based surveys and photogrammetry studies, a relatively
accurate and fully-corrected estimate of the percentage of
calves in the population can be obtained by applying
corrections for calves that pass before 14 May or are born
after their mothers pass Point Barrow to the raw calf index
described above. No calves were seen before 14 May during
photogrammetry studies in years with low calf production
(1985 and 1992, raw calf index <2%). Thus no correction
for calves that passed before 14 May was made for low-calf
years. During years with medium (2-5%) or high (>5%) calf
production (1986, 1989-91 and 2003-4), an augmented calf
index including a weekly period covering calves seen before
14 May was computed. The mean (augmented calf
index)/(raw calf index) over these years is 1.046
(SD=0.054). Koski et al. (1993) compared the length-
frequency distribution of mothers photographed at Point
Barrow in spring with that of mothers in the summering
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Table 1

The proportion of the migration estimated to pass Point Barrow, Alaska, during each weekly period as estimated from ice-based
survey data from 1986, 1988, 1993 and 2001. Calf production was high in 1986 and 2001, relatively low in 1988 and 1993.

Years <23 Apr. 23-29 Apr. 30 Apr.-6 May 7-13 May 14-20 May 21-27 May >27 May
1986 0.0065 0.1110 0.1536 0.3144 0.2386 0.1025 0.0734
1988 0.0850 0.1554 0.2186 0.4030 0.0829 0.0104 0.0448
1993 0.0302 0.1701 0.2378 0.3417 0.1135 0.0719 0.0350
2001 0.0757 0.1275 0.2593 0.2192 0.1501 0.0821 0.0861
Mean proportions:

All years 0.0494 0.1410 0.2173 0.3196 0.1463 0.0667 0.0598
High calf years 0.0411 0.1193 0.2065 0.2668 0.1944 0.0923 0.0798
Low calf years 0.0576 0.1628 0.2282 0.3724 0.0982 0.0412 0.0399

areas. They found that smaller mothers tended to have their
calves later in the season, and most appeared to have calved
after they had passed Point Barrow. Based on those data,
they estimated that ~11% of bowhead whale calves were
born after their mothers passed Point Barrow. Thus the fully-
corrected estimate of percentage of calves is (raw calf
index)/0.89 in low-calf years and 1.046 X (raw calf index)
/0.89 in medium- and high-calf years.

Standard errors

Standard errors were obtained by bootstrapping with 100
bootstrap replications. The standard deviation (SD) of the
100 bootstrapped values provides the SE for the estimated
correction factor or raw calf index value.

The dataset from which the 1.46 factor was computed
included the number of photographs for each of 75 mother-
calf pairs and 1,656 other whales. For each of 100
replications, a bootstrap sample of the mother-calf pairs and
a bootstrap sample of the other whales was drawn and the
bootstrapped value computed as

(mean photos per mother-calf pair) / (mean photos per
other whale).

The SE for the 1.69 factor was computed similarly from a
dataset with paired data on dive time and time at the surface
following the dive for 248 dives made by 13 calves and 302
dives made by 77 other bowhead whales during spring
migration near Point Barrow. In this case, bootstrapping was
done on whales rather than dives since diving and surface
times for the same whale are likely to be correlated; all the
paired data for each whale in each calf and other bootstrap
sample were included in the computations.

The variability of the 1.46 and 1.69 factors was
incorporated in the SE of the raw calf index for a given year
by computing bootstrapped values B, ,, and B, ¢, for each
of the 100 bootstrap replications. Within each bootstrap
replication, images for each week were sampled separately
and their weights computed using B, ,, and B, . The
bootstrapped value of the raw calf index was then computed
as described in the previous section.

No data are available for computing the SE of the 0.89
correction factor used in correcting the raw calf index to
obtain the corrected percentage of calves. It was therefore
treated as a constant in computing the SE of the corrected
percentage by dividing the SE of the raw calf index by 0.89
to obtain SE go. SE, g is the SE of the corrected percentage
for low-calf years.

