
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 494: 291–306, 2013
doi: 10.3354/meps10508

Published December 4

© Inter-Research and Fisheries and Oceans Canada 2013 ·
www.int-res.com

*Email: scott.baker@oregonstate.edu

Strong maternal fidelity and natal philopatry shape
genetic structure in North Pacific humpback whales

C. Scott Baker1,*, Debbie Steel1, John Calambokidis2, Erin Falcone2, 
Ursula González-Peral3, Jay Barlow4, Alexander M. Burdin5, Phillip J. Clapham6,
John K. B. Ford7, Christine M. Gabriele8, David Mattila9, Lorenzo Rojas-Bracho10,

Janice M. Straley11, Barbara L. Taylor4, Jorge Urbán3, Paul R. Wade6, 
David Weller4, Briana H. Witteveen12, Manami Yamaguchi13

1Marine Mammal Institute and Department of Fisheries and Wildlife, Oregon State University, 
2030 SE Marine Science Drive, Newport, Oregon 97365, USA

2Cascadia Research Collective, 218½ West Fourth Avenue, Olympia, Washington 98501, USA
3Programa de Investigación de Mamíferos Marinos, Universidad Autónoma de Baja California Sur, La Paz, 

Baja California Sur 23080, México
4NOAA Southwest Fisheries Science Center, 8604 La Jolla Shores Drive, La Jolla, California 92037, USA

5Kamchatka Branch of Pacific Institute of Geography, Far East Branch of the Russian Academy of Sciences, Rybakov Prospect, 
19-a Petropavlovsk-Kamchatsky 683024, Russia

6National Marine Mammal Laboratory, Alaska Fisheries Science Center, NMFS, NOAA, 7600 Sand Point Way NE, Seattle, 
Washington 98115, USA

7Fisheries and Oceans Canada, Pacific Biological Station, 3190 Hammond Bay Road, Nanaimo, British Columbia V9T 6N7, 
Canada

8Glacier Bay National Park, PO Box 140, Gustavus, Alaska 99826, USA
9Hawaiian Islands Humpback Whale National Marine Sanctuary, 726 South Kihei Road, Kihei, Hawaii 96753, USA
10Instituto Nacional de Ecologia y Cambio Climático, Carretera Ensenada-Tijuana 3918 Fracc. Playitas, Ensenada, 

Baja California 22860, México
11University of Alaska, Southeast Sitka Campus, 1332 Seward Avenue, Sitka, Alaska 99835, USA

12University of Alaska Fairbanks, School Fisheries & Ocean Sciences, 118 Trident Way, Kodiak, Alaska 99615, USA
13NPO Ogasawara Club, Ocean Research Unit, Okumura, Chichi-jima, Ogasawara, Tokyo 100-2101, Japan

ABSTRACT: We quantified the relative influence of maternal fidelity to feeding grounds and natal
fidelity to breeding grounds on the population structure of humpback whales Megaptera novae -
angliae based on an ocean-wide survey of mitochondrial (mt) DNA diversity in the North Pacific.
For 2193 biopsy samples collected from whales in 10 feeding regions and 8 breeding regions dur-
ing the winter and summer of 2004 to 2006, we first used microsatellite genotyping (average,
9.5 loci) to identify replicate samples. From sequences of the mtDNA control region (500 bp) we
identified 28 unique haplotypes from 30 variable sites. Haplotype frequencies differed markedly
among feeding regions (overall FST = 0.121, ΦST = 0.178, p < 0.0001), supporting previous evidence
of strong maternal fidelity. Haplotype frequencies also differed markedly among breeding regions
(overall FST = 0.093, ΦST = 0.106, p < 0.0001), providing evidence of strong natal fidelity. Although
sex-biased dispersal was not evident, differentiation of microsatellite allele frequencies was weak
compared to differentiation of mtDNA haplotypes, suggesting male-biased gene flow. Feeding
and breeding regions showed significant differences in haplotype frequencies, even for regions
known to be strongly connected by patterns of individual migration. Thus, the influence of migra-
tory fidelity seems to operate somewhat independently on feeding and breeding grounds over an
evolutionary time scale. This results in a complex population structure and the potential to define
multiple units to conserve in either seasonal habitat.
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INTRODUCTION

The influence of maternal fidelity on migratory
destinations has been described in several species
of marine megafauna, based on the movement of
naturally marked or tagged individuals and the geo-
graphic distribution of variation in the maternally
inherited mitochondrial (mt) genome. While the mi -
gratory return of an individual to a seasonal habitat
reflects the stability of fidelity over a lifespan, the
distribution of mtDNA diversity reflects the stability
of maternal fidelity over generations on an evolu-
tionary time scale. In some species of migratory
whales, differences in the frequencies of mtDNA
haplotypes among seasonal habitats are thought to
arise from the persistence of maternal traditions
learned during the first year of life. The loss of
maternal traditions in some populations of whales
has been attributed to intensive hunting, slowing
the recovery of whales in regions of their former
distribution (Whitehead et al. 2004, Clapham et al.
2008, Carroll et al. 2011).

Given the challenges of collecting representative
samples from migratory whales, it has not been
possible previously to adequately compare the rela-
tive influence of maternal fidelity to feeding habitat
and natal fidelity to breeding habitat. The latter is
more properly referred to as philopatry or natal
philopatry — the faithful return of an individual to
the site of its birth (Pearce 2007). In many species
of marine megafauna, including pinnipeds, sea tur-
tles, sharks and anadromous salmon, natal philopa-
try or natal homing is strongly linked to the breed-
ing habitat. During the remainder of the life cycle,
individuals are relatively nomadic, dispersing
widely and mixing with individuals from other
natal breeding grounds (e.g. sea turtles; Bowen &
Karl 2007 and salmon; Quinn 2005). In whales,
however, populations are structured by annual
long-distance migration to both seasonal habitats,
traditionally referred to as ‘breeding grounds’ and
‘feeding grounds’. A distinction between maternal
fidelity and natal fidelity thus requires a compre-
hensive survey of mtDNA differentiation in multi-
ple, discrete population segments during both the
winter breeding season and the summer feeding
season. To date, however, descriptions of mtDNA
differentiation in humpback whales Megap tera
novaeangliae have been restricted largely to com-
parisons among feeding grounds (e.g. Palsbøll et al.
1995) or among breeding grounds (e.g. Olavarría et
al. 2007). Comparisons between seasonal habitats
have involved only limited numbers of regional

samples or lower-resolution markers (e.g. Baker et
al. 1998).

