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ABSTRACT 
Photographic surveys were conducted near Point Barrow during the spring migrations of the Bering-Chukchi-
Beaufort (BCB) Seas stock of bowhead whales in 2003 and 2004 and in the northern Bering Sea in spring and 
near Barrow in fall of 2005. The 2003 survey was the most complete photographic survey of the population 
conducted to date. These surveys provided photo-identification data for use in capture-recapture analyses. A 
screening procedure was used to define which whales captured in 2003, 2004 and/or 2005 were marked and 
could be reidentified if photographed on another occasion, and an estimate of the number of marked whales was 
obtained using a closed population model for capture-recapture data. To account for unmarked whales, this 
estimate was divided by an estimate of the proportion of the bowhead population that is marked based on the 
1989-2004 spring photographic surveys near Point Barrow. Abundance of the BCB bowhead population in 2004 
was estimated to be 11,800 with CV 0.255, 95% confidence interval (7,200; 19,300) and 5% lower limit 7,800. 
This abundance estimate is consistent with expectations based on the results of the ice-based count of bowheads 
in 2001 and trends in abundance since 1978.  

KEYWORDS: ABUNDANCE ESTIMATE, MARK-RECAPTURE, SURVEY-AERIAL, PHOTO-ID, 
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INTRODUCTION 
Aerial photography projects conducted from 1981–2000 provided much of the life history data that are available 
on the Bering-Chukchi-Beaufort (BCB) stock of the bowhead whale (Angliss et al., 1995; da-Silva et al., 2007; 
Koski et al., 1992, 1993, 2006; Miller et al., 1992; Nerini et al., 1984; Rugh et al., 1992b; Zeh et al., 1993, 
2002). The last major photographic effort during that period was conducted in 1992, although smaller scale 
photography projects were conducted during 1994 and 1998-2000.  

The 1985 and 1986 photography projects also provided data that were used to make abundance estimates (da-
Silva, 2003; da-Silva and Tiburcio, 2008; da Silva, et al., 2000; da-Silva et al., 2003; Schweder, 2003) using 
closed population capture-recapture models. These estimates and their precision were similar to estimates from 
ice-based surveys in 1985 and 1986 (da Silva et al., 2000). The capture-recapture estimates were based on 
photographic images of the midback zone of the whales scored as being of acceptable quality and identifiability 
(Rugh et al., 1998). Zeh et al. (2000, 2002) developed a data screening method that allowed natural1 marks in all 
four zones (midback, rostrum, flukes and lower back) to be used without risking failure to recognize recaptures 
because different zones of the whale were visible in images taken on different sampling occasions. This 
screening method provides larger sample sizes of naturally marked whales and increased precision of estimates 
based on their images. It was used to estimate annual survival probability of bowheads by Zeh et al. (2002) and 
da-Silva et al. (2007) using open population capture-recapture models; da-Silva et al. (2007) showed that 
accounting for heterogeneity in capture probabilities between moderately and highly marked whales improved 
precision of the survival estimate. 

It was recognized that continuation of bowhead photography studies would provide information that would 
allow us to better define life history parameters of bowhead whales as has been done for other species of baleen 
whales such as right and humpback whales (Barlow and Clapham, 1997; Best et al., 2001; Cooke et al., 2001; 
Gabriele et al., 2007; Payne et al., 1990). In addition, concerns that global warming and unstable shore-fast ice 
might prevent successful completion of future ice-based surveys made it important to determine whether 
photographic data collected in two consecutive years and analyzed using capture-recapture methods could 
provide adequately precise abundance estimates to permit replacing ice-based with photographic surveys. The 
ice-based surveys are dependent on stable ice and weather conditions since they require observers to count 
whales from perches on the shore-fast ice that are close to leads through which the whales travel. Also, it is 
important for the ice-based effort to include hydrophones to record whales that pass beyond viewing range. 
Snow, persistent fog and shifting ice can lead to failure of an ice-based survey. The aerial photography approach 
to estimating abundance is less sensitive to vagaries in ice cover but does require weather conditions suitable for 
conducting flights. 

