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Abstract

1. Understanding the factors driving population structure in marine mammals is

needed to evaluate the impacts of previous exploitation, current anthropogenic

threats, conservation status, and success of population recovery efforts.

2. Sperm whales are characterized by a worldwide distribution, low genetic diversity,

complex patterns of social and genetic structure that differ significantly within

and between ocean basins, and a long history of being commercially whaled. In

Australia, sperm whales from the (International Whaling Commission assigned)

southern hemisphere ‘Division 5’ stock were very heavily exploited by whaling.

3. The present study assessed the potential effects of whaling on the genetic diver-

sity of sperm whales in Australia and the population genetic structure of these

whales within a global context. A combination of historical and contemporary

sperm whale samples (n = 157) were analysed across six regions, from south-

eastern Australia (‘Division 6’ stock in the Pacific Ocean) to south-western

Australia (‘Division 5’ stock in the Indian Ocean).

4. Sperm whales sampled from the ‘Division 5’ and ‘Division 6’ stocks belong to the

same population based on nuclear and mitochondrial DNA (mtDNA) analyses.

Four novel sperm whale mtDNA haplotypes were identified in animals from

Australian waters. Levels of genetic diversity were low in Australian sperm whales

but were similar to those previously reported for populations in the Indian and

Pacific Oceans.

5. Given the genetic distinctiveness of sperm whales in Australian waters from other

regions in the Pacific and Indian Oceans, and the lack of recovery in population

numbers, further scientific studies are needed to increase our understanding of

population dynamics and the effectiveness of threat management strategies in

this species.

K E YWORD S

historical DNA, Physeter macrocephalus, population genetics, sperm whale, whaling

† Deceased.

Received: 29 January 2020 Revised: 10 September 2020 Accepted: 16 September 2020

DOI: 10.1002/aqc.3494

Aquatic Conserv: Mar Freshw Ecosyst. 2021;1–14. wileyonlinelibrary.com/journal/aqc © 2021 John Wiley & Sons, Ltd. 1

https://orcid.org/0000-0001-9390-7506
https://orcid.org/0000-0002-7307-708X
https://orcid.org/0000-0003-0681-2301
https://orcid.org/0000-0003-4666-2934
https://orcid.org/0000-0003-0944-3003
https://orcid.org/0000-0002-7293-5847
mailto:jday@zoo.nsw.gov.au
https://doi.org/10.1002/aqc.3494
http://wileyonlinelibrary.com/journal/aqc


1 | INTRODUCTION

An intricate combination of social, life-history, and environmental

factors often contribute to creating genetic structure in social species.

These may include high philopatry by one or both sexes, low dispersal

capability, preferential associations among kin, dominance hierarchies,

nonrandom mating patterns, habitat discontinuities, local habitat

adaptation, and differential resource use (e.g. Chesser, 1991;

Hoelzel, 1998; Dobson et al., 2004; Archie et al., 2008). Thus, patterns

of population structure and dispersal can vary substantially within and

between closely related species, and fine-scale structure may occur

even in species characterized by high dispersal capabilities and/or

among populations living in continuous environments (Hazlitt,

Goldizen & Eldridge, 2006; Neaves et al., 2009; Wiszniewski

et al., 2010; Bilgmann et al., 2014). This is especially evident in the

marine environment, where genetic boundaries occur in species that

exhibit habitat and resource affinities (Beheregaray &

Sunnucks, 2001; Banks et al., 2007; Bilgmann et al., 2007; Fontaine

et al., 2007). Understanding the demographic history of populations,

and their current patterns of distribution, dispersal, genetic diversity,

and population structure, is particularly important for threatened and

vulnerable species (Dalén et al., 2006; Okello et al., 2008). This

information is needed to develop effective conservation management

strategies by assessing the adaptive potential of species, and identify-

ing how they may respond to the impacts of key threatening

processes such as habitat loss, the over-exploitation of natural

resources, or climate change (Frankham, Bradshaw & Brook, 2014;

Weeks, Stoklosa & Hoffmann, 2016).

Marine mammals have been significantly impacted by

unsustainable harvesting worldwide and populations of many species

do not appear to be recovering, despite long-term conservation

efforts (Magera et al., 2013). Moreover, the degree to which whaling

has impacted levels of genetic diversity and patterns of population

and social structure is largely unknown. With the wide distribution of

cetaceans and difficulties in studying them in the field, studies often

rely on limited genetic samples to infer population boundaries and

dispersal patterns. Historical samples and ancient DNA, combined

with new analytical techniques in molecular ecology, provide greater

power to investigate population dynamics, ecology, and the impacts

of historical exploitation of cetacean species, including loss of genetic

diversity, bottlenecks, and changes to the distribution or abundance

of animals (reviewed in Foote, Hofreiter & Morin, 2012).

Sperm whales, Physeter macrocephalus, were heavily whaled and

are currently listed as Vulnerable by the International Union for the

Conservation of Nature (IUCN). Whaling differentially targeted males

(Whitehead, 2002). Adult males typically travel alone (Whitehead,

Brennan & Grover, 1992; Whitehead, 1993; Lettevall et al., 2002);

however, subadult males disperse and form apparent bachelor groups

with other young males (Gaskin, 1970; Richard et al., 1996; Lyrholm

et al., 1999). In contrast, females live in social groups of adult females,

subadults, and calves of both sexes (Whitehead, 1996). Sperm whale

groups are often composed of closely associating kin (Gero,

Engelhaupt & Whitehead, 2008; Pinela et al., 2009), but these groups

are not strictly matrilineal and instead are composed of multiple matri-

lines (Richard et al., 1996). Despite the cosmopolitan distribution of

the species (Rice, 1998), significant variation has been observed in

ranging patterns, social structure, and patterns of genetic variation of

sperm whales living in different ocean basins (Jaquet, Gendron &

Coakes, 2003; Rendell & Whitehead, 2003; Whitehead et al., 2008;

Gero et al., 2009; Jaquet & Gendron, 2009; Antunes et al., 2011;

Ortega-Oritz et al., 2012; Mizroch & Rice, 2013; Alexander

et al., 2016). Possible drivers of these differences could include differ-

ences between ocean basins in oceanography, predation pressure,

prey distribution, prior whaling, and culture (Jaquet & Gendron, 2009;

Whitehead et al., 2012).

Given the extensive range of sperm whales and the large global

population size of approximately 360,000 today, and 1,100,000

before whaling (based on the latest population estimate of

Whitehead, 2002), sperm whales have remarkably low levels of

mtDNA diversity compared with most cetacean species (Engelhaupt

et al., 2009; Alexander et al., 2013; Morin et al., 2018). Regional and

global analyses of sperm whale population structure using nuclear

DNA suggest low differentiation among ocean basins and little subdi-

vision within ocean basins (Lyrholm & Gyllensten, 1998; Lyrholm

et al., 1999). For example, Mesnick et al. (2011) detected low but sig-

nificant levels of genetic differentiation within the eastern and central

North Pacific using both mitochondrial DNA (mtDNA) and nuclear

DNA (nDNA) markers. Other studies have documented hierarchical

genetic structure, with social groups within populations showing

subdivision, thus supporting strong kin-based social structure

(Engelhaupt et al., 2009; Pinela et al., 2009; Alexander et al., 2016).

Until recently, the lack of a good model of sperm whale popula-

tion structure had hampered efforts to assess their conservation sta-

tus, their role in pelagic ecosystems, and the impact of historical

whaling (Mesnick et al., 2011). The International Whaling Commission

(IWC) split sperm whales in the southern hemisphere into nine stocks

along the meridians of longitude, extending from the equator to the

pack ice in Antarctica. The delineations were based on discontinuities

in sperm whale distributions, were tightly linked to whaling grounds,

and are still recognized by the IWC for management purposes

(Donovan, 1991). In Australian waters, sperm whales are divided into

two stocks: ‘Division 5’ (from 90�E to 130�E) in the Indian Ocean and

‘Division 6’ (from 130�E to 160�E) in the Pacific Ocean (Figure 1).

Sperm whales were heavily exploited in whaling operations off

Albany, Western Australia, between 1955 and 1978. The ‘Albany

stock’ underwent a major decline, with an estimated 91% of males

and 26% of females killed (Kirkwood, Allen & Bannister, 1980;

Kirkwood & Bannister, 1980). Recent abundance estimates of

sperm whale bulls off Albany indicate that the numbers in this

region have not recovered since whaling ceased in 1978 (Carroll

et al., 2014), even though the theoretical population growth rate for

this species is 1.0–1.1% (Whitehead, 2003; Chiquet et al., 2013). In

contrast, other great whale populations around Australia that

were also hunted to near extinction have steadily recovered, particu-

larly humpback whales, Megaptera novaeangliae (Noad et al., 2011;

Pirotta et al., 2020) and southern right whales, Eubalaena australis
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(Harcourt et al., 2019). Extremely low abundance and calf recruitment

rates have been observed across several sperm whale stocks

(Whitehead, Christal & Dufault, 1997; Reeves & Notarbartolo Di

Sciara, 2006; Magera et al., 2013), suggesting a lack of recovery of

sperm whale populations around the world.