For medium- and high-calf years, the year-to-year
variability of the 1.046 factor, represented by the SD given
above, must be incorporated to obtain the SE of the
corrected percentage of calves. The usual approximate

formula for estimating the variance of the product 7.046 X
R, where R is the raw calf index for the year divided by 0.89,
is (Goodman, 1960):

V(1.046 X R) =1.0462 X V(R) + R X V(1.046) + 2 X
1.046 X R X Covariance(1.046, R)

where V denotes estimated variance. To assess the
significance of the above covariance term, the correlation
between (augmented calf index)/(raw calf index) and (raw
calf index) for medium- and high-calf years was computed.
This correlation was —0.6, and it was not significantly
different from zero (P=0.173). Thus the covariance term in
the above formula can be treated as zero. The negative sign
of the correlation makes it unlikely that this will lead to
V(1.046 X R) being negatively biased. SE 44> was used for
V(R) in the formula and 0.0542 for V(1.046). The square root
of V(1.046XR) estimates the SE of the percentage of calves
in the population for a medium- or high-calf year.

Power analyses

Power analyses were conducted to evaluate the power to
detect changes in calf production using the corrected calf
index. Examination of the distribution of the corrected calf
index suggested some pattern of high (>9%), medium (4%-
7%) and low (<1%) years with gaps in between, not
inconsistent with the observation by Rugh ez al. (1992) that
calving appears to increase every 3-4 years. While it is
possible that sampling in future years will clarify such
patterns, only nine years of data were available even when
the incomplete 1987 and 1994 surveys were combined and
treated as equivalent to an additional year. Therefore no
attempt was made to incorporate patterns in the power
analyses.

The distribution of available calf index values looks much
more like a uniform distribution than a normal distribution,
so parametric tests like the z-test are not appropriate. It
seems reasonable for purposes of power calculations to
model calf index values as a sample of size n=9 from a
uniform distribution with lower limit 0 and upper limit 6,
where 0 is estimated by (n+1)/n times the maximum
corrected calf index value (Patel et al., 1976, p.170). This
estimate of 6 is 11.6, and the mean of the corresponding
uniform distribution is 6/2=5.8 and the SD=3.35. This SD is
quite close to that of the existing corrected calf index values,
SD=3.75. It also seems reasonable to assume that if the
average calf index value were reduced in the future, there
would still be low-calf years with indices near zero, but
values of the index in high-calf years would not be as high
as at present. This can be modelled by assuming these values
are drawn from a uniform distribution with a smaller upper
limit.



102 KOSKI et al.: CALF INDEX IN B-C-B BOWHEADS

An appropriate test for such a change in distribution of the
calf index is the Mann-Whitney test (Breiman, 1973, p.292).
If the existing calf index values are denoted by x,,...,x,, and
m is the number of calf index values y,,...,y,, observed
during the period with lower average value, then the Mann-
Whitney test statistic U is the sum over the x, of the number
of y; that exceed x,. If the distributions of x, and y_ are in
fact the same, for n = 9 and m = 9, U is approximately
normal with expected value nm/2 and variance
nm(n+m+1)/12. Thus U can be standardised and compared
to quantiles of a normal distribution with mean zero and
variance one.

For this study, a one-sided test was appropriate as only if
the y; had a lower average value (i.e. U was small) would it
be ot concern. The null hypothesis (the x and y distributions
are the same at the 10% level) was rejected if the
standardised value of U was less than —1.28. Tests were
done at the 10% rather than the 5% level to gain more power
to detect a reduction in the calf index. Power was
determined by simulating 1,000 samples in which the y
distribution had a smaller 6 than the x distribution
(reductions of 40%, 50% and 60%) and either m=n=9, m=12
or m=18.