Long gaps between surveys result in less precise estimates and difficulties in analysing data. Thus aerial 
photographic studies were conducted near Point Barrow, Alaska, during the spring bowhead migration in 2003 
(12 April to 6 June) and 2004 (18 April to 7 June) to continue collection of photographs that could be used for 
better definition of life-history parameters and estimation of abundance. In addition, in connection with studies 
of the structure of the BCB stock of bowheads, aerial photographic studies were conducted in 2005 in the 
northern Bering Sea (9 April to 2 May) and near Barrow prior to the main fall migration (6 to 9 September) 
(Koski et al., 2007).  

The 2003 data along with earlier data from the spring photographic surveys near Point Barrow were used by 
Schweder et al. (In Press) to estimate abundances, population growth rate and mortality. Their approach 
eliminated the need for data screening by modelling the probability of recognizing a recapture as a function of 
degree of marking of the whale and quality of the images. However, they were not able to obtain capture-
recapture estimates of 2003-2005 abundance because the 2004 and 2005 data were not yet available, and the 
2003 data had not been checked for matches with other years. 

Koski et al. (2008) computed modified Petersen estimates (Chapman, 1951) of the number of naturally 
marked bowheads for the only two pairs of years with photographic surveys with adequate numbers of 
photographic captures and recaptures to support such estimates, 1985-1986 and 2003-2004. After accounting for 
unmarked whales, they obtained an estimate of total abundance of 7,095 (CV 0.20) for 1985-1986. The 
corresponding estimate for 2003-2004 was either 9,643 or 11,836 (CV 0.29), depending on which survey years 
were used in the correction for unmarked whales. These abundance estimates are completely independent from 
the ice-based survey estimates currently used by the International Whaling Commission Scientific Committee 
(IWC SC) for giving management advice (IWC, 2003). Koski et al. (2008) compared their estimates to ice-based 
survey estimates (George et al., 2004; Zeh and Punt, 2005) for 1985 (5,762 with CV 0.25), 1986 (8,917 with CV 

                                                            
1 ‘Natural’ marks include scars resulting from encounters with propellers and fishing gear as well as ice and killer whales. 
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0.22) and 2001 (10,545 with CV 0.13). They noted that their 1985-1986 estimate lay between the corresponding 
ice-based survey estimates and was more precise than either of them. Their 2003-2004 estimates were less 
precise, primarily because only spring surveys were conducted in 2003 and 2004, while the 1985 and 1986 
datasets included images from both spring and summer surveys.  

Koski et al. (2008) noted that a more precise estimate of 2004 abundance without further surveys could be 
obtained by accounting for heterogeneity in capture probabilities as a function of predictors such as whether 
whales were highly or only moderately marked (da-Silva et al., 2007; Schweder et al., in press). They also 
observed that an estimate based on 2005 as well as 2003-2004 data would be more precise. These approaches to 
improving precision are pursued in this paper. 

METHODS 
Collecting and processing of images 
The 2003–2005 aerial photographic studies were conducted jointly by LGL Limited (LGL), the North Slope 
Borough Department of Wildlife Management (NSB-DWM) and the Alaska Fisheries Science Center’s National 
Marine Mammal Laboratory (NMML) with support from the Minerals Management Service (MMS). The field 
and laboratory methods were similar to those of earlier studies (Angliss et al., 1995: Koski et al., 1992) and are 
described in Koski et al. (2006). Data from the 1989-1992 and 1994 spring photographic surveys near Point 
Barrow as well as the 2003 and 2004 surveys were used to estimate the proportion of the bowhead population 
that is naturally marked. These are the most appropriate surveys to use for this purpose because they were 
designed to sample the entire migrating population and they provide more current estimates of the proportion of 
the population with marks than do samples from earlier years. The data from the 2005 surveys cannot be used for 
estimating proportion marked because those surveys were not conducted during the spring migration near Point 
Barrow and were designed to sample naturally marked whales rather than randomly sample the entire population. 

Following each field season, the film was developed, labelled, duplicated and stored in acid-free archive 
sheets for future analyses. The data documenting each image were entered into an Excel spreadsheet for future 
integration into the “Bowhead Whale Photography Database” described in Koski et al. (2006). Images obtained 
in 2003-2005 were digitized at 4000 dots per inch; most of the digitized images were cropped and printed to 
nearly fill 12.7cm × 17.8cm (5in. × 7in.) colour prints, which are suitable for comparing images to identify 
matches (i.e., recaptures) (Rugh et al., 1992a). Printed images were checked against the original film 
transparencies and the data files to ensure that all images were scanned and printed. 