Humpback whales in the North Pacific Ocean
present a complex structure of migration suitable
for a comparison of the relative strengths of fidelity
to feeding and breeding grounds. During spring,
summer and autumn, humpback whales aggregate
in relatively discontinuous feeding grounds along
the rim of the North Pacific from central California
in the east, to the Kamchatka Peninsula in the west
(Johnson & Wolman 1984). During winter months,
humpbacks migrate to mate and give birth in near-
tropical breeding grounds of the eastern, central
and western North Pacific. Although hunting se -
verely reduced the abundance of humpback whales
and might have altered their historical range, winter
concentrations are now found primarily in 5 geo-
graphically isolated regions: the Pacific coast of
Mexico, the off-shore islands of Mexico (Archipel-
ago Revillagigedo), the main or leeward islands of
Hawaii, the Ogasawara or Bonin Islands southeast
of Japan, and the Ryukyu Islands (e.g. Okinawa)
southwest of Japan (Johnson & Wolman 1984). More
recently, smaller wintering concentrations have
been found along the Central American coast in the
east (Steiger & Calambodikis 1991) and the Philip-
pines in the west (Acebes et al. 2007). Observations
of individual movement and the distribution of
mtDNA have provided strong support for fidelity to
feeding grounds, particularly in California and
Alaska, but evidence of natal philopatry (to breed-
ing grounds) has been more challenging. The occa-
sional long-range movement between wintering
grounds (e.g. Japan to Hawaii; Darling & Cerchio
1993), the synchronous exchange of song (Cerchio
et al. 2001) and contrasting patterns of variation in
mtDNA and nuclear (nu)DNA (Palumbi & Baker
1994) provide evidence counter to natal fidelity.

Previous limitations on the sampling of an oceanic
population have been addressed in surveys of the
research program Structure of Populations, Levels of
Abundance and Status of Humpbacks (SPLASH).
This international collaboration was initiated to esti-
mate the current abundance of North Pacific hump-
back whales, using capture-recapture analyses of
photo-identification records, and to describe the sea-
sonal structure of this population, using genetic
analyses of skin biopsy samples (Calambokidis et al.
2008). Identification photographs and genetic sam-
ples were collected on all known winter breeding
regions during 3 seasons (2004, 2005 and 2006) and
all known summer feeding regions during 2 seasons
(2004 and 2005). From more than 18 000 photo-
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 identification records of nearly 8000 individuals, the
oceanic population was estimated to number more
than 21 000 in 2006 (Barlow et al. 2011). This repre-
sents a remarkable recovery from the estimate of less
than 1000 individuals thought to have survived at the
time of protection from commercial hunting in 1966
(Johnson & Wolman 1984).

Here, we describe the structure of mtDNA diversity
in the North Pacific humpback whale using a repre-
sentative subset of 2193 skin samples from 10 feed-
ing and 8 breeding grounds collected during the
SPLASH program. To avoid bias from replicate sam-
pling (Taylor & Chivers 1997), we used microsatellite
genotyping to identify individual whales and remove
regional replicates. Given the geographic isolation of
breeding grounds and discontinuities in the concen-
tration of sampling on most feeding grounds, we
relied on the a priori regional divisions considered in
previous estimates of abundance and migratory
interchange for photo-identification records (Calam-
bokidis et al. 2008, Barlow et al. 2011). We predicted
that the distribution of mtDNA diversity, in the form
of distinct haplotypes, should reflect the influence of
maternally directed fidelity to both feeding and
breeding habitats (Baker et al. 1990). Alternatively,
the nearly unlimited mobility and long lifespan of
humpback whales could result in sufficient inter-
change to counter the effect of genetic drift, resulting
in little or no differentiation in haplotype frequen-
cies. Given the large number of samples and the a
priori geographic divisions, we used tests of differen-
tiation to reject the null hypothesis of random assort-
ment or panmixia, and FST or related indices (Meir-
mans & Hedrick 2011) as a measure of genetic
differences (i.e. the effect size; Taylor & Dizon 1996).
We also tested for sex-biased dispersal by comparing
estimates of mtDNA differentiation for males and
females, under the expectation that FST will be higher
in the philopatric sex (Goudet et al. 2002). The previ-
ously reported pattern of male-biased gene flow
among breeding grounds was evaluated by com -
paring estimates derived from FST values for the
maternally inherited mtDNA with those from the
biparentally inherited microsatellite alleles (Palumbi
& Baker 1994, Baker et al. 1998). We interpret our
results in light of the complex structure of migratory
interchange of humpback whales, providing new
information for defining units to conserve or distinct
population segments within the oceanic population
(Taylor 2005, Waples 2006). These results have
important implications for the status review of hump-
back whales currently ongoing under provisions of
the US Endangered  Species Act.

MATERIALS AND METHODS

Sample collection and archiving

Skin samples were collected from humpback whales
on 10 feeding grounds and 8 breeding grounds of the
North Pacific between 2004 and 2006 under the aus-
pices of the program SPLASH (Calambokidis et al.
2008). Biopsy samples were collected with a small
stainless-steel dart deployed from a crossbow (Lam-
bertsen 1987) or modified veterinary capture rifle
(Calambokidis et al. 2008). In some regions, sloughed
skin was collected following high-energy behavior or
from the paths of whales, using a small scoop net. All
samples were archived at the Southwest Fisheries
Science Center (SWFSC) in La Jolla, CA, and
assigned accession numbers for cross-reference with
the primary field records and photo-identification
records archived with Cascadia Research.

A subset of the total SPLASH samples was chosen
for analysis of mtDNA diversity and population dif-
ferentiation (n = 2193; Table 1) with the objective of
providing robust tests of differentiation by including
a minimum of 100 individuals for each region (Taylor
& Dizon 1996). We gave priority to the analysis of
samples from 2004, because of the more extensive
and systematic sampling of the feeding grounds in
that year (Barlow et al. 2011) and because of logisti-
cal constraints in the availability of samples from
later years. In 9 regions, however, we used all avail-
able samples to achieve or exceed this minimum
(Table 1). The geographical divisions of feeding and
breeding grounds were similar to those reported in
Barlow et al. (2011) but followed Calambokidis et al.
(2008) in grouping samples from the Commander
Islands with the Kamchatka Peninsula to form a
Russian feeding region, and subdividing the western
breeding grounds into 3 regions: Ogasawara, Oki-
nawa and the Philippines. The locations of sample
collections and the approximate boundaries of the 18
geographic divisions are shown in Fig. 2a in ‘Results’
and Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m494p291_supp.pdf.

DNA extraction, quantification and 
sex identification

Total genomic DNA was extracted at the SWFSC
and an aliquot was transferred to the Cetacean Con-
servation Genetic Laboratory (CCGL) of the Marine
Mammal Institute, Oregon State University. At the
CCGL, total genomic DNA was quantified using
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pico-green fluorescence and normalized to 5 ng µl−1

before amplification, where possible. The sex of each
sampled whale was identified by multiplex amplifi-
cation of the male-specific Sry gene with ZFY/ZFX as
a positive control (Gilson et al. 1998).

mtDNA sequencing

An approximately 800 base pair (bp) section of the
mtDNA control region was amplified using the pri -
mers light-strand tPro-whale Dlp-1.5 and heavy strand
Dlp-8G as described in (Garrigue et al. 2004). Unin-
corporated nucleotides and primers were removed
from the amplified product using shrimp alkaline
phosphatase (SAP) and exonuclease I (Ex). Purified
products were sequenced with BigDye vs3.1 and run
on an ABI 3730xl (Applied Biosystems). Sequences of
the mtDNA control region were  alig ned, manually
edited, and haplotypes identified using the software