RESULTS

The proportion of the population that was estimated to have
passed Point Barrow during each weekly period during each
of the survey years is shown in Table 1. 1985 was excluded
because of the unusual migration timing in that year (see the
1985 proportions in Table 3 and Koski et al. (2006)). The
mean proportions over all four years in Table 1 were
considered to be representative of the proportions during
seasons with medium calf production. The mean proportions
over high and lower calf years were assumed to be
representative of the proportions passing in such years.

Table 2 shows numbers of photographs of calves and
other whales (non calves) near Point Barrow during each of
the weekly periods during 1985-86, 1989-92 and 2003-04.
In each of these years, flights were made on 10 or more days
from 14 May through 7 June, with several days representing
each week. The incomplete 1987 and 1994 surveys had
flights after 13 May on only 4 and 3 days, respectively, and
one of the weeks was missed completely in each year. Table
2 includes all photographs, whether or not length data were
available, because calves can be identified based on their
colouration and morphology. The inclusion of unmeasured
whales of all sizes resulted in larger samples for the calf
index calculations.

Table 3 shows the percentages of calves during each
weekly period after all corrections for differential detection
of mother-calf pairs and increased numbers of photographs
of mothers and yearlings or calves versus other whales. The
survey proportions used in computing the calf index are also
shown in Table 3. The raw calf index for each year, was
calculated as

2 Proportion! X % Calves

for each weekly period and is shown in the right hand
column. Table 4 also shows the raw calf index, with
corrections that can be made to convert index values to %
calves in the population, shown with its SE for each year.

The power to detect 40%, 50% and 60% reductions in the
maximum of the corrected calf index distribution is shown
in Table 5. Clearly there is little power to detect reductions
of 40% or less in this maximum at any of the sample sizes
compared; even with 18 years of samples after a 40%
decline, power is only 68%. To have adequate power to
detect a 50% reduction, 12 to 18 years of samples are
needed. Additional baseline samples (i.e. before any
reduction occurs) would increase n and therefore increase
power.

DISCUSSION

The calf index developed in this paper provides a robust
method of monitoring trends in calf production at a much
lower cost than through ice-based or aerial surveys covering
the entire spring migration. Furthermore, the calf index can
become a direct estimate of the percentage of calves in the
population by incorporating bias corrections for the few
whales born before the surveys started and by accounting for
calves that are born after their mothers pass Point Barrow.
These estimates of calving rates could be used during
periodic reviews of the status of B-C-B bowheads whales as
they provide data to evaluate whether annual calving rates
are within the range tested for the purposes of reviewing the
B-C-B bowhead whale SLA. They also provide data for
evaluating the effect of environmental variability on calving
rates. When environmental variability is ignored, estimates
of Maximum Sustainable Yield Rate (MSYR) could be
substantially positively biased, which may mean that
allowable harvest rates could be overestimated (IWC,
2009).

If photogrammetry studies are used to compute the calf
index, adjustments should be made for the increased number
of photographs of mother-calf pairs in comparison to other

I See Table 3 for a detailed description of ‘Proportion’.

Table 2

Numbers of images of calves and other whales photographed near Point Barrow, Alaska, during spring photography
studies. All photographs are included whether or not length data are available. All images are classified as a calf
or non-calf based on morphology.

14-20 May 21-27 May >27 May
Year Others Calves % Calves* Others Calves % Calves Others Calves % Calves
1985 564 0 0.0% 152 0 0.0% 311 22 6.6%
1986 80 16 16.7% 132 42 24.1% 57 37 39.4%
1989 88 5 5.4% 68 65 48.9% 37 36 49.3%
1990 104 12 10.3% 27 26 49.1% 32 22 40.7%
1991 93 37 28.5% 109 34 23.8% 16 9 36.0%
1992 114 0 0.0% 51 0 0.0% 37 18 32.7%
2003 39 0 0.0% 69 48 41.0% 149 94 38.7%
2004 176 97 35.5% 47 38 44.7% 281 63 18.3%
All years 1,258 167 11.7% 655 253 27.9% 609 301 33.1%

*Before corrections.
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Table 3

Calculation of the raw calf index as described in the methods using photography data from Table 2. The numbers from Table 2
(both calves and others) have been corrected for the higher probability of encountering a mother-calf pair (/1.69) and the
tendency to take more photographs of mothers and calves than other whales (/1.46) when calculating the % calves during each
weekly period.