Given the complex matrilineal social structure of sperm whales

and the high degree of polygyny exhibited in extant populations, the

depletion during whaling is likely to have had a disproportionate

impact upon genetic diversity. Moreover, whether there is any genetic

discontinuity within or between the previously defined ‘Division 5’

and Division 6’ sperm whale stocks in the southern hemisphere is

uncertain. The aims of this study were to: (i) investigate geographical

population structure and levels of genetic diversity of sperm whales in

south-eastern and south-western Australian waters using nuclear

microsatellite and mtDNA control region markers; and (ii) compare

levels of genetic diversity between historical and contemporary

samples in Australian waters, and integrate these samples into a global

analysis of population structure using published mtDNA data. For this

study, a combination of historical and contemporary samples was

examined from six geographical regions that span over 7,000 km and

two ocean basins: the Pacific and the Indian Oceans.

2 | METHODS

2.1 | Study site and sample collection

A total of 176 sperm whale samples, including museum specimens,

historical collections from commercial whaling operations, recent

strandings, and biopsies of live animals, were collected from animals

of Australian waters (Figure 1). Historical sperm whale tooth samples

were collected from two sites on the coast of the Indian Ocean in

south-western Australia (SW AUS): (i) Carnarvon (CN; n = 14) on the

west coast of Western Australia (WA); and (ii) Albany (ALB; n = 66) on

the south WA coast. Sperm whales hunted from these two sites were

part of the ‘Division 5’ stock of the southern hemisphere. The tooth

samples were collected as part of the scientific observer programme

during commercial whaling and were obtained between 1962 and

1966. Contemporary tissue samples were obtained from the Pacific

Ocean (‘Division 6’ stock) in south-eastern Australia (SE AUS). The

majority of samples from New South Wales (NSW) were collected

using the PAXARMS biopsy rifle (Paxarms NZ Ltd, Timaru, New

Zealand, Krützen et al., 2002) from Eden (n = 21) on the south NSW

coast in 2005. Samples were obtained from different sperm whale

groups distributed over an area of a few kilometres. Samples of skin

tissue from the whales were preserved in 100% ethanol. Another four

samples were obtained from sperm whale strandings at different loca-

tions on the NSW coast. All 51 samples from Tasmania (TAS) were

collected from stranded animals between 2002 and 2007 by the

Department of Primary Industries, Parks, Water and Environment,

mostly from its north and west coasts. Many of these were mass

strandings, with up to 19 animals stranded at one time. Skin samples

were shipped preserved in dimethyl sulfoxide (DMSO). A combination

of contemporary and historical samples from SE AUS were also

collected from animals stranded on the Victorian coast (VIC; n = 11)

between 1956 and 1982 and the South Australian coast (SA; n = 9)

coast between 1987 and 2007, and stored in Museums Victoria and

South Australian Museum, respectively.

F IGURE 1 Geographic distribution and number of sperm whale (Physeter macrocephalus) samples that were analysed after passing quality
control (n = 157) from New South Wales (NSW), South Australia (SA), Tasmania (TAS), Victoria (VIC), and two sites off Western Australia (WA):
Albany (ALB) and Carnarvon (CN). The dashed line represents the stock boundary of sperm whale ‘Division 5’ stock in south-western Australia
(SW AUS) and ‘Division 6’ stock in south-eastern Australia (SE AUS), as defined by the International Whaling Commission
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2.2 | Genetic methods

DNA was extracted from tissue samples using a salting-out protocol

(Sunnucks & Hales, 1996) and from tooth samples using the Qiagen

DNeasy tissue kit (Qiagen, Hilden, Germany), following the modified

protocol described in Data S1. Biopsy samples collected from sperm

whales in Eden (NSW) were genetically sexed by amplifying a

fragment of the SRY and ZFX genes following the protocol outlined in

Gilson et al. (1998). Samples collected from stranded animals in TAS,

NSW, VIC, and SA were also genetically sexed using this method if

reliable stranding data on sex were not available. The sex of whales

from tooth and degraded museum samples was assessed by the ampli-

fication of a fragment from the SRY gene (approx. 150 bp) on the Y

chromosome (Richard, McCarrey & Wright, 1994), and one nuclear

gene, SPTBN1 (approx. 86 bp), developed for single nucleotide poly-

morphism (SNP) analysis (Morin et al., 2007), following the protocol

described in Data S1. The nuclear gene was used as a control for the

identification of females. This method was validated by independently

sexing samples with known sex from stranding data (TAS) and histori-

cal records of commercially caught animals (WA).

Thirteen cetacean microsatellite loci were amplified: BMY11

(Huebinger et al., 2008); D22 (Shinohara, Domingo-Roura &

Takenaka, 1997); DDE70 (Coughlan et al., 2006); EV1, EV5, EV94,

EV104 (Valsecchi & Amos, 1996); FCB14 (Buchanan et al., 1996);

GT23 (Bérubé et al., 2000); and SW2, SW10, SW13, SW19 (Richard

et al., 1996). The amplification of microsatellite loci was conducted in

multiplex reactions following the polymerase chain reaction (PCR)

methods outlined in Data S1 and S2. Microsatellite genotyping was

conducted using the ABI 3130 Genetic Analyzer (Applied Biosystems,

Foster City, CA). Genotypic data were scored using GENEMAPPER 4.0

(Applied Biosystems), with peaks scored manually (Data S1). A subset

of samples was scored by two people and both contemporary and

historical samples were randomly selected for replicate genotyping to

check genotyping accuracy. Samples that amplified for less than eight

microsatellite loci were removed from the dataset prior to data analy-

sis (following the quality control methods outlined in Morin

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

A 330-bp fragment of the mtDNA control region fragment was

amplified by PCR with primers SWCR-F and SWCR-R following the

protocol described in Data S1. These primers were developed specifi-

cally by Möller, Bannister & Harcourt (2005) so that DNA from

contemporary tissue samples and degraded DNA from tooth and

museum samples could be amplified, and the fragment includes most

of the mtDNA control region variation known to define haplotypes in

sperm whales (Data S3). A larger mtDNA control region fragment of

around 700 bp was also amplified by PCR (Data S1) for a subset of

tissue samples collected from SE AUS (NSW, n = 8; TAS, n = 8) using

primers ThrDlp and TL12R (Lyrholm & Gyllensten, 1998). The purified

PCR products were sequenced using the ABI 377 or ABI 3130

sequencer (Applied Biosystems). The mtDNA sequences were aligned

and edited using SEQUENCHER 3.0 (Gene Codes Corporation, Ann Arbor,

MI). Approximately 10% of all tissue and tooth samples were

re-sequenced to ensure the accuracy of the mtDNA haplotypes.

2.3 | Data analysis

2.3.1 | Genetic variation

The average probability of identity (Paetkau & Strobeck, 1994) was

calculated across the microsatellite dataset and genotypes were

screened for duplicate sampling using GENALEX 6.503 (Peakall &

Smouse, 2006; Peakall & Smouse, 2012). To account for genotyping

errors, if samples were mismatched at up to four microsatellite loci,

but matched for both sex and mtDNA haplotype, the samples were

also considered as matching (following Alexander et al., 2016). When

a perfect or near match was identified, one individual from the match

was retained for subsequent analyses. Genotype comparisons were

not conducted between contemporary and historical samples given

the impossibility of duplicate sampling. Genotypic errors were

assessed using MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004). Two

datasets were initially compiled for population genetic analyses: (i) the

‘full’ dataset; and (ii) the ‘kin-restricted’ dataset. The ‘kin-restricted’

dataset was created because the presence of relatives within

populations can overestimate the level of genetic differentiation

between populations. Anderson & Dunham (2008) and Rodriguez-

Ramilo & Wang (2012) found that family groups may be incorrectly

identified as distinct populations by Bayesian clustering methods such

as STRUCTURE (Pritchard, Stephens & Donnelly, 2000). If populations are

sampled randomly, however, keeping close relatives in the dataset is

not always problematic for other population genetic analyses

(Waples & Anderson, 2017). Only potential first-order relatives were

identified in this study (i.e. no full or half siblings), as removing too

many individuals can impact the statistical power because of the

reduced sample size (Hendricks et al., 2018). Therefore, following

Mesnick et al. (2011), the maximum-likelihood method implemented

in ML-RELATE (Kalinowski, Wagner & Taper, 2006) was used to identify

potential first-order relatives within each general location (waters off

NSW, TAS, VIC/SA, Albany, WA and Carnarvon, WA). Samples

collected from Victoria and South Australia were pooled because of

the proximity of the sampling locations and the small sample sizes

from each area. For each pair identified as a first-order relative, indi-

viduals with the most complete genetic data were retained. Tests for

significant deviations from linkage disequilibrium were conducted in

GENEPOP 4.2 (Raymond & Rousset, 1995). Tests for significant devia-

tions from Hardy–Weinberg equilibrium (HWE) were conducted in

GENEPOP using Fisher’s exact test and the Markov chain method with

1,000 iterations for each sampling location and locus. Significance

values for all multiple comparisons were adjusted by Bonferroni

correction (Rice, 1989). Genetic variation within sampling locations

was assessed by calculating allelic richness and inbreeding coefficients

(FIS) using FSTAT 2.9.3 (Goudet, 2001), the number of unique alleles in

GENALEX, and the levels of observed and expected heterozygosity in

ARLEQUIN 3.5.2.2 (Excoffier & Lischer, 2010).

Two mtDNA datasets were created based on fragment size: (i) a

smaller 283-bp mtDNA control region fragment that was sequenced

for both historical and contemporary samples; and (ii) a larger 563-bp

mtDNA control region fragment that was sequenced for
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16 contemporary tissue samples obtained from SE AUS. All 16 samples

in the second mtDNA dataset were also included in the first dataset.

