Garrigue et al.

SC/55/SH8

FOR CONSIDERATION BY THE SCIENTIFIC COMMITTEE OF
THE INTERNATIONAL WHALING COMMISSION
BERLIN, GERMANY

Organismal and ‘gametic’ capture-recapture using microsatellite
genotyping confirm demographic closure and reproductive
autonomy of a humpback whales wintering ground
CLAIRE GARRIGUE1, 2, RÉMI DODEMONT1, DEBBIE STEEL2 AND C. SCOTT BAKER2
1 Opération Cétacés BP 12827 98802 Nouméa, New Caledonia
2 School of Biological Sciences, University of Auckland, Private Bag 92019, Auckland, New Zealand
ABSTRACT
The abundance and reproductive autonomy of humpback whales from the New Caledonia wintering grounds were investigated using capturerecapture models and paternity inference based on nuclear microsatellite genotyping, mitochondrial DNA sequencing and photographs of natural
markings (photo-identification). The analyses included records of 213 individuals (excluding 16 calves used in paternity inference) identified by
genotypes (9 loci), and 210 identified by fluke photographs collected from 1995 to 2001. Using the Chapman’s correction of the Petersen twosample model the estimate of abundance based on genotyping (N = 643, CV = 0.18) was slightly larger than the estimate based on photoidentification (N = 574, CV = 0.18). A sex-specific estimate of abundance based on genotypes gave comparable numbers of males and females
although the variance of the female estimate was greater (Nm = 382, CV = 0.22; Nf = 239, CV = 0.29). The likely paternity of 5 calves from 16
cow/calf pairs was assigned to five individual males (one offspring each) from the total sample of 133 non-calf males. The number of assigned
paternities provided an alternate ‘gametic recapture’ estimate of male abundance. This gametic recapture estimate (Nm = 379, CV = 0.30) was
almost identical to the sex-specific estimate based on the organismal recapture using a two-sample model (Nm = 382, CV = 0.22). The close
agreement of the organismal and gametic recapture estimates provided strong evidence that this humpback whale wintering ground represents an
autonomous population unit that is relatively closed to demographic and reproductive interchange. The small size of this breeding unit highlights
the slow recovery of some populations following intensive 20th century commercial and illegal Soviet whaling.