Researchers at LGL and NMML have shared all tasks. NMML researchers have taken the lead on scoring 
images for photo quality and identifiability (as per Rugh et al., 1998). LGL researchers have taken the lead on 
within-year matching for the 2003–2005 studies, assembling the database, and measuring whales. NMML 
researchers did within-year matching of images from 2004 for verification of the same effort at LGL. 
Researchers at both NMML and LGL provided final determination of within-year matches. LGL and NMML 
researchers independently identified between-year matches. After both groups completed their matching efforts, 
match results were compared and discussed and final match determinations made.  

Images were screened using the method of Zeh et al. (2000, 2002) to determine whether they were of 
acceptable quality for use in capture-recapture analyses and, if so, whether they were of marked or unmarked 
whales. Quality is scored as 1+ (best), 1-, 2+, 2- or 3 (worst) in each of four zones on the whale’s body:  
midback, rostrum, flukes and lower back. If a zone is scored as 3, it is not acceptable for use in defining the 
whale as marked for capture-recapture analyses except in the rare cases in which identifiability is scored as H+, 
H- or M+. Identifiability in each zone is scored as H+ (highly marked), H-, M+ or M- (moderately marked); U+, 
U- or U (unmarked); or X meaning the zone is not depicted clearly enough in the photo to determine mark status. 
Scores of X almost always correspond to quality 3. It is assumed that if a zone scored as quality 3 receives an 
identifiability score of M+ or better, it can be used in defining a whale as marked because that whale would be 
recognized in a subsequent image of the zone.  

In defining the whale (as opposed to the zone) as marked, whales marked in the midback zone are first 
defined as marked. Then whales with at least one quality 2+ midback image that were never scored as marked in 
the midback zone are defined as marked if they are marked on the rostrum. Whales are added to the list of 
marked whales similarly if they are adequately marked on the flukes or lower back even if they are scored as 
unmarked in the zones already considered. This screening method, as well as the natural differences in how well 
marked individual whales are, leads to heterogeneity in capture probabilities that should be accounted for in 
analyses (da Silva et al., 2000; da-Silva et al., 2007; Schweder et al., In Press). 
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Estimating abundance of the 1+ population 
An estimate N of 2004 bowhead abundance can be computed from photo-identification data using a closed 
population capture-recapture model to obtain an estimate N 

m of the number of naturally marked whales and 
accounting for unmarked whales by dividing by an estimate p* of the proportion of the bowhead population that 
is naturally marked. This abundance estimate is  

N = N m / p*.                                                              (1) 
See p. 72 of Seber (1982) or equation (1) of da Silva et al. (2000).  

A rough estimate of the variance of N can be derived using the delta method under the assumption that N 
m 

and p* are statistically independent (Seber, 1982). It can be written as 

            V(N) = V(N 
m) / (p*)2 + (N 

m)2 [V(p*) / (p*)4].                                              (2) 

The square root of the right-hand side of equation (2) provides an estimate of the standard error (SE) of N. 
Calves are not included in computing either N 

m or p*, so N is an estimate of the size of the 1+ (non-calf) 
population.  

Estimating abundance of the marked population 
The estimate N 

m can be obtained using the closed capture model of Huggins (1989, 1991) as implemented in 
Program MARK (White and Burnham, 1999). The 2003-2005 data on marked whales can be treated as 
representing three sampling occasions (if spring and fall 2005 samples are combined) or four occasions. 
Recapture probabilities c(t) can be treated as equal to or different from initial capture probabilities p(t), where t 
denotes the sampling occasion. Linear or logit models for p(t) and/or c(t) can include covariates that differ 
among the whales and are expected to influence these capture and/or recapture probabilities, e.g. the 
identifiability scores that indicate how well marked the whales are. The Bayesian Information Criterion (BIC) 
(Schwarz, 1978) can be used in selecting the best model. Models with lower BIC explain the data better than 
those with higher BIC. Except in the case of the simplest model discussed below, the parameters that determine 
p(t) and/or c(t) are estimated via maximum conditional likelihood while N 

m is obtained using a method of 
moments (Huggins, 1989). 

