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INTRODUCTION

The waters of Oceania (South Pacific) include a num-
ber of known and suspected winter breeding grounds
for humpback whales that feed in Areas V, VI and I of
the Antarctic (i.e. Group V, VI and I stocks, see Fig. 1;
Donovan 1991). Whaling during the 20th century

reduced these populations to very low numbers. In
total, more than 200 000 humpback whales were killed
in the Southern Hemisphere (Clapham & Baker 2002).
The illegal Soviet whaling program, operating from
1947 to 1973, was particularly damaging. During this
period, the USSR reported to the International Whaling
Commission (IWC) on catches of only 2710 humpback
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ABSTRACT: The abundance and reproductive autonomy of humpback whales from the New Caledo-
nia (South Pacific) wintering grounds were investigated using capture-recapture models and pater-
nity inference based on nuclear microsatellite genotyping, mitochondrial DNA sequencing, molecu-
lar sex identification 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. By compar-
ing records of 175 individuals identified using both genotypes and photographs, a small number of
errors were detected (and corrected) in the photo-identification catalogue and in the field and labora-
tory notes of the genotypes. Using the weighted mean of the Petersen capture-recapture model, the
estimate of abundance based on genotyping (N = 533, CV = 0.15) was larger than the estimate based
on photo-identification (N = 327, CV = 0.11). Sex-specific estimates of abundance based on genotypes
were similar for males and females although the variance of the female estimate was greater than the
male (N f = 248, CV = 0.30; Nm = 288, CV = 0.18, respectively). The paternity of 5 calves from 16 sam-
pled cow/calf pairs was inferred from the total sample of 133 non-calf males (one offspring each). The
16 sampled cow/calf pairs and the 5 inferred paternities were used for an alternate ‘gametic recap-
ture’ estimate of male abundance. This gametic recapture estimate (Nm = 379, CV = 0.30) was similar
to the sex-specific estimate based on the organismal recapture using a 2-sample model (Nm = 382,
CV = 0.22). The close agreement of the organismal and gametic recapture estimates support the as-
sumption that this humpback whale wintering ground represents an autonomous population unit that
is relatively closed to demographic and reproductive interchange. The current low abundance of the
New Caledonian breeding unit highlights the slow recovery of this and some other regional popu-
lations in the Southern Hemisphere following intensive 20th century commercial and illegal whaling.
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whales when, in fact, they had taken more than 48 000
(Zemsky et al. 1995). Of these, more than 13 000 hump-
backs were killed in Areas V and VI south of Oceania
during the single summer season of 1961/62 (Mikhalev
2000). Since official protection from commercial hunt-
ing was offered in 1964 (with violations by the Soviet
whaling fleet until 1973), recovery of populations in
regions around the Southern Hemisphere has been
highly variable (Anonymous 2000).

Over the last several years, a number of projects
have used individual identification photographs
(photo-identification) collected during non-systematic
vessel surveys to assess the status of humpback whales
in various parts of Oceania, including New Caledonia,
Fiji, Tonga, New Zealand, the Cook Islands and
French Polynesia (Garrigue et al. 2000, 2002). Compar-
isons of photo-identification catalogues have revealed
some interchange between neighboring wintering
grounds (e.g. New Caledonia to Tonga), but this level
of interchange is low when compared to interannual
return, suggesting fidelity to individual wintering
grounds. A comparison of mitochondrial (mt) DNA dif-
ferentiation has confirmed a degree of genetic isola-
tion of Oceania from wintering grounds near Colom-
bian (presumed Group I) and Western Australia
(presumed Group IV), but sample sizes were not suffi-
cient to evaluate isolation among regions within Ocea-
nia (Baker et al. 1998). However, differences in re-
ported rates of recovery in eastern Australia and
Oceania suggest demographic independence of these
regions. Preliminary estimates of abundance based on
capture-recapture analyses of photo-identification
records indicate that abundance remains low in New
Caledonia (approximately 314 individuals in the year
2000, Garrigue et al. 2001) and Tonga (approximately
770 individuals in the year 2000, Baker et al. 2001). In
other regions of the South Pacific (e.g. Cook Islands,
New Zealand, French Polynesia) investigators note
that the density of humpback whales seems to be low
(Garrigue et al. 2002). This is in contrast with the
increase in numbers exhibited along the eastern coast
of Australia (Group V) and Western Australia (Group
IV) (e.g. Bryden et al. 1990, Bannister 1994, Paterson et
al. 1994, Anonymous 2000).

Although photo-identification has proven effective for
estimating population abundance and describing mi-
gratory 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 (equivalent to tag loss), the
lack of distinctive markings for some individuals and
sex-specific patterns of behavior that result in hetero-
geneity of capture probability. The development of ge-
netic markers for sex determination, individual iden-
tification (e.g. DNA profiling or genotyping) and

parentage assignment has provided information that can
extend, and in some cases replace, photo-identification
or tagging (e.g. Amos et al. 1993, Richards et al. 1996,
Palsboll et al. 1997a, Taberlet et al. 1997, Kohn et al.
1999, Pearse et al. 2001). For example, a 2 yr capture-
recapture analysis of humpback whales from the West
Indies based on microsatellite genotyping from biopsy
samples provided a markedly lower estimate of abun-
dance for females than for males (Palsboll et al. 1997a).
The lower estimate of female abundance was inter-
preted as the result of a reduced period of residency or
incomplete migration by females on this winter breeding
ground in one or both of the 2 yr sampling periods.