SEQUENCHER (Gene Codes). Haplo types were defined
from a 500 bp segment of sequences extending across
the 2 shorter, and partially overlapping, fragments
used in past analyses (Baker & Medrano-Gonzalez
2002). Following recommended guidelines for quality
control (Morin et al. 2010), sequence quality was cal-
culated in SEQUEN CHER from the ABI base scores using
a cut off equivalent to a PHRED score of >30 (i.e. an
error rate of less than 1 in 1000; Ewing & Green 1998).
Variable sites in all samples were visually assessed to
confirm haplotype identity. One haplotype was repre-
sented by only 1 sample and this was confirmed by
 sequencing in both directions from independent
PCR products. A small number of individuals (n = 18)
showed apparent heteroplasmy (i.e. the presence of a
secondary peak at greater than 30% of the primary
peak), confounding the resolution of a single haplo-
type. Rather than attempt to define multiple haplo-
types for individual samples, these were treated as
missing values in subsequent analyses.
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Region (abbreviation) All NQC NI NI+hap h M:F p

Russia (RUS)* 82 79 72 70 0.831 0.69:1 0.154
Western Aleutians (WAL)* 9 8 8 8 0.964 1.66:1 −
Bering Sea (BER) 137 129 119 114 0.798 0.69:1 0.062
Eastern Aleutians (EAL)* 37 37 36 36 0.848 2.09:1 0.058
Western Gulf of Alaska (WGOA) 117 109 98 96 0.845 0.67:1 0.076
Northern Gulf of Alaska (NGOA) 253 247 237 233 0.780 1.16:1 0.292
Southeast Alaska (SEA) 214 199 186 183 0.472 1.09:1 0.606
Northern British Colombia (NBC) 123 122 108 104 0.550 1.32:1 0.218
Southern British Colombia- 57 57 51 51 0.831 1.38:1 0.332

Washington (SBC/WA)*
California-Oregon (CA/OR)* 136 134 125 123 0.827 1.25:1 0.243
Total feeding regions 1165 1121 1040 1018 0.810 1.04:1 0.508

Philippines (PHI)* 13 13 13 13 0.628 1.17:1 –
Okinawa (OK)* 96 90 72 72 0.655 2.24:1 0.002
Ogasawara (OG)* 241 222 163 159 0.865 1.92:1 0.001
Hawaii (HI) 278 245 231 227 0.718 2.67:1 0.001
Mexico-Revillagigedo (MX-AR) 145 141 115 106 0.860 1.67:1 0.010
Mexico-Baja California (MX-BC) 137 137 120 110 0.887 2.50:1 0.001
Mexico-Mainland (MX-ML) 75 75 62 62 0.894 2.16:1 0.006
Central America (CENAM)* 43 41 39 36 0.744 2.92:1 0.073
Total breeding regions 1028 964 815 785 0.866 2.17:1 0.001

Total by regions 2193 2085 1855 1803 0.842 1.42:1 0.001

Total number of individuals for all regions 1805

Table 1. Megaptera novaeangliae. Summary of samples available for genetic analysis of humpback whales in the North
Pacific. Regional divisions followed those used in SPLASH (Calambokidis et al. 2008). Abbreviations: NQC is the number of
samples after quality control (see text); NI is the number of individuals in each region; NI+hap is the number of individuals with
a mitochondrial (mt) DNA control region sequence; h is haplotype diversity; M:F is the ratio of males to females and p is the
significance of the binomial exact test for an expected 1:1 sex ratio (values in bold are significant at p < 0.05). Italics indicate 

low sample sizes. *Regions for which all available samples were used
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Microsatellite genotyping

Samples were amplified for a total of 10 previously
published microsatellite loci (Table 2). Amplifications
were carried out in a final volume of 10 µl at the
 following concentrations: 1× reaction buffer, 1.5 to
4 mM MgCl2, 0.4 µM each primer, 0.2 mM dNTP’s,
0.5 U Platinum Taq (Invitrogen) and approximately
5 ng DNA. Microsatellite primers were fluorescently
labeled (Table 2) and co-loaded in sets of non-
overlapping loci on an ABI 3730xl sequencer (Ap -
plied Biosystems) with formamide and 500 LIZTM size
standard (Applied Biosystems). Alleles were sized
and binned with the software program GENEMAPPER

v3.7 (Applied Biosystems). This program also as -
sesses the quality of each allele based on several
 criteria (e.g. peak height, peak shape, bin fit) and as-
signs a quality score (QS) for each sample. The peaks
for all alleles were visually assessed and the auto-
mated bins were manually checked. Following rec-
ommended quality control guidelines from Morin et
al. (2010), a subset of samples were re-run at random,
and re-samples of known individuals provided addi-
tional replicates. The total number of amplified loci
was considered an additional quality control thresh-
old. Samples with fewer than 8 microsatellite loci
were excluded from further analysis. The program
MICRO CHECKER was used to investigate the presence
of null alleles and systematic error in allele binning
due to stutter or large allele dropout (van Oosterhout
et al. 2004). Replicate genotypes were identified with
the program CERVUS (Kalinowski et al. 2007). To
avoid the potential for false exclusion due to dropout
or other genotyping errors (Waits & Leberg 2000,

Waits et al. 2001), we used an initial relaxed criterion
that allowed for mismatches at up to 4 loci. The elec-
tropherograms of the mismatching loci were then re -
viewed and either corrected (based on this visual in-
spection) or repeated. Because of some incomplete
genotypes, we required a minimum overlap of 8 loci
to identify replicate samples of individual. Where a
pair-wise comparison did not meet this minimum
overlap, the missing loci for the limiting genotype
were repeated or the sample was removed from the
data set. A per-allele error rate was calculated from
replicate genotypes identified with the initial relaxed
matching and subsequent review of near matches
(Pompanon et al. 2005).

Statistical analyses

The program ARLEQUIN (Excoffier & Lischer 2010)
was used to infer a network of mtDNA haplotypes, to
calculate haplotype diversity and indices of regional
differentiation (FST and ΦST). The significance of re -
gional differentiation was tested with 10 000 random
permutations using an Analysis of Molecular Vari-
ance (AMOVA). The expected probability of identity
(PID) for each locus was calculated for each regional
sample, after removal of replicate samples, using
GENALEX (Peakall & Smouse 2006). All genotype
matches were checked for consistency with sex and
mtDNA haplotypes.

The significance of deviation from Hardy-Wein-
berg expectations and regional differentiation in
micro satellite allele frequencies (i.e. FST) was tested
with the program GENEPOP (Rousset 2008). Supple-
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Locus N* Source Label [Mg] No. of Size No. of Ho PID

(mM) repeats range (bp) alleles

Ev14 1835 Valsecchi & Amos (1996) VIC 2.5 2 129−141 7 0.609 0.177
Ev37 1830 Valsecchi & Amos (1996) NED 3.5 2 192−220 15 0.867 0.024
Ev96 1833 Valsecchi & Amos (1996) FAM 1.5 2 143−171 14 0.751 0.079
GATA417 1797 Palsbøll et al. (1997) FAM 2.5 4 183−274 18 0.855 0.028
GATA28 1844 Palsbøll et al. (1997) NED 2.5 4 143−191 9 0.407 0.353
GT211 1844 Bérubé et al. (2000) FAM 2.5 2 100−118 9 0.758 0.076
GT23 1807 Bérubé et al. (2000) VIC 2.5 2 109−121 7 0.699 0.111
GT575 1800 Bérubé et al. (2000) FAM 1.5 2 137−165 13 0.794 0.056
rw4-10 1844 Waldick et al. (1999) VIC 3 2 192−208 9 0.677 0.130
rw48 1838 Waldick et al. (1999) NED 2.5 2 112−122 6 0.695 0.117