The simplest defensible model for the bowhead data, since different numbers of hours of survey effort and 
different survey conditions characterized the three years, is a model with different values for p(2003), p(2004) 
and p(2005) with c(2004) = p(2004) and c(2005) = p(2005). Under this model, Program MARK computes the 
maximum likelihood estimate N 

m as the largest root of the quadratic equation 

(N 
m)2 (m2 + m3 )  –  N 

m (n1 n2 + n1 n3 + n2 n3)  +  n1 n2 n3   =   0                                (3) 

where n1 is the number of naturally marked whales photographed in 2003, n2 the number photographed in 2004, 
n3 the number photographed in 2005 and m2 and m3 the number of recaptures in 2004 and 2005 respectively. This 
is the model discussed in Chapter 4 of Seber (1982) as the generalized hypergeometric model (Chapman, 1952; 
Darroch, 1958). The estimated variance V(N 

m) of N 
m is computed as in Seber (1982) using an asymptotic 

variance derived by Darroch(1958):  

V(N 
m) = 1 / [1 / (N 

m –  r) + 2 /N 
m – 1 / (N 

m –  n1 ) – 1 / (N 
m –  n2 ) – 1 / (N 

m –  n3 )]           (4) 

where r is the number of different whales caught during the three sampling occasions.  

Seber (1982) also gives an expression for the bias b of Nm from an asymptotic result of Darroch (1958) which 
for our case of three sampling occasions reduces to 

b = { [2 /N 
m – 1 / (N 

m –  n1 ) – 1 / (N 
m –  n2 ) – 1 / (N 

m –  n3 )]2  +  

                   [2 /(N 
m)2 – 1 / (N 

m –  n1 )2 – 1 / (N 
m –  n2 )2 – 1 / (N 

m –  n3 )2] }  / 

   { 2 [1 / (N 
m –  r) + 2 /N 

m – 1 / (N 
m –  n1 ) – 1 / (N 

m –  n2 ) – 1 / (N 
m –  n3 )]2 }     (5) 

As already noted, equations (3) and (4) assume that the population of naturally marked bowheads is closed, 
i.e. the effects of emigration, immigration, mortality and recruitment on the size of the marked population are 
negligible so that this size can be assumed to be constant over the period during which the data are collected, i.e. 
2003-2005. This bowhead population has a high survival rate (Zeh et al., 2002), a modest annual rate of increase 
(George et al., 2004; Zeh and Punt, 2005), a consistent migration pattern that brings it past Point Barrow and into 
the Beaufort Sea each spring which makes it easy to photograph (Braham et al., 1984; Moore and Reeves, 1993) 
and stable natural markings that permit the whales to be identified over periods of many years (Koski et al., 
1992; Rugh et al., 1992a,b, 2007). It has been shown via simulation by da Silva et al. (2000) that the closed 
population assumption does not lead to biased estimates over a two-year sampling period. Thus the closed 
population assumption when a three-year period is considered seems reasonable. If the population continued to 
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increase in 2003-2005 as in 1978-2001 (George et al., 2004), the assumed constant abundance would be most 
representative of 2004. Therefore, the abundance estimate was assigned to that year.  

Estimating the proportion of the population that is marked 
The estimate p* is based on all images with midback quality better than 3 and midback identifiability better than 
X. The data screening procedure of Zeh et al. (2000, 2002) that was used results in the majority of marked 
whales being marked on their midbacks, and to qualify for the list of marked whales on the basis of marks in 
another zone, they must be unmarked on their midbacks. Therefore images scored X in the midback zone do not 
contribute in any way to defining whales as marked or unmarked. The restriction to quality better than 3 is to 
avoid positive bias in p* due to well marked whales recognizable as marked even in some images of lowest 
quality. 

After the restriction to the images just described, each image is given a weight. That weight is 1.0 for the vast 
majority of the images. However, following Koski et al. (2006), images of cows accompanied by calves are 
given a weight of 0.407 because of increased effort to photograph cow-calf pairs and the greater amount of time 
spent at the surface by calves. Cows and yearlings travelling together are given weight 0.685 because, like cows 
with calves, increased effort is made to photograph them. Summing these weights is equivalent to counting the 
images with each weight, multiplying by the weight and summing the weighted counts. Koski et al. (2008) 
computed p* as 

 p* = (sum of weights for  images of marked whales) / (sum of weights for  all images) .         (6) 

For their abundance estimates, they used all images from summer and fall as well as spring, with those collected 
before 1988 used to compute p* for the 1985-1986 estimate and those collected after 1988 for the 2003-2004 
estimate. 