Despite the potential for improvement of capture-
recapture estimates through microsatellite genotyping
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 mi-
gration from summer feeding grounds to winter breed-
ing grounds (Clapham 1996). In the North Pacific and
North Atlantic, humpbacks show considerable mater-
nal fidelity to summer destinations, resulting in a seg-
regation 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 dis-
crete population units defined by maternal fidelity.
However, individuals from different regional feeding
grounds are not necessarily isolated from each other
reproductively. Instead, humpbacks from different
feeding grounds congregate to breed during winter
months in shallow coastal or insular waters of tropical
latitudes (Mackintosh 1965). Although these geogra-
phically 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 estab-
lished.

Here we present capture-recapture estimates of
abundance for humpback whales on the wintering
grounds of New Caledonia using photo-identification,
microsatellite genotyping and molecular identification
of sex. We also used the genotypes of individual males
in the population to identify the likely paternity of
calves. The frequency of these assignments formed the
basis of a novel ‘gametic recapture’ analysis as an
alternative to direct estimates of male abundance. This
approach differed from methods that focus on the
number of breeding males in a population (e.g. Nielsen
et al. 2001, Pearse et al. 2001). Instead, our purpose
was to evaluate the reproductive autonomy of this win-
tering ground by comparing the gametic recapture
estimate to the organismal recapture estimate, i.e. are
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the proportion of fathers captured by the paternity
analysis consistent with the estimated size of the local
male population?

MATERIALS AND METHODS

Field collection and photographic identification.
Humpback whales were photographed for individual
identification during small-boat surveys around New
Caledonia (Fig. 1) in the winter breeding and calving
seasons (July to September) from 1995 to 2001 (see Gar-
rigue et al. 2001). Individual humpback whales were
identified from photographs of the unique markings on
the ventral surface of their tail flukes (photo-identifica-
tion, Katona et al. 1979), as well as using microsatellite
genotypes (see below). For the purposes of the present
study, some sighting records reported previously were
deleted from the catalogue (e.g. Garrigue et al. 2001).
These include photographs taken prior to initiation of
biopsy samples in 1995, individuals identified only by
dorsal fins or lateral markings, and calves. Fluke pho-
tographs were classified as good, fair or poor according
to photographic quality (e.g. focus and exposure,
Mizroch et al. 1990, Perry et al. 1990). To assure accuracy
of individual identification and avoid biases in estimates
of abundance (Perry et al. 1990, Friday et al. 2000), all
photographs of poor quality were deleted from the cap-
ture-recapture analyses presented here. To investigate
the possibility that flukes with predominantly white col-
oration were difficult to individually identify (Anony-
mous 1998), flukes were ranked from all white (Type I) to
all black (Type V) following Carlson & Mayo (1990).

Molecular analysis. Skin tissue for genetic analysis
was collected when possible from photo-identified
whales (Garrigue & Greaves 1999). Most tissue sam-
ples (n = 285) were collected using a stainless-steel
biopsy dart deployed from a crossbow (Lambertsen
1987). The remaining samples (n = 36) were collected
from skin sloughed naturally from individuals during
surface-active behavior (Clapham et al. 1993). The
samples were preserved in 70% ethanol and stored at
–20°C. Total cellular DNA was isolated from tissue by
digestion with ProK, followed by phenol/chloroform
extraction and ethanol precipitation, according to
Sambrook et al. (1989), as modified for small samples
(Baker et al. 1994).

An approximately 800 base-pair (bp) fragment of
the 5’-end of the mitochondrial (mt) DNA control
region (i.e. D-loop) was amplified via the polymerase
chain reaction (PCR) using the primers light-strand
M13Dlp1.5 (tPro whale, 5’-TGTAAAACGACAGCCA-
GTTCACCCAAAGCTGRARTTCTA-3’) and heavy-
strand Dlp8G (5’-GGAGTACTATGTCCTGTAACCA-
3’). Amplifications were conducted in a final volume
of 50 µl at the following concentrations: 2.5 mM
MgCl2, 200 µM dNTP, 0.4 mM each primer, 0.7 U
AmpliTaq (Applied Biosystems), 1 × PCRII reaction
buffer (Applied Biosystems) and 1 µl DNA (approxi-
mately 50 ng). The thermocycle profile consisted of
initial denaturation at 94°C for 2 min, followed by 30
cycles of denaturation at 94°C for 30 s, annealing at
56°C for 40 s, and extension at 72°C for 40 s. The
amplified fragment was sequenced on an ABI 377
(Applied Biosystems) using BigDye™ Dye Terminator
Chemistry (ver. 3 Applied Biosystems).
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Fig. 1. Oceania and New Caledonia, with the location of primary study site and boundaries of Antarctic feeding divisions (Areas 
VI, V and VI ) used by the International Whaling Commission for management purposes (Donovan 1991)
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The sex of each sample was identified by the ampli-
fication of a male-specific SRY marker, with a ZFX pos-
itive control, following the methods of Gilson et al.
(1998). Reaction volumes and reagents were as de-
scribed for mtDNA. The thermocycle profile consisted
of initial denaturation at 94°C for 3 min, 35 cycles of
denaturation at 94°C for 30 s, annealing at 60°C for
45 s, and extension at 72°C for 40 s.

