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Abstract 
 
Both maximum likelihood and Bayesian methodologies are developed to analyse the photo-ID and 
genotypic capture-recapture data available for the C1 and C3 breeding sub-stocks of humpback 
whales in the western Indian Ocean. A simple exponential growth population model is assumed, 
and estimates of annual growth rate and abundances determined. Maximum likelihood estimates 
of r are generally imprecise and often the point estimates are demographically infeasible. The 
most reliable results are probably those from the Bayesian analyses with a prior for r of U[0; 
0.106]. The data update this prior somewhat more for C3 than for C1, with a median posterior 
estimate of 8.0% for the former. Posterior median estimates of abundance for each sub-stock when 
analysed in isolation are both a little more than 6500. An interchange model is developed to take 
account of photo-ID information on exchanges between the C1 and C3 regions (only one such 
exchange has been recorded thus far). The results show little difference between the combined 
abundances estimated for the two sub-stocks with such interchange, compared to the sum of 
results for the two analysed in isolation; the posterior median annual probability of an animal from 
either sub-stock visiting the other’s region in any one year is a little more than 5%, with an upper 
5%-ile of some 19%. It should be understood that the results presented are intended to be 
illustrative, not definitive, having the purpose of facilitating further runs and refinements of the 
models during Scientific Committee discussions. 

 
 

Introduction 
 
This paper fits exponential growth models to both the photo-ID and genotypic capture-recapture 
available for the C1 and C3 breeding sub-stocks of humpbacks in the western Indian Ocean. Both 
maximum likelihood and Bayesian estimation approaches are developed. The approaches are first 
applied treating the sub-stocks as completely separate, and then an interchange model is developed 
to analyse them jointly allowing for the possibility of animals from one sub-stock travelling in 
some years to the region in which the other sub-stock aggregates. 
 
The analyses presented are not intended to be definitive but rather illustrative. Their purpose is to 
introduce the methodology and to provide a basis upon which to formulate alternative model runs 
and develop model refinements during discussions in the IWC Scientific Committee. 
 
 
Data 
The capture-recapture data used here are reported in Cerchio et al. (2008a and b). These consist of 
both photo-ID and genotypic mark-recapture data from Antongil Bay (C3) (Cerchio et al. 2008a), 
as well as photo-ID mark-recapture data for C1 (Cerchio et al. 2008b). The data span the period 
2000-2006 and are reproduced in Appendix 1. 
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Methods 
 
Maximum Likelihood 
The following simple exponential population growth model is considered in conjunction with the 
capture-recapture data (where “capture” can refer to either photographic or genetic identification): 
 
   yyy rNNN +=+1        (1) 
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where:   yn   = number of animals captured in year y 
  yym ,'  = number of animals captured in year y that were recaptured in year 'y  

yym ,'ˆ  = model predicted number of animals captured in year y that were recaptured   
               in year 'y  

  r  = the population growth rate 
  M  = natural mortality rate  
  yp   = probability animal is seen in year y 
  yN  = population size in year y. 
 
For each potential recapture cell (ignoring some year recaptures), the likelihood contribution 
assuming a Poisson distribution is given by: 
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where:  0y  = the first year of captures 
  fy  = the last year of captures 
and the minimisation is over the estimable parameters r and 

0yN . Note that the approach makes 
allowance for the reduction over time in the numbers of animals potentially recaptured as a result of 
natural mortality.  
 
Bayesian 
Results are produced for two priors on r – either r ~ U[-1; 1] i.e. essentially an uninformative prior, 
or r ~ U[0; 0.106] to take into account Scientific Committee deliberations on demographically 
plausible bounds for this parameter. The prior for N(2003) is U[200; 80 000], i.e. again essentially 
uninformative. If an independent abundance estimate from a sightings survey is available, the 
following term is added to –lnL: 

  ( ) 22
2/ˆlnln CVNN y

obs
y −        (6) 

where:  obs
yN  is the observed abundance estimate for year y, and 

  CV  is the coefficient of variation associate with this estimate. 
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General 
A “Reference Case” analysis is one which uses all the data available for a certain data type and sets 
M = 0.03 yr-1. Hessian-based CVs are provided for the maximum likelihood estimable parameters, 
but to minimise covariance impacts, these are reported rather for 2003N  than for year 0y  (

0yN ). For 
the Bayesian results, medians plus 95% PIs are reported for r and for the yN  and yp values. 
 
Findlay et al. (in press) estimated the population abundance for C1 to be 5965 (CV=0.17) in 2003 
from a sighting survey. This information is used in one of the Bayesian analyses following. 
 