INTRODUCTION
Although photo-identification has proven effective for estimating population abundance and describing migratory
movement of humpback whales and other cetaceans (e.g. Hammond et al. 1990), there are known limitations of this
method. These include the potential for changes in natural markings (tag loss), the lack of distinctive markings for
some individuals and sex-specific patterns of behavior that result in heterogeneity of capture probability. The
development of genetic markers for sex determination, individual identification and parentage assignment has
provided information that can extend, and in some cases replace, photo-identification or tagging (e.g., Amos et al.
1993, Kohn et al. 1999, Palsboll et al. 1997, Pearse et al. 2001, Richards et al. 1996, Taberlet et al. 1997).
Despite the potential for improvement of capture-recapture estimates through microsatellite profiling and sex
identification, a central question often remains unanswered; what population or population unit is being estimated?
The genetic structure of humpback whale populations is complex (Baker & Palumbi 1995, Baker & Medrano 2002)
reflecting long-distance migration from summer feeding grounds to winter breeding grounds (Clapham 1996). In the
North Pacific and North Atlantic, humpbacks show considerable maternal fidelity to migratory destinations,
resulting in a segregation of mtDNA haplotypes on regional feeding grounds (Baker et al. 1990, 1993, Palsboll et al.
1995, Larsen et al. 1996). Abundance estimates from these feeding grounds are assumed to reflect relatively
discrete, maternally directed units, although the geographic boundaries between these units are not clearly defined
and, in some areas, probably shift in response to changes in prey availability. In all oceans, humpbacks congregate
during winter months in shallow coastal or insular waters of tropical latitudes (Mackintosh 1965). Although these
geographically isolated wintering grounds are assumed to represent breeding units or ‘stocks’, the evidence that
mating occurs in these regions is indirect and the degree of reproductive isolation has not been established.
Here we used the genotypes of individual males in the population to identify the likely paternity of calves. Our
purpose was to evaluate the reproductive autonomy of this wintering ground by comparing the gametic recapture
estimate to the organismal recapture estimate. The combined use of photo-identification and microsatellite
genotyping for individual identification and paternity assignment, provided an improved understanding of the mating
system of humpback whales and dynamics of recovery in this depleted population.
MATERIAL AND METHODS
Field collection
Small–boat surveys of humpback whales were conducted in New Caledonia (Fig.1) for two to three months each
winter from 1995 to 2001 (see Garrigue et al. 2001). Individual humpback whales were identified from photographs
of the unique markings on the ventral surface of their tail flukes (photo-identification, Katona et al. 1979). Small
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samples of skin tissue were collected using a crossbow and specially adapted bolt and dart (Lambertsen 1987) or a
small scoop net for skimming water following an active surface behavior (Clapham et al. 1993). When possible, skin
tissue collection was combined with photo-identification (Garrigue & Greaves 1999).
Photo-identification catalogue
The complete photo-identification catalogue includes 250 individual whales identified primarily by fluke
photographs and a small number identified by dorsal fins or lateral markings (Garrigue and Greaves, 1999). For the
purposes of the present study photographs taken prior to initiation of biopsy samples 1995; individuals identified
only by dorsal fins or lateral markings (N=3); and, calves were deleted from the catalogue. To assure accuracy of
individual identification (Friday et al. 2000, Perry et al. 1990), the catalogue was further evaluated and photographs
of marginal quality were discarded.
Molecular analysis
A total of 321 humpback whales were sampled genetically in New Caledonia between 1995 and 2001 using skin
tissue collected with a biopsy dart (n = 285) or sloughed naturally from individuals following surface behavior (n =
36). The samples were preserved in 70% ethanol and stored at –20° C. DNA extraction with ProK digestion,
phenol/chloroform extraction and ethanol precipitation followed the protocol described by Sambrook et al. (1989) as
modified for small samples. A set of 11 fluorescently labeled microsatellite loci was tested and standardized with
collaborators (Anderson et al. 2001, Medrano et al. 2001): three tetranucleotides (GATA28, GATA53, GATA417,
Palsboll et al. 1997b), one trinucleotide (TAA 31, Palsboll et al. 1997b) and seven dinucleotides (464/465,
Schloterrer et al. 1991, and EV1, EV14, EV21, EV37, EV94, EV104, Valsecchi & Amos 1996). Molecular
identification of the sex was carried out using the SRY system and ZFX positive control described by Gilson and
Syvanen (1998). An approximately 550 base pair (bp) fragment of the 5' end of the mitochondrial (mt) DNA control
region (D-loop) was amplified using primers light strand Dlp1.5 (tPro whale, 5’-TCACCCAAAGCTGRARTTCTA3’) and heavy strand Dlp5 (5’-CCATCGWGATGTCTTATTTAAGRGGAA-3’) following Baker et al. (1996).
The polymerase chain reaction (PCR) was carried out in 20µl volumes under the following conditions: 2µl PCRII
buffer, 2µl MgCl2, (1mM), 0.4µl of each oligonucleotide primer (4mM), 0.2µl of dNTP (0.2mM), 0.1µl of
AmpliTaq or Taq Gold DNA polymerase (0.5u) and 1µl of working DNA extract (approximately 50 ng).