Eleven published microsatellite loci were screened
for genotyping and standardized with collaborators
(Anderson et al. 2001, Medrano et al. 2001): 3 tetra-
nucleotides (GATA28, GATA53, GATA417, Palsboll et
al. 1997b), 1 trinucleotide (TAA 31, Palsboll et al.
1997b) and 7 dinucleotides (464/465, Schloterrer et al.
1991, and EV1, EV14, EV21, EV37, EV94, EV104,
Valsecchi & Amos 1996). Amplifications were con-
ducted in a final volume of 20 µl at the following reac-
tion concentrations: 2.5 mM MgCl2, 200 µM dNTP,
0.4 mM each primer, 0.5 U AmpliTaq Gold (Applied
Biosystems), 1 × PCRII reaction buffer (Applied Biosys-
tems) and 1 µl of DNA (approximately 50 ng). All loci
were amplified as individual reactions (i.e. PCR reac-
tions were not multiplexed). The thermocycle profile
consisted of initial denaturation at 94°C for 10 min, fol-
lowed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for
30 s, with a final extension of 10 min at 72°C.

To allow for efficient genotyping, the 11 microsatel-
lites were labeled fluorescently and organized into 2
sets to avoid overlap in size ranges prior to multiplex
electrophoresis on an ABI373 automated sequencer
(Applied Biosystems): Set 1, GATA28 (FAM), GATA53
(TET), EV14 (FAM), EV104 (TET), and EV94 (FAM);
Set 2, EV1 (HEX), EV21 (FAM), EV37 (HEX), 464/465
(FAM), GATA417 (FAM), and TAA31 (TET). A 2 µl
aliquot of each multiplex was dried and resuspended
in loading buffer (76% formamide, 14% dye, 10%
TAMRA350 size standard, Applied Biosystems). Of
each set, 1 µl was loaded on a 6% bis-acrylamide (29:1)
gel containing 50% urea and electrophoresed for 3.5 h,
following the manufacturer’s recommendations (Ap-
plied Biosystems). Data were collected and alleles
were sized with the software programs GENESCAN and
GENOTYPER 2.5 (Applied Biosystems). Alleles were sized
by comparison with the internal size standard using
the local Southern algorithm and binned to the nearest
whole base in length. A standard set of 4 to 8 samples
was run in all gels as internal controls and to provide
an ‘allelic ladder’ for standard binning of alleles across
gels (Ghosh et al. 1997, Dalebout et al. 2002). 

Probability of identity and paternity inference from
nuclear markers. Two microsatellite loci proved diffi-
cult to interpret consistently and were omitted from the
statistical analyses. One locus (GATA53) generated
occasional artefactual fragments in the size range of

known alleles, and another (EV14) proved difficult to
size automatically because of low peak height or stut-
ter. For the remaining 9 loci, the level of variation was
estimated as the number of alleles per locus and the
expected heterozygosity. The loci were tested for devi-
ation from Hardy Weinberg equilibrium and linkage
disequilibria using the program ARLEQUIN (Schneider
et al. 2000). The probability of identity was calculated
following Paetkau & Strobeck (1994). This represents
the average probability that 2 unrelated animals share
the same genotype by chance alone. For the purposes
of individual identification, 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).

Paternity analysis was conducted with the computer
program CERVUS 2.0 (Marshall 2001). The program uses
the frequency of alleles at each locus to calculate the
probability of non-exclusion for each male relative to
each cow/calf pair (i.e. the probability of a non-father
matching by chance) and the likelihood of paternity for
a particular male, relative to the likelihood of paternity
for a randomly selected male in the population (Mar-
shall et al. 1998). This likelihood is expressed as the
natural log of the likelihood ratios (referred to as the
LOD score) summed across all (presumably unlinked)
loci. For each cow/calf pair, CERVUS ranks all candidate
males according to their LOD score, allowing for cor-
rection of a specified level of genotyping error (default
value of 0.01; Marshall et al. 1998, Slate et al. 2000).

To assist in judging the statistical confidence of
inferred paternities, CERVUS calculates the difference
between the LOD score of the most likely male and the
second most likely male in the sample. The critical
value of this difference, referred to as the ∆-value, is
generated by simulations of parental and offspring
genotypes based on the observed allele frequencies, a
specified genotype error-rate parameter, and the esti-
mated size of the candidate male population, including
unsampled males (Marshall et al. 1998, Slate et al.
2000). The 80 and 95% confidence levels for ∆-values
were derived from the overlap of distributions in LOD
scores for true fathers and the most likely non-fathers
generated in the simulations. These confidence values
reflect different levels of tolerance for ‘false-positive’
paternities (type I error), relative to ‘false-negative’ or
falsely excluded paternities (type II error) (Marshall et
al. 1998). The choice of confidence limits and the inter-
pretation of ∆-values (especially between a non-
excluded male and the next most-likely but excluded
male) depend on the purpose of the analysis (see ‘Dis-
cussion’; Slate et al. 2000, Jones & Ardren 2003).

Organismal capture-recapture estimates. Individual
identification by genotyping and photographs was
conducted independently and then compared to con-
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sider potential errors in matching. Organismal popula-
tion abundance was estimated using 2 models: the
weighted mean of the Petersen (Begon 1979) based on
comparisons between each year, and the sum of all
previous years (i.e. 1996 to 1995; 1997 to 1995–96,
1998 to 1995–97, etc.); and Chapman’s modification of
the Petersen 2-sample model (Seber 1982) based on
comparison of the 2001 samples to all previous years
(i.e. 2001 to 1995–2000). The latter estimate was con-
sidered most comparable to the gametic recapture esti-
mate 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 photo-
identification matrix, the first identification of an indi-
vidual by photograph constitutes the capture, and the
following photographic identification of this animal
corresponds to the recaptures. In the genotype and sex
matrix, each genotype was treated as a mark, and a
recapture is recorded whenever an identical genotype
was found in subsequent skin samples. The genotype
matrix was partitioned based on molecular sexing,
allowing sex-specific estimates of abundance (e.g.
Palsboll et al. 1997a). Individuals first identified as
calves were excluded from the capture-recapture
analyses.