Sensitivity tests 
 
The following sensitivity tests are carried out for the maximum likelihood analyses: 
 
Sensitivity 1: Remove year 2002 from the analysis for C3 due to small sample size. 
Sensitivity 2: Fix r = 0 yr-1. 
Sensitivity 3: Fix r = 0.106 yr-1. 
Sensitivity 4: M = 0.02 yr-1. 
Sensitivity 5: M = 0.04 yr-1. 
 
Bayesian C1-C3 assessment model allowing for interchange 
 
This model fits to all the photo-ID and genotypic capture-recapture data reported in Cerchio et al. 
(2008a) for C1 and C3, together with the C1-C3 photo-ID interchange data reported in Cerchio et 
al. (2008b). Further it fits to the absolute abundance estimate for C1 provided by Findlay et al. (in 
press). 
 
The interchange model considered is shown schematically below. There are two breeding substocks 
C1 and C3 of sizes 1N  and 3N  respectively each growing exponentially. However each year there 
is a probability q1 that an animal from sub-stock C1 travels to the C3 region, and similarly a 
probability q3 that one from sub-stock C3 travels to the C1 region. Note that the model assumes that 
an animal “visits” only one of these two regions in any one year. The numbers in regions C1 and 
C3 each year are then given by 1N%  and 3N%  respectively, and these are the variables to which 
observations apply (both capture-recapture and survey data). 
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The following equations then apply: 
 
Breeding populations:  i
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where     i refers to breeding sub-stock C1 or C3 
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Captures:   i i i
y y yn p N= %     3,1=i                                  (9) 

Recaptures:   ij

yym ,

,'   refers to humpbacks captured in region i in year y and  
recaptured in region j in year y’, while the expected 
numbers in terms of the interchange model are: 
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and the contributions to the negative log likelihood from the photo-ID capture-recapture data and 
Findlay et al.’s (in press) abundance estimate for 2003 are: 
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For application of the Bayesian estimation approach r is first taken to be the same for the two 
breeding sub-stocks, i.e. rrr == 31 , and then to differ, with an associated U[0; 0.106] priors in 
each case. The priors for each of 1N (2003) and 3N (2003) are U[200; 80000] as before. For q1 and 
q3 the priors are each set to U[0.001; 0.6]. The reason for the lower bound is to avoid possible 
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difficulties with logarithms of zero occurring in computations. The upper bound is set to avoid an 
ambiguity in the model corresponding to an alternative equivalent solution of: 
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which arises because of its symmetrical nature. 
 
 
Results  
 
C3 – no interchange 
 
Tables 1a and b report the results for BS C3 for the photographic and genotypic data respectively, 
and Table 1c reports results for BS C3 where both data types have been used together in the 
assessment. These results are for the maximum likelihood method. Table 1d reports results for BS 
C3 using Bayesian estimation; medians and 95% PIs are reported. 
 
Figure 1a shows population trends estimated by the maximum likelihood approach for both the 
photo-ID and the genotypic data (RC, Sen 2 and 3). Figure 1b compares the RC trends with the 
reported abundance estimates in Cerchio et al. (2008a). Figures 1d-h show the population trends as 
estimated by the Bayesian approach – medians and 95% PIs are shown. 
 
Note that the Cerchio et al. (2008a) preferred estimates using Chapman’s modified Petersen 
estimator (see Appendix 1 for more details) are: 
 
Photo-ID data: 
7715 (CV=0.24) for 2003-2006 period, and  
6737 (CV=0.31) for 2004-2006 period, with 
 
r = 0.063 . 
 
Genotypic data: 
10123 (CV=0.24) for 2003-2006 period, and 
8348 (CV=0.32) for 2004-2006 period, with 
 
r = 0.136 . 
 
Data relating to the 2002 capture year were eliminated from the Cerchio et al. (2008a) analyses due 
to poor capture size that year. 
 
Note that Cerchio et al. (2008a) comment that the point estimate of r = 0.136 from the genotypic 
data is demographically implausible.  
 
C1 – no interchange 
 
Table 2a reports the maximum likelihood results for BS C1 (using the photo-ID data). Table 1b 
reports the results from Bayesian estimation for BS C1. Results are also reported in Table 2b for the 
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case where both the photo-ID data as well as the Findlay et al. (in press) abundance estimate of 
5965 (CV=0.17) in 2003 is used. 
 
Figure 2a shows the maximum likelihood population abundance trends (RC, Sen 2 and 3). The 
Findlay et al. (in press) abundance estimate is also shown on the plot for comparison. Figures 2b 
and c show the Bayesian estimated population abundance trends for the two r prior assumptions. 
Figure 2c shows the Bayesian estimated population trend for the case where the Findlay (in press) 
population abundance estimate is fitted to in conjunction with the photo-ID mark-recapture data. 
 