Weekly period
Calf 14-20 May 21-27 May >27 May Raw calf index
a

Year production Proportion* % Calves Proportion % Calves Proportion % Calves % Calves  SE
1985 Low 0.3850 0.00 0.1194 0.00 0.2464 2.96 0.73 0.20
1986 High 0.2386 8.42 0.1025 13.98 0.0734 30.35 5.67 0.79
1989 High 0.1944 2.37 0.0923 43.58 0.0798 48.34 8.34 0.82
1990 High 0.1944 4.78 0.0923 46.49 0.0798 32.73 7.83 0.91
1991 Medium 0.1463 17.43 0.0667 12.76 0.0598 25.49 493 0.89
1992 Low 0.0982 0.00 0.0412 0.00 0.0399 22.10 0.88 0.18
2003 Medium 0.1463 0.00 0.0667 34.15 0.0598 29.43 4.04 0.38
2004 High 0.1944 25.02 0.0923 35.49 0.0798 9.26 8.88 0.93
Mean of all years 5.16

*The proportion of the migration is from aerial and ice-based visual and acoustic surveys. For years without an ice-based
survey, the mean proportions of the highest two ice-based survey years in terms of percent calves seen (1986 and 2001) were
used for the high calf production years, the mean of 1988 and 1993 for the low production years and the mean of all four of
these years for the medium production years (Table 1). The 1985 ice-based survey proportions were used only for 1985 because
the migration that year was unusually late (Koski ef al., 2006). The characterisation of years without an ice-based survey as
high, low or medium was based on first computing the raw calf index using the “medium” proportions and defining low as
<2%, medium as 2%-5% and high as >5%.

Table 4

Raw calf indices for the years 1985-86, 1989-92 and 2003-04 and correction factors that can be applied to those indices to
estimate the percentage of calves in the population. The <14 May correction is 1.046x for medium and high calf years; no
correction was applied for low calf years. The correction for calves born east of Barrow is to divide by 0.89. The estimated
percentage of calves and its SE are shown for each year.

Adjustment for calves

Raw calf index Corrected calf index

<14 May Born east of Barrow
Year 9% Calves SE 1.046x or 1.000x (/0.89) % Calves SE
1985 0.73 0.20 0.73 0.82 0.82 0.22
1986 5.67 0.79 5.93 6.37 6.66 0.99
1989 8.34 0.82 8.72 9.37 9.80 1.09
1990 7.83 0.91 8.19 8.80 9.20 1.17
1991 4.93 0.89 5.16 5.54 5.79 1.09
1992 0.88 0.18 0.88 0.99 0.99 0.20
2003 4.04 0.38 4.23 4.54 4.75 0.51
2004 8.88 0.93 9.29 9.98 10.44 1.22
Mean of all years 5.16 5.39 5.80 6.06
Table 5

Power to detect various percent reductions in the maximum of the
corrected calf index distribution with #»=9 baseline samples and various
sample sizes m for the index after the reduction in the maximum.

Percent reduction

m 40% 50% 60%
9 57% 70% 85%
12 62% 76% 87%
18 68% 82% 90%

whales as documented by Koski er al. (2006). In future
analyses, the correction factor to account for increased effort
to photograph mothers and calves in comparison to other
whales should be calculated for each specific survey with
adequate data. The value of 1.46 is based on a dataset that
does not include 2003 or 2004 data.

If the calf index is calculated using aerial survey data, the
index will be negatively biased; earlier studies have shown
that some calves are missed during aerial surveys unless

mothers with calves are circled for extended periods of time
(Davis et al., 1983; Koski et al., 1993). With some circling
of whales this bias can be minimised.