We also considered the potential to merge informa-
tion from the photo-identification and the genotyping
sighting-resighting matrices. For example, records of
a whale identified in Year 1 by both a photograph and
a genotype, and subsequently identified in Year 3 only
by a photograph, could be merged to extend the resight
matrix. However, estimates from such mergers using
standard methods were biased by the requirement
to be ‘sighted’ at least twice—once in the photo-
identification records and once in the genotype records.
We did not explore this further, but suggest that new
analytic methods are required to take advantage of
genotyping for correcting heterogeneity or sex biases
in capture probabilities, while utilizing long-term
photo-identification records available in some whale
populations.

Gametic capture-recapture estimates. An alterna-
tive estimate of male abundance was derived by
‘gametic’ capture-recapture analysis based on pater-
nity assignment (e.g. Pearse et al. 2001). The total
number of males genotyped across the 7 yr study
formed the first capture sample, and the total number
of calves genotyped formed the second capture. The
number of assigned paternities formed the gametic
recapture of the males. The gametic capture-recapture
estimate was based on Chapman’s modification to the
Petersen 2-sample model:

where Nm is the estimated male abundance, n1 is the
total sample of non-calf males, n2 is the total number of
calves sampled and m is the total number of inferred
paternities. One male, first genotyped as a calf and
subsequently as a non-calf, was excluded from the
male capture sample, but no attempt was made to
exclude other genotyped males based on judgments of
size or sexual maturity.

Unlike some other recent studies (e.g. Nielsen et al.
2001, Pearse et al. 2001), the intent of our gametic
recapture analysis was not to estimate the effective
size of the male population (male Ne), but rather to test
the null hypothesis that this wintering ground popula-
tion was closed to male reproductive immigration. We
assumed that an agreement between the gametic
recapture estimate and the sex-specific organismal
estimate would be evidence of reproductive autonomy
for the New Caledonia wintering grounds. Alterna-
tively, a gametic recapture estimate that was larger
that the organismal recapture estimate would be evi-
dence that male reproduction reflected a larger popu-
lation, perhaps including males from other wintering
grounds (e.g. eastern Australia or Tonga, Garrigue et
al. 2002). A smaller gametic estimate would evidence
that reproductive males were over-represented in the
regional sample. As the gametic capture-recapture
estimate was based on inferred paternities summed
across all years, it was considered most comparable to
the 2-sample organismal estimate of males.

RESULTS

Individual identification and organismal 
recapture estimates

A total of 321 skin samples were analyzed for all 9 mi-
crosatellite loci (with the exception of 2 individuals not

  N n n mm = + + +[ ]( )( ) / ( ) –1 21 1 1 1
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Table 1. Megaptera novaeangliae. Sample size (n = individual
whales), diversity and probability of identity (PI) of micro-

satellite loci

Loci n Observed Expected Number PI
hetero- hetero- of alleles
zygosity zygosity

GATA28 229 0.533 0.549 9 0.221
GATA417 229 0.895 0.902 150 0.018
TAA31 229 0.860 0.870 140 0.031
464/465 229 0.629 0.639 6 0.186
EV1 229 0.520 0.530 4 0.284
EV21 229 0.703 0.673 6 0.146
EV37 229 0.900 0.929 200 0.010
EV94 227 0.855 0.784 100 0.061
EV104 229 0.371 0.356 5 0.407
Mean 0.228.8 0.696 0.768 9.9 2.5×10–10
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typed for EV94). The number of alleles per locus varied
from 4 (EV1) to 20 (EV37) and the observed level of het-
erozygosity ranged from 0.371 to 0.900 (Table 1).

Average heterozygosity was 0.768 and the average
number of alleles was 9.9 over the 9 loci. No significant
deviation from the Hardy-Weinberg equilibrium or
evidence of linkage disequilibrium was found for the 9
loci (data not shown). The combined probability of
identity for the 9 microsatellite loci was 2.5 × 10–10.
After adjusting for multiple comparisons of genotypes
in this sample, the expected number of random
matches was 1.3 × 10–5. Based on this low probability,
samples with identical genotypes were considered to
be replicates or resights of the same individual.

By careful comparison of field records and laboratory
replication, 7 field errors and 6 laboratory errors were
discovered. Field errors included double sampling of
individuals and attribution of samples to the wrong
individual in a group. Laboratory errors included mis-
labeling or mixing of tubes during the extraction or
micropipetting. In the photo-identification catalogue, 2
‘missed’ identifications and 3 cataloguing errors were
discovered (i.e. photographs previously considered to
represent different individuals were found to repre-
sent the same individual). The 2 missed identifications
were Type I or II category flukes
(mostly white, Carlson & Mayo 1990),
one of which showed substantial
changes in marks over the years
sighted. No ‘mis-identifications’ were
found in the photo-identification re-
cords (i.e. no photographs previously
considered to represent the same indi-
vidual were found to represent differ-
ent individuals).