As already noted, only images from 1989-2004 surveys near Point Barrow during spring migration are used 
in this paper for computing p*. As these surveys were designed to cover the entire migrating population, they are 
the most suitable for estimating proportions in subsets of the population, e.g. the proportions in various size 
classes as in Koski et al. (2006) or the proportion of marked whales. As in Koski et al. (2006), the migration 
period is divided into “weeks” and the weeks’ proportions of marked whales combined to obtain the overall 
proportion. This approach avoids positive or negative bias in p* that could result if a week with unusually large 
numbers of marked whales was oversampled or undersampled, respectively, and (6) was used to compute p*.  

Data are available on the number of hours of photographic survey effort per day for each of these surveys. 
The hours of effort for each week are summed over survey years. It is assumed that if each week had the same 
amount of effort, the number of images per week would be related to the fraction of the bowhead population 
migrating past Point Barrow during that week. Under this assumption, p* can be computed from estimated 
proportions of marked whales by week (pw) and total hours of effort per week (effortw ), where w indexes week 
and Σ represents summation, as follows: 

p* = Σ Ww pw  ,                                                                     (7) 
      w 

pw = Mw / Aw , Mw = sum of weights of week w images of marked whales, Aw = sum of weights of all week w 
images, Ww = Uw / Σ Uw  and  Uw = [max(effortw) / effortw] × Aw . The right hand side of (7) simplifies to 

[ Σ Mw  / effortw  ] / [ Σ Aw  / effortw  ] .                                                 (8) 
                                                                 w                                                   w 

A rough estimate V(p*) of the variance of  p* can be computed under the assumption that  Mw follows a 
binomial distribution with parameters Aw, pw as 

V(p*)  = Σ Ww
2

  pw  ( 1 – pw ) / Aw  .                                                       (9)  
                                                                                 w 

Computing confidence intervals 
Buckland (1992) was followed in using the method of Burnham et al. (1987) to compute confidence intervals 
(CI). For example, a 95% CI for N is  

(N / C, N×C) , where C = exp [1.96 × √ loge(1+ V(N) / N 2 )] .                                 (10) 
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RESULTS 

The number of images in the Bowhead Whale Photography Database, the number suitable for use in estimating 
proportion marked and the number of marked whales from the photographic studies in 1989-1992, 1994 and 
2003-2005 are shown in Table 1 by year. For each of the years 2003-2005 used in the capture-recapture analyses 
in this paper, the number of marked whales identified for the first time in each year and the recaptures are also 
shown. 

In initial analyses of the capture-recapture data, spring and fall 2005 were treated as separate sampling 
occasions, Sp2005 and Fa2005. All 5 recaptures and 49 of the initial captures in 2005 occurred in Sp2005; only 
12 initial captures were in Fa2005. For the most part, it was assumed that recapture probabilities c(t) were the 
same as capture probabilities p(t). Attempts to fit p(t) as a function of hours of photographic survey effort instead 
of allowing a different model intercept for each of the four sampling occasions t were unsuccessful because of 
differences in the surveys not reflected in hours of effort. The 2003 survey covered the early part of the 
migration, when young unmarked whales predominate, more thoroughly than the 2004 survey. Consequently 
fewer marked whales per hour of effort were captured in 2003 than in 2004. Although the 2005 surveys were 
designed to capture marked whales, high winds in Sp2005 reduced the quality of the photos (Koski et al., 2007), 
so the number of marked whales per hour of effort in 2005 was more similar to 2003 than to 2004. 

When the same models were fit to p(t) treating 2005 as a single sampling occasion and splitting it into 
Sp2005 and Fa2005, the three-occasion (2003, 2004, 2005) model was more frequently able to be fit successfully 
by MARK. When MARK was able to fit both the three-occasion and four-occasion model, the estimates N 

m of 
the number of marked whales were generally similar, but N 

m from the three-occasion model was somewhat more 
precise. This is to be expected since the three-occasion model has one less capture probability parameter to 
estimate than the four-occasion model. Therefore, four-occasion models were not considered further. 

