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ABSTRACT

It has been proposed that South Pacific humpback whales (Megaptera novaeangliae) are divided into three main stocks (E, F and G) based
on the distribution of breeding grounds. Recently photo-identification data have shown a limited degree of demographic interchange
between adjacent breeding grounds of the western stocks and important segregation with the G stock (Colombia, Eastern Pacific). Here we
investigate maternal gene flow among six regional breeding grounds: Western Australia (D stock), New Caledonia (Eiil sub-stock), Tonga
(Eii2 sub-stock), Cook Islands (F stock), French Polynesia (F stock) and the Pacific coast of Colombia (G stock). Mitochondrial DNA
control region sequences (n = 1069, 447 bp) identified 138 haplotypes defined by 85 polymorphic sites. An analysis of molecular variance
(AMOVA, Fsr and ®gr) showed significant differentiation at both the haplotype and nucleotide level between all the breeding grounds
considered in this study, (with the exception of Tonga and the Cook Islands at the nucleotide level, ®sr). This suggests that the Cook
Islands and French Polynesia should be considered two stocks, not the single F stock proposed previously. These analyses also indicate
that New Caledonia and Tonga should be considered two stocks (Eiil and Eii2), as suggests by recent photo-identification analysis of these
two regions. The data were also analysed using Boundary Rank (BR), a geographically constrained clustering method. The results of the
BR analysis agreed with the AMOVA results in suggesting that both the stocks E and F may not reflect fully the population structure in the
western South Pacific. The extensive data set presented here could be used for an improved allocation of feeding grounds to breeding
grounds. A proposal to use genetic assignment test to allocate humpback whales samples from the IDCR/SOWER cruises to South Pacific
breeding grounds was submitted and approved two years ago at SC53. To date, these samples have not been received for analysis.
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INTRODUCTION

The humpback whale (Megaptera novaeangliae) is a widely distributed species that undertakes migrations between
high-latitude summer feeding grounds and tropical winter breeding grounds. Three main ocean basin populations have
been described (North Pacific, North Atlantic and Southern Ocean), with several sub-populations recognised within
them (Mackintosh 1965).

In the South Pacific, three main populations, or stocks, have been proposed (stocks E, F and G), including several
breeding grounds or sub-stocks which are considered to correspond to specific Antarctic feeding grounds (IWC 2001).
The western stock (E) comprises the breeding grounds of East Coast, Australia, around New Caledonia and the
Kingdom of Tonga. The central stock (F) comprises the recently described Cook Islands (Hauser et al. 2000) and
French Polynesian breeding grounds (Poole 2002). An eastern stock (G) includes whales breeding along the coasts of
Colombia and Ecuador, in western South America. The relationships between these stocks and among the breeding
grounds remain unclear, although there has been some investigation of several breeding grounds (SPWRC 2003).
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In the past, Discovery tagging provided evidence of interchange between the breeding grounds of western South Pacific
(Baker 2000). More recently, photo-identification methods have suggested significant demographic segregation
between the G stock and other South Pacific stocks, and low-level interchange between adjacent breeding grounds
within the E and F stocks (Rosenbaum et al. 1995; Garrigue et al. 2002; SPWRC 2003). Genetic analyses support the
segregation of G stock in the South Pacific, and interchange between breeding grounds within the E stock (Baker et al.
1998; Rosenbaum et al. 1998; Caballero et al. 2000).

Here we investigate the genetic relationship among components of the F stock, the Cook Islands and French Polynesia
breeding grounds, using mitochondrial (mt) DNA sequences, and compare them to other South Pacific breeding
grounds, as well as stock D, the Western Australia breeding ground, from the Indian Ocean.

MATERIALS AND METHODS

Skin samples were collected from free-ranging whales, using either a crossbow (Lambertsen 1987), a PAXARM biopsy
system (Kriitzen et al. 2002), or as sloughed skin (Amos et al. 1992). Additionally, tissue samples from a small number
of dead stranded animals were collected. The samples were stored in 70% ethanol or in a solution of 20% DMSO
saturated with NaCl at -15° C for subsequent analysis.