After correction for errors, the com-
plete photo-identification catalogue
for the years 1995 to 2001 contained

293 yearly sightings of 210 individual whales. The
complete genotype database contained 321 skin
samples derived from 213 unique individuals
(excluding 16 calves), of which 175 were also
photo-identified. The numbers of individual
whales sighted or genotyped in each year are
shown in Table 2, and the total for the entire study
is shown in Table 3. There was a significant bias
towards males in the number of individuals geno-
typed (n = 213, 62% males and 38% females;
p < 0.001) and the number of photo-identified
individuals of known sex (n = 175, 63% males and
37% females; p < 0.001). Although these sex ratios
were similar to each other, comparisons suggest
that not all individuals were equally available for
the 2 methods. For example, 45 individuals were
photo-identified but not sampled genetically, and

54 individuals were sampled genetically but not photo-
identified. In this last set, 30% of the animals were
cow/calf pods.

Using the weighted mean of the Petersen model, the
abundance estimates of the New Caledonian popula-
tion ranged from 327 (CV = 0.11) for the photo-identifi-
cation matrix ID to 533 (CV = 0.15) for the genotype
matrix (Table 3). The estimate and CV were larger for
the genotype matrix than for the photo-identification
matrix. The sex-specific estimates based on genotyp-
ing were similar (N = 288 males, CV = 0.18; N = 248
females, CV = 0.30) despite the biased sex ratio of the
sample. The Petersen 2-sample model, using all indi-
viduals sighted from 1995 to 2000 as the first sample
and individuals sighted in 2001 as the second, gave a
slightly larger and less precise estimate (N = 574,
CV = 0.18, for photo-identification; N = 643, CV = 0.18,
for genotyping) (Table 4).

Maternity confirmation, paternity inference 
and gametic recapture

A total of 38 cow/calf pairs were sighted in the 7 yr
study, including at least 3 females sighted with calves
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Table 2. Megaptera novaeangliae. Total number of individual
whales sighted by photographic identification or by genotyping
and the number of individuals newly sighted by each method for

each year of the survey

Year Days at sea Photo ID Genotype ID
(mo) Total New Total New

sightings sightings sightings sightings
(yr–1) (yr–1) (yr–1) (yr–1)

1995 32 (Aug–Sep) 28 28 5 5
1996 56 (Jul–Sep) 50 41 37 37
1997 43 (Jul–Aug) 47 30 29 25
1998 50 (Jul–Sep) 48 30 43 34
1999 46 (Jul–Aug) 18 11 22 19
2000 50 (Jul–Sep) 36 22 41 32
2001 60 (Jul–Sep) 66 48 79 61

Table 3. Megaptera novaeangliae. Abundance estimates of New Caledonia
humpback whales using the weighted mean of the Petersen model based on 

photo-identification and genotyping

Matrix Number of Total Total Estimated
individual yearly re- abundance

whales sightings sightings (95% CI), CV

Photo-identification 210 293 83 327 (256–398), 0.11
Genotype 213 256 43 533 (371–694), 0.15
Females 080 092 12 248 (101–394), 0.30
Males 133 164 31 288 (185–392), 0.18
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in more than 1 yr. Genetic samples were collected from
both the cow and her calf in 16 of the 38 yearly sight-
ings. Two of these included replicate sightings of a cow
(1 cow sampled 3 times with 3 different calves). The
assumed maternity of the cow/calf was confirmed by
microsatellite genotyping and by sequencing the
mtDNA control region (Appendix 1). The 16 cow/calf
pairs had matching mtDNA haplotypes (n = 12 unique
haplotypes) and shared 1 or more alleles at each of the
9 microsatellite loci (i.e. no identified cow was ex-
cluded as the true mother).

The father of 5 calves was inferred by comparing the
genotypes of the 16 cow/calf pairs to the total sample
of 133 males (Table 5). Each of the candidate males
was considered the most likely father of only 1 calf. For
4 calves, the most likely candidate father matches the
paternal alleles at all 9 loci. All other males in the sam-
ple were excluded by 1 or more mismatches at pater-
nal alleles, although based on the default genotype

correction implemented by CERVUS,
the second most likely candidate had a
relatively high LOD score in some
cases (Table 5). Each of the non-
excluded paternity candidates was
supported by a high LOD score (range
5.45 to 7.47) and a low probability of
non-exclusion (less than 1.69 × 10–4).
For the 5th calf, the genotype of the
most likely candidate father was sup-
ported by a moderately high LOD
score (4.2) but showed a mismatch at 1
of the 9 loci. At this locus (EV37), the

candidate father was a homozygote for an allele 2
repeats shorter than the non-maternal allele of the calf,
suggesting the possibility of allelic dropout in the can-
didate father or a mutation in the calf. The second most
likely father also showed a mismatch for single pater-
nal allele but had a substantially lower LOD value
(2.62) than the primary candidate. For a 6th calf (data
not shown), 2 candidate males matched paternal alle-
les at all 9 loci, but the relatively low LOD score of 2.88
for each was considered to be inconclusive evidence
for paternity inference by CERVUS (Slate et al. 2000).
None of the inferred fathers shared a mtDNA haplo-
type 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.

Critical values of ∆ were generated by simulations
with CERVUS considering the total number of candidate
males to be 382, as estimated from the Petersen 2-

sample model and, thus, the propor-
tion of sampled males to be 0.35 (i.e.
133/382). These ∆ values were 2.66 for
the strict confidence level of 95% and
1.48 for the relaxed confidence level of
80%. Based on the relaxed 80% confi-
dence limits considered appropriate
for population level analysis (see ‘Dis-
cussion’; Slate et al. 2000), the 5 pri-
mary candidates with LOD scores
greater the 3.0 were significantly more
likely than the secondary candidates
to be the true father. Two of these
were significantly more likely to be
true fathers based on the 95% confi-
dence level.