C1-C3 with interchange 
The results for application of the Bayesian estimation approach to the interchange model are given 
in Tables 3a and b. Results in Table 3a are for the assumption that r is constant between the two 
substocks, i.e. rrr == 31 , whilst results in Table 3b allow for both 1r  and 2r  to be estimated 
separately. Figures 4a and b show the population trends estimated for each sub-stock separately and 
also for their combined numbers for the both the rrr == 31  model, and for the model where the r 
parameters are estimated separately. Figures 5 and 6 shows the associated posterior distributions for 
the r (or 1r and 3r ) , q1 and q3 parameters. 
 
 
Discussion 
 
For most of the applications of the maximum likelihood estimation approach reported (Tables 1a-c 
and 2a), estimates of annual growth rate r are imprecise, and point estimates often demographically 
infeasible. Bayesian results, particularly those restricting r to the demographically realistic range of 
U[0; 0.106] probably offer the greatest reliability. 
 
For the C3 sub-stock, genotypic and photo-ID data separately offer similar results for population 
abundances, both in terms of absolute values and of precision (Table 1d). When the data are 
analysed in combination, the uniform r prior is updated to the same degree to yield a posterior 
median growth rate estimate of 8.0% (Fig. 3a), while the median estimate for abundance in 2003 is 
6600 with 95% PI [5600; 8100]. 
 
For the C1 sub-stock with less capture-recapture data (no genotypic data) but the advantage of a 
survey estimate of abundance, results are slightly less precise with the r prior less updated than for 
C3 (Fig. 3b) (posterior median 6.6%), and median 2003 abundance at 6700 with 95% PI [5300; 
8700] (Table 2b). Note that capture probabilities are less for C1, with the largest median value in 
2005 at 1.8%, compared to C3 for which these are near 2% for most years and sometimes approach 
3% (Tables 1d and 2b). 
 
When interchange is admitted, interestingly the posterior median estimates for r are lower than for 
either sub-stock analysed in isolation, though this should be seen in the context of the poor 
precision of those estimates anyway. Aside from differences caused by different posteriors for r, 
estimates of abundance differ little from those for the sub-stocks analysed in isolation; for the 
abundance in mid-series (2003), the analyses with interchange estimate posterior median 
abundances for the two sub-stocks together which are only about 2% greater than the 13400 
obtained by summing those values for the two analysed separately. The posterior median 
probabilities for an animal belonging to one sub-stock “visiting” the other’s region in any one year 
is a little more than 5% for both sub-stocks, with an upper 5%-ile of some 19%.   
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Clearly variations in data input and refinements of the models presented are possible. In particular, 
it should be noted that the “visitor-like” interchange model presented and analysed involves but one 
of a number of different exchange mechanisms that could be postulated. 
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Table 1a: C3 results based on photo-ID data. Values in brackets are the Hessian based CVs. Values 
fixed on input are shown as bold. Non-comparable –lnL values are sown in square brackets. 
 
 RC SEN1 SEN2 SEN3 SEN4 SEN5 
 Use all data Remove 2002 

data 
r = 0 r = 0.106 M = 0.02 M = 0.04 

-lnL 10.94 [6.13] 11.94 11.06 11.06 10.83 
R 0.166 (0.74) 0.130 (1.20) 0 0.106 0.170 (0.72) 0.161 (0.76)
N(2000) 3405 4816 6732 4297 3434 3376 
N(2001) 3970 5441 6732 4753 4019 3921 
N(2002) 4628 6147 6732 5257 4704 4553 
N(2003) 5395 (0.21) 6944 (0.84) 6732 (0.16) 5814 (0.16) 5506 (0.21) 5287 (0.21) 
N(2004) 6289 7845 6732 6430 6444 6140 
N(2005) 7332 8863 6732 7112 7542 7129 
N(2006) 8547 10013 6732 7866 8826 8280 
 
 
Table 1b: C3 results – based on genotypic data. Values in brackets are the Hessian based CVs. 
Values fixed on input are shown as bold. Non-comparable –lnL values are sown in square brackets. 
 
 RC SEN1 SEN2 SEN3 SEN4 SEN5 
 Use all data Remove 2002 

data 
r = 0 r = 0.106 M = 0.02 M = 0.04 

-lnL 1.086 [2.02] 14.40 12.22 11.02 10.70 
R 0.296 (0.41) 0.333 (0.51) 0 0.106 0.301 (0.41) 0.291 (0.42)
N(2000) 2526 3169 7615 4861 2546 2506 
N(2001) 3273 4222 7615 5376 3313 3234 
N(2002) 4241 5627 7615 5946 4309 4174 
N(2003) 5495 7499 (0.22) 7615 (0.15) 6576 (0.15) 5606 (0.17) 5386 (0.17) 
N(2004) 7119 9973 7615 7273 7293 6951 
N(2005) 9224 13317 7615 8043 9488 8970 
N(2006) 11952 17746 7615 8897 12343 11577 
 
 
Table 1c: C3 results – based on both photo-ID and genotypic data. 
 