Genomic DNA was extracted using a standard phenol/chloroform extraction protocol (Davies et al. (1986) as modified
by Baker et al. (1994)). Symmetrical amplification of the mtDNA control region, proximal to the tPro RNA gene, was
performed via the Polymerase Chain Reaction (PCR, Saiki et al. (1988)) following standard protocols (Palumbi 1995).
An 800 base pair (bp) portion of the mtDNA control region was amplified using the primers, light-strand tPro-whale
Dlp-1.5 (Baker et al. 1998) and heavy strand DIp-8G (Lento et al. 1997). Amplification and subsequent cycle
sequencing were improved by the addition of an M13 tag to the 5' end of the Dlp-1.5 primer. Temperature profiles
consisted of a preliminary denaturing period of 2 minutes at 94°C followed by 35 cycles of denaturation for 30 seconds
at 94°C, primer annealing for 40 seconds at 54°C and polymerase extension for 40 seconds at 72°C. A final extension
period for 10 minutes at 72°C was included at the end. PCR products were cleaned with ExoSAP-IT (USB) and
sequenced in one direction with BigDye™ terminator chemistry on an ABI3100 DNA sequencer (Applied Biosystem),
using M13DlIp-1.5 as the sequencing primer.

Sequencher™ (version 4.1.2, Genes Codes Co.) was utilized for the alignment, and possible sequencing errors were
corrected by eye. Comparisons to identify polymorphic sites and haplotypes were performed using MacClade version
4.0 (Maddison and Maddison 2000).

Geographic differentiation among haplotypes frequencies and nucleotide variation was quantified using an Analysis of
Molecular Variance (AMOVA; Excoffier et al. (1992)) as implemented in Arlequin version 2.0 (Schneider et al. 2000),

using nucleotide differentiation (®sr) and haplotype frequency differences (Fst). The significance of the observed Py
and Fgt values were tested using 5000 random permutations of the data matrix. Genetic diversity was estimated at
haplotype and nucleotide level using Arlequin version 2.0 (Schneider et al. 2000). At the haplotype level, diversity was
calculated without regards to the genetic distance (i.e., number of nucleotide substitutions); at the nucleotide level,
diversity was calculated using pair-wise differences between sequences.

The relationships among the six breeding grounds were examined using Boundary Rank (BR, Martien and Taylor (In
review)), a geographically constrained clustering algorithm designed to generate population structure hypotheses that
are consistent with the available genetic data. The analysis was initialised with six units corresponding to the six
breeding grounds (Table 1). BR requires specifying a connectivity matrix, which constrains the geographic shape of the
units generated by BR to be consistent with what is known about the behaviour and movement patterns of the species in
question. We used a connectivity matrix that reflected a simple stepping-stone model in which each breeding ground
was ‘connected’ to the two breeding grounds on either side of it.

RESULTS

Over a thousand skin samples were obtained from six Southern Hemisphere breeding grounds. In this analysis, a total of
1069 mtDNA control region sequences were used (Table 1, Figure 1). Over a 447 bp consensus region of the mtDNA
control region, 85 polymorphic sites identified a total of 138 haplotypes. Haplotype diversity ranged between 0.974 and
0.913. Nucleotide diversity ranged between 0.023 and 0.021 (Table 1).

In comparisons among the six breeding grounds, significant differences at the haplotype (Fsr) and nucleotide level
(dst) were found for all the pair-wise comparisons, except for Tonga and the Cook Islands at nucleotide level (Table 2).

The BR analysis showed that all of the breeding grounds are more similar to the breeding ground to the west of them
than they are to the breeding ground to their east (Figure 2). New Caledonia is more similar to Western Australia than it
is to Tonga and the Cook Islands are more similar to the breeding grounds in stocks D and E than it is to French
Polynesia. The y*/dof values (the measure of genetic differentiation used by BR) between all of the breeding grounds
were quite high, which is consistent with the highly significant differentiation detected in the AMOVA analyses.
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Table 1. Locations and years of sample collection, number of sequences analyzed, haplotypes and polymorphic sites
(pol. sites), and diversity at the haplotypic (%) and nucleotide () level, including standard deviations, for each breeding
ground.

Region Stock Years N N N h+SD n+SD
(sub-stock) collection  sequences  haplotypes pol sites

Western Australia (WA) D 2002 123 47 53 0.970 £ 0.006 0.023£0.012
off Tantabiddi, Exmouth

New Caledonia (NC) E(Gil) 1995-2002 251 60 59 0.974 £ 0.003 0.023 £0.011
Grande Terre

Tonga (Tg) E (i1 2) 1991-2002 348 48 50 0.961 +0.003 0.021 £0.011
Vava'u, Ha'apai,
Tongatapu

Cook Islands (CI) F 1998-2002 122 24 41 0.925+0.01 0.021 £0.011
Rarotonga, Aitutaki,
Palmerston

French Polynesia (FP) F 1997-2002 84 20 40 0.913+0.013 0.021 £0.011
Moorea, Huahine,
Rurutui

Colombia (Col) G 1991-1999 141 50 41 0.937 +£0.013 0.023£0.012
Gorgona Island,
Malaga Bay

Table 2. Pair-wise comparisons of six breeding grounds or stocks/sub-stocks of Southern Hemisphere humpback whales
showing ®gr (under the diagonal) and Fgr (above the diagonal) values. Values shown in bold are significantly greater
than those found in 5% of 5,000 random permutations of the data matrix (P < 0.05). The probability (p) of obtaining
greater values by chance alone is shown in italics. No adjustment was undertaken for multiple comparisons.

