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Abstract

Elucidating patterns of population structure for species with complex life histories, and

disentangling the processes driving such patterns, remains a significant analytical chal-

lenge. Humpback whale (Megaptera novaeangliae) populations display complex genetic

structures that have not been fully resolved at all spatial scales. We generated a data set

of nuclear markers for 3575 samples spanning the seven breeding stocks and substocks

found in the South Atlantic and western and northern Indian Oceans. For the total sam-

ple, and males and females separately, we assessed genetic diversity, tested for genetic

differentiation between putative populations and isolation by distance, estimated the

number of genetic clusters without a priori population information and estimated rates

of gene flow using maximum-likelihood and Bayesian approaches. At the ocean basin

scale, structure is governed by geographical distance (IBD P < 0.05) and female fidelity

to breeding areas, in line with current understanding of the drivers of broadscale popu-

lation structure. Consistent with previous studies, the Arabian Sea breeding stock was

highly genetically differentiated (FST 0.034–0.161; P < 0.01 for all comparisons). How-

ever, the breeding stock boundary between west South Africa and east Africa was more

porous than expected based on genetic differentiation, cluster and geneflow analyses.

Instances of male fidelity to breeding areas and relatively high rates of dispersal for

females were also observed between the three substocks in the western Indian Ocean.
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The relationships between demographic units and current management boundaries

may have ramifications for assessments of the status and continued protections of popu-

lations still in recovery from commercial whaling.
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ics, Southern Hemisphere, wildlife management
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Introduction

The field of molecular ecology has contributed significant

insights into patterns of population structure for a broad

range of terrestrial and marine species (e.g. Wang et al.

2009; Mendez et al. 2010; Kormann et al. 2012). However,

understanding patterns of population structure for spe-

cies with complex life histories, and the processes driving

those patterns, remains a significant challenge. Genetic

population structure (i.e. the spatial and temporal distri-

bution of allele frequencies) may be influenced by a vari-

ety of interacting processes, including behavioural and

ecological responses (Andrews et al. 2010; Piou & Pr�evost

2012), environmental conditions (Kormann et al. 2012)

and microevolutionary factors such as genetic drift and

gene flow (Gaggiotti et al. 2009), all of which operate

against a background of phylogeographic history (Mus-

carella et al. 2011). Disentangling the processes influenc-

ing population patterns therefore requires an integrative

analytical approach (Gaggiotti et al. 2009).

The genetic architecture of migratory species is often

complex due to the evolution of behaviours related to

reliance on ephemeral patches of breeding and foraging

habitat, such as group cohesion and hysteresis (or

‘memory’) effects (Guttal & Couzin 2010). At regional

scales, population-level fidelity to breeding and feeding

areas may be a primary driver of genetic structure in

these species (Guttal & Couzin 2010); however, at local

scales there may be a more nuanced interplay of pro-

cesses. For instance, genetic divergence between colo-

nies of Cook’s petrel (Pterodroma cookii) is linked to

habitat specialization that segregates different popula-

tions during the nonbreeding season (Rayner et al.

2011), and spinner dolphins in Hawaii (Stenella lon-

girostris) exhibit two alternative social strategies associ-

ated with different levels of gene flow between social

groups (Andrews et al. 2010). Analyses of biparentally

inherited molecular markers can help to shed light on

how patterns of population structure may be influenced

by processes operating across different spatial and tem-

poral scales (Amaral et al. 2012a,b).

One of the best-studied migratory marine species is

the humpback whale (Megaptera novaeangliae), which

migrates annually from low-latitude breeding areas to

high-latitude feeding areas (Gambell 1976). Humpback

whale genetic structure at the ocean basin scale is dri-

ven by a combination of maternal fidelity to feeding

areas and natal philopatry to breeding areas (Baker

et al. 1998, 2013). Patterns of migratory fidelity for

baleen whales result from the close dependency of a

first-year calf on its mother during the first complete

annual migration, and thus vertical cultural transmis-

sion of migratory route and destinations (Baker et al.

1987, 2013; Alter et al. 2009; Valenzuela et al. 2009; Bare-

ndse et al. 2013). This mechanism of information trans-

fer, from mother to calf, contrasts with natal philopatry

found in the majority of other migratory marine species,

such as sea turtles and sharks, which is likely driven by

environmental cues or genetic inheritance (Shamblin

et al. 2012; Baker et al. 2013; Feldheim et al. 2014). How-

ever, as observed for other migratory baleen whale spe-

cies in both hemispheres (Alter et al. 2012; Kershaw

et al. 2013), genetic studies of humpback whales con-

tinue to reveal more complex structure at finer spatial

scales than accounted for in current stock designations

(e.g. Rosenbaum et al. 2009; Carvalho et al. 2014; Sch-

mitt et al. 2014), indicating that other behavioural mech-

anisms may be driving humpback whale genetic

structure at the population and subpopulation levels.

Demographically discrete humpback whale ‘breeding

stocks’ are designated by the International Whaling

Commission (IWC) globally for assessment purposes.

Some of these stocks have been divided into further

‘substocks’ due to genetic differentiation in samples

taken from within the stock being suggestive of a level

of demographic independence (IWC 2006). In the South-

ern Hemisphere, these include Breeding Stock A (BSA)

and BSB in the southwest and southeast Atlantic,

respectively, and BSC in the southwest Indian Ocean. A

fourth, termed the Arabian Sea humpback whale

(ASHW) population, is often discussed in the context of

Southern Hemisphere stocks, even though it is in the

Northern Hemisphere (Fig. 1). BSA shows relatively lit-

tle diversity or genetic substructure (Cypriano-Souza

et al. 2010); however, direct movements and song simi-

larity between BSA and the west and east coasts of

Africa indicate some degree of broadscale connectivity

(Darling & Sousa-Lima 2005; Stevick et al. 2011), the sig-

nificance of which is not yet fully understood. BSB has

been partitioned into two substocks (BSB1 and BSB2;
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Fig. 1); however, the spatial and temporal boundaries

of each substock remain unclear (Rosenbaum et al. 2009;

Carvalho et al. 2014). Direct movement and song simi-

larity have also been observed between BSB and BSC

(Pomilla & Rosenbaum 2005; G.A. Carvajal, M.L.

Rekdahl, E.C. Garland, T. Collins, Y. Razafindrakoto &

H.C. Rosenbaum unpublished data), possibly indicating

demographically meaningful levels of connectivity

between the South Atlantic and western Indian Ocean.