Haplotypic (h) and nucleotide (π) diversity for mtDNA data were calcu-

lated for each general location (i.e. putative population) using ARLEQUIN

with the Tamura & Nei (1993) correction. To examine genealogical

relationships among the mtDNA control region haplotypes, the

TCS 1.21 (Clement, Posada & Crandall, 2000) was used to construct a

haplotype network using the maximum-parsimony method

(Templeton, Crandall & Sing, 1992).

2.3.2 | Genetic differentiation

Genetic differentiation among the five putative populations was

assessed by calculating Jost’s D (Jost, 2008), based on 10,000 permu-

tations in GENALEX. Jost’s D is independent of within population genetic

variation, and thus may be more suitable in this situation where

genetic variation is high and the fixation index (FST) may underesti-

mate differentiation (Jost, 2008; Bird et al., 2011). The 95% confi-

dence intervals around Jost’s D values were calculated using 1,000

bootstraps in GENALEX. The statistical power to detect genetic hetero-

geneity for hypothetical levels of true differentiation (quantified as

FST) was estimated using POWSIM 4.1 (Ryman & Palm, 2006). For each

dataset, the present sample sizes, number of loci and allele frequen-

cies were used. Analyses were conducted using an effective popula-

tion size (Ne) of 2,000, 1,000 dememorizations, 100 batches, 1,000

iterations per batch, and 1,000 runs, with significance assessed using

the chi-square and Fisher’s exact tests. For mtDNA, both FST and ΦST

(with Tamura & Nei, 1993 correction) were estimated to examine

differentiation based on haplotype frequencies and molecular distance

(Slatkin, 1995). The significance of all pairwise comparisons was

assessed with 10,000 permutations in ARLEQUIN.

To estimate the number of genetically distinct clusters or

populations of sperm whales around Australia, a Bayesian model-

based clustering method implemented in STRUCTURE 2.3.4 was used

(Pritchard et al., 2000). Using the admixture and correlated allele fre-

quency models, Markov chain Monte Carlo (MCMC) runs were con-

ducted for K values ranging from one to five (based on the number of

sampling locations) using a burn-in period of 500,000 iterations

followed by runs of 106. Twenty independent runs were conducted

for each value of K (as recommended by Gilbert et al., 2012). The anal-

ysis was first performed without sampling location information,

followed by runs with sampling locations provided as prior informa-

tion using the models developed by Hubisz et al. (2009). The latter

approach can improve the probability that genetic structure is

detected when levels of genetic differentiation among sampling loca-

tions are low (Hubisz et al., 2009). To determine the best-supported

number of populations, both the highest mean log-likelihood of the

data, ln P(D) (Pritchard et al., 2000), and the highest second-order rate

of change of ln P(D), ΔK (Evanno, Regnaut & Goudet, 2005), were

assessed using STUCTURE HARVESTER 0.6.94 (Earl & von Holdt, 2012).

Population structure was also visualized with a discriminant analysis

of principal components (DAPC; Jombart, Devillard & Balloux, 2010),

with means imputed for missing data, within ADEGENET 2.1.1

(Jombart, 2008) in RSTUDIO 3.5.

To examine patterns of genetic variation and population structure

of sperm whales in a global context, mtDNA sequences from this

study were compared with the 394-bp mtDNA control region

sequences obtained from Alexander et al. (2016), which had been

compiled from published studies conducted on sperm whales world-

wide. For this analysis, first, the 563-bp sequences amplified from

16 contemporary SE AUS samples were reduced to 394 bp and

compared with haplotypes found in Alexander et al. (2016). At this

point, levels of genetic differentiation were assessed among 17 loca-

tions in the Pacific, Indian, and Atlantic oceans. Following this step,

the 394-bp haplotypes from Alexander et al. (2016) were reduced and

aligned with the 283-bp haplotypes sequenced for all Australian

sperm whales in this study. This maximized the number of Australian

samples in the worldwide analysis of population structure and enabled

the examination of any changes in genetic variation between historical

(this study) and contemporary (Alexander et al., 2016) SW AUS

samples.

3 | RESULTS

3.1 | Quality control and assembly of microsatellite
and mtDNA datasets

After the removal of poor-quality samples that failed to amplify

(n = 16) and duplicate samples (n = 3), a total of 157 sperm whale sam-

ples were available for genetic analyses. For the larger mtDNA frag-

ment dataset, 15 SE AUS samples were analysed after the removal of

one duplicate sample. The number of samples that passed quality con-

trol and for which there were known sample collection locations are

presented in Figure 1. Nine samples from NSW (n = 4), TAS (n = 2),

VIC (n = 2), and SA (n = 1) were not included in Figure 1 because only

the general locations of the strandings were known. The probability of

identity between two different individuals at nine loci (allowing the

four loci with potential mismatches) was <1.00E–08, and therefore

samples matching at nine or more loci were considered to be from the

same individual whale. The microsatellite error rate was 1.7% based

on seven out of 416 repeated genotypes that did not match. The mis-

matched genotypes were checked and corrected by reamplification.

For the microsatellite dataset, there was no evidence for linkage

disequilibrium among any pair of nuclear loci or any evidence for scor-

ing error caused by stuttering or large allele dropout at any locus.

Potential null alleles were, however, detected in NSW samples for loci

EV104 (null allele frequency = 0.254) and DDE70 (frequency = 0.124),

in TAS samples for locus SW19 (frequency = 0.075), and in CN sam-

ples for locus SW13 (frequency = 0.200). As null alleles were not

detected consistently across loci and sampling regions, the loci were

not removed from the dataset. For the ‘full’ dataset, there was no

evidence for departures from HWE across eight of the 13 loci. Signifi-

cant deviation from HWE was found in NSW for loci EV94, DDE70,

and EV104, in ALB for loci EV104 and BMY11, and in CN for locus
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FCB14. The eight loci in HWE were retained for further analyses.

Relatedness analysis identified 21 samples (NSW, n = 1; TAS, n = 6;

VIC/SA, n = 1; ALB, n = 12; CN, n = 1) that possibly represent first-

order relatives. One individual from each potential pair of relatives

was removed, resulting in a total of 136 samples. These samples were

used for the ‘kin-restricted’ mtDNA analyses; however, sequences

could not be obtained for four samples (NSW, n = 2; SA, n = 2),

thereby reducing the number of samples to 132. For microsatellites,

significant deviation from HWE was still found for three loci (NSW,

EV94 and DDE70; CN, FCB14) even after the removal of these

21 individuals. Consequently, a ‘kin-restricted’ microsatellite dataset

was created for the 10 loci in HWE. For this dataset, 36 potential

pairs of first-order relatives were identified, with one individual from

each pair removed from the dataset (NSW, n = 4; TAS, n = 11; VIC/

SA, n = 1; ALB, n = 18; CN, n = 2), resulting in a total of 121 samples

(Table 1).

3.2 | Genetic variation

Measures of nuclear genetic variation, including allelic richness, het-

erozygosity and number of unique alleles, were moderately high and

similar across all five sampling locations (Table 1). Slightly higher levels

of genetic variation were found in TAS and ALB WA, which coincides

with a larger sample size from these two locations. Genetic variation

was not higher in locations where historical samples from commercial

whaling were used (SW AUS: ALB and CN WA) compared with loca-

tions where samples were obtained from live or stranded animals

(SE AUS: NSW, TAS, and VIC/SA). This pattern, however, was not

observed for the mtDNA. Sequence alignment of the 283-bp frag-

ment of the mtDNA control region from 132 samples across five loca-

tions revealed 10 polymorphic sites, defining 11 unique haplotypes

(Table 2; Data S3). All haplotypes were closely related (Figure 2), and

haplotype 1 was identified as the ancestral haplotype present in all

sampling locations (Figure 2). Between four and seven haplotypes

were found in each sampling area, with VIC/SA, NSW, and TAS dis-

playing the highest levels of haplotypic and nucleotide diversity, com-

pared with ALB and CN WA, where only historical samples were

analysed (Figure 2; Table 3).

3.3 | Genetic differentiation

In pairwise comparisons for the ‘kin-restricted’ microsatellite dataset,

low but significant genetic differentiation was observed between

VIC/SA and ALB WA using Jost’s D (P < 0.05 and lower 95% confi-

dence intervals > 0), but not between any other sampling locations

(Table 3). For the ‘full’ dataset significant Jost’s D values were

observed for several pairwise comparisons (Data S4), but these results

are most likely linked to the presence of first-order relatives in the

dataset. Power analyses indicate that both the ‘full’ and ‘kin-restricted’

datasets contained sufficient statistical power to detect genetic

differentiation based on chi-square and Fisher’s exact tests. For exam-

ple, the probability of detecting an FST of 0.01 was >99% for the ‘full’

and ‘kin-restricted’ datasets. The probability of detecting an FST values

as low as 0.005 was also very high (>85% for ‘full’ and >81% for

TABLE 1 Genetic variability in Australian sperm whales based on the ‘kin-restricted’ microsatellite dataset of 121 samples and 10 loci in
Hardy–Weinberg equilibrium

Region N (m:f:unknown) UA AR (SE) HO (SD) HE (SD) FIS

NSW 17 (16:0:1) 3 4.04 (0.37) 0.632 (0.186) 0.685 (0.130) 0.079

TAS 38 (16:22:0) 6 4.34 (0.40) 0.741 (0.142) 0.717 (0.121) 0.004

VIC/SA 13 (6:4:3) 1 4.40 (0.41) 0.669 (0.212) 0.683 (0.177) 0.019

ALB WA 43 (22:20:1) 9 4.45 (0.43) 0.692 (0.135) 0.728 (0.110) 0.051

CN WA 10 (10:0:0) 1 3.99 (0.47) 0.624 (0.243) 0.674 (0.144) 0.078

Note: N, number sampled (m, males; f, females); UA, number of unique alleles; AR, allelic richness ± standard error (SE); HO, mean observed

heterozygosity ± standard deviation (SD); HE, mean expected heterozygosity ± SD; and FIS, inbreeding coefficient. The sex of five individuals could not be

determined.