 RC SEN1 SEN2 SEN3 SEN4 SEN5 
 Use all data Remove 2002 

data 
r = 0 r = 0.106 M = 0.02 M = 0.04 

-lnL 22.30 [8.87] 26.49 23.47 22.58 22.04 
R 0.232 (0.13) 0.230 (0.17) 0 0.106 0.237 (0.36) 0.228 (0.13)
N(2000) 2904 3876 7288 4623 2928 2880 
N(2001) 3579 4767 7288 5113 3623 3535 
N(2002) 4411 5862 7288 5655 4482 4341 
N(2003) 5436 (0.37) 7209 (0.50) 7288 (0.11) 6255 (0.11) 5547 (0.13) 5328 (0.38) 
N(2004) 6699 8866 7288 6917 6864 6541 
N(2005) 8257 10903 7288 7651 8493 8029 
N(2006) 10176 13407 7288 8462 10509 9857 
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Table 1d: C3 Bayesian posterior estimates. Median and 95% PIs are reported. [For the “both data sources” scenarios, the “pho” refers to photo-
ID data, and the “gen” refers to the genotypic data.] 
 
 

 RC photo-ID RC photo-ID RC genotypes RC genotypes RC both data sources RC both data sources 
r prior r ~ U[-1; 1] r ~ U[0; 0.106] r ~ U[-1; 1] r ~ U[0; 0.106] r ~ U[-1; 1] r ~ U[0; 0.106] 
R 0.152 [-0.04; 0.371] 0.061 [0.008; 0.102] 0.376 [0.098; 0.512] 0.075 [0.015; 0.103] 0.229 [0.096; 0.378] 0.080 [0.023; 0.104] 
N(2000) 3748 [1715; 9072] 5447 [3947; 7824] 2237 [1390; 5412] 5846 [4413; 8161] 2990 [1830; 5171] 5316 [4279; 7077] 
N(2001) 4311 [2332; 8775] 5770 [4292; 8057] 3078 [2062; 6009] 6268 [4805; 8471] 3671 [2502; 5684] 5725 [4675; 7343] 
N(2002) 4952 [3117; 8689] 6122 [4631; 8317] 4234 [3043; 6742] 6705 [5210; 8874] 4522 [3395; 6297] 6169 [5112; 7658] 
N(2003) 5731 [4091; 8531] 6475 [4987; 8677] 5824 [4353; 7791] 7175 [5638; 9361] 5574 [4509; 7026] 6635 [5562; 8084] 
N(2004) 6625 [5104; 8923] 6849 [5306; 9086] 8011 [5871; 9556] 7673 [6055; 9963] 6858 [5771; 8252] 7128 [6008; 8590] 
N(2005) 7606 [5798; 10339] 7243 [5625; 9593] 11020 [7244; 13027] 8204 [6475; 10655] 8399 [6924; 10435] 7662 [6450; 9235] 
N(2006) 8750 [6029; 13230] 7664 [5927; 10181] 15160 [8350; 18729] 8768 [6860; 11434] 10295 [7902; 13822] 8234 [6832; 10001] 
p(2000) 0.024 [0.010; 0.052] 0.016 [0.011; 0.016] 0.051 [0.021; 0.082] 0.020 [0.014; 0.026] pho:0.030 [0.017; 0.049] 

g:en 0.038 [0.022; 0.062] 
pho:0.017 [0.013; 0.021] 
g:en 0.021 [0.016; 0.027] 

p(2001) 0.037 [0.018; 0.068] 0.028 [0.020; 0.028] 0.052 [0.027; 0.078] 0.026 [0.019; 0.034] pho: 0.043 [0.028; 0.064] 
gen: 0.044 [0.028; 0.064] 

pho: 0.028 [0.022; 0.034] 
gen: 0.028 [0.022; 0.034] 

p(2002) 0.003 [0.002; 0.005] 0.003 [0.002; 0.003] 0.007 [0.004; 0.009] 0.004 [0.003; 0.005] pho: 0.004 [0.003; 0.005] 
gen: 0.006 [0.004; 0.008] 

pho: 0.003 [0.002; 0.003] 
gen: 0.005 [0.004; 0.005] 