Differences in levels of migrant exchange and records

of individual movements between the four substocks of

BSC (BSC1-C4) also suggest genetic structure may be

more complex than currently considered (Rosenbaum

et al. 2009; Ersts et al. 2011; Fossette et al. 2014). In con-

trast, the ASHW has been established as the only

known nonmigratory humpback whale population glob-

ally and is known to be small (approximately 80–200
individuals) and extremely isolated (Rosenbaum et al.

2009; Minton et al. 2011; Pomilla & Amaral et al. 2014).

A more complete understanding of patterns of

humpback whale population structure using nuclear

microsatellite markers, and an exploration of the poten-

tial processes underlying those patterns, has therefore

not yet been achieved at multiple spatial scales.

Addressing this knowledge gap is essential, not only to

better understand the ecology and evolutionary biology

of the species, but also to directly inform the conserva-

tion and management of humpback whales at a level

that reflect demographically discrete populations.

We therefore present an analysis of an extensive

biparentally inherited genetic data set to further eluci-

date population genetic patterns across the south Atlan-

tic and southwestern and northern Indian Ocean. We

partition our analyses to undertake a detailed investiga-

tion of the influence of sex on dispersal and site fidelity

on population genetic structure. This large data set of

genotyped individuals enables the detection of low

levels of interchange for both sexes not previously

quantifiable from examination of haplotype frequencies

alone due to the inadequate power to detect low levels

of gene flow (i.e. <100 migrants per generation) (Baker

et al. 2013). Therefore, our analysis also provides

Fig. 1 Map showing sampling locations for the humpback whale breeding stocks and substocks analysed in this study. The location

of breeding stocks and substocks are indicated by white shading and labelled in parentheses. Sampling locations are indicated by

stars and labelled as follows: B, Abrolhos Bank, Brazil; G, comprising samples from Iguela and Gamba, Gabon, Cabinda region,

Angola and S~ao Tom�e & Pr�ıncipe; WZA, Cape Columbine, West South Africa; EZA, Richard’s Bay, East South Africa; M, comprising

samples from Cabo Inhaca and Mozambique Island, Mozambique; MY, Mayotte and Geyser-Zelee, Comoros Archipelago; SM,

Tulear, Southwest Madagascar; NM, Antongil Bay, Northeast Madagascar; O, Gulf of Masirah and Dhofar, Oman.
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additional resolution to the population substructure

previously observed within BSB, off West Africa, and

BSC, off East Africa and Madagascar (Rosenbaum et al.

2009; Carvalho et al. 2014).

Materials and methods

Laboratory protocols

Sample collection, DNA extraction and sex determination. A

total of 3575 humpback whale genetic samples originat-

ing from multiyear collections across 12 sampling loca-

tions were used in this study (Table 1, Fig. 1; no genetic

samples were available from BSC4). Skin tissues were

mostly obtained using biopsy darts (Lambertson 1987),

but also from sloughed skin and stranded specimens.

Samples were preserved in 95% ethanol or salt-satu-

rated 20% dimethyl sulfoxide solution (DMSO) and

later stored at �20°C until processed. Total genomic

DNA was extracted from the tissue samples using pro-

teinase K digestion, followed by a standard phenol/

chloroform extraction method (Sambrook et al. 1989) or

using QIAamp Tissue Kit (QiaGen) following manufac-

turer’s protocol. Sex determination was either carried

out by polymerase chain reaction (PCR) amplifications

followed by TaqI digestion of the ZFX/ZFY region of

the sex chromosomes (Palsbøll et al. 1992) or using mul-

tiplex PCR amplification of the ZFX/ZFY sex-linked

gene (Berube & Palsbøll 1996).

Microsatellite molecular analyses. Samples were geno-

typed at 10 microsatellite loci proven to be polymorphic

for this species: GATA028, GATA053, GATA417 (Pals-

bøll et al. 1997), 199/200, 417/418, 464/465 (Schl€otterer

et al. 1991), EV1Pm, EV37Mn, EV94Mn, EV96Mn

(Valsecchi & Amos 1996). The 50-end of the forward pri-

mer from each locus was labelled with a fluorescent tag

(HEX, 6-FAM, and TET, Qiagen-Operon; NED, Applied

Biosystems, Inc). PCRs were carried out in a 20 lL vol-

ume with the following conditions: 50 mM KCl, 10 mM

Tris-HCl pH8.8, 2.5–3.5 mM MgCl2, 200 lM of each

dNTP, 0.4 lM of each primer and 0.025 U/lL Taq Gold

polymerase (PerkinElmer). Amplifications were com-

pleted in an Eppendorf Gradient Mastercycler, after

optimization based on published articles characterizing

the loci (Schl€otterer et al. 1991; Valsecchi & Amos 1996;

Palsbøll et al. 1997). PCR products were loaded with the

addition of an internal standard ladder (GS600 LIZ,

ABI) on a 3730xl DNA Analyzer (Applied Biosystems,

Inc). Microsatellite alleles were identified by their sizes

in base pairs using the software GENEMAPPER v4.0 soft-

ware (ABI). Specific guidelines were used during labo-

ratory work and scoring procedures to reduce

genotyping errors (Supporting Information).

The probability of different individuals and siblings

sharing the same genotype by chance (probability of

identity, PID, and PID for siblings, PID(sibs), respectively)

were estimated using Cervus (Kalinowski et al. 2007).

The reciprocal of the sample size was used as the arbi-

trary cut-off below which the probability values are suf-

ficiently small to conclude that matching genotypes

belong to the same individual (Peakall et al. 2006).

Duplicate samples were removed from subsequent anal-

yses. Related individuals were retained in the sample

Table 1 Sample location, size and diversity indices for nine microsatellite loci across breeding grounds, migratory corridors and

feeding grounds of humpback whales sampled in the South Atlantic and Western Indian Ocean. STP, S~ao Tom�e & Pr�ıncipe; N, sam-

ple size; M, number of males; F, number of females; k, mean number of alleles per locus; Ho, observed heterozygosity; He, expected

heterozygosity. The sum of the number of males and females does not always match the total sample size because the sex of some

individuals was indeterminant. Duplicate samples have been removed.