TABLE 2 Percentage frequency and genetic diversity of Australian sperm whale mtDNA control region haplotypes (283 bp) by region, where
NH is the number of haplotypes and SD is the standard deviation, based on the ‘kin-restricted’ mtDNA dataset of 132 samples

Haplotype reference number (283-bp ref.)

Region 1 2 3 4 5 6 7 8 9 10 12 N
H

Haplotypic
diversity (SD)

Nucleotide
diversity (SD)

NSW 39 22 17 22 4 0.765 (0.055) 0.0036 (0.0028)

TAS 58 5 16 7 10 2 2 7 0.633 (0.074) 0.0040 (0.0029)

VIC/SA 28 18 18 18 9 9 6 0.891 (0.063) 0.0064 (0.0045)

ALB WA 72 6 2 12 8 5 0.474 (0.081) 0.0025 (0.0021)

CN WA 64 9 9 18 4 0.600 (0.154) 0.0027 (0.0024)
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‘kin-restricted’ datasets). Similar results were obtained for the ‘full’

and ‘kin-restricted’ datasets including loci that significantly deviated

from HWE (probability was >91% to detect an FST of 0.005 for both

analyses). The STRUCTURE analyses indicated one single population in

the Australian region based on the highest mean log-likelihood of the

data observed at K = 1 (Data S5) and the assignment probabilities of

individuals (Data S6). The result was consistent in the absence of geo-

graphical data and with sampling location provided a priori for both

the ‘full’ and ‘kin-restricted’ datasets (Data S5). The DAPC also found

no genetic structure (Figure 3), supporting the results from STRUCTURE.

Pairwise tests for genetic differentiation based on the 283-bp mtDNA

control region fragment revealed significant structure between

ALB WA and the two locations NSW and VIC/SA using FST, and

between ALB WA and VIC/SA using ΦST (Table 4). All other pairwise

comparisons were nonsignificant. The close genealogical relationships

among all haplotypes (Figure 2) helps explain the difference observed

between the FST and ΦST results.

3.4 | Global patterns of genetic differentiation

One thousand and thirteen individuals and 43 unique haplotypes,

from seven regions in the Pacific Ocean (including SE AUS, this study),

six regions in the Indian Ocean, and four regions in the Atlantic Ocean,

were obtained from the 384-bp mtDNA dataset (Alexander

et al., 2016, Supplementary Material 10; this study, Data S7). This

included two novel 394-bp haplotypes identified in this study (Data

S3, GenBank accession numbers MT939514 and MT939515). The

reduced Alexander et al. (2016) 283-bp haplotype dataset matched

haplotypes found in this study for SE AUS (n = 72; NSW, TAS, VIC/

SA) and SW AUS (n = 60; ALB and CN) (Data S3). Only one variable

site from the 394-bp fragment was lost in the 283-bp fragment. The

resulting 283-bp dataset contained 28 unique haplotypes, including

an additional two novel haplotypes that were identified in this study

from SE AUS samples (Data S3, GenBank accession numbers

MT939516 and MT939517).

F IGURE 2 Parsimony
network of the 283-bp mtDNA
control region haplotypes found
in Australian sperm whales from
the ‘kin-restricted’ mtDNA
dataset of 132 samples.
Connections between haplotypes
represent 1-bp differences and
filled circles represent additional

single point mutations.
Haplotype 1 was identified as the
ancestral lineage based on
coalescence theory and is
displayed with a rectangle. The
colours represent sampling
locations: New South Wales
(NSW); Tasmania (TAS); Victoria
and South Australia (VIC/SA);
Albany, Western Australia
(ALB WA); and Carnarvon,
Western Australia (CN WA)

TABLE 3 Genetic differentiation in Australian sperm whales based on the ‘kin-restricted’ microsatellite dataset of 121 samples and 10 loci in
Hardy–Weinberg equilibrium

Region NSW TAS VIC/SA ALB WA

TAS 0.022 (−0.003, 0.076)

VIC/SA 0.047* (−0.015, 0.158) 0.018 (−0.041, 0.083)

ALB WA 0.002 (−0.019, 0.031) 0.002 (−0.014, 0.028) 0.061** (0.001, 0.153)

CN WA 0.009 (−0.025, 0.061) 0.027 (−0.013, 0.086) 0.056 (−0.018, 0.164) 0.004 m (−0.016, 0.039)

Note: 95% confidence intervals (95% CIs) for Jost’s D values given in parentheses (lower 95% CI, upper 95% CI). *P < 0.05. **P < 0.01.
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Pairwise tests for mtDNA genetic differentiation based on the

394-bp fragment (Data S7) showed significant genetic differentiation

between contemporary samples from SE AUS (this study) and SW AUS

(Alexander et al., 2016) based on ΦST (0.1078), but not FST (0.0216).

No significant genetic differentiation was observed between SE AUS

and the following regions: Hawaii, Papua New Guinea, Cocos Islands,

and Aldabras, and between SW AUS and Papua New Guinea, with

either FST or ΦST. Significant differentiation was found, however, for

all other comparisons with Australian samples (using FST and/or ΦST),

especially for pairwise comparisons with regions sampled from the

Atlantic Ocean (Data S7). Pairwise tests for mtDNA genetic differenti-

ation based on the 283-bp fragment (Data S8) for SE AUS compari-

sons were similar to those found for the 394-bp fragment. Significant

genetic differentiation was observed between historical and contem-

porary samples from SW AUS (FST = 0.1848, ΦST = 0.1587). Pairwise

comparisons between historical and contemporary SW AUS samples

with other regions in the Pacific and Indian Oceans were similar but

not consistent (Data S8). These findings are also reflected in the levels

of genetic variation observed among Australian samples (Data S9). For

instance, haplotypic and nucleotide diversity were similar for contem-

porary samples collected from SE AUS and SW AUS, but reduced

diversity was seen for SW AUS historical samples compared with con-

temporary samples (Data S9). The reduced diversity for historical

SW AUS samples could be attributed to 70% of sampled individuals

sequenced bearing haplotype 1 (Data S3), in contrast to 33% for the

contemporary samples collected from the same broad region.

4 | DISCUSSION

This is the first study to examine the fine-scale population structure

of sperm whales from south-eastern to south-western Australia and

contributes to our understanding of global sperm whale population

structure. Although the absence of genetic differentiation among

sampling regions in Australia is congruent with the spatial scale of

population structure found for this species (Lyrholm et al., 1999;

Engelhaupt et al., 2009; Pinela et al., 2009; Mesnick et al., 2011;

Alexander et al., 2016), these findings are integral to the future man-

agement of sperm whales around Australia as abundance estimates

indicate that the population has not yet recovered since the end of

whaling (Carroll et al., 2014).

Overall, levels of nDNA and mtDNA variation were similar to

those reported by Alexander et al. (2016) for this geographical region,

despite smaller sample sizes in their dataset. Levels of mtDNA varia-

tion in Australian sperm whales, and in sperm whales sampled from

other areas in the Indian and Pacific Oceans were, however, consider-

ably higher than in sperm whales from the Atlantic Ocean. Consistent

with the lack of genetic structure, levels of genetic variation were

F IGURE 3 Results of the discriminant
analysis of principal components
performed for Australian sperm whales
based on the ‘kin-restricted’ microsatellite
dataset with 10 loci in Hardy–Weinberg
equilibrium, with circle colours indicating
sampling locations

TABLE 4 Genetic differentiation in Australian sperm whales
based on the 283-bp mtDNA control region from the ‘kin-restricted’
mtDNA dataset of 132 samples

Region NSW TAS VIC/SA ALB WA CN WA

NSW 0.035 −0.003 0.093* −0.012

TAS 0.011 0.063 0.005 −0.032

VIC/SA −0.003 0.043 0.156* 0.040

ALB WA 0.047 −0.004 0.092* −0.039

CN WA −0.012 −0.045 −0.002 −0.050

Note: ΦST below the diagonal, FST above the diagonal.
*P < 0.05.
**P < 0.01.
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relatively similar across sampling regions for nDNA, regardless of

whether contemporary or historical samples were used. For mtDNA,

SW AUS (ALB WA, in particular) had the lowest haplotypic and nucle-

otide diversity despite samples being collected during the whaling era

in the late 1950s and early 1960s. Lower levels of genetic variation

were also detected when comparing historical samples from SW AUS

(this study) and contemporary samples from this same region

(Alexander et al., 2016). Based on the numbers of sperm whales killed

during the whaling era, this result was unexpected as it was hypothe-

sized that historical samples would show greater levels of genetic vari-

ation compared with contemporary samples from the same or nearby

regions. Although the impact of whaling on sperm whale abundance

in Australia could be readily detected off Albany in Western Australia

(Carroll et al., 2014), the effect of whaling on genetic diversity may

not be seen for some time because of the long generation time and

complex social system of this species. Nevertheless, genetic diversity

in sperm whales is markedly low compared with other cetacean spe-

cies (Alexander et al., 2013; Morin et al., 2018). Recent population

expansion or a selective sweep through adaptive cultural traits being

transmitted in parallel with mitochondrial genes (cultural hitchhiking,

sensu Whitehead, 1998) had been proposed as the most likely expla-

nations for lower than expected diversity in mtDNA based on popula-

tion size (Alexander et al., 2016; Whitehead, Vachon & Frasier, 2017).