p(2003) 0.022 [0.015; 0.031] 0.019 [0.015; 0.019] 0.032 [0.024; 0.042] 0.026 [0.020; 0.033] pho: 0.023 [0.018; 0.028] 
gen: 0.033 [0.026; 0.041] 

pho: 0.019 [0.016; 0.023] 
gen: 0.028 [0.023; 0.033] 

p(2004) 0.023 [0.017; 0.030] 0.022 [0.017; 0.022] 0.020 [0.017; 0.028] 0.021 [0.016; 0.027] pho: 0.022 [0.018; 0.026] 
gen: 0.024 [0.020; 0.028] 

pho: 0.021 [0.018; 0.025] 
gen: 0.023 [0.019; 0.027] 

p(2005) 0.019 [0.014; 0.025] 0.020 [0.015; 0.020] 0.015 [0.012; 0.022] 0.020 [0.015; 0.025] pho: 0.017 [0.014; 0.021] 
gen: 0.019 [0.015; 0.023] 

pho: 0.019 [0.016; 0.022] 
gen: 0.021 [0.017; 0.025] 

p(2006) 0.018 [0.012; 0.025] 0.021 [0.016; 0021] 0.010 [0.008; 0.018] 0.018 [0.013; 0.022] pho: 0.015 [0.011; 0.020] 
gen: 0.015 [0.011; 0.019] 

pho: 0.019 [0.016; 0.023] 
gen: 0.019 [0.015; 0.022] 
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Table 2a: C1 results – based on photo-ID data. Values in brackets are the Hessian based CVs. 
Values fixed on input are shown as bold.  
 
 RC SEN2 SEN3 SEN4 SEN5 
 Use all data r = 0 r= 0.106 M = 0.02 M = 0.04 
R 0.50 (0.86) 0 0.106 0.509 (0.86) 0.498 (0.87) 
-lnL 13.07 13.98 13.10 13.10 13.04 
N(2000) 1483 10074 6167 1488 1478 
N(2001) 2230 10074 6820 2245 2213 
N(2002) 3353 10074 7543 3389 3317 
N(2003) 5042 (0.59) 10074 

(0.35) 
8343 (0.36) 5116 (0.59) 4969 (0.59) 

N(2004) 7582 10074 9228 7721 7447 
N(2005) 11402 10074 10206 11653 11157 
N(2006) 17146 10074 11287 17588 16717 
 
 
 
Table 2b: C1 Bayesian posterior estimates. Median and 95% PIs are reported. 
 
 RC photo-ID RC photo-ID RC photo-ID and Findlay 

et al. (in press) estimate 
r prior r ~ U[-1; 1] r ~ U[0; 0.106] r ~ U[0; 0.106] 
R 0.310 [-0.254; 0.876] 0.054 [0.006; 0.101] 0.066 [0.010; 0.102] 
N(2000) 3653 [623; 68490] 10273 [5342; 23177] 5633 [4229; 7624] 
N(2001) 4815 [1123; 52342] 10831 [5720; 24121] 5976 [4574; 7888] 
N(2002) 6367 [1990; 40652] 11402 [6088; 25115] 6338 [4932; 8222] 
N(2003) 8369 [3382; 32308] 12011 [6475; 26414] 6728 [5288; 8658] 
N(2004) 11004 [5446; 28454] 12639 [6810; 27691] 7139 [5605; 9183] 
N(2005) 14021 [7587; 30485] 13343 [7204; 29052] 7584 [5901; 9854] 
N(2006) 18032 [7877; 45736] 14119 [7556; 30584] 8052 [6173; 10635] 
p(2000) 0.000 [0.000; 0.001] 0.000 [0.000; 0.001] 0.001 [0.000; 0.001] 
p(2001) 0.002 [0.001; 0.004] 0.002 [0.001; 0.004] 0.004 [0.003; 0.005] 
p(2002) 0.004 [0.002; 0.008] 0.004 [0.002; 0.008] 0.008 [0.006; 0.010] 
p(2003) 0.010 [0.004; 0.018] 0.010 [0.004; 0.018] 0.017 [0.013; 0.022] 
p(2004) 0.002 [0.001; 0.003] 0.002 [0.001; 0.003] 0.003 [0.002; 0.004] 
p(2005) 0.010 [0.005; 0.019] 0.010 [0.005; 0.019] 0.018 [0.014; 0.023] 
p(2006) 0.008 [0.004; 0.015] 0.008 [0.004; 0.015] 0.014 [0.011; 0.018] 
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Table 3a: Bayesian posterior estimates for the C1-C3 interchange model. Median and 95% PIs are 
reported. Genotypic “gen” (C3) as well as photo-ID (“pho”) (C1 and C3) capture-recapture data are 
included in the analysis (along with the Findlay et al. (in press) C1 abundance estimate). The r 
prior is U[0; 0.106] and each q prior U[0.001; 0.6]. It is assumed rrr == 21 . 
 