In addition models with c(t) ≠ p(t) were not considered in the final analyses. Such models were difficult to fit 
with so few recaptures and were never among the best in terms of BIC or the coefficient of variation (CV) of N 

m. 
Zeh et al. (2002) noted that the assumption c(t) = p(t) is appropriate for photo-identification data. 

As shown in Table 1, the method of data screening used in Zeh et al. (2000, 2002) identified 720 
photographic captures and recaptures of whales defined as marked. It produced a sample with n1 = 150 marked 
whales captured in 2003, n2 = 210 in 2004 and n3 = 66 in 2005, representing a total of 412 marked whales 
photographed in those years. Of these, m2 = 9 whales were recaptured in 2004 and m3 = 5 whales in 2005. The 14 
recaptures were of 13 different whales; only 1 was recaptured in both 2004 and 2005. Equation (3) gives     N 

m = 
3,909 and equation (4) its SE = 993, the square root of V(N 

m). Thus CV(N 
m) = 993 / 3,909 = 0.254. Equation (5) 

estimated the bias of N 
m as b = 250.  

Table 2 summarizes N 
m and its precision obtained from different models for p(t), including the simple model 

with no covariates just discussed and others that included covariates characterizing individual whales. The best 
models involving the indicated covariates and model type were included if BIC < 971. The models were ranked 
by BIC, so the first model in the table explains the data best and the last model in the table is the worst based on 
that criterion. However, N 

m and CV(N 
m) were also considered in selecting the best model, so the rank of     

CV(N 
m) is also shown in Table 2, with 1 the best (lowest CV) and 14 the worst of the models shown. 

The covariates considered were  

• ib best identifiability score in any of the four zones (b midback, r rostrum, f fluke, l lower back); 

• brfl zone that defined the whale as marked; 

• zib best identifiability score in the zone that defined the whale as marked; 

• zqb best quality score in the zone that defined the whale as marked; 

• nz number of zones with marks; 

• photos maximum number of acceptable quality photos of the whale per sampling occasion. 

They were considered singly, and all possible pairs of covariates were considered. In some cases, models could 
not be fit successfully by MARK and consequently do not appear in Table 2. In other cases, although MARK 
carried out the fit, the results were clearly not sensible, e.g. because SE were shown as 0 or abundance estimates 
were larger than any shown in Table 2 and/or had very large CV. Although included in the table for purposes of 
illustration, the entries with CV ranks 13 and 14 are considered to be illustrations of failed analyses, either 
because of the way the covariate was coded or because the model was over-parameterized. The model best in 
terms of BIC is worst in terms of CV(N 

m), so it cannot be considered the best model for the data. To make the 
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table more concise, some cases in which recoding a covariate, changing the model type or adding a covariate did 
not improve the model in terms of BIC or CV(N 

m) were omitted. 

Covariates were coded to values between 0 and 1 to avoid the need for standardization within MARK. When 
values were expected to increase p(t) and c(t) they were represented by larger numbers than those expected to 
lead to lower values of these probabilities. For example, the two codings considered for ib and zib that led to the 
best estimates were i) 0 for <H+, 1 for H+ and ii) 0 for M- or M+, 1 for H- or H+, and zqb was coded with 1+ 
larger than 2- or 3. Thus a positive coefficient represents the expected result. All of the ib and zib coefficients in 
Table 2 indicate that more highly marked whales are more likely to be captured. 

Coefficients were considered statistically significant (indicated by a Yes under Sig?) if they were 
significantly different from 0 at the 5% level. As indicated in Table 2, most of the ib and zib coefficients were 
statistically significant. 

One would expect that having more than one image of a whale would make it easier to determine if it was 
marked and hence to capture or recapture it. Several codings for photos were considered: i) 0.1 for 1, 0.2 for 2, 
0.3 for 3, 0.4 for >3; ii) 0.1 for 1, 0.2 for 2, 0.3 for >2 and iii) 0 for 1, 1 for >1. Nevertheless, although photos 
appeared in three of the four models with the lowest BIC values, it was always with a negative coefficient. It is  
suspected that this is because this covariate represents a property of the sampling occasion rather than the whale. 
Among the whales captured on only one sampling occasion, 76% of the marked whales captured in Sp2005 had 
only one photo, compared to 41% to 47% on the other occasions. The negative coefficient apparently allowed for 
a better model fit as measured by BIC. However, only one of the best three models including photos in terms of 
BIC was also among the top four models in terms of CV(N 

m), and it was poorer than the simple model with no 
covariates by both criteria. 