The absence of reduced nuclear genetic diversity in a species dis-

playing strong female philopatry and male-biased dispersal is also con-

sistent with a recent population expansion or cultural hitchhiking

(Charlesworth, Charlesworth & Barton, 2003; Whitehead et al., 2017).

Recent analysis of the sperm whale mitogenome and nuclear genome,

however, suggests instead that demographic processes including a

worldwide decline in effective population size prior to the start of the

Pleistocene epoch followed by a recent population expansion, is pri-

marily responsible for the low worldwide mtDNA diversity observed

in sperm whales (Warren et al., 2017; Morin et al., 2018). Low mtDNA

diversity and an absence of distinct lineage sorting between ocean

basins on a global scale has largely been attributed to a possible

expansion event of one refugial population in the Pacific Ocean that

may have occurred approximately 80,000 years ago (Alexander

et al., 2016; Morin et al., 2018).

Previous studies detected significant mtDNA genetic differentia-

tion between the Atlantic, Pacific, and Indian oceans (including

sperm whale samples from Australia), but not with microsatellites,

suggesting limited female dispersal between ocean basins and gene

flow mediated by roving adult males (Lyrholm & Gyllensten, 1998;

Lyrholm et al., 1999; Alexander et al., 2016). There is evidence for

bisexual philopatry of sperm whales within the eastern and central

North Pacific (Mesnick et al., 2011), however, based on significant

genetic differentiation detected using mtDNA and nDNA markers.

At the regional level, there are higher levels of genetic differentia-

tion in mtDNA within the Atlantic and Indian oceans compared with

the Pacific Ocean, and these ocean basin differences are attributed

to differences in ranging patterns, habitats, culture, and demo-

graphic history (Alexander et al., 2016). This study, however,

detected little genetic structure between sperm whales sampled in

the Indian (SW AUS) and Pacific (SE AUS) Oceans for either mtDNA

or nDNA, nor between Australia and some nearby regions in the

Indian and Pacific Oceans (e.g., Papua New Guinea, Hawaii, and

Cocos Island) for mtDNA. Thus, although many studies focus on

between- and within-ocean genetic differentiation, genetic disconti-

nuities at ocean basin boundaries cannot always be assumed for this

species.

Genetic distinction of populations (or stocks) has also been

observed in Australian waters for other whale species. For instance,

humpback whale breeding stocks on the east and west coasts of

Australia were significantly differentiated from each other, as well as

from all other southern hemisphere stocks, including those found

nearby in the Western South Pacific islands of Oceania

(Anderson, 2013; Rosenbaum et al., 2017). Carroll et al. (2011) deter-

mined that south-west and south-east Australian stocks of southern

right whales were genetically distinct based on mtDNA, and both

were genetically differentiated from the New Zealand stock based on

mtDNA and microsatellites. Similar patterns have been observed in

other highly mobile or migratory marine species found in Australian

waters, including many shark species (Castro et al., 2007; Ovenden

et al., 2009; Corrigan et al., 2018) As found in these studies, popula-

tion structure cannot simply be explained by spatial distance and

oceanographic features such as ocean boundaries, current systems,

and bathymetry. Instead, a multitude of other factors may influence

patterns of genetic variation and population structure in sperm

whales, including the social system, culturally determined vocaliza-

tions and movement patterns, predation pressure, prey distribution,

impact of human exploitation, and prior population expansion or

bottleneck events (Jaquet & Gendron, 2009; Rendell et al., 2012;

Whitehead et al., 2012; Alexander et al., 2016). Understanding the

relative influence of each of these factors on patterns of population

structure will require further sampling, more in-depth genomic

analysis using SNPs or whole-genome sequencing, and a greater

understanding of the movement patterns and social structure of

sperm whales in the South Pacific and Indian Oceans.

4.1 | Recovery and management of sperm whales
in Australia

The current management recommendations for sperm whales in

Australian waters are based on the IWC’s ‘Division 5’ and ‘Division 6’

stock boundaries. This study, however, showed little evidence of

genetic structuring, suggesting that sperm whales from south-eastern

to south-western Australia should be managed as a single population.

A lack of female samples from NSW and CN WA may have hampered

our ability to detect genetic differentiation, especially considering the

complex social structure and male-biased dispersal system that is

characteristic of this species. Sampling sperm whale aggregations from

other locations in Australian waters and generating genomic data,

including samples from nearby regions in the South Pacific and Indian

oceans, may provide more precise estimates of genetic divergence

and migration rates.
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Our ability to monitor sperm whale population abundance and

trends in Australian waters is hampered by a paucity of knowledge of

movement patterns and contemporary rates of breeding and mortal-

ity. The finding that the ‘Division 5’ and ‘Division 6’ stocks belong to

the same genetic population suggests that different anthropogenic

threats in different regions of Australia may negatively affect the

entire population (Attard et al., 2018). At the same time, genetic dif-

ferentiation between sperm whales in Australian waters and other

populations in the Indian and Pacific Oceans may increase their sus-

ceptibility to further population decline because of increasing anthro-

pogenic impacts. Given that we identified distinct maternal lineages in

different Australian regions, knowledge of where aggregations display

biologically important behaviour, such as breeding, foraging, and rest-

ing (i.e. biologically important areas, BIAs), could help inform regional

conservation priorities. Identifying and minimizing threats in BIAs

could reduce mortality, improve reproductive fitness, and preserve

cultural knowledge. This would in turn minimize further loss of genetic

diversity and maximize the species evolutionary potential to adapt to

changing climatic conditions and oceanographic processes. Potential

causes for the lack of recovery of sperm whale numbers worldwide

include: long-term demographic consequences from whaling, such as

a reduction in female reproductive rates (Whitehead, 2003; Rankin &

Kokko, 2007; Chiquet et al., 2013); marine pollution (de Swart

et al., 1996; Symons et al., 2003; Evans, Hindell & Hince, 2004; Roos

et al., 2012); environmental noise, fishing gear entanglements, and

ship strikes (Mate, Stafford & Ljungblad, 1994; Reeves & Notarbartolo

Di Sciara, 2006; Chiquet et al., 2013; Gero & Whitehead, 2016); and

climate change (Sousa et al., 2019).

Currently, sperm whales are listed as Vulnerable by the IUCN and

by some Australian state legislative authorities. They are protected

legally in Australia and by IWC regulations and other international

agreements throughout their range, including the Convention on

International Trade in Endangered Species of Wild Fauna and Flora

(CITES). A conservation management plan (CMP), similar to the CMPs

implemented for southern right and blue whales, however, has not

been developed under Australian legislation or by the IWC. General

policies and regulations managing some threats, such as interactions

with fishing gear, seismic activities, and whale watching, are in force,

which may benefit cetacean species in general, including sperm

whales (Australian Fisheries Management Authority (AFMA), 2017;

Woinarski, Burbidge & Harrison, 2014). Goals in future sperm whale

recovery plans should include measuring and monitoring population

size and trends in Australian waters, strengthening national and

international legislation and agreements to protect sperm whales, and

implementing adaptive management regimes to reduce anthropogenic

causes of mortality in Australian waters. Furthermore, given the

extensive home ranges of sperm whales, multinational collaborative

efforts to reduce the impact of anthropogenic threats and the

coordination of population monitoring should be included in the

recovery goals.

In conclusion, considering the results indicating a single popula-

tion of sperm whales in Australian waters, and genetic distinctiveness

to other southern hemisphere stocks, a precautionary approach to

population management that is cross-jurisdictional and addresses the

primary anthropogenic threats to sperm whales is required. Combined

with further research to understand population movements, abun-

dance trends, the impact of anthropogenic threats, and the effective-

ness of threat mitigation strategies for this species will help to assist

in the recovery of sperm whales worldwide.

ACKNOWLEDGEMENTS

Sadly, John Bannister passed away during the final stages of preparing

this article. JB was a pioneer of whale research and conservation in

Australia and beyond, and we dedicate this article to his memory.

Biopsy samples were collected under DEH licence E2003-48230 and

Animal Ethics Committee approval #2004/010 from Macquarie

University. Skin samples provided by DPIPWE were shipped under

NSW Department of Parks and Wildlife Service (NPWS) Import per-

mit number IE81934. Samples from Museums Victoria and South

Australian Museums were shipped under NSW NPWS import permit

number IE082380. We are grateful to S. Allen and S. Corrigan for

assisting with sample collection and to J. Sandoval-Castillo for help

with statistical analysis. The authors also thank the Department of Pri-

mary Industries, Parks, Water and Environment, the Western

Australian Museum, Museums Victoria, and the South Australian

Museum (Dr Cath Kemper) for providing tissue and/or tooth samples

from sperm whales. We also appreciate the assistance and advice pro-

vided by several staff and volunteers from Flinders University. We

thank the Editor, Professor John Baxter, and the anonymous

reviewers for their constructive comments on the article. Funding for

this study was provided by the Australian Marine Mammal Centre,

Australian Antarctic Division.