For the purposes of the gametic
recapture analysis, we considered that
our sample of 133 males included 5
fathers of the 16 sampled calves (see
‘Discussion’ for criteria). Using Chap-
man’s modification to the Petersen
model with the non-calf sample of 133
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Table 4. Megaptera novaeangliae. Abundance estimate of New Caledonia
humpback whales using Chapman’s modification of the Petersen 2-sample
model based on photo-identification and genotyping in 2001, compared to total 

for all previous years

Matrix Individuals Individuals Total Estimated
sampled sampled re- abundance

prior to 2001 2001 sightings (95% CI), CV

Photo-identification 162 66 18 574 (373–774), 0.18
Genotype 152 79 18 643 (412–874), 0.18
Only female 059 27 06 239 (104–374), 0.29
Only male 093 52 12 382 (220–544), 0.22

Table 5. Megaptera novaeangliae. Inferred paternities for 5 of the 16 cow/calf
pairs sampled in New Caledonia. The probability of non-exclusion, the LOD
score (natural log of the likelihood ratios) and ∆-values (difference between
most likely father and, in italics, second most likely father) were calculated with
the default error correction implemented in CERVUS. Significance of ∆-values
generated by simulations using CERVUS (*exceeding 80% or relaxed confidence 

level, **exceeding 95% or strict confidence level)

Calf/cow/most likely father Mismatch Probability of LOD ∆
2nd most likely father between calf, non-exclusion values

cow and male

NI9908/HNC180/HNC040 0 1.83 × 10–5 7.47 1.66**

NI0001 1 1.83 × 10–5 5.81

NI0143/NI0142/HNC187 0 1.74 × 10–4 5.87 2.56**

HNC017 3 1.74 × 10–4 3.31

NI0144/HNC247/NI0131 0 4.85 × 10–5 7.02 4.06**

HNC214 3 4.85 × 10–5 2.96

HNC171/HNC113/HNC088 0 1.69 × 10–4 5.45 3.21**

HNC248 2 1.69 × 10–4 2.24

NI0020/HNC197/HNC167 1 2.01 × 10–4 4.20 1.66**

NI0113 1 2.01 × 10–4 2.62
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males as n1, the 16 cow/calf pairs as n2 and the 5
inferred paternities as m, the gametic recapture esti-
mates of male abundance was 379 (CV = 0.30; Table 6).
This was essentially identical to the organismal 2-sam-
ple estimate based on male genotypes (N = 382, CV =
0.22; Table 4). Alternative estimates using the only 4
paternities supported by full non-exclusion, or includ-
ing the 6th paternity, were considered inconclusive
due to a low LOD value (m = 4 or 6, respectively); both
fell within the 95% confidence limits of each other and
the organismal 2-sample estimate (Table 6).

DISCUSSION

Abundance and demographic closure

The combined photo-identification and genotype
analyses of humpback whales from New Caledonia
provided improved confidence in estimation of popula-
tion abundance and insight into the utility of the 2
methods for this purpose. A larger and less precise
population estimate resulted from genotyping com-
pared to the use of photo-identification for capture-
recapture analysis. Similar results have been reported
previously (Palsboll et al. 1997a). With humpbacks, a
negative bias in abundance estimation by photo-
identification has been attributed in part to hetero-
geneity of capture by photo-identification and female
migratory patterns. Cows with a calf have a reduced
probability of photo-identification, as they seldom
raise their flukes before diving while on the breeding
grounds. This behavior does not influence the proba-
bility of obtaining a biopsy sample, and it was often
possible to collect samples from both members of a
cow/calf pair. Biopsy sampling alone, however, cannot
reduce heterogeneity due to non-random patterns of
female migration. Considering a 2 yr sample from the
Caribbean breeding grounds, Palsboll et al. (1997a)
found a nearly 2-fold difference between sex-specific
population estimates based on genotyping of biopsy
samples. The reduced probability of capture for
females on breeding grounds has been attributed to
greater temporal stratification and habitat preference

by females (Mattila et al. 2001), or to the absence of
females in some years of their breeding cycle (Brown
et al. 1995).

Unlike the West Indies estimate, our sex-specific
estimates for New Caledonia, based on the multi-year
capture-recapture model, were similar (288 males; 248
females). We suggest that the long-term sampling
design in New Caledonia, and the use of a multi-year
capture-recapture model, reduced the effects of sex-
specific heterogeneity on accuracy of abundance esti-
mates (e.g. Baker et al. 1992), although this effect
remained apparent in the larger CV of the female esti-
mate. The relatively small population and the length of
the field effort (covering most of the seasonal presence
of humpbacks in New Caledonia) were also likely to
have reduced capture heterogeneity for both sexes.

A small number of errors were found, and corrected,
during the parallel analysis of photo-identification and
genotyping records. The 2 missed identifications found
in the photo-identification catalogue are examples of
false negative errors (i.e. photographs considered to
represent more than 1 individual were found to repre-
sent 1 individual). In retrospect, these errors can be
attributed to a lack of distinctiveness in the fluke col-
oration of these 2 individuals, non-optimum photo-
graphic quality or fluke angle, and changes in mark-
ings over time. These sources of error have been noted
before (Carlson & Mayo 1990, Perry et al. 1990, Friday
et al. 2000, Stevick et al. 2001) but had not been
detected in the New Caledonia catalogue prior to the
genotyping, despite careful review. However, the
small number of missed photo-identifications should
help allay concerns (Anonymous 1998) that whales
from the Group V stock are difficult to identify individ-
ually because of a high proportion of white flukes
(Rosenbaum et al. 1995). Similarly, a small number of
errors in laboratory and field records of genotypes
were detected by comparison with photographic
records. Overall, our results support the general need
for scrutiny in the application of photo-identification
and genotyping and the advantages of employing both
methods where possible. 