Breeding ground & breeding stock/substock N M F M: F Years k Ho He

(A) Southwestern Atlantic Ocean

Abrolhos, Brazil 50 30 20 1.5: 1 1997–98 10.11 0.702 0.715

(B) Southeastern Atlantic Ocean

(B1) Gabon, STP, Angola 1395 826 421 2: 1 1999–2006 12.89 0.732 0.735

(B2) West South Africa 204 95 103 1: 1.1 1990, 93, 95 11.33 0.740 0.737

2000–2009
(C) Southwestern Indian Ocean

(C1) Mozambique & East South Africa 203 112 81 1.4: 1 1991 12.00 0.742 0.738

1997–2005
(C2) Mayotte & Geyser, Comoros 75 17 55 1: 3.2 1997–2003 10.44 0.723 0.735

(C3) Madagascar 1227 842 373 2.3: 1 1994 12.78 0.731 0.729

1996–2006
(ASHW) Northern Indian Ocean

Oman 34 20 14 1.4: 1 2001–2002 6.44 0.706 0.678
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as relatedness between humpback whales is, in general,

extremely low and unlikely to confound the results

(Pomilla & Rosenbaum 2006; Kershaw 2015).

Data analysis

Diversity estimates. Genetic diversity was measured as

the mean number of alleles per locus (K), observed

heterozygosity (Ho) and expected heterozygosity (HE)

under Hardy–Weinberg assumptions (Nei 1987) using

the program CERVUS v3.0 (Kalinowski et al. 2007). Depar-

ture of loci from Hardy–Weinberg (HW) assumptions

was tested using Cervus, and genotypic disequilibrium

(GD) between pairs of loci was assessed using FSTAT

v1.2 (Goudet 1995).

Analysis of population structure. To test for spatial struc-

ture, samples were grouped into seven putative popula-

tions, corresponding to the breeding stocks and

substocks delineated by the International Whaling Com-

mission (IWC) (Table 1, Fig. 1). To explore the presence

of sex-biased dispersal, we partitioned the data set into

male and female subsamples and conducted the analy-

ses described below on all three data partitions (the

total combined sample, and the separate male and

female samples). Partitioning the data in this way does

not provide a true reflection of male versus female

genetic differences, which would require a comparison

of a male-specific chromosome versus mtDNA (e.g.

Andrews et al. 2013; Schregel et al. 2015). Nonetheless,

in the absence of male chromosomal data, the method

we employed has proven useful for comparative

insights into the behaviour of species that exhibit sex-

specific differences in their life histories (e.g. Mendez

et al. 2010; Alexander et al. 2016).

Pairwise genetic differentiation was estimated by

counting the number of different alleles between each

pair of genotypes, the equivalent of estimating

weighted FST over all loci (Weir & Cockerham 1984),

and by counting the sum of the square number of

repeat differences between two haplotypes, the equiva-

lent of estimating RST (Slatkin 1995). Estimations were

made from 1000 permutations at the 0.05 significance

level using ARLEQUIN v3.5 (Excoffier & Lischer 2010). The

statistic Jost’s D (Jost 2008) was estimated using the

DEMETICS package (Gerlach et al. 2010) in R. Jost’s D has

been shown to produce a more accurate measure of dif-

ferentiation when using highly polymorphic microsatel-

lite loci (Jost 2008). An analysis of molecular variance

(AMOVA) (Excoffier et al. 1992) was conducted in AR-

LEQUIN v 3.5 to assess hierarchical population structure.

F- and R-statistics were computed at three levels that

considered differences: (i) among breeding stocks, (ii)

among substocks within breeding stocks and (iii) within

substocks. Estimations were made from 1000 permuta-

tions at the 0.05 significance level. No correction for

multiple tests was applied to significant levels of pair-

wise comparisons (Narum 2006).

To evaluate whether isolation by distance (IBD) can

explain the genetic patterns in the study area, we tested

for potential correlations between the pairwise genetic

(FST and Jost’s D) and geographical distances, for the

total sample and males and females separately, using

Mantel tests in IBD v.3.23 (Jensen et al. 2005). The signifi-

cance of these tests was assessed through 30 000 ran-

dom permutations of the variables. Geographical

distance were calculated in ARCMAP V.10.3 (ESRI) using

two alternative methods: (i) Euclidean distance between

sampling sites and ii) movement between sampling

sites along the Southern Ocean convergence zone

(�60°S) to more realistically reflect species movement

behaviour and current understanding that humpback

whale connectivity between stocks may most often

occur as a result of longitudinal movements and mixing

in the Southern Ocean (Amaral & Loo et al. 2016; Sup-

porting Information). Rejection of the null hypothesis of

a negative or flat slope for the correlation between vari-

ables is used as evidence for IBD. After initial tests,

ASHW was removed from the analysis due to the

potential for its long-term isolation from the other

breeding stocks and substocks to obscure or skew levels

of IBD.

To infer the number of genetic clusters in our data set

without a priori designation of populations, we analysed

individual multilocus genotypes using the program

STRUCTURE v2.3.3 (Pritchard et al. 2000), via the University

of Oslo Bioportal (Kumar et al. 2009). We performed five

independent iterations of K = 2–10 for 5 000 000 Markov

Chain Monte Carlo (MCMC) generations with a 500 000

burn-in period, assuming correlated allele frequencies

(gamma distribution with mean 0.01 and standard devi-

ation 0.05). Separate runs were performed with and

without admixture and a sample location prior (LOC-

PRIOR). A two-cluster scenario was chosen as the mini-

mum number because when population structure is

expected to be low, the scenario K = 1 may be dispro-

portionately favoured, reducing the likelihood of all

other scenarios to zero and resulting in a loss of overall

resolution (Pomilla 2005). We selected the most probable

value of K based on the average maximum estimated

log-likelihood of P(X|K) and the DK method (Evanno

et al. 2005), where optimum K has the highest rate of

change in log probability in the data between successive

K values (i.e. DK). All calculations were conducted using

STRUCTURE Harvester (Earl & vonHoldt 2012). Clusters

were aligned using CLUMPP v 1.1.2 (Jakobsson & Rosen-

berg 2007) and graphically displayed using the program

DISTRUCT v 1.1 (Rosenberg 2004).

© 2017 John Wiley & Sons Ltd
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As an independent test of population structure, we

performed a discriminant analysis of principal compo-

nents (DAPC) (Jombart et al. 2010) on individual allele

frequencies using the adegenet package in R (Jombart

2008; Supporting Information). DAPC has been shown

to recover complex patterns of population subdivision

and has proved robust to deviations from HW equi-

librium and GD because it does not rely on an

underlying genetic model (Jombart et al. 2010). To

assess the genetic distinctiveness of each breeding

stock, the proportion of correct reassignment of each

individual to its putative population was computed

(Supporting Information).