ORCID

Joanna Day https://orcid.org/0000-0001-9390-7506

Maxine P. Piggott https://orcid.org/0000-0002-7307-708X

Kerstin Bilgmann https://orcid.org/0000-0003-0681-2301

Robert Harcourt https://orcid.org/0000-0003-4666-2934

Luciano B. Beheregaray https://orcid.org/0000-0003-0944-3003

Luciana M. Möller https://orcid.org/0000-0002-7293-5847

REFERENCES

Australian Fisheries Management Authority (AFMA). (2017). Ecological Risk

Management Framework. Available at: http://www.afma.gov.au/

sustainability-environment/ecological-risk-management-strategies/

Alexander, A., Steel, D., Hoekzema, K., Mesnick, S.L., Engelhaupt, D.,

Kerr, I. et al. (2016). What influences the worldwide genetic structure

of sperm whales (Physeter macrocephalus)? Molecular Ecology, 25(12),

2754–2772. https://doi.org/10.1111/mec.13638

Alexander, A., Steel, D., Slikas, B., Hoekzema, K., Carraher, C., Parks, M.

et al. (2013). Low diversity in the mitogenome of sperm whales rev-

ealed by next-generation sequencing. Genome Biology and Evolution, 5

(1), 113–129. https://doi.org/10.1093/gbe/evs126
Anderson, E.C. & Dunham, K.K. (2008). The influence of family groups on

inferences made with the program Structure. Molecular Ecology

Resources, 8(6), 1219–1229. https://doi.org/10.1111/j.1755-0998.

2008.02355.x

Anderson, M.J. (2013). Genetic connectivity within eastern Australian hump-

back whales and their relationship to adjacent South Pacific and Indian

10 DAY ET AL.

https://orcid.org/0000-0001-9390-7506
https://orcid.org/0000-0001-9390-7506
https://orcid.org/0000-0002-7307-708X
https://orcid.org/0000-0002-7307-708X
https://orcid.org/0000-0003-0681-2301
https://orcid.org/0000-0003-0681-2301
https://orcid.org/0000-0003-4666-2934
https://orcid.org/0000-0003-4666-2934
https://orcid.org/0000-0003-0944-3003
https://orcid.org/0000-0003-0944-3003
https://orcid.org/0000-0002-7293-5847
https://orcid.org/0000-0002-7293-5847
http://www.afma.gov.au/sustainability-environment/ecological-risk-management-strategies/
http://www.afma.gov.au/sustainability-environment/ecological-risk-management-strategies/
https://doi.org/10.1111/mec.13638
https://doi.org/10.1093/gbe/evs126
https://doi.org/10.1111/j.1755-0998.2008.02355.x
https://doi.org/10.1111/j.1755-0998.2008.02355.x


Ocean stocks. (PhD thesis), Southern Cross University, Lismore, NSW,

Australia.

Antunes, R., Schulz, T., Gero, S., Whitehead, H., Gordon, J. & Rendell, L.

(2011). Individually distinctive acoustic features in sperm whale codas.

Animal Behaviour, 81(4), 723–730. https://doi.org/10.1016/j.anbehav.
2010.12.019

Archie, E.A., Maldonado, J.E., Hollister-Smith, J.A., Poole, J.H., Moss, C.J.,

Fleischer, R.C. et al. (2008). Fine-scale population genetic structure in

a fission-fusion society. Molecular Ecology, 17(11), 2666–2679.
https://doi.org/10.1111/j.1365-294X.2008.03797.x

Attard, C.R.M., Beheregaray, L.B., Sandoval-Castillo, J., Jenner, K.C.S.,

Gill, P.C., Jenner, M.-N.M. et al. (2018). From conservation genetics

to conservation genomics: A genome-wide assessment of blue

whales (Balaenoptera musculus) in Australian feeding aggregations.

Royal Society Open Science, 5(1), 170925. https://doi.org/10.1098/

rsos.170925

Banks, S.C., Piggott, M.P., Williamson, J.E., Bove, U., Holbrook, N.J. &

Beheregaray, L.B. (2007). Oceanic variability and coastal topography

shape genetic structure in a long-dispersing sea urchin. Ecology, 88

(12), 3055–3064. https://doi.org/10.1890/07-0091.1
Beheregaray, L.B. & Sunnucks, P. (2001). Fine-scale genetic structure, estu-

arine colonisation and incipient speciation in the marine silverside fish

Odontesthes argentinensis. Molecular Ecology, 10(12), 2849–2866.
https://doi.org/10.1046/j.1365-294X.2001.t01-1-01406.x

Bérubé, M., Jørgensen, H., McEwing, R. & Palsbøll, P.J. (2000). Polymorphic

di-nucleotide microsatellite loci isolated from the humpback whale,

Megaptera novaeangliae. Molecular Ecology, 9(12), 2181–2183. https://
doi.org/10.1046/j.1365-294X.2000.105315.x

Bilgmann, K., Möller, L.M., Harcourt, R.G. & Beheregaray, L.B. (2007).

Genetic differentiation in bottlenose dolphins from South Australia:

An association with local oceanography and coastal geography. Marine

Ecology Progress Series, 341, 265–276. https://doi.org/10.3354/

meps341265

Bilgmann, K., Parra, G., Zanardo, N., Beheregaray, L.B. & Möller, L.M.

(2014). Multiple management units of short-beaked common dolphins

subject to fisheries bycatch off southern and southeastern Australia.

Marine Ecology Progress Series, 500, 265–279. https://doi.org/10.

3354/meps10649

Bird, C.E., Karl, S.A., Smouse, P.E. & Toonen, R.J. (2011). Detecting and

measuring genetic differentiation. In: Held, C., Koenemann, S. and

Schubart, C.D. (Eds.) Phylogenetics and population genetics in Crustacea.

Florida: Taylor and Francis. pp. 31–55.
Buchanan, F.C., Friesen, M.K., Littlejohn, R.P. & Clayton, J.W. (1996).

Microsatellites from the beluga whale Delphinapterus leucas. Molecular

Ecology, 5(4), 571–575. https://doi.org/10.1046/j.1365-294X.1996.

00109.x

Carroll, E., Patenaude, N., Alexander, A., Steel, D., Harcourt, R.,

Childerhouse, S. et al. (2011). Population structure and individual

movement of southern right whales around New Zealand and

Australia. Marine Ecology Progress Series, 432, 257–268. https://doi.
org/10.3354/meps09145

Carroll, G., Hedley, S., Bannister, J., Ensor, P. & Harcourt, R. (2014). No evi-

dence for recovery in the population of sperm whale bulls off Western

Australia, 30 years post-whaling. Endangered Species Research, 24(1),

33–43. https://doi.org/10.3354/esr00584
Castro, A.L., Stewart, B.S., Wilson, S.G., Hueter, R.E., Meekan, M.G.,

Motta, P.J. et al. (2007). Population genetic structure of Earth's largest

fish, the whale shark (Rhincodon typus). Molecular Ecology, 16(24),

5183–5192. https://doi.org/10.1111/j.1365-294X.2007.03597.x
Charlesworth, B., Charlesworth, D. & Barton, N.H. (2003). The effects of

genetic and geographic structure on neutral variation. Annual Review

of Ecology, Evolution, and Systematics, 34(1), 99–125. https://doi.org/
10.1146/annurev.ecolsys.34.011802.132359

Chesser, R.K. (1991). Influence of gene flow and breeding tactics on gene

diversity within populations. Genetics, 129(2), 573–583.

Chiquet, R.A., Ma, B., Ackleh, A.S., Pal, N. & Sidorovskaia, N. (2013).

Demographic analysis of sperm whales using matrix population

models. Ecological Modelling, 248, 71–79. https://doi.org/10.1016/j.
ecolmodel.2012.09.023

Clement, M., Posada, D. & Crandall, K.A. (2000). TCS: A computer program

to estimate gene genealogies. Molecular Ecology, 9(10), 1657–1659.
https://doi.org/10.1046/j.1365-294x.2000.01020.x

Corrigan, S., Lowther, A.D., Beheregaray, L.B., Bruce, B.D., Cliff, G.,

Duffy, C.A. et al. (2018). Population connectivity of the highly migra-

tory shortfin mako (Isurus oxyrinchus Rafinesque 1810) and implica-

tions for management in the Southern Hemisphere. Frontiers in

Ecology and Evolution, 6, 187. https://doi.org/10.3389/fevo.2018.

00187

Coughlan, J., Mirimin, L., Dillane, E., Rogan, E. & Cross, T.F. (2006). Isola-

tion and characterization of novel microsatellite loci for the short-

beaked common dolphin (Delphinus delphis) and cross-amplification in

other cetacean species. Molecular Ecology Notes, 6(2), 490–492.
https://doi.org/10.1111/j.1471-8286.2006.01284.x

Dalén, L., Kvaløy, K., Linnell, J.D.C., Elmhagen, B., Strand, O.,

Tannerfeldt, M. et al. (2006). Population structure in a critically

endangered arctic fox population: Does genetics matter? Molecular

Ecology, 15(10), 2809–2819. https://doi.org/10.1111/j.1365-294X.

2006.02983.x

de Swart, R.L., Ross, P.S., Vos, J.G. & Osterhaus, A.D. (1996). Impaired

immunity in harbour seals (Phoca vitulina) exposed to bioaccumulated

environmental contaminants: Review of a long-term feeding study.

Environmental Health Perspectives, 104(Suppl 4), 823–828. https://doi.
org/10.1289/ehp.96104s4823

Dobson, F.S., Chesser, R.K., Hooglang, J.L., Sugg, D.W. & Foltz, D.W.