Average 1827.2 10.7 0.711 0.115
2.4 × 10−11

*Number of individuals genotyped at each locus, including between-region re-matches

Table 2. Megaptera novaeangliae. Summary of microsatellite loci used for individual identification of humpback whales in the
North Pacific. The observed heterozygosity (Ho) and probability of identity (PID) were calculated with the program GENALEX

(Peakall & Smouse 2006). The multi-locus probability of identity is shown below the average single-locus value
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mentary calculations of FST for mtDNA and adjusted
F’ST for microsatellites (Meirmans & Hedrick 2011),
as well as Mantel tests for the correlations of the pair-
wise FST values, were calculated in GENODIVE (Meir-
mans & Van Tienderen 2004). Tests for sex-biased
dispersal were conducted for mtDNA and microsatel-
lites using the program FSTAT (Goudet et al. 2002).
Maternal gene flow (Nmf) was calculated from
mtDNA FST using the relationship:

Nmf =  ½(1/FST − 1)

assuming Wright’s island model (Wright 1951). Nu -
clear gene flow, Nmf+m, was calculated from a combi-
nation of microsatellite FST and F’ST using Eq. 6 in
Meirmans & Hedrick (2011). To investigate the
potential for inferring reproductive units from the
combined feeding and breeding ground samples in
the absence of the a priori geographical divisions, we
used the Bayesian clustering program STRUCTURE

v. 2.3 (Pritchard et al. 2000). We evaluated a range
of potential populations from K = 1 to 6 using the
admix ture and correlated frequency model with
1 000 000 burn-ins and 10 000 000 runs and no loca-
tion prior.

To protect against Type I error in our tests of differ-
entiation, we relied on first demonstrating the signif-
icance of the overall differences among breeding
grounds and among feeding grounds. These tests
reflected our primary hypotheses of natal philopatry
and maternal fidelity, respectively. For the many
pair-wise comparisons of the 18 regions, we did not
consider it appropriate to implement a Bonferroni
correction, given the known conservative bias of this
adjustment (Nakagawa 2004, Narum 2006). Instead,
we reported the unadjusted p-values and controlled
for the proportion of falsely rejected hypotheses (i.e.
Type I error) in the pair-wise comparisons by using
the false discovery rate, as formulated by Benjamini
& Hochberg (1995) and reported by Narum (2006).
By reporting both the unadjusted p-values and the
critical value for the false discovery rate, we provided
for interpretations of differences among the pair-wise
comparisons in a management context, where loss of
power is a greater concern than Type I error (Taylor
et al. 1997).

RESULTS

Genotype matching and sex ratios

Of the 2193 total samples chosen for the initial
analysis, 2085 met the quality control threshold by

genotyping at a minimum of 8 loci (Table 1). The
10 microsatellite loci were all found to be moderately
variable with 6 to 18 alleles per locus (Table 2). The
program MICROCHECKER found no evidence of large-
allele dropout or error due to stutter (only one of the
180 tests from 18 populations and 10 loci, using the
95% threshold). Evidence for some null alleles was
found in 17 of the 180 tests (at the 95% threshold).
However, most of these positive tests were in re -
gional samples thought to represent a mix of breed-
ing stocks (e.g. Ogasawara, see below), suggesting a
potential for a Wahlund effect. Given that our pri-
mary purpose was the identification of replicate sam-
ples, we considered it appropriate to retain these loci
(Carlsson 2008). From the initial relaxed matching
and review of near-matches, 227 individuals were
found to have one or more replicate samples (e.g.
within- or between-region recaptures). From these
capture-recapture events, we calculated an initial
error rate of 1.6% per allele, most of which was
attributable to allelic dropout (Pompanon et al. 2005).
This rate was comparable to other studies using un -
intentional replicates to estimate genotyping error
(Hess et al. 2012) but higher than some studies of
whales based only on biopsy samples (Carroll et al.
2011). After the detection and correction of initial
errors by repeating the genotypes or reviewing orig-
inal electropherograms, the final error rate was likely
to be considerably less.

With the minimum of 8 loci available for each sam-
ple, the PID was less than 1 × 10−6, regardless of pop-
ulation of origin or the specific combination of loci.
Given this low value, we considered that matching
genotypes represented multiple samples of the same
individual and unique genotypes represented unique
individuals. From these 2085 samples, genotype
matching with the program CERVUS resolved 1855 re -
gional individuals (unique within a region). Within-
region matches were considered to be replicates and
were removed from further genetic analysis (see
Table S1 in the supplement at www.int-res.com/
articles/suppl.m494p291_supp.pdf, shown in the
diagonals).

From the total of 1855 regional individuals iden -
tified by unique genotypes, there were 50 mat ches of
49 individuals sampled in more than one region (48 in
2 regions and 1 in 3 regions). These between-region
matches (i.e. recaptures) were re tained for ana lysis of
regional population differentiation (Table S1 in the
supplement, shown below the dia gonals). A small
number of recaptures showed within-season move-
ment between adjacent feeding grounds (n = 4) and
between adjacent breeding grounds (n = 14), particu-
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larly between the Mexican Mainland and Baja Cali-
fornia (9 of the 14). The remaining recaptures (34 re-
captures of 33 indi viduals) showed movement be-
tween breeding and feeding grounds. These
migratory connections were generally consistent with
those published previously or reported in the photo-
identification analysis of SPLASH (Calambokidis et
al. 2008, Barlow et al. 2011).

The overall sex ratio of samples from the breeding
grounds showed a significant male bias (2.17:1, n =
782, p < 0.001; Table 1) similar to that reported previ-
ously from genetic sampling of breeding grounds
(Baker et al. 1998) or migratory corridors (Brown et
al. 1995). The overall sex ratio of samples from the
feeding grounds was close to unity overall (1.04:1, n =
1004, p = 0.508) but showed a significant male bias in
the Eastern Aleutian Islands and a significant female
bias in the Bering Sea (Table 1).

mtDNA diversity and differentiation

Of the 1855 samples of regional individuals, 1803
yielded high-quality sequences of the mtDNA con-
trol region (Table 1). In the 500 bp consensus length,
we identified 30 variable sites resolving 28 unique
haplotypes (Fig. 1). A parsimony network reconstruc -
ted the 2 primary clades of haplotypes described pre-
viously from a worldwide survey of mtDNA diversity
(Baker et al. 1993): the AE clade, largely restricted to

the North Pacific, and the CDF clade, thought to have
originated from historical interchange with popula-
tions from the Southern Hemisphere (Fig. 1). Four
haplotypes, A+, A−, E1 and F2, accounted for 70% of
all samples on both feeding grounds and breeding
grounds (Fig. 1). Haplo type diversity was similar in
feeding and bree ding grounds overall, but showed
substantial differences among regions. Haplotype
diversity was notably low in southeastern Alaska (h =
0.47) and highest in the Mexican Mainland and Baja
California (h = 0.89). Sequences representing each of
the 28 haplotypes have been submitted to GenBank
(KF477244-KF477271) and information on regional
frequencies of haplotypes has been submitted to the
Dryad Digital Repository (http:// dx. doi. org/ 10. 5061/
dryad.708j7).