Temperature profiles were one initial cycle of 3’ or 10’ (for Taq Gold) at 94°C followed by 35 cycles each of 30’’ at
94°C, 30’’ at 50°C, 30’’ at 72°C), then one final cycle of 10’ at 72°C. All samples were amplified as individual
reactions (i.e., PCR reactions were not multiplexed).
Intensity of PCR products was visualized with agarose gel electrophoresis and EtBr staining in preparation for ABI
genotyping in two multiplexed sets of loci. The two multiplexed sets were designed to avoid overlap in size ranges
for each flourescently labeled primer; Set 1 - GATA28 (FAM), GATA53 (TET), EV14 (FAM), EV104 (TET), and
EV94 (FAM); Set2 - EV1 (HEX), EV21 (FAM), EV37 (HEX), 464/465 (FAM), GATA417 (FAM), and TAA31
(TET). These sets were run for 3.5hrs on 6% acrylamide gels on an ABI373 automated sequencer with a
TAMRA350 size standard (Applied Biosystems). Data collected by GENESCAN (Applied Biosystems) were analyzed
with GENOTYPER 2.5 (Applied Biosystems) and peaks were automatically assigned sizes by comparison with the size
standard. Initially peaks were binned to the nearest whole base pair (bp) in length. As internal controls and to further
assist in binning of alleles, a standard set of whales was used in all gels to provide an ‘allelic ladder’. The amplified
mtDNA control region fragment was sequenced on an ABI 377 or modified ABI 373 automated sequencer (Applied
Biosystems Inc.) using BigDye™ Dye Terminator Chemistry.
Probability of identity
The level of variation was estimated as the number of alleles per locus and the expected heterozygosity. Two loci
(GATA53 and EV14) gave uncertain resolution of allele sizes and were omitted from further analysis. The
probability of identity for the other 9 loci was calculated following Paetkau and Strobeck (1994). This represents the
average probability that two unrelated animals share the same genotype by chance alone. The expected number of
random matches calculated was adjusted for multiple comparisons following Palsboll (1999). The distribution of
alleles were analyzed by sex for each locus.
Paternity assignment
Replicate samples of individuals and potential paternity of calves were identified using the computer program
CERVUS 2.0 (Marshall et al. 1998, Marshall 2001). Genotypes differing by a single allele were reviewed by eye and
repeated if there was evidence of ambiguous sizing or allelic dropout (Waits et al. 2001).
To evaluate the statistical confidence of a paternity, the computer program CERVUS 2.0 (Marshall 2001) was used to
calculate the ratio of the likelihood of paternity for a particular male to the likelihood of paternity for a randomly
selected male in the population given the frequency of alleles at each locus. This is expressed as the natural log of
the combined likelihood ratios across all (unlinked) loci (i.e., the LOD score). Paternity is then assigned to the nonexcluded male that presented the highest LOD score (Marshall et al. 1998, Taylor et al. 2000). The inference of
paternity was evaluated by calculation of a Delta value in CERVUS 2.0. This is the difference between the LOD score
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of the most-likely male and the next most-likely male in the sample. A critical value of Delta was determined by
simulations of parental and offspring genotypes based on the observed allele frequencies and other parameters
(Marshall et al. 1998). The critical values of Delta at a 95% confidence level were derived from overlap in the
distribution of values for true fathers and most likely non-fathers generated in the simulations. Paternity was
assigned when the LOD of the potential father was large relative to the LOD of alternative males. Then the
significance of delta values found in the paternity inference was tested against the critical value. In all but one case,
the assumed mothers and inferred fathers had a matching allele at each of the 9 loci (i.e., there was no exclusion of
these individuals). Individual males that had a mismatch at a single locus were reviewed and individual genotypes
were carefully compared to assure accurate sizing. In all cases, the mother of a calf was documented by behavioral
observations and confirmed using both genotyping and mtDNA sequences (C. Garrigue, unpublished data).
Organismal capture-recapture estimates
Identification by genotyping and photographs was conducted independently and then compared. Population
abundance was estimated using Chapman’s modification of the Petersen two-sample model based on comparison of
the 2001 samples to all previous years (Seber 1982). This estimate is considered to be comparable to the gametic
recapture estimate discussed below. The coefficient of variation (CV) and the symmetrical 95% confidence intervals
were calculated following Begon (1979). Two data matrices were used for the organismal estimates. In the photoidentification matrix the first identification of an individual by photograph constitutes the capture, and the followings
photographic identification of this animal corresponds to the recaptures. In the genotype and sex matrix each
genotype is treated as a mark and a recapture is recorded whenever an identical genotype is found in subsequent
biopsy samples. The genotype matrix was partitioned based on molecular sexing, allowing sex-specific estimates of
abundance (e.g., Palsboll et al. 1997a).
Gametic capture-recapture estimates
An alternate estimate of male abundance was derived by ‘gametic’ capture-recapture analysis based on paternity
assignment (e.g., Pearse et al. 2001). The total number of males genotyped across the seven-year study formed the
first capture sample and the total number of calves genotyped formed the second capture. The number of calves with