Measures of migration rates and gene flow. We estimated

relative effective population size (h) and levels of histor-

ical gene flow (M = m/l), where m represents the

immigration rate and l the mutation rate, using the

maximum-likelihood algorithm implemented in MIGRATE

v3.5.1 (Beerli & Felsenstein 2001). To address the issue

of unequal sample sizes between locations, we chose to

subsample our data set prior to analysis (Beerli 1998;

Supporting Information). We used Brownian motion

approximation to obtain initial parameter values and

implemented a complete pairwise migration matrix

model of gene flow between all breeding stocks. The

final Markov chain scheme consisted of 20 short chain

searches (50 000 trees sampled, 500 trees recorded) fol-

lowed by three long-chain searches (5 000 000 trees

sampled, 50 000 trees recorded) after a burn-in period

of 10 000 genealogies. The final long-chain searches

were averaged over ten independent runs and across

subsamples. To aid visualization, results were trans-

formed: NemT = ((1�(1/Nem)2)*100.
We estimated the magnitude and direction of contem-

porary gene flow among populations using BAYESASS v

3.0 (Wilson & Rannala 2003). To address inconsistencies

in the results from initial runs, we again elected to sub-

sample our data set (Supporting Information). Apart

from the mixing parameters, all other options were left

at their default settings (Supporting Information). The

final Markov chain scheme comprised 50 000 000 itera-

tions including a 2 500 000 burn-in period, and a sam-

pling rate of 100. Results were averaged over the five

independent runs, and across both random subsamples,

if convergence was achieved.

Results

Sample description

The 3575 genetic samples analysed were determined to

represent 3188 different whales (hereafter, ‘total

sample’; individuals resighted in the same sampling

location were removed; Table 1). Average probability of

identity (PID) for the total sample was small enough to

exclude duplicate individuals with high confidence

(PID = 1.95 9 10�12; PID(sibs) = 9.2 9 10�5; reciprocal of

sample size = 2.5 9 10�4). Sex was determined for 3045

individuals, 1978 males and 1067 females, resulting in

an overall proportion of 1.8:1 males to females

(Table 1). Proportionally greater numbers of males were

sampled within most breeding stocks, likely due to a

sampling bias resulting from breeding behaviour differ-

ences between the sexes (Smith et al. 1999). Conversely,

there were almost equal numbers of males and females

sampled within BSB2, and a strong female bias in BSC2,

with more than three times the number of females sam-

pled than males (Table 1; Fig. 1).

Genetic diversity

All ten microsatellites were highly polymorphic, ranging

from four alleles per locus (EV1Pm) to 28 (GATA417). No

significant differences were found between the observed

heterozygosity (Ho) and the expected heterozygosity (He)

under Hardy–Weinberg assumptions. Two loci,

GATA028 and GATA053, were in significant GD

(P < 0.01). The least polymorphic locus, GATA053, was

removed from subsequent analyses (Weir 1990). Values

of observed and expected heterozygosity were relatively

high across all breeding stocks (Ho = 0.702–0.742;
He = 0.678–0.738) and the mean number of alleles per

locus ranged from 6.44 (ASHW) to 12.89 (BSB1), although

Oman was an outlier with 6.44 while the Southern Hemi-

sphere stocks ranged from 10.11 (BSA) to 12.89 (BSB1;

Table 1). Diversity estimates for BSB2 (n = 204, k = 11.33)

and BSC1 (n = 203, k = 12.00) were disproportionately

high relative to sample size.

Population structure

The AMOVA showed that genetic variance was best

explained within the substock level for all sample parti-

tions (for the total sample, males and females,

FST = 0.003, P < 0.001; Table 2). Significant variation

was also observed for the total sample among substocks

within breeding stocks (FST = 0.001, P < 0.01). Signifi-

cant variation among breeding stocks (i.e. the highest

level of organization) was found for females

(FST = 0.003, P < 0.003), but not males or the total sam-

ple.

Pairwise genetic differentiation estimates were found

to be low but significant for a number of comparisons:

FST estimates ranged from 0 to 0.065, RST from 0 to

0.088 and Jost’s D from 0 to 0.181 (Table S1,

© 2017 John Wiley & Sons Ltd
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Supporting information). ASHW proved the most

highly differentiated across all fixation indices and

partitions, and BSA showed relatively high genetic dif-

ferentiation for FST; however, results for BSA were

more variable for Jost’s D (Table 3). BSB1 also showed

strong differentiation from all other breeding stocks

for FST in the total sample, a result generally sup-

ported by Jost’s D; however, this relationship is less

pronounced when segregated by sex (Table 3). At the

local scale (i.e. within breeding stocks), the relation-

ships between BSB2 and the substocks of BSC are less

clear. BSB2 is significantly differentiated from BSC1

for FST, and Jost’s D suggests this is driven by the

female sample (Table 3). For males, BSB2 was signifi-

cantly differentiated from BSC2 and BSC3 but only for

FST (Table 3). Within BSC, BSC1 and BSC3 showed

significant differentiation for the total sample, which

appears to be driven by females. All other compar-

isons between BSB2 and BSC, and within BSC, were

not significant for any indices (Table 3; Table S1, Sup-

porting information).

Isolation by distance was evidenced by statistically

significant correlations between the genetic distance

and Euclidean geographical distance for all data parti-

tions and fixation indices (Table 4). These findings were

consistent for the geographical distance scenario based

on movement behaviour in the Southern Ocean except

for the female sample (Table 4).