There were striking differences in the regional fre-
quencies of mtDNA haplotypes (Fig. 2b). Tests of dif-
ferentiation showed highly significant differences
among feeding regions (overall FST = 0.121, ΦST =
0.178, p < 0.0001) and among breeding grounds (over-
all FST = 0.093, ΦST = 0.106, p < 0.0001) (Table 3). Pair-
wise comparison differed significantly (p < 0.05,
Table 4) at 18 of the 21 pairs of breeding grounds (ex-
cluding the Philippines) and 32 of 36 pairs of feeding
grounds (excluding Western Aleutians). The number
of significant comparisons was not affected by the
 adjustment for the false discovery rate (critical value,
p < 0.0375). Among feeding regions, Russia, south-
eastern Alaska and California/Oregon were notable

for particularly high levels of differentiation from
each other (up to FST = 0.343). Among breeding
regions, Okinawa and Central America were no-
table for a particularly high level of differentiation
from each other (ΦST = 0.461) and from most other
breeding grounds (Table S2 in the supplement).

A comparison between feeding and breeding
re gions also showed a large number of signifi-
cant differences; 54 of 63 comparisons at p <
0.05, or 53 of 63 after adjustment for the false dis-
covery rate. These differences were significant
even for regions known to be strongly connected
by patterns of individual migration (e.g. by photo-
identification, Calambokidis et al. 2008). For
example, Okinawa differed sig nificantly from all
feeding regions, including Russia. Southeastern
Alaska also differed from all breeding grounds,
including Hawaii. In other cases, similarities of
haplotypes frequencies, as indicated by small
values of FST, were consistent with known mi -
gratory connections. For example, Western Gulf
of Alaska showed no significant differentiation
from the 3 Mexican breeding regions. Central
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Fig. 1. Megaptera novaeangliae. A parsimony network show ing
connections between the 28 described mitochon drial (mt) DNA
haplotypes for humpback whales in the North Pacific and a pie
chart of overall frequencies for all regional samples combined. Col-
ors relate to the 3 haplogroup designations from previous publica-
tions (e.g. Baker et al. 1998): A-types are shaded maroon and yel-
low, E-types are shaded green, F-types are shaded blue. Each line 

indicates one base difference between haplotypes

http://dx.doi.org/10.5061/dryad.708j7
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America showed no differentiation from California/
Oregon, although California/Oregon differed signifi-
cantly from the Mexican Mainland, to which it is also
strongly connected by migration (Calambokidis et al.
2001).

Temporal stability of mtDNA 
haplotype frequencies

Given that some regions were represented by
 samples from only one season (winter or summer of
2004), we investigated the temporal stability of re -
gional haplotype frequencies using samples collec -
ted in previous years, where available. The 2 largest
and oldest sample collections are available for the
southeast Alaska and California/Oregon feeding
grounds, dating back to the period 1987 to 1994.
Results from these have been reported previously at
lower levels of resolution, e.g. whole mitogenome
RFLP (Baker et al. 1990) and sequence haplogroups
(Baker et al. 1998). Here, these have been updated
here by sequencing of the mtDNA consensus region.

A comparison of these temporal samples showed no
significant change in haplotype frequencies despite a
20 yr interval between samples (exact G-test, south-
eastern Alaska p = 0.210, California/Oregon p =
0.334; Table 5).

Microsatellite diversity and differentiation

Although our primary objective was to investigate
the role of maternal traditions, as reflected in the
 distribution of mtDNA haplotypes, we also tested for
differentiation of microsatellite allele frequencies be -
tween fee ding and breeding grounds. Diversity of
microsatellite loci was relatively high, with an aver-
age of 10.7 alleles per locus and average observed
heterozygosity of 0.711. All loci showed a slight ex -
cess of homozygosity (average F IS = 0.0304), sugges-
tive of a Wahlund effect; but only 2 (rw4-10 and
GT23) showed a significant deviation from HW (over-
all p < 0.001). Tests of differentiation confirmed weak
but significant differences among feeding regions
(overall FST = 0.0034, p < 0.001) and among breeding
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a

Fig. 2. Megaptera novaeangliae.
(a) Distribution of genetic sam-
pling and (b) frequencies of mito-
chondrial (mt) DNA haplotypes for
humpback whales in 8 breeding
regions and 10 feeding regions of
the North Pacific. See Fig. 1 for
color codes of 28 haplotypes and
Table 1 for regional abbreviations
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grounds (overall FST = 0.0061, p < 0.001). After appli-
cation of an adjustment for diversity (Hedrick 2005),
the effect size increased to F’ST = 0.0128 and F’ST =
0.0214 for feeding and breeding grounds, respec-
tively. Pair-wise comparisons differed significantly (p
< 0.05) at 18 of the 21 pairs of breeding grounds
(excluding the Philippines) and 31 of 36 pairs of feed-
ing grounds (excluding Western Aleutians). After
adjustment for the false discovery rate (critical value,
p < 0.0343), this was reduced to 17 and 30, for breed-
ing and feeding grounds, respectively. A comparison
between feeding and breeding grounds also showed
a large  number of significant differences; 49 of 63
pair-wise comparisons at p < 0.05, or 46 after adjust-
ment for the false discovery rate. As with mtDNA,
these differences were significant even for regions
known to be strongly connected by patterns of indi-
vidual migration (Tables S3 & S4 in the supplement).

Exploratory analyses of microsatellite genotypes
with the program STRUCTURE showed little evidence
of detectable clusters in the absence of a priori geo-
graphic divisions. For a range of K = 1 to 6, the high-
est likelihood was for K = 1 (i.e. one population). For
K > 1, the ΔK method of Evanno et al. (2005) sug-
gested K = 2 provided the best fit for the data. How-
ever, on inspection of the membership coefficients,
all individuals were admixed and showed nearly
equal assignment to each of the K clusters (Fig. S1 in
the supplement). These results are consistent with

the known limits of STRUCTURE to detect population
structure where differentiation of microsatellite
allele frequencies is weak and the number of loci is
modest (Latch et al. 2006, Waples & Gaggiotti 2006).

Despite the weak effect size observed for micro -
satellite loci, however, a Mantel test of the pair-wise
matrices of FST values for microsatellite and mtDNA
showed a significant overall correlation (r = 0.609, p <
0.001; Fig. S2). This correlation was stronger for the
7 breeding grounds (r = 0.659, p < 0.01), but was also
significant among the 9 feeding grounds (r = 0.553,
p < 0.001).