One would also expect that having more zones marked would increase the probability of capture. The most 
successful coding for nz in terms of BIC was 0 for 1 or 2, 1 for 3 or 4. The best model involving nz shown in 
Table 2 has the expected significant positive coefficient. It is less clear how brfl should be coded; the only 
successful coding in terms of obtaining BIC < 971 was 0 for b or r, 1 for f or l. The relatively high values of BIC 
and CV(N 

m) for models in Table 2 involving brfl suggest that it is not a useful predictor. It is notable that none of 
the models tried for zqb achieved BIC < 971; whale identifiability is a better predictor of capture probability than 
photo quality. 

The simple model with no covariates produces the most precise estimate N 
m and is also the third best in terms 

of BIC. Although Table 2 suggests that some of the covariates considered might contribute to a better model 
when matching of the 2003-2005 data with the 1981-2000 data is completed and the full dataset is available, it is  
believed that at this time N 

m = 3,909 is the best estimate to use. It is noted above that it was estimated to be 
positively biased (b = 250) in the absence of heterogeneity of capture probabilities. However, da Silva et al. 
(2000) showed that a capture-recapture estimate of abundance that does not account for heterogeneity when 
present can be slightly negatively biased and less precise than an estimate that does account for the 
heterogeneity. An estimate that accounts for the heterogeneity may be slightly positively biased (da Silva et al., 
2000). All the N 

m values in Table 2 that account for heterogeneity using covariates are larger than 3,909; most 
are more than 250 larger. Thus, given the results of da Silva et al. (2000), N 

m = 3,909 was used without a bias 
correction.  

The estimated proportion of the bowhead population that is naturally marked is p* = 0.3313. This estimate 
was computed from (7) using data from the 1989-1992, 1994, 2003 and 2004 surveys conducted near Point 
Barrow during spring migration. Using V(p*) given by (9), it was estimated that SE (p*) = 0.0067. 

Total 1+ abundance of the BCB bowhead stock is estimated from (1) as N = 3,909 / 0.3313 = 11,799 with 
SE(N) = 3,007 from (2). Thus CV(N) = 3,007 / 11,799 = 0.255. From (10), 7,200 to 19,300 was obtained as the 
95% CI for N and 7,800 as the 5% lower limit. To four significant digits, N = 11,800. 

DISCUSSION 

The value of N and its SE given above are consistent with our expectations concerning bowhead abundance 
based on completely independent ice-based survey data (George et al., 2004; Zeh and Punt, 2005). George et al. 
(2004) estimated 2001 abundance as 10,470 with CV = 0.13 and 95% CI 8,100 to 13,500. They estimated the 
annual rate of increase for the population as 3.4% (95% CI 1.7% to 5%). The estimate of Zeh and Punt (2005) 
was 10,545 (CV = 0.13) for 2001. 

Turning from ice-based survey estimates to other photographic data analyses, Schweder et al. (In Press) 
obtained maximum likelihood estimates of 2001 abundance and annual rate of increase as 9,021 and 2.5%, 
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respectively.  The 95% CI for the rate of increase from the likelihood profile was 0.5% to 4.8%.   These 
estimates are consistent with those from the ice-based surveys, but are less precise. 

If the 2001 ice-based survey estimate of approximately 10,500 is projected forward to 2004 using the 
estimated rate of increase from George et al. (2004) and its 95% confidence limits, the resulting estimated 
abundance in 2004 is 11,600 (11,000 to 12,200). Our 2004 abundance estimate N = 11,800 is well within that 
interval. The 2004 abundance estimate of 11,600 derived from the ice-based survey data is within SE(N) of 
11,800. 