Although ice conditions near Point Barrow have been
highly variable from year to year, the timing of the
migration has been similar in all years of photogrammetry
studies except 1985. Available evidence indicates a delayed
migration in 1985 (Koski et al., 2006). Since the migration
is size-structured (Angliss et al., 1995; Koski et al., 2006;
Withrow and Angliss, 1992; 1994), length data from
photographs collected during calf index surveys can be used
to assess whether the migration timing was typical or
unusual. If the timing were unusual, the length data could be
used to adjust the index for the unusual timing in that season
as was done by Koski ef al. (2006) for the 1985 data.

Koski et al. (2006) noted that the proportion of the
migration that passes Point Barrow late in the season (see
Table 1) may have been underestimated during their and
past studies, particularly in years with high calving success.
The inclusion of different proportions of the migration for
weekly periods, depending on whether the season was a
low-, medium- or high-calf year, is a significant
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improvement over the average proportion used by Koski et
al. (2006). During years with relatively low calf production,
~17.9% of the migration passed Point Barrow after 13 May
but during high-calf years ~36.6% passed during that same
period (Table 1). The procedure used by Koski et al. (2006)
underestimated the percent calves in the population during
medium- and high-calf years and overestimated the percent
during low-calf years, but during low-calf years, the
percentage of calves was so low that the mean value was
underestimated. Further analyses of the 2003 and 2004
photogrammetry data may be useful in assessing the
proportion of the migration that passed Point Barrow late in
these seasons.

Monitoring of the percentage of calves in the B-C-B
bowhead whale population using the calf index suggested
above will permit detection of changes in reproductive
success that may be used to warn of a possible change in the
rate of increase or decrease in population size before it
becomes detectable by a change in the population estimates.
This information may be useful during periodic reviews of
the status of B-C-B bowhead whales. Previous studies have
found that the percentage of calves has varied widely from
year to year (Angliss et al., 1995; Koski et al., 1993), so
several years of surveys would be needed to cover the range
of variation in calving that can be seen in Table 4.

Power analyses (Table 5) indicate that the power to detect
a reduction in the maximum of the calf index distribution is
low unless the reduction is large. Eighteen years of calf
indices after a decline has occurred are required to have a
68% chance of detecting a 40% decline in the maximum of
the calf index distribution. Nine years are adequate to detect
a decline of 60% or more. In fact, if five years of calf index
values after a decline of 60% were tested there would be a
78% chance of detecting that a decline had occurred. The
low power to detect smaller declines is due more to the large
year-to-year variability in the percentage of calves in the
population than to the relatively small SE of the corrected
percentages shown in Table 4. Power increases if additional
years of data are collected before a decline in calf
production occurs. Additional years of data would also aid
in assessing whether the variability in % Calves is
adequately modelled by the variability of a sample from the
uniform distribution assumed in the power calculations.
Although not all sources of variability have been captured in
these calculations, we believe that the uncaptured variability
would not have a significant impact on the calf index values
that were calculated (Table 6).

At the population level, reproductive success in cetaceans
appears to be influenced by many factors. The age structure
of a population determines the number of mature females
that are available to have calves. A growing population with
many immature animals, such as the B-C-B bowhead whale
population, would have a smaller proportion of mature
females than a stable population. The age structure can also
be influenced by whaling, predation or other sources of
mortality. Changes in the age at first calving and the
frequency of calving after whales become sexually mature
can have marked effects on the percentage of calves in the
population. Both are probably influenced by the body
condition of individual whales. That is, whales with good
body condition may become sexually mature at an earlier
age (Gabriele et al., 2007), and once sexually mature, they
probably have calves at more frequent intervals than
nutritionally stressed whales. There is strong evidence that
in at least some cetaceans the adult females become
nutritionally stressed following calving. For example, Pettis
et al. (2004) found that female North Atlantic right whales

(Eubalaena glacialis) were significantly thinner during
calving years and the year after giving birth than the year
before giving birth.