 C1 C3 C1+3 
r prior r ~ U[0; 0.106] 
r 0.043 [0.004; 0.097] 
q 0.056 [0.006; 0.170] 0.053 [0.006; 0.188]  
N(2000) 5802 [4076; 7944] 6052 [4339; 7692] 11829 [9740; 14349] 
N(2001) 6070 [4341; 8181] 6344 [4577; 7945] 12369 [10412; 14673] 
N(2002) 6338 [4592; 8470] 6631 [4803; 8280] 12947 [11006; 15133] 
N(2003) 6632 [4823; 8824] 6934 [4984; 8696] 13551 [11505; 15792] 
N(2004) 6937 [5012; 9247] 7223 [5140; 9221] 14170 [11894; 16706] 
N(2005) 7242 [5176; 9766] 7524 [5306; 9864] 14790 [12235; 17880] 
N(2006) 7564 [5360; 10372] 7831 [5475; 10644] 15419 [12466; 19282] 
p(2000) 0.001 [0.000; 0.001]  pho: 0.015 [0.012; 0.019] 

gen: 0.019 [0.015; 0.025] 
 

p(2001) 0.004 [0.003; 0.005] pho: 0.025 [0.021; 0.032] 
gen: 0.026 [0.021; 0.033] 

 

p(2002) 0.008 [0.006; 0.010] Pho: 0.002 [0.002; 0.003] 
gen: 0.004 [0.003; 0.005] 

 

p(2003) 0.017 [0.013; 0.023] pho: 0.018 [0.015; 0.024] 
gen: 0.027 [0.022; 0.035] 

 

p(2004) 0.003 [0.002; 0.004] pho: 0.021 [0.017; 0.027] 
gen:  0.023 [0.018; 0.030] 

 

p(2005) 0.018 [0.014; 0.024] pho: 0.019 [0.015; 0.025] 
gen:  0.022 [0.017; 0.028] 

 

p(2006) 0.015 [0.011; 0.020] pho: 0.020 [0.015; 0.027] 
gen:  0.020 [0.015; 0.027] 
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Table 3b: Bayesian posterior estimates for the C1-C3 interchange model. Median and 95% PIs are 
reported. Genotypic “gen” (C3) as well as photo-ID (“pho”) (C1 and C3) capture-recapture data are 
included in the analysis (along with the Findlay et al. (in press) C1 abundance estimate). Both the r 
priors are U[0; 0.106] and each q prior U[0.001; 0.6]. Here 1r  and 2r  are estimated. 
 
 C1 C3 C1+3 
r prior r ~ U[0; 0.106] 
r 0.052 [0.006; 0.101] 0.045 [0.004; 0.097]  
q 0.054 [0.006; 0.168] 0.051 [0.006; 0.184]  
N(2000) 5678 [4033; 7874] 6121 [4309; 7797] 11817 [9666; 14097] 
N(2001) 5979 [4290; 8124] 6401 [4565; 8057] 12385 [10471; 14581] 
N(2002) 6294 [4552; 8455] 6694 [4821; 8384] 12985 [11041; 15171] 
N(2003) 6630 [4807; 8834] 7000 [5032; 8817] 13618 [11585; 15942] 
N(2004) 6984 [5072; 9307] 7312 [5234; 9348] 14319 [12086; 16861] 
N(2005) 7348 [5271; 9888] 7619 [5400; 10012] 15038 [12526; 17972] 
N(2006) 7348[5252; 10569] 7944 [5588; 10801] 15792 [12944; 19249] 
p(2000) 0.001 [0.000; 0.001]  pho: 0.015 [0.012; 0.019] 

gen: 0.019 [0.015; 0.024] 
 

p(2001) 0.004 [0.003; 0.005] pho: 0.025 [0.020; 0.032] 
gen: 0.025 [0.020; 0.033] 

 

p(2002) 0.008 [0.006; 0.010] Pho: 0.002 [0.002; 0.003] 
gen: 0.004 [0.003; 0.005] 

 

p(2003) 0.017 [0.013; 0.022] pho: 0.018 [0.015; 0.023] 
gen: 0.027 [0.022; 0.034] 

 

p(2004) 0.003 [0.002; 0.004] pho: 0.021 [0.017; 0.027] 
gen:  0.022 [0.018; 0.029] 

 

p(2005) 0.018 [0.014; 0.024] pho: 0.019 [0.015; 0.025] 
gen:  0.021 [0.016; 0.028] 