Sex-biased dispersal and gene flow

We tested for sex-biased dispersal by comparing
sex-specific estimates of mtDNA and microsatellite
FST on breeding grounds and feeding grounds, using
the permutation procedure in FSTAT. Although
mtDNA FST values were slightly higher for females
and microsatellites FST values were slightly higher
for males, these differences were not significant.
Despite the absence of apparent sex-biased disper-
sal, a comparison of conventional gene flow esti-
mates (Nm) showed large differences in the values
derived from the biparentally inherited microsatel-
lites and the maternally inherited mtDNA (Table 3).
To test the differences observed among breeding
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Habitat Sex mtDNA Microsatellite loci
(n = regions) FST (ΦST) p Nmf FST F’ST p Nmf+m

(95% CL) (95% CL)

Breeding + feeding Male + female 0.109 <0.001 4.1 0.0043 0.0155 <0.001 57 (46−87)
(n = 18) (0.138) (0.0028−0.0054)

Male 0.103 <0.001 0.0047 0.0174 <0.001
Female 0.116 <0.001 0.0034 0.0126 <0.001

Breeding Male + female 0.093 <0.001 4.9 0.0061 0.0209 <0.001 40 (33−64)
(n = 7)a (0.106) (0.0039−0.0076)

Male 0.090 <0.001 0.0067 0.0247 <0.001
Female 0.098 <0.001 0.0039 0.0145 <0.004

Sex difference −0.008 0.420 0.0028 0.181

Feeding Male + female 0.121 <0.001 3.6 0.0034 0.0128 <0.001 73 (58−96)
(n = 9)b (0.178) (0.0026 − 0.0043)

Male 0.114 <0.001 0.0041 0.0151 <0.001
Female 0.124 <0.001 0.0034 0.0125 <0.001

Sex difference −0.010 0.296 0.0007 0.715

aExcluding Philippines; bexcluding Western Aleutians

Table 3. Megaptera novaeangliae. Differentiation of mitochondrial (mt) DNA and microsatellite loci among breeding grounds,
among feeding grounds and among all regions for humpback whales in the North Pacific. Conventional FST for mtDNA and
microsatellites and adjusted F’ST for microsatellites are calculated for all samples and for each sex. F’ST and bootstrap confi-
dence limits (CL) for microsatellites were calculated with the program GENODIVE (Meirmans & Van Tienderen 2004). Differ-
ences between sex-specific FST were tested using the program FSTAT (Goudet et al. 2002). Nmf+m for microsatellites was calcu-

lated using Eq. (6) in Meirmans & Hedrick (2011)
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grounds, we compared the point estimate of female
migration calculated from the mtDNA FST to the esti-
mates of male and female migration calculated from
the 95% confidence limits of the microsatellite FST,
based on bootstrapping loci in the program GENO -
DIVE. Assuming Wright’s island model (Wright 1951)

with an equal number of male and female migrants
and with equal reproductive variance, the gene flow
estimates from nuclear microsatellites should be
twice that from mtDNA (Birky et al. 1983). Although
it is likely that the assumptions of Wright’s model are
violated in North Pacific humpback whales, as in
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(a) RUS WAL BER EAL WGOA NGOA SEA NBC SBC/WA CA/OR

RUS −
WAL 0.000 −
BER 0.081*** 0.000 −
EAL 0.069*** 0.000 0.000 −
WGOA 0.033** 0.000 0.023** 0.003 −
NGOA 0.113*** 0.017 0.039*** 0.011 0.027** −
SEA 0.317*** 0.282** 0.245*** 0.224*** 0.198*** 0.095*** −
NBC 0.252*** 0.206** 0.175*** 0.153*** 0.139*** 0.057*** 0.003 −
SBC/WA 0.076*** 0.014 0.049*** 0.034* 0.020* 0.035** 0.191*** 0.127*** −
CA/OR 0.081*** 0.001 0.082*** 0.053*** 0.069*** 0.124*** 0.343*** 0.283*** 0.107*** −

(b) RUS WAL BER EAL WGOA NGOA SEA NBC SBC/WA CA/OR

PHI 0.036 0.050 0.165*** 0.159*** 0.094** 0.218*** 0.474*** 0.406*** 0.166*** 0.123***
OK 0.035** 0.050 0.166*** 0.173*** 0.100*** 0.217*** 0.434*** 0.373*** 0.169*** 0.152***
OG 0.016* 0.000 0.064*** 0.052*** 0.031*** 0.097*** 0.269*** 0.211*** 0.063*** 0.081***
HI 0.158*** 0.068 0.063*** 0.036* 0.058*** 0.004 0.072*** 0.034*** 0.057*** 0.163***
MX-AR 0.034** 0.000 0.011* 0.000 0.000 0.040*** 0.233*** 0.169*** 0.032** 0.066***
MX-BC 0.028*** 0.000 0.035*** 0.007 0.000 0.039*** 0.214*** 0.157*** 0.023* 0.047***
MX-ML 0.035** 0.000 0.013 0.002 0.011 0.051*** 0.265*** 0.191*** 0.026* 0.045***
CENAM 0.076*** 0.022 0.132*** 0.104*** 0.092*** 0.179*** 0.433*** 0.367*** 0.154*** 0.006

(c) PHI OK OG HI MX-AR MX-BC MX-ML CENAM

PHI −
OK 0.000 −
OG 0.069** 0.059*** −
HI 0.276*** 0.268*** 0.130*** −
MX-AR 0.103** 0.040*** 0.031*** 0.075*** −
MX-BC 0.096** 0.104*** 0.032*** 0.075*** 0.002 −
MX-ML 0.117*** 0.120*** 0.020** 0.081*** 0.004 0.007 −
CENAM 0.078* 0.117*** 0.087*** 0.228*** 0.096*** 0. 071*** 0. 081*** −

Table 4. Megaptera novaeangliae. Pair-wise FST values for mitochondrial (mt) DNA haplotypes of North Pacific humpback
whales for (a) feeding grounds, (b) breeding and feeding grounds and (c) breeding grounds. *Significant at <0.05, **signifi-
cant at <0.01 and ***significant at <0.001, unadjusted for multiple comparisons. Bold values were significant after adjustment
for the false discover rate. FST indices and significance of pair-wise differences (10 000 permutations) were cal culated with the
program ARLEQUIN (Excoffier & Lischer 2010). Rows and columns in italics indicate low sample sizes for comparisons involving 

Western Aleutians (WAL) or Philippines (PPH)

Region Haplotype code Total
A− A+ A4 E1 E5 E6 E2 E3 E10 E13 F1 F2 F6 F3 F4 F8 A3 E4 E7

Southeast Alaska (p = 0.21)
SPLASH (2004) 123 51 1 0 0 0 7 0 0 0 0 1 0 0 0 0 0 0 0 183
pre-SPLASH (1987−88) 38 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 54

California/Oregon (p = 0.33)
SPLASH (2004) 2 8 0 24 2 3 0 2 3 5 5 43 3 4 1 1 5 10 2 123
pre-SPLASH (1988−89) 0 4 0 11 2 3 0 1 2 2 2 17 3 2 0 0 0 0 0 49

Table 5. Megaptera novaeangliae. Temporal comparison of mitochondrial (mt) DNA haplotype frequencies for humpback
whales in the Central California/Oregon and southeast Alaska feeding grounds using SPLASH samples from 2004 and pre-

SPLASH samples from 1987 to 1989. Differences in frequencies were tested with the program GENEPOP (Rousset 2008)
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most biological populations (Whitlock & McCauley
1999), our intent was not to measure the true rate of
effective dispersal by males and females. Instead, we
used the calculated values of Nm, which adjust for
the different modes of inheritance (Ennos 1994), to
test the null hypothesis that the estimates of FST from
mtDNA and from microsatellites were consistent
with equal gene flow by males and females. This was
not the case. In stead, the estimate of Nmf+m = 32.0
calculated from the upper 95% confidence limit of
the microsatellite FST (i.e. the lower 95% confidence
limit of nuclear gene flow) was several-fold greater
than the estimate of Nmf = 4.9 for mtDNA (Table 4).
For the point estimates of mtDNA and microsatellite
FST from the breeding grounds, we used the methods
of Hedrick et al. (2013) to calculate male gene flow as
Nmm = 36, and the ratio of male to female gene flow
as mm/mf = 7.4. Although we considered it meaning-
ful to interpret this difference only for the breeding
grounds, the influence of male-biased gene flow was
also apparent in the comparison of mtDNA and
microsatellite FST for feeding grounds and among all
regions (Table 3).