assigned paternities formed the gametic recapture of the males. An individual male first genotyped as a calf was
excluded from the first capture sample but no attempt was made to exclude other genotyped males based on
judgments of size or minimum age. The gametic capture-recapture estimate was based on Chapman’s correction to
the Petersen two-capture model,
N = [(n1+1) (n2+1)/(m+1)]-1,
where n1 is the total sample of non-calf males, n2 is the total number of calves sampled and m is the total number of
calves with inferred paternity.
The intent of our gametic recapture analysis was not to estimate the effective size of the male population (i.e., male
Ne), but to provide a comparison to the sex-specific organismal population estimate. We assumed that an agreement
between these two estimates would be evidence of reproductive autonomy for the New Caledonia wintering grounds,
i.e., the proportion of fathers captured by the paternity analysis was consistent with the estimated size of the local
male population. Alternatively, a gametic recapture estimate that was larger that the organismal recapture estimate
would be evidence that male reproduction reflected a larger population, perhaps including males from other
wintering grounds. A smaller gametic estimate would evidence that reproductive males were over-represented in the
regional sample. The distribution of the paternal alleles of the calves with unknown father were compared to the
distribution of the alleles of the males for each locus in order to detect the origin of these unknown fathers.
RESULTS
Individual identification and distribution of the alleles in the population
Comparisons of genotypes showed that the 321 samples were derived from 229 unique individuals (including
calves), of which 175 were also photo-identified. The records used for the purposes of the capture-recapture
estimation of abundance contained 210 individuals for the photo-identification catalogue and 213 individuals for the
genotype catalogue.There was a significant bias towards males in the number of individuals genotyped (n = 213,
62% males) and in the number of photo-identified individuals of known sex (n = 175, 63% males). Although the sex
ratios were similar in the two sets of records, comparisons suggest that not all individuals were equally available for
the two methods. For example, 45 individuals were photo-identified but not biopsied and 54 individuals were
biopsied but not photo-identified. In this last set, 30% of the animals were mother/calf pods.
The distribution of alleles between males and females have been compared for each locus using a Khi² test. No
significant difference were found due to sex. So we cannot conclude that males and females come from different
populations.
Organismal recapture estimates
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The Chapman’s correction of the Petersen two-sample model using all individuals sighted from 1995-2000 as one
sample and individuals sighted in 2001 as the second sample gave an abundance estimates of the New Caledonian
population ranged from 574 to 643 with a CV of 0.18. The sex-specific estimates based on genotyping were 382
males and 239 females (Table 1).
Maternity confirmation
A total of 38 cow/calf pairs were sighted in the seven-year study including at least three females sighted with calves
in more than one year. Of this total, 16 cow/calf pairs were biopsied and genotyped. Two of these included replicate
sightings of a cow (one cow sampled three times with three different calves). Assumed maternity of the cow/calf was
confirmed by sequencing the first 440 bp of the mtDNA control region and by microsatellite genotyping (Table 3).
The 16 cow/calf pairs had matching mtDNA haplotypes (n = 12 unique haplotypes) and shared one or more alleles at
each of the nine microsatellite loci.
Paternity inference
Simulations conducted with CERVUS provided critical values of delta considering a number of candidate males of
382 as estimated from the field data and a proportion of candidate males sampled of 0.35. These values were 2.66 in
the strict confidence level of 95% and 1.48 in the relaxed confidence level of 80%. From the total genotype sample
of 133 males, a likely father was identified for 5 of the 16 calves (Table 2), two at 95% confidence and the three
others at 80% confidence as judged by the delta values. Four of the five males presented paternal genotypes
compatible with one of the cow/calf pairs at all nine loci and each match was supported by moderate to high LOD
scores (range, 5.45 – 7.47). The genotype of the fifth candidate father was supported by a moderately high LOD
score (4.2) but did not account for a non-maternal allele at one of the nine loci (EV37). At this locus, the candidate
father was a homozygote suggesting the possibility of a null allele in the inferred father. Alternately, the calf’s
unique allele could be a mutation. None of the inferred fathers shared a mtDNA haplotype with its matching
cow/calf pair, excluding the possibility that an older full sibling, maternal half-sibling or other maternal relative was
mistakenly inferred to be the father of a calf.
Gametic recapture and distribution of the paternal alleles
Using Chapman’s correction to the Petersen model with the non-calf sample of 133 males as n1, the 16 cow/calf
pairs as n2 and the 5 inferred paternities as m, the gametic recapture estimate of male abundance was 379 (CV =
0.30). This was essentially identical to the organismal two-sample estimate based on male genotypes (N = 382, CV =
0.22).
The distribution of the paternal alleles of the calves with unknown father were compared to the distribution of the
alleles of the males. Results of the Khi² test gave no significant differences. Thus there was not strong evidence to