The 2003-2004 photographic data available to Koski et al. (2008) provided 351 initial captures and 9 
recaptures of marked whales. The 2005 data also considered in this paper added 61 initial captures and 5 
recaptures. The 2005 surveys provided no additional data for estimating the proportion of whales that are 
marked. Thus it is not surprising that our results do not differ greatly from those of Koski et al. (2008). Our N 

m 
and p* are somewhat larger than theirs (3,909 compared to 3,185 and 0.3313 compared to 0.3303, the most 
comparable of their p*). It is notable that our more sophisticated method of computing p* made so little 
difference. Our estimate N of 1+ abundance lies between their two estimates but is closer to the larger of the two. 
Each of their estimates had a CV of 0.29 while our CV is 0.255, representing a small gain in precision resulting 
from the addition of the 2005 data. Both of these CVs fall within the range of CVs given by Zeh and Punt (2005) 
for abundance estimates from ice-based survey data. Those are the estimates currently used by the IWC SC for 
giving management advice on the bowhead harvest. It was concluded that abundance estimates obtained from 
photographic surveys in two or three years are also adequate for that purpose. 

As suggested by Koski et al. (2008), an attempt was made to improve precision by accounting for 
heterogeneity in capture probabilities using covariates related to whale identifiability and photo quality. Tables 1 
and 2 show that, while some of these covariates are promising for that purpose, the number of photographic 
captures and recaptures are too few to support more precise estimates N 

m and hence N than the estimates that do 
not account for heterogeneity. More accurate and precise estimates will likely be possible when matching of the 
2003-2005 images to those from earlier years is completed so that open population models that account for 
heterogeneity in capture probabilities (da-Silva et al., 2007; Schweder et al., In Press) can be used with a 
complete 1981-2005 dataset to estimate abundance and other parameters of interest such as annual survival rate.  
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Table 1. Numbers of images and marked whales by year and in total. For 2003-2005, initial captures and 
recaptures that provided the data for estimating the number of marked whales are also shown. Initial captures and 
recaptures are not shown for the earlier years to emphasize that matching to determine which whales captured in 
2003-2005 were first captured before 2003 has not yet been done.  

 1989 1990 1991 1992 1994 2003 2004 2005 Total 
Number of images   705   676   615   670   283 1,455 1,766 1,081 7,251 
Number of images for computing p*   461   430   449   410   171 1,044 1,476       0 4,441 
Number of marked whales photographed     88     60     69     61     16   150   210     66   720 
Initial captures        150   201     61   412 
Recaptures            0       9       5     14 
 

 

Table 2.  Estimates N 
m of the number of marked whales for various models for capture probabilities p(t) and 

recapture probabilities c(t) as a function of sampling occasion and whale-specific covariates (Huggins, 1989, 
1991). For each sampling occasion t, it is assumed that c(t) = p(t).   

Covariates N 
m SE(N 

m) CV(N 
m) CV  

rank 
BIC Model 

type 
Coefficients 
+ or –   Sig? 

Deviance 

photos 1, 2, 3, >3 4,318 7,078 1.639 14 954.0 Linear     –       No 925.5 
photos 1, 2, >2 4,466 1,209 0.271   7 955.6 Linear     –       Yes 927.2 
No covariates 3,909    993 0.254   1 966.9 Either        NA 945.5 
photos >1 versus 1 4,128 1,066 0.258   4 967.9 Linear     –       Yes 939.4 
zib H versus M 4,111 1,063 0.259   5 968.2 Linear     +      Yes 939.7 
nz 3 or 4 versus 1 or 2 4,970 1,609 0.324 10 968.4 Logit     +      Yes 939.9 
ib H+ versus < H+ 5,263 1,958 0.372 11 969.0 Logit     +      Yes 940.5 
ib H versus M 4,031 1,032 0.256   2 969.9 Linear     +      No 941.4 
zib H+ versus < H+ 4,733 1,494 0.316   9 969.9 Logit     +      Yes 941.4 
photos >1 versus 1 5,265 2,177 0.413 12 970.2 Logit     +      No 941.7 
ib H+ versus < H+ 
photos >1versus 1 

4,259 1,109 0.260   6 970.4 Linear ib +       No 
photos – Yes 

934.8 

brfl fl =1 versus br = 0 4,634 1,443 0.311   8 970.5 Logit     +       No 942.0 
ib H+ versus < H+, brfl 7,342 3,432 0.467 13 970.5 Logit Both +  Yes 934.9 
ib H versus M 
nz 1, 2, >2 

4,164 1,071 0.257   3 970.8 Linear ib +       Yes 
nz –       Yes 

935.2 

 