(2004). The influence of social breeding groups on effective population

size in black-tailed prairie dogs. Journal of Mammalogy, 85(1), 58–66.
https://doi.org/10.1644/1545-1542(2004)085%3C0058:TIOSBG%

3E2.0.CO;2

Donovan, G.P. (1991). A review of IWC stock boundaries. Report of the

International Whaling Commission, Special Issue 13, 39–68.
Earl, D.A. & von Holdt, B.M. (2012). STRUCTURE HARVESTER: A website

and program for visualizing STRUCTURE output and implementing the

Evanno method. Conservation Genetics Resources, 4(2), 359–361.
https://doi.org/10.1007/s12686-011-9548-7

Engelhaupt, D., Hoelzel, A.R., Nicholson, C., Frantzis, A., Mesnick, S.L.,

Gero, S. et al. (2009). Female philopatry in coastal basins and male dis-

persion across the North Atlantic in a highly mobile marine species,

the sperm whale (Physeter macrocephalus). Molecular Ecology, 18(20),

4193–4205. https://doi.org/10.1111/j.1365-294X.2009.04355.x
Evanno, G., Regnaut, S. & Goudet, J. (2005). Detecting the number of clus-

ters of individuals using the software STRUCTURE: A simulation study.

Molecular Ecology, 14(8), 2611–2620. https://doi.org/10.1111/j.1365-
294X.2005.02553.x

Evans, K., Hindell, M. & Hince, G. (2004). Concentrations of organochlo-

rines in sperm whales (Physeter macrocephalus) from Southern

Australian waters. Marine Pollution Bulletin, 48(5–6), 486–503. https://
doi.org/10.1016/j.marpolbul.2003.08.026

Excoffier, L. & Lischer, H.E.L. (2010). ARLEQUIN suite ver 3.5: A new

series of programs to perform population genetic analyses under Linux

and Windows. Molecular Ecology Resources, 10(3), 564–567. https://
doi.org/10.1111/j.1755-0998.2010.02847.x

Fontaine, M.C., Baird, S.J.E., Piry, S., Ray, N., Toller, K.A., Duke, S. et al.

(2007). Rise of oceanographic barriers in contunuous populations of a

cetacean: The genetic structure of harbour porpoises in Old World

waters. BMC Biology, 5(1), 30–46. https://doi.org/10.1186/1741-

7007-5-30

Foote, A.D., Hofreiter, M. & Morin, P.A. (2012). Ancient DNA from marine

mammals: Studying long-lived species over ecological and evolutionary

timescales. Annals of Anatomy - Anatomischer Anzeiger, 194(1),

112–120. https://doi.org/10.1016/j.aanat.2011.04.010

DAY ET AL. 11

https://doi.org/10.1016/j.anbehav.2010.12.019
https://doi.org/10.1016/j.anbehav.2010.12.019
https://doi.org/10.1111/j.1365-294X.2008.03797.x
https://doi.org/10.1098/rsos.170925
https://doi.org/10.1098/rsos.170925
https://doi.org/10.1890/07-0091.1
https://doi.org/10.1046/j.1365-294X.2001.t01-1-01406.x
https://doi.org/10.1046/j.1365-294X.2000.105315.x
https://doi.org/10.1046/j.1365-294X.2000.105315.x
https://doi.org/10.3354/meps341265
https://doi.org/10.3354/meps341265
https://doi.org/10.3354/meps10649
https://doi.org/10.3354/meps10649
https://doi.org/10.1046/j.1365-294X.1996.00109.x
https://doi.org/10.1046/j.1365-294X.1996.00109.x
https://doi.org/10.3354/meps09145
https://doi.org/10.3354/meps09145
https://doi.org/10.3354/esr00584
https://doi.org/10.1111/j.1365-294X.2007.03597.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132359
https://doi.org/10.1146/annurev.ecolsys.34.011802.132359
https://doi.org/10.1016/j.ecolmodel.2012.09.023
https://doi.org/10.1016/j.ecolmodel.2012.09.023
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.3389/fevo.2018.00187
https://doi.org/10.3389/fevo.2018.00187
https://doi.org/10.1111/j.1471-8286.2006.01284.x
https://doi.org/10.1111/j.1365-294X.2006.02983.x
https://doi.org/10.1111/j.1365-294X.2006.02983.x
https://doi.org/10.1289/ehp.96104s4823
https://doi.org/10.1289/ehp.96104s4823
https://doi.org/10.1644/1545-1542(2004)085%3C0058:TIOSBG%3E2.0.CO;2
https://doi.org/10.1644/1545-1542(2004)085%3C0058:TIOSBG%3E2.0.CO;2
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1111/j.1365-294X.2009.04355.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1016/j.marpolbul.2003.08.026
https://doi.org/10.1016/j.marpolbul.2003.08.026
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1186/1741-7007-5-30
https://doi.org/10.1186/1741-7007-5-30
https://doi.org/10.1016/j.aanat.2011.04.010


Frankham, R., Bradshaw, C.J.A. & Brook, B.W. (2014). Genetics in conser-

vation management: Revised recommendations for the 50/500 rules,

Red List criteria and population viability analyses. Biological Conserva-

tion, 170, 56–63. https://doi.org/10.1016/j.biocon.2013.12.036
Gaskin, D.E. (1970). Composition of schools of sperm whales Physeter

catodon Linn. east of New Zealand. New Zealand Journal of Marine and

Freshwater Research, 4(4), 456–471. https://doi.org/10.1080/

00288330.1970.9515359

Gero, S., Engelhaupt, D., Rendell, L. & Whitehead, H. (2009). Who cares?

Between-group variation in alloparental caregiving in sperm whales.

Behavioral Ecology, 20(4), 838–843. https://doi.org/10.1093/beheco/
arp068

Gero, S., Engelhaupt, D. & Whitehead, H. (2008). Heterogenous social

associations within a sperm whale, Physeter macrocephalus, unit reflect

pairwise relatedness. Behavioral Ecology and Sociobiology, 63(1),

143–151. https://doi.org/10.1007/s00265-008-0645-x
Gero, S. & Whitehead, H. (2016). Critical decline of the Eastern Caribbean

sperm whale population. PLoS ONE, 11(10), e0162019. https://doi.

org/10.1371/journal.pone.0162019

Gilbert, K.J., Andrew, R.L., Bock, D.G., Franklin, M.T., Kane, N.C.,

Moore, J.-S. et al. (2012). Recommendations for utilizing and

reporting population genetic analyses: The reproducibility of

genetic clustering using the program STRUCTURE. Molecular Ecology,

21(20), 4925–4930. https://doi.org/10.1111/j.1365-294X.2012.

05754.x

Gilson, A., Sylvanen, M., Levine, K.F. & Banks, J.D. (1998). Deer gender

determination by polymerase chain reaction: validation study and

application to tissues, bloodstains, and hair forensic samples from Cali-

fornia. California Fish and Game, 84,159–169.
Goudet, J. (2001). FSTAT, a program to estimate and test gene diversities

and fixation indices (version 2.9.3). Available at: http://www.unil.ch/

izea/softwares/fstat.html

Harcourt, R., van der Hoop, J., Kraus, S. & Carroll, E.L. (2019). Future direc-

tions in Eubalaena spp.: Comparative research to inform conservation.

Frontiers in Marine Science, 5, 530. https://doi.org/10.3389/fmars.

2018.00530

Hazlitt, S., Goldizen, A. & Eldridge, M. (2006). Significant patterns of popu-

lation genetic structure and limited gene flow in a threatened

macropodid marsupial despite continuous habitat in southeast

Queensland, Australia. Conservation Genetics, 7(5), 675–689. https://
doi.org/10.1007/s10592-005-9101-x

Hendricks, S., Anderson, E.C., Antao, T., Bernatchez, L., Forester, B.R.,

Garner, B. et al. (2018). Recent advances in conservation and popula-

tion genomics data analysis. Evolutionary Applications, 11(8),

1197–1211. https://doi.org/10.1111/eva.12659
Hoelzel, A.R. (1998). Genetic structure of cetacean populations in sym-

patry, parapatry, and mixed assemblages: Implications for conservation

policy. Journal of Heredity, 89(5), 451–458. https://doi.org/10.1093/
jhered/89.5.451

Hubisz, M.J., Falush, D., Stephens, M. & Pritchard, J.K. (2009). Inferring

weak population structure with the assistance of sample group infor-

mation. Molecular Ecology Resources, 9(5), 1322–1332. https://doi.org/
10.1111/j.1755-0998.2009.02591.x

Huebinger, R.M., Patton, J.C., George, J.C., Suydam, R., Louis, E.E., Jr. &

Bickham, J.W. (2008). Characterization of 25 microsatellite

loci in bowhead whales (Balaena mysticetus). Molecular Ecology

Resources, 8(3), 612–615. https://doi.org/10.1111/j.1471-8286.2007.
02015.x

Jaquet, N. & Gendron, D. (2009). The social organization of sperm

whales in the Gulf of California and comparisons with other

populations. Journal of the Marine Biological Association of the

United Kingdom, 89(5), 975–983. https://doi.org/10.1017/

S0025315409001507

Jaquet, N., Gendron, D. & Coakes, A. (2003). Sperm whales in the Gulf of

California: Residency, movements, behavior, and the possible influence

of variation in food supply. Marine Mammal Science, 19(3), 545–562.
https://doi.org/10.1111/j.1748-7692.2003.tb01320.x

Jombart, T. (2008). adegenet: A R package for the multivariate analysis of

genetic markers. Bioinformatics, 24(11), 1403–1405. https://doi.org/
10.1093/bioinformatics/btn129

Jombart, T., Devillard, S. & Balloux, F. (2010). Discriminant analysis of prin-

cipal components: A new method for the analysis of genetically struc-

tured populations. BMC Genetics, 11(1), 94. https://doi.org/10.1186/

1471-2156-11-94

Jost, L.O.U. (2008). G (ST) and its relatives do not measure differentiation.