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 col-
laborative comparisons of photo-identification cata-
logues from wintering grounds throughout the South
Pacific (Garrigue et al. 2000, 2002). Although these
comparisons demonstrated some movement of individ-
uals 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).
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Table 6. Megaptera novaeangliae. Gametic recapture esti-
mates using Chapman’s modification of the Petersen 2-

sample test

Matrix Number Cow/calf Inferred Estimated
of males pairs patern- abundance

ities (95% CI), CV

Gametic 133 16 4 455 (154–755), 0.34
Gametic 133 16 5 379 (158–600), 0.30
Gametic 133 16 6 324 (156–493), 0.26
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Reproductive autonomy

Our combined use of organismal and gametic recap-
ture methods provided the first direct evidence of male
reproductive autonomy for humpback whale wintering
grounds in the Southern Hemisphere. The 5 inferred
paternities found for the 16 cow/calf pairs (31%) were
consistent with the estimated proportion of sampled
males (35% based on the 2-sample model) and, conse-
quently, the gametic recapture estimate was essen-
tially identical to the sex-specific organismal estimate.
This conformed to the hypothesis that calves were
fathered primarily by males in the local New Cale-
donia population. An alternative hypothesis, that
fathers were a random sample of the much larger pop-
ulation migrating past eastern Australia (N = 1900 in
1992, Paterson et al. 1994), could be rejected based on
the 95% confidence limits of the gametic recapture
estimate for New Caledonia. However, the power of
our estimate was not sufficient to reject the possibility
of some male reproductive interchange with smaller
neighboring wintering grounds where precise esti-
mates of abundance are not available (e.g. Fiji or
Tonga; Garrigue et al. 2002). Similar evidence of pater-
nity assignment to males from the common wintering
grounds of sampled cow/calf pairs is reported for the
offshore islands of Mexico in the North Pacific (Cerchio
2003).

Our gametic recapture approach differed from both
‘direct genetic’ estimates of total census abundance
(Palsboll et al. 1997a, Taberlet et al. 1997, Kohn et al.
1999) and ‘parentage’ estimates of the number of
breeding males in a population (e.g. Nielsen et al.
2001, Pearse et al. 2001). By combining organismal
genotype captures and paternal gametic recaptures,
we sought an unbiased estimate of total males for com-
parison to the direct sex-specific estimates (genotype
and photo-identification). The organismal genotypes
used in both estimates were collected from all encoun-
tered groups and thus, we assumed, represented a ran-
dom sample of the population (excluding only the
known calves sampled during the study). As the
Petersen model requires only one randomly collected
sample (Begon 1979), we considered that the gametic
recapture was valid as a second, non-random, sample
for the analysis.

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. Although
there is no general agreement on criteria required for
categorical paternity inference in wild populations
(e.g. Jones & Ardren 2003), several characteristics of
our data and analysis indicated that paternity infer-
ences were robust for 5 of the 16 calves. First, the LOD

score was high (>4.2) and the probability of non-
exclusion was low (<2 × 10–4) for each of the 5 assign-
ments. Based on a large-scale retrospective assess-
ment of paternity inference in red deer Cervus elaphus
on the Isle of Rum, Slate et al. (2000) considered an
LOD of >3.0 sufficient to confirm paternity. Second,
the number of loci was relatively large and the het-
erozygosity 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 cor-
rect assignment was high using as few as 5 loci with 10
alleles of equal frequency or 10 loci with 4 alleles of
equal frequency. Our use of 9 loci with an average of
nearly 10 alleles and average heterozygosity of 0.768
was intermediate between these 2 scenarios. Third,
our experimental error for genotyping was reduced by
the collection of corresponding photo-identification
records and visual review of the automated size bin-
ning implemented in GENOTYPER. In the assignment
involving a single missing paternal allele, we con-
cluded that the mismatch was likely due to allelic
dropout in the father (an apparent homozygote) or a
mutation in the calf. Fourth, the ∆-values for each of
the 5 inferences exceeded the 80% confidence limits
considered appropriate for population-level analysis
(as opposed to the strict confidence limits recom-
mended for estimating individual reproductive suc-
cess; Slate et al. 2000, Jones & Ardren 2003). Further-
more, the ∆-statistic is intended to distinguish between
alternate, non-excluded males, not between non-
excluded males and excluded males included as a
result of the error-rate correction implemented in
CERVUS (Jones & Ardren 2003). Under a strict likeli-
hood criterion, the second most likely males would
have an LOD of 0.00 in 4 of the inferred paternities in
our sample.

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 none of the 5 inferred
paternities did the mtDNA of the candidate male
match that of the cow/calf pair. Surprisingly, the asym-
metry of nuclear and mtDNA inheritance has not been
exploited systematically in other statistical approaches
to paternity inference in wild populations (e.g. Mar-
shall et al. 1998, Nielsen et al. 2001).