Genetic structure based on individual allele frequen-

cies without a priori designation of populations was

detected by STRUCTURE when a location prior was used

with correlated allele frequencies and no admixture. No

convergence was attained without a location prior, or

when admixture was used. The ln P(K) and DK values

did not clearly discriminate whether the optimal num-

ber of clusters was K = 3 or K = 4 (Fig. S1, Supporting

information). However, the individual assignment plots

clearly show K = 3 (Fig. 2) as the most likely for all

data partitions (see Fig. S2, Supporting information for

K = 4 plots). The clusters primarily correspond to the

South Atlantic (BSA and BSB1), western Indian Ocean

(BSC) and the northern Indian Ocean (ASHW; Fig. 2a–

Table 2 Analysis of hierarchical variance (AMOVA) results obtained using F- and R-statistics at three levels for the total sample

(n = 3188), and males (n = 1978) and females (n = 1067) separately

Sample Source of variation % var F-statistics % var R-statistics

Total Among breeding stocks 0.24 FCT = 0.0024 0.32 RCT = 0.0032

Among substocks within breeding stocks 0.08 FSC = 0.0008** �0.01 RSC = �0.0001

Within substocks 99.68 FST = 0.0032*** 99.69 RST = 0.0031***

Male Among breeding stocks 0.27 FCT = 0.0027 0.42 RCT = 0.0043

Among substocks within breeding stocks 0.01 FSC = 0.0001 �0.12 RSC = �0.0012

Within substocks 99.72 FST = 0.0028*** 99.70 RST = 0.0030*

Female Among breeding stocks 0.31 FCT = 0.0031* 0.22 RCT = 0.0022

Among substocks within breeding stocks 0.02 FSC = 0.0002 0.05 RSC = 0.0005

Within substocks 99.67 FST = 0.0033*** 99.73 RST = 0.0027

Bold type indicates statistical significance at *P < 0.05, **P < 0.01, ***P < 0.001.

Table 3 Significance values for pairwise fixation indices

obtained between humpback whale breeding stocks and sub-

stocks for FST and Jost’s D. FST values are shown above the

diagonal, Jost’s D below the diagonal. Results are shown for

the total sample (n = 3188), and males (n = 1978) and females

(n = 1067), separately.

A B1 B2 C1 C2 C3 ASHW

Total

A – ** ** *** *** *** ***

B1 ns – * *** * *** ***

B2 ** * – * ns ns ***

C1 ** ** ns – ns * ***

C2 ns ns ns ns – ns ***

C3 ** ** ns ns ns – ***

ASHW ** ** ** ** ** ** –
Male

A – * * * ns * ***

B1 ns – ns * ns * ***

B2 ns ns – ns * *** ***

C1 ns * ns – ns ns ***

C2 ns ns ns ns – ns ***

C3 * *** ns ns ns – ***

ASHW *** *** *** *** *** *** –
Female

A – ns * * * * ***

B1 ns – ns ns ns * ***

B2 * ns – ns ns ns ***

C1 * ns * – ns ns ***

C2 ns ns ns ns – ns ***

C3 ** *** ns * ns – ***

ASHW *** *** *** *** *** *** –

*Statistical significance at *P < 0.05, **P < 0.01, ***P < 0.001.

Estimations of significance were made from 1000 permutations

at the 0.05 significance level. Shaded FST values indicate a sta-

tistically significant result for mitochondrial DNA data,

adapted from Rosenbaum et al. (2009). See Table S1 for fixation

index values and RST results.
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c). BSA does not appear substantially different in com-

position from BSB1 for the total sample or for males;

however, it does appear to be less admixed for females.

At the local scale, BSB2 appears more genetically simi-

lar to BSC than to BSB1 for all data partitions. The

assignment plots also show evidence of population sub-

structure within BSC when sampling location is consid-

ered (Fig. 2). The males sampled from southwest

Madagascar, for example, appear to be highly differen-

tiated from those sampled in northeast Madagascar

(Fig. 2).

The DAPC was not able to resolve the number of

genetic clusters due to the genetic similarity of the sam-

ples in the absence of a location prior. The first two

principal components of the DAPC analysis explained

94.18% of the variance in allele frequencies for the total

sample (118 PCs retained), 68.61% for the male sample

(115 PCs retained) and only 29.98% for the female sam-

ple (43 PCs retained, Fig. 3). For the total sample, the

first principal component shows separation between

breeding stocks that reflects their longitudinal distribu-

tion, at least for BSA, BSB1 and ASHW; the remaining

breeding stocks show a significant degree of overlap

(Fig. 3a). The second principal component clearly shows

the differentiation of ASHW, possibly based on latitude.

The longitudinal gradient is not clear for the male sam-

ple (Fig. 3b); however, BSB2 also shows some separa-

tion on PC2 in addition to ASHW. The strongest

differentiation of ASHW is observed on PC1 for females

(Fig. 3c), whereas PC2 describes the longitudinal sepa-

ration of BSA and BSB1.

The proportion of individuals correctly assigned to

their original putative breeding stock by the DAPC was

highest for BSB1 (65–67%), BSC3 (54–68%) and ASHW

(65–74%; Fig. 3d–f). The reassignment percentages for

ASHW offer a useful benchmark to compare against

other stocks as reassignment was expected to be 100%

due to its long-term isolation (Pomilla & Amaral et al.

2014). This indicates that a 65–75% reassignment per-

centage is adequate to indicate genetic distinctiveness.

Despite its geographical distance from the other breed-

ing stocks, BSA showed relatively low reassignment

success (20–30%). At the local scale within BSC, reas-

signment to BSB2 (2–9%), BSC1 (3–7%) and BSC2 (5–
35%) performed particularly poorly. Individuals from

the breeding stocks and substocks with the smaller

sample sizes were primarily assigned to the much lar-

ger BSB1 and BSC3 samples regardless of sampling

locality (Fig. S3, Supporting information).

Geneflow estimation

Historical gene flow (Nem) was estimated to occur to

some degree between all pairwise breeding stock com-

parisons with little bias in directionality of movements

(Fig. 4a–c). For the total sample, migration estimates

ranged from NemT = 1.553 (BSB1 to ASHW) to

NemT = 22.345 (BSC2 to BSC3, Fig. 4a). BSA showed rel-

atively high exchange for all comparisons apart from

ASHW. The highest estimates occurred from BSB2 to

BSB1 and BSC, and also within BSC. Estimates for

ASHW were the lowest of all comparisons; however,

some estimates between ASHW and BSC remained

NemT > 10. For males, estimates ranged from

NemT = 0.391 (BSC2 to ASHW) to NemT = 23.341 (BSC3

to BSC1, Fig. 4b) and approximated the same pattern as

Table 4 Summary results for the IBD tests. The [P(r ≤ 0)], slope values (r), and correlation coefficients (R2) of the correlations

between genetic (FST and Jost’s D) and (i) Euclidean geographical distance and (ii) geographical distance based on movement beha-

viour in the Southern Ocean (km) are presented. The slope between FST and km is expressed as FST/1000 km. See Supporting Infor-

mation for a description of the two geographical distance scenarios. Due to its long-term isolation from the other breeding stocks

and substocks, ASHW was not included in the analyses.