 

p(2006) 0.015 [0.011; 0.019] pho: 0.020 [0.015; 0.026] 
gen:  0.019 [0.015; 0.026] 
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Figure 1a: BS C3 population abundance estimates from the capture-recapture analysis. The 
sensitivities to different M are not shown because they are virtually indistinguishable from the 
Reference Case (RC). 
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Figure 1b: BS C3 population abundance estimates from the RC capture-recapture analysis 
compared with abundance estimates from Cerchio et al. (2008a). These estimates are for the 2003-
2006 (1) and 2004-2006 (2) periods. 
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Figure 1d: Bayesian C3 estimates using the photo-ID data with a prior for r of U[-1; 1] (i.e. 
uninformative). 
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Figure 1e: Bayesian C3 estimates using the genotypic data with a prior for r of U[-1; 1] (i.e. 
uninformative). 
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Figure 1f: Bayesian C3 estimates using the photo-ID data with a prior for r of U[0; 0.106]. 
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Figure 1g: Bayesian C3 estimates using the genotypic data with a prior for r of U[0; 0.106]. 
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Figure 1h: Bayesian C3 – both photo-ID + genotypic data - prior on r ~ [0; 0.106]. 
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Figure 2a: BS C1 population abundance estimates from the capture-recapture analysis using the 
photo-ID data, compared with a sighting survey abundance estimate from Findlay (in press). The 
sensitivities to different M are not shown because they a virtually indistinguishable from the 
Reference Case (RC). 
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Figure 2b: Bayesian C1 estimates using the photo-ID data with a prior for r of U[-1; 1] (i.e. 
uninformative). 
 

 
 
 
Figure 2c: Bayesian C1 estimates using the photo-ID data with a prior on r of U[0; 0.106]. 
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Figure 2d: Bayesian C1 estimates using both the photo-ID data + the Findlay et al. (in press) 
estimate with a prior on r of U[0; 0.106]. 
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Figure 3a: Histogram of the r posterior distribution for the C3 Bayesian analysis that includes both 
data sources and has an r prior of  U[0; 0.106]. The bars indicate the proportion of the distribution 
between the value shown and that immediately less; results shown as for 0.11 are between 0.10 and 
0.106. 
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Figure 3b: Histogram of the r posterior distribution for the C1 Bayesian analysis that includes both 
the photo-ID data and the Findlay estimate, and has an r prior of U[0; 0.106]. 
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Figure 4a: Bayesian estimates of the interchange model which uses all the capture-recapture 
(photo-ID as well as genotypic) data as well as the Findlay et al. (in press) abundance estimate for 
C1. The prior for r is U[0; 0.106] with rrr == 31 . 
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Figure 4b: Bayesian estimates of the interchange model which uses all the capture-recapture 
(photo-ID as well as genotypic) data as well as the Findlay et al. (in press) abundance estimate for 
C1. The prior for both 1r  and 3r  is U[0; 0.106] with 1r  and 3r  estimated separately. 
 
 

BS C interchange capture-recapture abundance estimates for C1 
sub-stock - with r1 and r3 prior [0; 0.106]

0
2000
4000
6000
8000

10000
12000

1999 2000 2001 2002 2003 2004 2005 2006 2007

year

N
um

be
r

BS C interchange capture-recapture abundance estimates for C3 
sub-stock - with r 1 and r3  prior [0; 0.106]

0

2000

4000

6000

8000

10000

12000

1999 2000 2001 2002 2003 2004 2005 2006 2007

year

Nu
m

be
r

BS C interchange  capture-recapture abundance estimates for 
C1+C3 sub-stocks - with r 1 and r3  prior [0; 0.106]

0

5000

10000

15000

20000

1999 2000 2001 2002 2003 2004 2005 2006 2007

year

N
um

be
r



SC/60/SH37rev 

 23

Figure 5a: Histogram of the r posterior distribution for the C1+3 Bayesian interchange analysis that 
includes all capture-recapture data (photo-ID and genotypic) as well as the Findlay et al. (in press) 
abundance estimate for C1, and has a prior for r of U[0; 0.106] with rrr == 31 . The bars indicate 
the proportion of the distribution between the value shown and that immediately less; results for r 
shown as for 0.11 are between 0.10 and 0.106. 
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Figure 5b: Histogram of the 1q  (probability that a C1 breeding sub-stock animal goes to C3 in any 
one year) posterior distribution for the C1+3 Bayesian interchange analysis for the rrr == 31  
model. 
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Figure 5c: Histogram of the 3q  (probability that a C3 breeding sub-stock animal goes to C1 in any 
one year) posterior distribution for the C1+3 Bayesian interchange analysis for the rrr == 31  
model. 
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Figure 6a: Histogram of the r posterior distribution for the C1+3 Bayesian interchange analysis that 
includes all capture-recapture data (photo-ID and genotypic) as well as the Findlay et al. (in press) 
abundance estimate for C1, and has a prior for both 1r  and 3r of U[0; 0.106] with 1r  and 