conclude that the unknown father of these calves came from another population than the one identified in New
Caledonia.
DISCUSSION
Demographic closure
The combined genotyping and photo-identification records provided strong support for the assumption that the New
Caledonia wintering grounds are a significant demographic unit for conservation and management. Demographic
closure was suggested previously by collaborative comparisons of photo-identification catalogues from wintering
grounds throughout the South Pacific (Garrigue et al. 2000 and 2002). Although these comparisons demonstrated
some movement of individuals from New Caledonia to eastern Australia, New Zealand and Tonga, the rate of this
between-region interchange was low in comparison to the rate of within-region annual return (Garrigue et al. 2002).
The precision of photo-identification and genotype capture-recapture estimates presented here provides further
evidence of demographic closure.
Reproductive autonomy
Our combined use of organismal and gametic recapture methods also provided the first direct evidence of
reproductive autonomy for a humpback whale wintering grounds in the Southern Hemisphere. The number of
inferred paternities (31%) found among the New Caledonia males was consistent with the estimated proportion of
sampled males (35% based on two-sample model) and, consequently, the gametic recapture estimate was essentially
identical to the sex-specific organismal estimate. This conformed to the prediction that calves were fathered
primarily by males in the local New Caledonia population, not by males from a larger, undefined population that
might include other regional wintering grounds (e.g., eastern Australia, Fiji or Tonga). Even the calves with
unknown father may have been fathered by males of the population that have not yet been genetically identified.
By combining organismal genotype captures and paternal gametic recaptures, we sought an unbiased estimate of
total males for comparison to the direct sex-specific estimates (genotype and photo-identification). The organismal
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genotypes used were collected from all encountered groups and, we assumed, represented a random sample of the
population (excluding only the known calves sampled during the study).
Confidence in our gametic-recapture estimate, and in turn our conclusion of reproductive autonomy for the New
Caledonia wintering ground, depended on confidence in our paternity assignment. Several characteristics of our data
and analysis indicated that our inferences were robust. First, the LOD score was high (> 4.2) and the probability of
non-exclusion was low (< 2 x 10-4) for each of the five assignments. In a retrospective assessment of paternity
inference using CERVUS, Slate et al. (2000) considered an LOD of > 3.0 sufficient to confirm paternity in red deer
(Cervus elaphus) on the Isle of Rum. Second, the number of loci was relatively large and the heterozygosity of most
loci was high. In a simulation of paternity inference in a population of 500 individuals, Nielsen et al. (2001) found
that the probability of a correct assignment was high using as few as five loci with 10 alleles of equal frequency or
10 loci with four alleles of equal frequency. Our use of nine loci with an average nearly 10 alleles and average
heterozygosity of 0.768 was intermediate between these two scenarios. Third, our experimental error for genotyping
was reduced by the collection of corresponding photo-identification records and visual review of the automated size
binning implemented in GENOTYPER. As a result, we accepted only assignments that matched at all nine loci in four
out of five of the inferred paternities. In the assignment involving a single missing paternal allele, we concluded that
the mismatch was likely due to a null allele in the father (an apparent homozygote) or a mutation in the calf (Slate et
al., 2000). Finally, we used mtDNA haplotypes of cow/calf pairs to exclude the possibility that an older full sib of
the calf or other maternal relative was not mistakenly inferred to be the father. In all five cases, the mtDNA of the
inferred father did not match that of the cow/calf pair.
Together with the evidence of demographic closure and maternal fidelity to migratory destinations (e.g., Baker and
Medrano 2002), the evidence of reproductive autonomy emphasizes the potential vulnerability of subdivided
populations to local extirpation (Clapham et al. 1999). Nearly four decades have passed since humpback whales in
Oceania reached their lowest numbers, probably following the intensive unreported Soviet hunt in Antarctic waters
during the summer of 1961/62 (Mikhalev 2000). Under realistic rates of potential increase, extrapolation backwards
from current estimates of abundance based on either photo-identification or genotyping would suggest that the New
Caledonia population was perilously close to extinction at that time. Humpbacks from other wintering grounds in
Oceania were also exposed to the intensive hunting on the feeding grounds but, by chance, might have differed in
the number of survivors. Even small differences in such low numbers of individuals surviving could help explain the
variability now observed in abundance and rates of increase among stocks in the Southern Hemisphere.
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Table 1. Abundance estimate of New Caledonia humpback whales using Chapman’s correction of the
Petersen two-sample model based on photo-identification and genotyping in 2001 compared to total for all
previous years.
Matrix
Used
Photo-identification
Genotype
Only female
Only male