(i) Euclidean geographical distance

(ii) Geographical distance based on movement

in the Southern Ocean

[P(r ≤ 0)] r (slope) R2 [P(r ≤ 0)] r (slope) R2

Total sample

FST 0.01 0.858 0.737 0.05 0.557 0.311

Jost’s D 0.01 0.871 0.759 0.02 0.609 0.370

Male

FST 0.02 0.877 0.770 0.03 0.645 0.417

Jost’s D 0.03 0.653 0.428 0.02 0.666 0.443

Female

FST 0.03 0.841 0.707 0.06 0.575 0.331

Jost’s D 0.03 0.786 0.618 0.06 0.550 0.303

Significant [P(r ≤ 0)] values are shown in bold type (P < 0.05).
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Fig. 2 Distribution of three genetic clusters estimated using STRUCTURE for (a) the total sample, (b) males and (c) females. Vertical lines

are partitioned into coloured segments showing the proportion of each individual assigned to each K cluster. Breeding stocks are

indicated above each figure and sampling locations are below.

(a) (b) (c)

Fig. 3 Discriminant analysis of principal components (DAPC) scatterplots showing the genetic structure between humpback whale

breeding stocks for (a) the total sample, (b) males and (c) females. Key describes the colours attributed to each breeding stock and

substock and inertia ellipses describe the general distribution of points. Eigenvalues for each PC axis are shown (PC1, vertical; PC2,

horizontal). The number of PCA axes retained in each DAPC analyses is shown in the bottom-right inset (black bars). Bar charts

show the proportion of reassignment of each individual to its original putative breeding stock (group).
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the total sample; however, a stronger westward bias

was evident for some comparisons. For females, esti-

mates ranged from NemT = 0.148 (BSA to ASHW) to

NemT = 24.618 (BSC1 to BSC2, Fig. 4c) with high rates

of multidirectional exchange (NemT�20) estimated

between BSB and BSC (Fig. 4c). Notably, westward

exchange for females from BSC3 to BSC2 was more

than three times that of males (female NemT = 27.565;

male NemT = 7.669). Overall, females showed less

exchange between BSA and the other breeding stocks

than males (Fig. 4b–c).
Levels of contemporary gene flow (proportion of

migrants, M) estimated using BayesAss were less infor-

mative as many of the pairwise comparisons did not

achieve convergence: ~31% for the total sample, ~33%
for males and ~40% for females (Fig. S4a–c, Supporting
information). For the total sample, M ranged from

M = 2.710–3 (BSB2 to BSC2) to M = 29.710–3 (BSB2 to

BSB1, Fig. S4a, Supporting information). Comparisons

of BSA with all other breeding stocks indicate an east-

ward bias in migration. Estimates for males were gener-

ally higher than females (Fig. S4b–c, Supporting

information) with directional gene flow being more evi-

dent, notably from BSC2 to BSC3 (M = 13510–3). Esti-

mates for females support a strong eastward bias from

BSA to the other breeding stocks, particularly for BSA

to BSB1, with an eastward estimate ~58 times that of

the westward (Fig. S4c, Supporting information).

Discussion

Hierarchical assessment of population structure

This first examination of the diversity and differentiation

of nine microsatellite loci for more than 3000 individual

humpback whales from across the South Atlantic and

western Indian Ocean suggests that a hierarchy of pro-

cesses is likely to be driving patterns of genetic popula-

tion structure at different spatial scales. Such a hierarchy

reflects the interplay between phylogeographic and eco-

logical processes evident in other behaviourally complex

mammals (Wolf et al. 2007; VanderWaal et al. 2014).

At regional scales (i.e. between ocean basins), pro-

cesses of isolation by distance (Wright 1943) and phylo-

geographic history appear to be the primary drivers of

genetic structure. Similar to other highly migratory

whale species (Alter et al. 2012; Torres-Florez et al.

2014), pairwise genetic differentiation estimates were

found to be low but significant for a number of

comparisons (Table 3). Breeding stocks showed differ-

entiation along the longitudinal axis consistent with a

model of isolation by distance (Table 4) and previous

studies suggesting the long-term isolation of ASHW

(Pomilla & Amaral et al. 2014). This finding was consis-

tent across all data partitions when Euclidean geo-

graphical distance was considered and for males and

the total sample for geographical distance based on

movement behaviour in the Southern Ocean (Table 4).

Both BSA and BSB1 appear distinct from BSB2 and the

substocks of BSC, and the ASHW population is clearly

differentiated (Fig. 3). Pairwise comparisons of genetic

differentiation for nine nuclear introns also revealed

regional population structure between Brazil, Gabon

and Madagascar (Ruegg et al. 2013).

At the subregional scale (i.e. within ocean basins),

previous examinations of the distribution of humpback

whale mtDNA haplotypes indicate strong differentia-

tion between humpback whale breeding stocks for

females and less so for males, supporting a model of

maternally directed philopatry to breeding areas, due to

culturally transmitted hysteresis (or ‘memory’) of speci-

fic locations, combined with male-biased gene flow

(Palsbøll et al. 1995; Baker et al. 1998, 2013; Rosenbaum

et al. 2009). Our findings of significant genetic differenti-

ation (statistical significance of AMOVA for females

among breeding stocks, and not for males, Table 2;

comparison of Jost’s D fixation index for males and

females, Table 3; evidence of relatively higher levels of

structuring in DAPC, Fig. 3) and limited gene flow for

females (comparison between BSA and BSB, Fig. 4b–c)
provide some support to the assertions that this model

represents the primary driver of population genetic

structure (Palsbøll et al. 1995; Baker et al. 1998, 2013) at

this scale. Correlations between genetic distance and

geographical distance based on movement behaviour

were not found to be statistically significant for females

(Table 4). This may indicate that there are other factors

in addition to geographical distance driving female

genetic structure, such as philopatric behaviour. These

patterns are similar to those observed for the southern

right whale (Eubalaena australis; Carroll et al. 2011),

where combined genetic and isotope analyses indicate

that site fidelity to feeding areas is culturally transmit-

ted along matrilineal lines, providing a mechanism for

maintaining genetic population structure (Valenzuela

et al. 2009; Vighi et al. 2014).

The model of maternally directed philopatry and

male-biased dispersal was not generalizable at all

Fig. 4 Magnitude and directionality of historic gene flow between breeding stocks. The historic estimated number of migrants per

generation (NemT) exchanged between breeding stocks is shown for (a) the total sample, (b) males and (c) females, as estimated using

MIGRATE. Asterisks highlight key results discussed in the main text.
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spatial scales, however, and our findings indicate that

even at the subregional scale within ocean basins there

may be additional factors influencing genetic structure.