3r estimated separately . The bars indicate the proportion of the distribution between the value 
shown and that immediately less; results for r shown as for 0.11 are between 0.10 and 0.106. 
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Figure 6b: Histogram of the 1q  (probability that a C1 breeding sub-stock animal goes to C3 in any 
one year) posterior distribution for the C1+3 Bayesian interchange analysis for the 1r  and 

3r estimated separately model. 
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Figure 6c: Histogram of the 3q  (probability that a C3 breeding sub-stock animal goes to C1 in any 
one year) posterior distribution for the C1+3 Bayesian interchange analysis for the 1r  and 

3r estimated separately model. 
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Appendix 1: Data from Cerchio et al. (2008a and b) used in these analyses 
 
 
 
Table A1.1: Photographic capture-recapture data from BS C1 – from SC/60/SH33 (Cerchio et 
al. 2008b)  
[n = number of different individuals sighted each year, m = total recaptures between pairs of years] 
 
n 

2000 2001 2002 2003 2004 2005 2006  
3 24 49 115 21 134 112 

 
m 

 2000 2001 2002 2003 2004 2005 2006 
2000 X 0 0 0 0 0 0 
2001  X 1 0 0 0 0 
2002   X 1 1 0 1 
2003    X 0 0 0 
2004     X 1 0 
2005      X 2 
2006       X 

 
Table A1.2 Photographic capture-recapture data from C3 – from SC/60/SH33 (Cerchio et al. 
2008a)  
[n = number of different individuals sighted each year, m = total recaptures between pairs of years] 
 
n 

2000 2001 2002 2003 2004 2005 2006  
89 159 16 126 151 144 158 

 
m 

 2000 2001 2002 2003 2004 2005 2006 
2000 X 2 1 3 1 0 1 
2001  X 1 3 3 3 2 
2002   X 3 0 0 0 
2003    X 2 1 3 
2004     X 4 3 
2005      X 4 
2006       X 
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Table A1.3: Genotypic “capture-recapture” data from C3 – from SC/60/SH33 (Cerchio et al. 
2008a) 
[n = number of different individuals sighted each year, m = total recaptures between pairs of years] 
 
n 

2000 2001 2002 2003 2004 2005 2006  
114 161 28 185 163 161 153 

 
m 

 2000 2001 2002 2003 2004 2005 2006 
2000 X 4 1 2 2 0 0 
2001  X 2 6 2 1 2 
2002   X 6 1 1 1 
2003    X 2 2 3 
2004     X 2 4 
2005      X 3 
2006       X 

 
 
Abundance estimates used from Cerchio et al. (2008a): 
 

For C3: from Antongil Bay (NE Madagascar). Recommendations are a lower bound estimate of 
6737 (CV=0.31) for a mid-year of 2005, and an upper bound estimate of 7715 (CV=0.24) for a 
mid-year of 2005 (These estimates are from the Chapman’s Modified Petersen estimator 
applied to the photo-ID mark-recapture dataset). 
 
For C3: from Antongil Bay (NE Madagascar). A lower bound estimate of 8348 (CV=0.32) for a 
mid-year of 2005, and an upper bound estimate of 10123 (CV=0.24) for a mid-year of 2005. 
(These estimates are from a Chapman’s Modified Petersen estimator applied to the genotypic 
mark-recapture dataset). Note that Cerchio et al. (2008a) warn of an improbably ROI from the 
genetic data. 
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Table A1.4 Photographic capture-recapture data between C1 and C3 – from SC/60/SH33 
(Cerchio et al. 2008a)  
 
[n = number of different individuals sighted each year, m = total recaptures between pairs of years; 
the entries above the diagonal in the matrix reflect animals first seen in C3 and later re-sighted in 
C1, whereas entries below the diagonal reflect the reverse, animals first seen in C1 and later re-
sighted in C3. 
 

n 
 2000 2001 2002 2003 2004 2005 2006 
C1 89 159 16 126 151 144 158 

3 24 49 115 21 134 112 C3 
Total        

 
m                                                                C1 

 2000 2001 2002 2003 2004 2005 2006 
2000 X 0 0 0 0 0 0 
2001 0 X 0 0 0 0 0 
2002 0 0 X 0 0 0 0 
2003 0 0 0 X 0 0 0 
2004 0 0 0 0 X 0 0 
2005 0 0 0 0 0 X 0 

 
 
 

C3 

2006 0 0 0 1 0 0 X 
 
 
 
 
 