The availability of food has an obvious and direct effect
on body condition and reproductive success as demonstrated
by Perryman and Lynn (2002) and Perryman et al. (2002;
2004). Rice and Wolman (1971) noted seasonal differences
in body mass of gray whales, and later Perryman and Lynn
(2002) found a significant difference in the length/width
ratios of southbound and northbound gray whales,
indicating that two months of fasting in wintering areas
resulted in measurable differences in body condition.
Perryman et al. (2002; 2004) found a strong correlation
between dates of retreat of sea ice in gray whale summer
feeding areas and calf production. A longer feeding season
resulted in higher calf production which was presumably
related to gray whale mothers either feeding for longer or
obtaining higher quality food during years with early ice
retreat. The calf index studies that are recommended here for
bowhead whales will not identify the cause of changes in
reproductive success, but they will identify that they are
occurring. Also, if photogrammetry data are collected to
calculate the calf index, morphometric measurements from
the photographs will provide information on the body
condition of whales that can be useful for evaluating
changes in calving rates.

If calf index surveys incorporated aerial photography,
they would be a relatively economical method of obtaining
additional data to refine and update B-C-B bowhead whale
population parameters such as estimates of calving intervals
(Miller et al., 1992; Rugh et al., 1992) and adult survival
(Zeh et al., 2002). Long-term photogrammetry studies of
southern right whales (E. australis) have shown that by
concentrating photographic effort on adult females, key
reproductive and life-history parameters could be obtained.
Payne et al. (1990) obtained estimates of survival,
population growth, calving intervals and age of first
calving for southern right whales, and with additional years
of data Cooke et al. (2001) were able to improve the
precision of earlier estimates. Best er al. (2001) estimated
the same parameters using right whale photographs
obtained along the south coast of Africa during a 28-year
period.
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Table 6
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Evaluation of factors that could affect calculation of the calf index and of whether variation that has not been quantified is likely to be consequential to
use of the index for comparing year-to-year variation in the percentage of calves in the B-C-B bowhead whale stock.

Factors that could affect the calf
index

Impact of the factor on index
values

Has uncertainty been
quantified?

Is unquantified uncertainty likely to be
consequential?

Variability in proportion of
population passing each week in
low, medium and high calf years
Variability of percentage of calves
passing in each week in low,
medium and high calf years

Survey misses one or more days in
aweek

Encounter rates of mother-calf

pairs vs others

Extra photographs of mother-calf

pairs

Lingering in study area

Births before 14 May

Calves born east of Barrow

Minor impact expected

Major impact expected in
medium and high calf years but
data are collected during each
survey

Little provided surveys conducted
on 2-3 other days during the
weekly period

Major impact before corrections
but minor after corrections

Major before corrections but little
after corrections; future surveys
will correct for bias using survey-
specific data

Minor

Minor

Minor

No; few years with proportion
data are available

Yes; uncertainty is included in
SE in Table 4

Yes; included in SE in Table 4

Yes; 1.69 (SE=0.14) times as
likely to encounter mother-calf
pair as other whales; included in
SE in Table 4

Yes; 1.46 (SE=0.17) times as
many photos of mother-calf
pairs as other whales; included
in SE in Table 4

Partially accounted for in above
correction

Yes; 1.046 (SD=0.054);
included in last SE column in
Table 4

No; summer surveys required in
same year

No; believed to be much lower than
variation between low, medium and high
calf years

Noj; some minor variability remains due to
effects of year-to-year variation in ice on
encounter rates

No

No; minimum impact on year-to-year
comparisons for use of index, but may
result in positive bias in estimates of %
calves

No; correction is small compared to year-
to-year variation in % calves; better
quantification possible with additional
surveys

No; little variability expected; late season
calving is by primiparous females which

are recruited at low rate; correction small
compared to year-to-year variation in %
calves
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