Historic and contemporary gene flow estimates for

females between BSA and BSB and BSC (Fig. 4c,f), in

concert with recent capture–recapture records (Stevick

et al. 2011), suggest that long-distance movements by

females should be afforded more consideration as a dri-

ver of circumglobal genetic variation, as well as in terms

of enhancing the capacity for population expansion and

habitat recolonization (Bohrer et al. 2005). Transitioning

to local scales (i.e. within breeding stocks), we observed

additional divergence from this model as complex pat-

terns of isolation and connectivity appeared as the norm

for both sexes, suggesting an array of interacting pro-

cesses, such as groups selecting or migrating through

different habitats at different times (such as observed for

BSB1 and BSB2, where males and females may be

migrating at different times that may have led to vari-

ability in the statistical significance of the fixation

indices for the total sample (P < 0.05) compared with

males (P > 0.05) and females (P > 0.05); Table 3; Car-

valho et al. 2014), or instances of male fidelity to breed-

ing areas (such as in South Madagascar; Fig. 2), may be

responsible for driving population patterns.

Effect of spatiotemporal variation in migratory
behaviour on population substructure

Earlier genetic evidence have been interpreted to sup-

port the existence of two demographically discrete sub-

stocks (i.e. BSB1 and BSB2) off West Africa (Rosenbaum

et al. 2009); with additional data over time, an alterna-

tive hypothesis proposes that BSB1 and BSB2 represent

two temporal ‘ends’ of a single population (BSB) widely

distributed in space and time (Van Waerebeek et al.

2013; Carvalho et al. 2014; Rosenbaum et al. 2014). In

our study, we detected significant genetic differentiation

between BSB1 and BSB2 for the total sample for FST
and Jost’s D (P < 0.05); however, neither the male nor

female partitions were found to be significant (Table 3)

consistent with previous findings of subtle temporal

population substructuring based on sex (Carvalho et al.

2014). This may, at least in part, be related to different

migratory groups undertaking coastal versus oceanic

routes to and from the breeding areas off Gabon (Elwen

et al. 2014; Rosenbaum et al. 2014). These patterns reflect

evidence of weak, but some genetic differentiation

between neighbouring breeding areas, similar to what

has been detected in other expansive ranges for hump-

back whales along the northeastern and northwestern

coasts of Australia (Schmitt et al. 2014).

Our results provide an additional line of evidence for

the observed genetic differentiation of BSB2, namely its

potential relationship with BSC1 off East South Africa.

This is demonstrated by the lack of a statistically signifi-

cant pairwise FST value between BSB2 and BSC1 when

males and females were tested separately (Table 3). In

addition, BSB2 is more genetically similar to BSC than

BSB1, particularly for males (Fig. 2). Our results also

demonstrate that BSB2 exhibits a high level of admix-

ture (Fig. 2) and low reassignment probabilities

(Fig. 3a–c), which are consistent with a migratory popu-

lation comprising whales from different breeding

stocks, including BSC1. While the lack of differentiation

observed between BSB2 and BSC1 may be due to

retained shared ancestral polymorphism (Rosenbaum

et al. 2009) or differences in sample size, evidence for

contemporary exchange between populations on the

west and east coasts of Africa during the sampling per-

iod (i.e. since 1990) increasingly suggests recent inter-

oceanic migration (Pomilla & Rosenbaum 2005;

Rosenbaum et al. 2009; Carvalho et al. 2014), and geno-

typic matches have revealed direct movements of two

males between BSB2 and BSC1 and another two males

between BSB1 and BSC3, and between feeding areas

associated with BSB and BSC in the Antarctic (IWC

2009; Kershaw 2015; Amaral & Loo et al. 2016).

Migratory overlap and sex-specific differences drive
genetic complexity

Substock-scale genetic patterns of structure and con-

nectivity for Breeding Stock C appear to be highly

complex and challenging to generalize in terms of

maternal and paternal influence or directionality. Sig-

nificant genetic differentiation was found between

BSC1 and BSC3 for the combined male and female

sample (FST = 0.001; P < 0.05), and this difference

appears to be driven by the female data set (Jost’s

D = 0.001; P < 0.05; Table 3). In contrast, no significant

genetic differentiation was detected between BSC1

and BSC2 or between BSC2 and BSC3 (Table 3). How-

ever, we did detect subtle differences between these

patterns for males and females. No differentiation

was detected for males between any of the BSC sub-

stocks, supporting the general model of male-biased

gene flow between populations that would result in

the erosion of signals of genetic differentiation. How-

ever, estimates of historical gene flow showed no

clear pattern in directionality and were found to be

particularly high for females, calling the general

model of maternally driven natal philopatry to breed-

ing areas into dispute (Fig. 4a–c; Palsbøll et al. 1995;

Baker et al. 1998, 2013). Estimations of gene flow also

suggest higher levels of potential exchange between

BSC1-C3 for both females and males (Fig. 4) than pre-

viously detected (IWC 2009).
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It is possible that the BSC substocks have diverged

from one another relatively recently or may have

remained consistently ‘fluid’ (Marko & Hart 2011). This

latter suggestion is consistent with previous hypothe-

ses regarding the presence of three migratory streams

within the southwestern Indian Ocean, one along the

east coast of southern Africa (BSC1), one along the

Madagascar ridge (BSC3), and possibly a third through

the central Mozambique Channel (BSC2; Best et al.

1998). It is possible, however, that this third stream

comprises wide-ranging animals from coastal Africa

and Madagascar (Best et al. 1998). Our findings of the

lack of genetic differentiation between BSC1 and BSC2,

and BSC2 and BSC3, combined with high geneflow

estimates, support the assertion that BSC2 may repre-

sent a mixed migratory stream of wide-ranging ani-

mals from BSC1 and BSC3. Recent photo-identification

studies (Ersts et al. 2011), satellite telemetry data (Fos-

sette et al. 2014; Cerchio et al. in press) and genotypic

matches (Kershaw 2015) show that there is indeed con-

siderable movement between BSC2 and BSC3, which

are geographically close to one another relative to dis-

tances humpback whales are capable of travelling. In

addition, long-distance movements between northeast-

ern Madagascar (BSC3) and coasts of Kenya and

Somalia in northern BSC1 appear more frequent than

previously supposed and may even represent a sec-

ond, more northern migratory stream between BSC1

and BSC3 (Fossette et al. 2014; Cerchio et al. in press).