DISCUSSION

Migratory fidelity

This first ocean-wide survey of mtDNA differen-
tiation in humpback whales from the North Pacific
has demonstrated the strong influence of maternal
fidelity to feeding grounds, and natal philopatry to
breeding grounds. The results are consistent with,
but greatly extend, previous surveys of mtDNA di -
ver sity, which were limited by geographic sampling
or sequence resolution (Baker et al. 1994, Medrano-
Gonzalez et al. 1995, Baker et al. 1998, Witteveen
et al. 2004). In particular, the extended sampling
demonstrated that breeding grounds are strongly
differentiated by mtDNA haplotype frequencies,
although only weakly differentiated by microsatel-
lite allele frequencies (see below). In this, hump-
back whales are similar to southern right whales
(Patenaude et al. 2007, Carroll et al. 2011).

The influences of maternal fidelity and natal
philopatry on genetic structure persist despite the
obvious potential for individual humpback whales to
migrate between alternate breeding grounds or
feeding grounds. Although humpback whales can
undertake considerable spatial exploration during a
lifetime (Pomilla & Rosenbaum 2005, Robbins et al.
2011, Stevick et al. 2011), this exploration may be

temporary or unsuccessful for reproduction. Such
temporary dispersal would reduce the influence on
gene flow (Slatkin 1987), particularly female-medi-
ated gene flow. The influence of maternal fidelity
and natal philopatry have also persisted despite the
rapid growth of the North Pacific population since
protection from exploitation in 1966 (Johnson & Wol-
man 1984). Our temporal comparison of haplotype
frequencies in southeastern Alaska and California/
Oregon showed remarkable stability, despite the
intervening period of 20 yr and probable differences
in local distribution and sampling strategies in the
different study periods. This represents approxi-
mately one generation for humpback whales and,
given an approximately 7% rate of annual increase,
a quadrupling of abundance (Barlow et al. 2011).

In showing both maternal fidelity to feeding
grounds and natal philopatry to breeding grounds,
we confirm that the pattern of migratory fidelity in
humpback whales differs from most other marine
megafauna. For sharks, sea turtles and anadromous
fish, natal philopatry is presumably the result of
behavioral imprinting on environmental cues or
genetic encoding of a navigational map (Pardini et al.
2001, Lohmann et al. 2008, Jorgensen et al. 2010).
For most whales, however, the close dependency of
the calf with its mother during the first year of life
and the first complete annual migration (e.g. Baker et
al. 1987) provides a direct mechanism for a learned
fidelity to both breeding and feeding habitat through
maternal experience. This early maternal experience
forms the basis for the cultural inheritance of migra-
tory destination, which can be lost as a result of local
exploitation (Clapham et al. 2008). Although it seems
likely that optimal habitat can be rediscovered (e.g.
Carroll et al. 2011), this rediscovery could require
several generations, contributing to variability in the
spatial recovery of some whale populations (Baker &
Clapham 2004, Clapham et al. 2008).

Male-biased gene flow or male-biased 
dispersal?

Sex-biased dispersal is common in mammals, with
males usually acting as the dispersing sex and
females as the philopatric sex (Greenwood 1983).
Among humpback whales in the North Pacific, how-
ever, we failed to find evidence of significant male-
biased dispersal in the regional distribution of mtDNA
haplotypes; i.e. sex-specific values of FST were simi-
lar among breeding grounds and among feeding
grounds. This is consistent with photo-identification
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records, where both males and females show strong
fidelity in some habitats (e.g. southeastern Alaska),
and where rare long-distance dispersal events (i.e.
movement between alternate breeding grounds)
have been reported for both sexes (Pomilla & Rosen-
baum 2005, Stevick et al. 2011). It is also consistent
with estimates of demographic closure for humpback
whale breeding grounds in New Caledonia, based on
gametic capture-recapture (Garrigue et al. 2004).

Despite the negative results for the tests of sex-
biased dispersal, however, our results are consis-
tent with previous reports of male-biased gene flow
(Palumbi & Baker 1994, Baker et al. 1998), as in -
ferred from the comparative magnitude of differenti-
ation for mtDNA and the nuclear microsatellites.
This apparent contradiction is explained most simply
by the differences in the levels of interchange
detectable by the 2 approaches. To detect male-
biased dispersal using mtDNA frequencies, the
 levels of temporary demographic interchange (i.e.
vagrancy) by males would probably have to be on the
order of 10% (Goudet et al. 2002), even for regions
with nearly fixed differences, e.g. California and
south eastern Alaska. Given the size of these popu -
lations, this would require hundreds of annual
vagrants. By comparison, the level of male-biased
gene flow consistent with even the lower 95% confi-
dence limits of the microsatellite FST from the breed-
ing grounds (i.e. the upper 95% confidence limits of
Nmf+m), would be less than 100 vagrants per genera-
tion. Given the estimated generation time of 21.5 yr
for humpback whales (Taylor et al. 2007), the equiv-
alent number of annual vagrants would be too small
to detect by differences in haplotype frequencies.
Only very large-scale surveys of naturally marked or
genotyped individuals would likely detect such low
levels of interchange, as appears to be the case for
SPLASH (Barlow et al. 2011).

Various hypotheses have been proposed for the
evolution of sex-biased dispersal, including avoid-
ance of inbreeding and local mate competition, and
strategies for balancing these with the advantages of
philopatry (Greenwood 1980, Dobson 1982, Shields
1982, Pusey 1987). It seems that male humpback
whales could use a mixed-strategy over the course of
a lifetime, involving occasional alteration among
breeding grounds and gametic dispersal, without
abandoning individual natal fidelity. Fe males could
also visit alternate breeding grounds for mating
opportunities, but unless this dispersal was perma-
nent or contributed a female offspring through a
migratory cycle, it would not contribute to mtDNA
gene flow.

Complex structure of migratory populations

The population structure of North Pacific hump-
back whales is complex, as described previously
from the documented migratory destinations of natu-
rally marked individuals (Darling & Jurasz 1983, Dar-
ling & McSweeney 1985, Baker et al. 1986, Darling &
Cerchio 1993, Calambokidis et al. 1996, Darling et al.
1996, Urbán et al. 2000, Calambokidis et al. 2001,
Acebes et al. 2007). There are varying degrees of
mixing between feeding and breeding grounds, as
reflected in the regional return and interchange
 documented in the photo-identification records of
SPLASH (Calambokidis et al. 2008, Barlow et al.
2011). For example, the southeastern Alaska feeding
grounds shows a strong migratory connection only
with the Hawaiian breeding grounds, but other
whales from Hawaii migrate to the Northern Gulf of
Alaska and other feeding grounds. Conversely, the
Central American breeding grounds show a strong
connection only with the California/Oregon feeding
grounds, but other whales from California/Oregon
migrate to the Mexican Mainland (Calambokidis et
al. 2001). The Northern Gulf of Alaska shows
 migratory connections to breeding grounds from
Asia to Mexico, e.g. Ogasawara, Hawaii, Mexico-
Revillagigedo and Mexico-Mainland (Table S1).