Reproductive autonomy and evolutionary 
differentiation

The confirmation of reproductive autonomy by
gametic recapture analysis has several advantages
over the traditional analysis of evolutionary differenti-
ation (i.e. gene flow). First, the gametic recapture can
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be applied with samples from a single wintering
ground, whereas estimates of differentiation require
samples from other regions for comparison. Second,
the gametic recapture, like assignment methods (e.g.
Davies et al. 1999), is not dependent on traditional
population genetic assumptions about drift/mutation/
migration equilibrium (although the paternity calcula-
tions assume Hardy-Weinberg equilibrium, Marshall
et al. 1998). These advantages, however, can also be
viewed as limitations. Although the gametic recapture
analysis can help confirm current patterns of reproduc-
tion and migration, it provides little information on the
stochasticity of these patterns. As such, it is limited in
inference about the question of units to conserve on an
evolutionary time scale. Further, it is essentially a
demographic method extended by one generation and
requires relatively intensive sampling to achieve rea-
sonable precision. In the case of New Caledonia, skin
sampling included roughly 1/3 of the estimated male
population and half of the calves observed during the
7 yr study. Such an intensive effort might not be prac-
tical in larger populations.

Variance in male reproductive success will also
influence the efficiency of the gametic recapture. If
variance is high, the required sampling effort for this
approach will be greater, and the resulting estimate
subject to a form of capture heterogeneity. On an evo-
lutionary time scale, however, high variance in male
reproductive success will enhance the effect of drift,
requiring less sampling effort to detect differences due
to low gene flow. We suggest the greatest understand-
ing of humpback whale populations is likely to result
from combining and contrasting individual and evolu-
tionary approaches.

Current abundance and recovery

Together with the evidence of demographic closure
and maternal fidelity to migratory destinations (e.g.
Baker & Medrano 2002), the evidence of reproductive
autonomy emphasizes the potential vulnerability of sub-
divided populations to local extirpation (Clapham et al.
1999). Nearly 4 decades have passed since humpback
whales in Oceania reached their lowest numbers, prob-
ably following the intensive unreported Soviet hunt in
Antarctic waters during the summer of 1961/62
(Mikhalev 2000). Assuming maximum rates of annual in-
crease used by the IWC in models of recovering hump-
back whale populations (e.g. 7 to 10%, Brandao et al.
2000), extrapolation backwards from current estimates
of abundance 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 intensive hunting on the feeding

grounds but, by chance, might have differed in the num-
ber of survivors. Even small differences in such low num-
bers of individuals surviving could help explain the vari-
ability now observed in abundance and rates of increase
among stocks in the Southern Hemisphere.
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Appendix 1. Megaptera novaeangliae. Genetic profiles of the 5 cow/calf and candidate father trios, including 2nd most likely father
based on CERVUS analysis (F, female; M, male). In the first 4 cases, the 2nd most likely male is excluded by 1, 2 or 3 mis-

matches (see also Table 5). na: not available

ID Status Sex mtDNA 464/465 GATA417 TAA31 EV1A EV37 EV21 EV94 EV104 GATA28

(1)
NI9908 Calf F NC9709 149/149 187/214 106/112 123/127 206/214 113/117 208/216 149/149 147/147
HNC180 Cow F NC9709 143/149 214/222 106/112 123/127 212/214 111/117 208/210 149/149 147/147
HNC040 Most likely father M NC9601 143/149 187/214 106/109 123/127 202/206 113/117 212/216 149/149 147/147
NI0001 2nd most likely father M NC9635 137/149 187/230 97/106 123/123 202/202 111/113 214/216 149/149 147/147

(2)
NI0143 Calf F NC9505 139/149 195/199 88/103 123/127 194/204 109/111 212/216 147/149 147/187
NI0142 Cow F NC9505 143/149 199/226 88/103 123/127 192/204 109/111 214/216 147/153 147/183
HNC187 Most likely father M NC0034 137/139 195/199 88/103 123/127 194/194 109/111 212/220 149/149 147/187
HNC017 2nd most likely father M NC9603 139/139 199/222 100/103 127/127 214/214 111/113 202/218 147/149 147/187

(3)
NI0144 Calf F NC9608 139/141 222/226 97/106 123/123 192/194 109/111 212/218 149/149 147/179
HNC247 Cow F NC9608 139/139 222/222 106/115 123/123 192/198 111/111 212/218 149/149 179/183
NI0131 Most likely father M NC9504 141/143 203/226 97/103 123/123 194/214 109/115 212/216 149/149 147/147
HNC214 2nd most likely father M NC0123 141/143 187/195 106/112 123/123 198/204 109/111 212/214 149/149 147/147

(4)
HNC171 Calf M NC9713 137/139 199/207 97/100 123/127 198/202 109/111 212/214 149/149 175/187
HNC113 Cow F NC9713 137/139 199/199 100/106 123/127 198/212 111/111 212/214 149/149 147/175
HNC088 Most likely father M NC9907 131/139 187/207 97/100 123/123 202/208 109/115 214/216 149/149 147/187
HNC248 2nd most likely father M na 139/139 199/207 100/100 123/127 202/208 109/115 210/214 149/149 147/147

(5)
NI0020 Calf M NC9805 139/139 199/195 97/103 123/127 198/218 109/111 206/208 149/149 147/155
HNC197 Cow F NC9805 139/139 199/195 97/103 123/127 198/214 109/117 208/208 149/151 147/147
HNC167 Most likely father M NC9841 139/139 199/207 97/115 123/127 210/210 111/115 206/218 149/149 147/155
NI0113 2nd most likely father M NC9608 139/139 199/211 97/97 123/127 204/218 111/111 206/212 149/151 147/147
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