Photographic recaptures and satellite telemetry data

also suggest relatively substantial interchange between

BSC3 and R�eunion (BSC4; IWC 2012; Globice, unpub-

lished data), but levels of genetic connectivity have yet

to be assessed. These findings demonstrate that while

substock differentiation exists in the southwestern

Indian Ocean, the extent of movements, exchange and

connectivity between areas requires better understand-

ing (Rosenbaum et al. 2009; Ersts et al. 2011). Similar

substructure scenarios exist for humpback populations

in the Hawaiian Archipelago and within the wintering

region off the coast of Mexico, suggested to result from

mating occurring during migration (Cerchio et al. 1998;

Calambokidis et al. 2001).

Importantly, we detected additional genetic structure

within BSC3 indicating that further discrete substruc-

ture or discrete demographic units may be present.

The small sample of males (n = 17) from the south-

west of Madagascar (BSC3) shows greater levels of

admixture than the large number of whales sampled

in Antongil Bay to the north (Fig. 2). A number of

factors apart from population structure could be driv-

ing these observed differences in allele frequencies

between sampling locations, such as nonrepresentative

sampling from different years or disparities in sample

size (Marko & Hart 2011), so until larger, more repre-

sentative samples are available, conclusions drawn

from these results should be considered with caution.

However, given our increasing understanding of the

behavioural complexity (e.g. alternative migration

routes) of humpback whale populations in this region

and others (Cerchio et al. 1998; Ersts et al. 2011; Car-

valho et al. 2014; Rosenbaum et al. 2014), further inves-

tigation into the genetic structure of the BSC substocks

is required.

Implications for management at multiple scales

These results for Southern Hemisphere humpback

whales provide one of the largest genetic data sets for

the great whales, and the most definitive evidence to

date related to these IWC substocks. We view these

new results as the best evidence to date that advances

understanding of population complexity for humpback

whales in these regions, especially until further or new

evidence provides additional or finer-scale resolution

concerning the number of demographically discrete

population units. Given the range of contemporary

anthropogenic impacts potentially affecting whale pop-

ulations and important breeding habitat in some of

these regions (Martins et al. 2013; Pomilla & Amaral

et al. 2014; Rosenbaum et al. 2014), and the ongoing

reassessment of the species’ conservation status (such

as the recent down-listing of many humpback whale

management units under the Endangered Species Act

(ESA) in the United States; Federal Register 2016), the

accurate identification of demographically discrete pop-

ulations is paramount to the effective management of

this species. While some of these stocks and substocks

are not necessarily threatened with extinction (Bettridge

et al. 2015), they are still undergoing recovery from

depletion due to commercial whaling, such as breeding

sub-stocks within BSB and BSC (IWC 2011).

The regional genetic structure between ocean basins

detected by the microsatellite analyses of isolation by

distance presented here, and previous studies of nuclear

introns (Ruegg et al. 2013) and the mitochondrial con-

trol region (Rosenbaum et al. 2009), is generally consis-

tent with current designations of breeding stocks A, B,

C and ASHW, by the International Whaling Commis-

sion. In particular, our findings support recommenda-

tions that the ASHW population be attributed

international conservation priority in the light of its

extreme isolation and regional distinctiveness, and

increasing levels of anthropogenic development occur-

ring in the Arabian Sea (Pomilla & Amaral et al. 2014).

Notably, a number of our analyses provided new evi-

dence that the typically presumed biological or manage-

ment boundaries of BSB and BSC may be more ‘porous’
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than previously assumed. In particular, the lack of

genetic differentiation and relatively high levels of mix-

ing between BSB2 and the substocks of BSC suggest

higher levels of connectivity than currently accounted

for in current management designations. These findings

could also have an impact on estimates of abundance

and recovery levels. Our findings further indicate that

an array of ecological drivers, including sex-specific site

fidelity and dispersal behaviour, are likely responsible

for the complex patterns of genetic structure observed

at a local scale within breeding stocks. This evidence of

local-scale demographic independence supports the

need for substock delineation; however, the apparent

complexity of the processes driving local-scale structure

and levels of connectivity also underscores that sub-

stock differentiation and relationships might require

further evaluation, particularly when new evidence

becomes available.

While these results provide a considerable degree of

resolution concerning differentiation and exchange

rates, there are still areas of uncertainty. Further investi-

gation will be necessary to disentangle which processes

are operating at each hierarchical spatial scale. Applica-

tion of high-power genomic data is needed to resolve

the subtle boundaries between BSB2 and the substocks

of BSC. Mixed-stock analysis may also provide a useful

tool to understand levels of mixing between different

stocks and substocks on feeding areas and, if the data

set were of sufficient power, to better understand the

composition of substocks thought to represent mixed

migratory streams, such as BSB2 and BSC2. For the

highly endangered ASHW population, further examina-

tion of relatedness and levels of inbreeding, and

immunogenetic assessments of disease risk, could pro-

vide vital information for conservation and manage-

ment. Additionally, models of habitat suitability and

physiology (e.g. energy requirements) may prove useful

complementary tools for predicting whale movements,

and therefore the extent of mixing of different breeding

stocks and substocks.

Even with the significant sample size used in our

study, rare among studies of highly mobile and migra-

tory marine species, we were unable to definitively

resolve population structure and connectivity for hump-

back whales in the study region. This may be an unrealis-

tic expectation given the levels of sampling of multiple

populations across different ocean basins and oceano-

graphic regimes. This was also, at least in part, due to the

limited power of our data set of nine microsatellite loci.

Genomic studies of nonmodel organisms, including mar-

ine mammals, are becoming increasingly prevalent

(Cammen et al. 2016) and are now providing the analyti-

cal power required to resolve subtle genetic population

structures and associated drivers for marine species

across taxa, including with more limited sample sizes

(e.g. Dierickx et al. 2015; Foote et al. 2016). Even with

these advances, it is clear that genetics alone does not

provide a ‘silver bullet’ to understanding population

structure in migratory species. Rather, an integrative

approach encompassing genetic, behavioural and envi-

ronmental data is required. Efforts to integrate different

types of data sets are now emerging (Rittschof & Robin-

son 2014; Selkoe et al. 2016). Further methodological

development for integrating data in a way that is ecologi-

cal meaningful and the continued forging of collabora-

tions between researchers provide promising avenues for

enhancing our understanding of the evolutionary and

ecological mechanisms underlying genetic population

structure and will also provide information essential for

conservation and management.
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