Region - Stock WA - D NC - E (ii 1) Tg-E(ii2) CI-F FP-F Col-G
WA -D 0.01247 0.01674 0.02316 0.03484 0.04023
0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
NC -E (ii 1) 0.00574 0.00836 0.03042 0.04490 0.03755
0.04602 = 0.0029 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
Tg-E (i 2) 0.01101 0.00830 0.02320 0.03228 0.04342
0.00635+0.0011  0.00417 = 0.0010 0.0+0.0 0.0+0.0 0.0+0.0
CI-F 0.01118 0.01458 0.00492 0.02533 0.05831
0.02995+0.0023  0.00417 = 0.0009  0.07756 + 0.0037 0.0+0.0 0.0+0.0
FP-F 0.02173 0.02305 0.02641 0.01419 0.06584
0.00516+0.0010  0.00119 = 0.0005  0.00079 £ 0.0004  0.03888 + 0.0027 0.0+0.0
Col - G 0.09100 0.10233 0.10514 0.11439 0.10953
0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
DISCUSION

High levels of genetic variation were observed in the Southern Hemisphere breeding grounds. Genetic variation was
greatest in the western South Pacific (New Caledonia) and in Western Australia, as has been described previously
(Baker et al. 1998). The lower genetic diversity found in the Cook Islands and French Polynesia may reflect smaller
effective population sizes in these areas, compared with those of Western Australia or more intense hunting.
Alternatively, it may be due in part to sampling methods, as some of the samples collected in these areas consisted of
sloughed skin, during the collection of which unrecognised replicate sampling of the same individuals can occur.

The result of the AMOVA analysis over such a large number of mtDNA control region sequences suggests that
humpback whales breeding grounds are strongly structured in the South Pacific, requiring further modification to the
stock definition model currently considered in the Southern Hemisphere assessment.
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These analyses confirm that there are marked differences between the eastern stock (G) and the western stocks (E and
F) in the South Pacific, as suggested by photo-identification studies (Rosenbaum et al. 1995; Garrigue et al. 2002;
SPWRC 2003) and previous genetic analysis (Baker et al. 1998; Rosenbaum et al. 1998; Caballero et al. 2000).

Both the AMOVA and BR analyses suggested that the E and F stock must be sub-divided. Within the E stock,
significant differences were found between the New Caledonia and Tonga breeding grounds, supporting the proposed
existence of two genetically distinct populations within this stock (Baker 2000). The separation of New Caledonia and
Tonga is also supported by the BR results, which show that New Caledonia is actually less similar to Tonga than it is to
Western Australia. Similarly, significant differentiation was observed between the Cook Islands and French Polynesia,
the putative central Pacific F stock. Both AMOVA and BR showed that Cook Islands is actually less similar to French
Polynesia than it is to the breeding grounds to the west of it, lending further support to the notion that Cook Islands and
French Polynesia should not be combined in a single stock.

Nuclear DNA genotyping (microsatellites) is in progress and will detect possible duplicate sampling of individuals and
address the question of whether the observed mtDNA differentiation between breeding grounds may be sex-biased.

Finally, a comprehensive understanding of population structure in the South Pacific requires allocation of feeding
grounds to breeding grounds. A proposal to use genetic assignment test to allocate humpback whales samples from the
IDCR/SOWER cruises to South Pacific breeding grounds was submitted two years ago (Olavarria et al. 2001) and
approved at SC53, where the Committee recommended that tissue samples should be provided to the principal
investigator if possible (IWC 2002). To date, these samples have not been received for analysis. This delay could result
in the loss of information critical to completion of the South Hemisphere assessment.
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Figure 1. Map showing sampling areas and number of sequences used in this analysis for each breeding ground.
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Figure 2. Dendrogram representing the results of the Boundary Rank analysis, with the initial units shown at the tips.
Nodes indicate that two units are combined into a single unit, with the depth of the node indicating at what point in the
analysis the units were combined. The number associated with each node is the degree of genetic differentiation (as
measured by %*/dof) between the units being combined at that node. The number of hypothesized units remaining at a
given point in the analysis is indicated along the right side of the dendrogram. WA = Western Australia, NC = New
Caledonia, Tg = Tonga, CI = Cook Islands, FP = French Polynesia and Col = Colombia. The shaded boxes at the top of
the figure indicate which stock (D, E, F or G) each breeding ground is currently part of.