Individual
whales
sampled prior
to 2001
162
152
59
93

Individual
sampled in
2001

Total
resightings

Estimated abundance,
(95% CI) and CV

66
79
27
52

18
18
6
12

574 (373-774) 0.18
643 (412-874) 0.18
239 (104-374) 0.29
382 (220-544) 0.22

Table 2. The probability of non exclusion, the LOD score and delta value, for each of the five
mother/calf/father trios (* relaxed confidence level, ** strict confidence level).
Calf-Mother- probability of
Father
non exclusion
NI99081.83 10-5
HNC180HNC040
NI01431.74 10-4
NI0142HNC187
NI01444.85 10-5
HNC247NI0131
HNC1711.69 10-4
HNC113HNC088
NI00202.01 10-4
HNC197HNC167

LOD

Delta

7.47

1.66*

5.88

2.56*

7.02

4.06**

5.44

3.21**

4.20

1.66*

Table 3. Genetic profile of the five mother/calf/candidate father trios (F:female, M:male).
ID
NI9908
HNC180
HNC040

Status Sex mtDNA 464 GATA417 TAA31 EV1A EV37
Calf
F NC9709 149/149 187/214 106/112 123/127 206/214
Mother F NC9709 143/149 214/222 106/112 123/127 212/214
Father M NC9601 143/149 187/214 106/109 123/127 202/206

EV21
113/117
111/117
113/117

EV94
208/216
208/210
212/216

EV104
149/149
149/149
149/149

GATA28
147/147
147/147
147/147

NI0143 Calf
NI0142 mother
HNC187 father

F NC9505 139/149
F NC9505 143/149
M NC0034 137/139

195/199
199/226
195/199

88/103 123/127 194/204 109/111 212/216 147/149 147/187
88/103 123/127 192/204 109/111 214/216 147/153 147/183
88/103 123/127 194/194 109/111 212/220 149/149 147/187

NI0144 calf
HNC247 mother
NI0131 father

F NC9608 139/141
F NC9608 139/139
M NC9504 141/143

222/226
222/222
203/226

97/106 123/123 192/194 109/111 212/218 149/149 147/179
106/115 123/123 192/198 111/111 212/218 149/149 179/183
97/103 123/123 194/214 109/115 212/216 149/149 147/147

HNC171 calf
HNC113 mother
HNC088 father

M NC9713 137/139
F NC9713 137/139
M NC9907 131/139

199/207
199/199
187/207

97/100 123/127 198/202 109/111 212/214 149/149 175/187
100/106 123/127 198/212 111/111 212/214 149/149 147/175
97/100 123/123 202/208 109/115 214/216 149/149 147/187

NI0020 calf
HNC197 mother
HNC167 father

M NC9805 139/139
F NC9805 139/139
M NC9841 139/139

199/195
199/195
207/199

97/103 123/127 198/218 109/111 206/208 149/149 147/155
97/103 123/127 198/214 109/117 208/208 149/151 147/147
97/115 123/127 210/210 111/115 206/218 149/149 147/155
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Figure 1. Map of New Caledonia and location of primary study site.
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