These asymmetrical patterns of interchange be -
tween seasonal habitats are reflected, to some extent,
by regional differences in frequencies of mtDNA
haplotypes. As expected from the photo-identifica-
tion records, southeastern Alaska differed signifi-
cantly from all breeding grounds, including Hawaii,
and all other feeding grounds, except Northern
British Columbia. Hawaii differed from all other
breeding grounds and all feeding grounds, except
the Northern Gulf of Alaska and Eastern Aleutian
Islands (and in the latter case, the lack of significant
differentiation may be due to a small sample size).
Central America showed no significant differentiation
from California/Oregon, although California/Oregon
differed significantly from Mexican Mainland, and
from all other breeding and feeding grounds. As a
consequence, southeastern Alaska appears to be a
‘pure feeding stock’ that mixes with others on the
Hawaiian breeding grounds and Central America
appears to be a ‘pure breeding stock’ than mixes with
others on the California/Oregon feeding grounds.

The asymmetry of regional fidelity and mtDNA dif-
ferentiation suggests that the influence of maternal
fidelity operates somewhat independently on feed-
ing and breeding grounds over an evolutionary time
scale; i.e. individuals can share fidelity to one habitat
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but not another. As a consequence, there are no sim-
ple divisions of the oceanic population into migratory
subpopulations that remain isolated year-round.
 Neither is there an obvious allocation of breeding
grounds and feeding grounds into ‘pure’ and ‘mixed’
stocks. A ‘many-to-many’ mixed-stock solution to
this complex seasonal structure (Bolker et al. 2007)
will require integration of the regional haplotype
 frequencies and estimated regional abundance,
with records of interchange and return from  photo-
identification (e.g. SPLASH, Calambokidis et al. 2008).

Missing components of the population and 
stock uncertainty

Our results were consistent with the analysis of
photo-identification records in suggesting that some
components of the North Pacific population are un -
derrepresented or missing in the SPLASH sampling
(Calambokidis et al. 2008). Under-representation of
some regions (or over-representation of others) was
not surprising given the differences in sample size
and regional abundance, particularly the large sam-
ples from the abundant feeding grounds of Northern
Gulf of Alaska, southeastern Alaska and Northern
British Columbia. These differences were not likely
to influence the conclusions of the tests of differenti-
ation presented here (except where sample sizes
were very small, e.g. the Western Aleutians and Phi -
lippines). However, the potential for a missing com-
ponent of the population is of greater concern for
management purposes. This was most apparent in
the western North Pacific, where we found signifi-
cant differences in haplotype frequencies between
Russian feeding grounds and both Okinawa and
Ogasawara, despite the evidence of strong migratory
connections between these seasonal habitats (Barlow
et al. 2011). This suggested that a component of
the western breeding grounds was missing or in -
adequately represented in the sampling of feeding
grounds. The finding of 2 haplotypes (represented by
7 individuals each) only on the western breeding
grounds, was also consistent with a missing com -
ponent of the feeding grounds. The significant dif -
ferentiation between Okinawa and Ogasawara, in
both mtDNA and microsatellites, was also surprising
given evidence of individual interchange based on
photo-identification (Darling & Mori 1993, Barlow et
al. 2011). Together, these results suggest that fur-
ther investigation is required to describe population
structure and to estimate abundance of what may be
multiple breeding stocks in the western North Pacific

(Barlow et al. 2011). Like Central America and Mex-
ico, the western North Pacific seems to have a com-
plex migratory structure with some degree of mixing
and some degree of isolation in different island
regions. This substructure is particularly important
given the known threats of unregulated exploitation
along the coast of Japan and Korea (Baker et al. 2006,
Lukoschek et al. 2009). For these reasons, and be -
cause of the relatively low estimates of abundance
from SPLASH (Calambokidis et al. 2008), the Inter-
national Union for the Conservation of Nature re -
ports cause for concern for the western North Pacific
stock (IUCN 2009).

Implications for management

As noted previously (Baker et al. 1998), the signifi-
cant differentiation in mtDNA haplotypes among
most feeding grounds and breeding grounds of the
North Pacific indicates these are discrete popula-
tions, and satisfies Moritz’s (Moritz 1994) criteria for
recognition of ‘management units’, although not his
criterion of reciprocal monophyly for recognition of
‘evolutionarily significant units’. Additionally, we
suggest the mag nitude of differentiation in mtDNA
haplotypes among breeding grounds, along with the
significant differentiation in microsatellite alleles
 frequencies, is consistent with the criteria for ‘sig -
nificance’ used in defining ‘distinct population seg-
ments’ (DPS) under the US Endangered Species Act
(ESA; Waples 1991, 2006). Therefore, we believe that
multiple lines of evidence support the recognition
of 5 DPS related to breeding grounds of the North
Pacific: Okinawa/ Philippines, a second West Pacific
DPS (exact location unknown), Hawaii, Mexico and
Central America (Fleming & Jackson 2011). In each
case, these divisions are supported by significant dif-
ferentiation in mtDNA haplotypes, as presented here
and provided in advance for the global review hump-
back whales by Fleming & Jackson (2011), as well as
microsatellite allele frequencies, as presented here.
Mainland Mexico and the offshore Revillagigedo
Islands can be considered discrete but not distinct
given the low levels of genetic differentiation. Baja
California appears to represent an area of mixing
during migration by whales from both mainland and
offshore breeding grounds of Mexico. The Oga-
sawara Islands of Japan are also likely to be an area
of mixing for whales continuing on to Okinawa/
Philippines and to the Second West Pacific DPS.
Recognition of a second West Pacific DPS, with un -
known breeding grounds, would account for incon-
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sistencies in mtDNA haplotype frequencies (see
above) and rates of photo-identification resightings
among the feeding grounds and breeding grounds of
the western North Pacific (Calambokidis et al. 2008).

However, the potential to define genetically differ-
entiated population segments on the feeding grounds,
as well as the breeding grounds, differs from the tra-
dition view of baleen whale stocks as reproductively
isolated, migratory units defined by longitudinal
boundaries (e.g. an Eastern, Central and Western
stock of humpback whales; Donovan 1991). Although
recognition of breeding stocks is most consistent with
the criterion for reproductive isolation used in defining
DPS under the ESA (Waples 2006), the observed as-
sortment of mtDNA haplotypes on feeding grounds is
strong evidence for recognizing unique maternal tra-
ditions of migration and habitat use as units to con-
serve (Taylor 2005). These maternal traditions are im-
portant components in the spatial recovery of whale
populations in both seasonal habitats (Clapham et al.
2008) and in maintaining regional populations as
functioning elements of their ecosystem.
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