Molecular Ecology, 17(18), 4015–4026. https://doi.org/10.1111/j.

1365-294X.2008.03887.x

Kalinowski, S.T., Wagner, A.P. & Taper, M.L. (2006). ML-Relate: A com-

puter program for maximum likelihood estimates of relatedness and

relationship. Molecular Ecology Notes, 6(2), 576–579. https://doi.org/
10.1111/j.1471-8286.2006.01256.x

Kirkwood, G.P., Allen, K.R. & Bannister, J.L. (1980). An assessment of the

sperm whale stock subject to Western Australian catching. Report of

the International Whaling Commission, Special Issue 2, 147–149.
Kirkwood, G.P. & Bannister, J.L. (1980). Revised abundance indices for

sperm whales off Albany, Western Australia. Report of the International

Whaling Commission, Special Issue 2, 89–91.
Krützen, M., Barre, L.M., Möller, L., Heithaus, M.R., Sims, C. & Sherwin, W.

B. (2002). A biopsy system for small cetaceans: Darting

success and wound healing in Tursiops spp. Marine Mammal Science, 18

(4) 863–878. https://doi.org/10.1111/j.1748-7692.2002.tb01078.x
Lettevall, E., Richter, C., Jaquet, N., Slooten, E., Dawson, S., Whitehead, H.

et al. (2002). Social structure and residence in aggregation of male

sperm whales. Canadian Journal of Zoology, 80, 1189–1196. https://
doi.org/10.1139/z02-102

Lyrholm, T. & Gyllensten, U. (1998). Global matrilineal population

structure in sperm whales as indicated by mitochondrial DNA

sequences. Proceedings of the Royal Society of London, Series B: Biologi-

cal Sciences, 265(1406), 1679–1684. https://doi.org/10.1098/rspb.

1998.0488

Lyrholm, T., Leimar, O., Johanneson, B. & Gyllensten, U. (1999). Sex-biased

dispersal in sperm whales: Contrasting mitochondrial and nuclear

genetic structure of global populations. Proceedings of the Royal Society

of London, Series B: Biological Sciences, 266(1417), 347–354. https://
doi.org/10.1098/rspb.1999.0644

Magera, A.M., Mills Flemming, J.E., Kaschner, K., Christensen, L.B. &

Lotze, H.K. (2013). Recovery trends in marine mammal populations.

PLoS ONE, 8(10), e77908. https://doi.org/10.1371/journal.pone.

0077908

Mate, B.R., Stafford, K.M. & Ljungblad, D.K. (1994). A change in sperm

whale (Physeter macrocephalus) distribution correlated to seismic sur-

veys in the Gulf of Mexico. Journal of the Acoustical Society of America,

96(5), 3268–3269. https://doi.org/10.1121/1.410971
Mesnick, S.L., Taylor, B.L., Archer, F.I., Martien, K.K., Treviño, S.E.,

Hancock-Hanser, B.L. et al. (2011). Sperm whale population structure

in the eastern and central North Pacific inferred by the use of single-

nucleotide polymorphisms, microsatellites and mitochondrial DNA.

Molecular Ecology Resources, 11, 278–298. https://doi.org/10.1111/j.
1755-0998.2010.02973.x

Mizroch, S.A. & Rice, D.W. (2013). Ocean nomads: Distribution and move-

ments of sperm whales in the North Pacific shown by whaling data

and Discovery marks. Marine Mammal Science, 29(2), E136–E165.
https://doi.org/10.1111/j.1748-7692.2012.00601.x

Möller, L.M., Bannister, J. & Harcourt, R. (2005). Genetic diversity and stock

identification of sperm whales in Australian waters. Report to The Natu-

ral HeritageTrust.

Morin, P.A., Aitken, N.C., Rubio-Cisneros, N., Dizon, A.E. & Mesnick, S.

(2007). Characterization of 18 SNP markers for sperm whale (Physeter

macrocephalus). Molecular Ecology Notes, 7(4), 626–630. https://doi.
org/10.1111/j.1471-8286.2006.01654.x

12 DAY ET AL.

https://doi.org/10.1016/j.biocon.2013.12.036
https://doi.org/10.1080/00288330.1970.9515359
https://doi.org/10.1080/00288330.1970.9515359
https://doi.org/10.1093/beheco/arp068
https://doi.org/10.1093/beheco/arp068
https://doi.org/10.1007/s00265-008-0645-x
https://doi.org/10.1371/journal.pone.0162019
https://doi.org/10.1371/journal.pone.0162019
https://doi.org/10.1111/j.1365-294X.2012.05754.x
https://doi.org/10.1111/j.1365-294X.2012.05754.x
http://www.unil.ch/izea/softwares/fstat.html
http://www.unil.ch/izea/softwares/fstat.html
https://doi.org/10.3389/fmars.2018.00530
https://doi.org/10.3389/fmars.2018.00530
https://doi.org/10.1007/s10592-005-9101-x
https://doi.org/10.1007/s10592-005-9101-x
https://doi.org/10.1111/eva.12659
https://doi.org/10.1093/jhered/89.5.451
https://doi.org/10.1093/jhered/89.5.451
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1471-8286.2007.02015.x
https://doi.org/10.1111/j.1471-8286.2007.02015.x
https://doi.org/10.1017/S0025315409001507
https://doi.org/10.1017/S0025315409001507
https://doi.org/10.1111/j.1748-7692.2003.tb01320.x
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1111/j.1365-294X.2008.03887.x
https://doi.org/10.1111/j.1365-294X.2008.03887.x
https://doi.org/10.1111/j.1471-8286.2006.01256.x
https://doi.org/10.1111/j.1471-8286.2006.01256.x
https://doi.org/10.1111/j.1748-7692.2002.tb01078.x
https://doi.org/10.1139/z02-102
https://doi.org/10.1139/z02-102
https://doi.org/10.1098/rspb.1998.0488
https://doi.org/10.1098/rspb.1998.0488
https://doi.org/10.1098/rspb.1999.0644
https://doi.org/10.1098/rspb.1999.0644
https://doi.org/10.1371/journal.pone.0077908
https://doi.org/10.1371/journal.pone.0077908
https://doi.org/10.1121/1.410971
https://doi.org/10.1111/j.1755-0998.2010.02973.x
https://doi.org/10.1111/j.1755-0998.2010.02973.x
https://doi.org/10.1111/j.1748-7692.2012.00601.x
https://doi.org/10.1111/j.1471-8286.2006.01654.x
https://doi.org/10.1111/j.1471-8286.2006.01654.x


Morin, P.A., Foote, A.D., Baker, C.S., Hancock-Hanser, B.L., Kaschner, K.,

Mate, B.R. et al. (2018). Demography or selection on linked

cultural traits or genes? Investigating the driver of low mtDNA

diversity in the sperm whale using complementary mitochondrial and

nuclear genome analyses. Molecular Ecology, 27(11), 2604–2619.
https://doi.org/10.1111/mec.14698

Morin, P.A., Martien, K.K., Archer, F.I., Cipriano, F., Steel, D., Jackson, J.

et al. (2010). Applied conservation genetics and the need for quality

control and reporting of genetic data used in fisheries and wildlife

management. Journal of Heredity, 101(1), 1–10. https://doi.org/10.

1093/jhered/esp107

Neaves, L.E., Zenger, K.R., Prince, R.I.T., Eldridge, M.D.B. & Cooper, D.W.

(2009). Landscape discontinuities influence gene flow and genetic

structure in a large, vagile Australian mammal, Macropus fuliginosus.

Molecular Ecology, 18(16), 3363–3378. https://doi.org/10.1111/j.

1365-294X.2009.04293.x

Noad, M.J., Dunlop, R.A., Paton, D. & Cato, D.H. (2011). Absolute and rela-

tive abundance estimates of Australian east coast humpback whales

(Megaptera novaeangliae). Journal of Cetacean Research and Manage-

ment, Special Issue 3, 243–252.
Okello, J.B.A., Masembe, C., Rasmussen, H.B., Wittemyer, G., Omondi, P.,

Kahindi, O. et al. (2008). Population genetic structure of savannah

elephants in Kenya: Conservation and management implications.

Journal of Heredity, 99(5), 443–452. https://doi.org/10.1093/jhered/
esn028

Ortega-Oritz, J.G., Engelhaupt, D., Winsor, M., Mate, B.R. & Hoelzel, A.

(2012). Kinship of long-term associates in the highly social sperm

whale. Molecular Ecology, 21(3), 732–744. https://doi.org/10.1111/j.
1365-294X.2011.05274.x

Ovenden, J.R., Kashiwagi, T., Broderick, D., Giles, J. & Salini, J. (2009).

The extent of population genetic subdivision differs among four

co-distributed shark species in the Indo-Australian archipelago. BMC

Evolutionary Biology, 9(1), 40. https://doi.org/10.1186/1471-2148-

9-40

Paetkau, D. & Strobeck, C. (1994). Microsatellite analysis of genetic

variation in black bear populations. Molecular Ecology, 3(5), 489–495.
https://doi.org/10.1111/j.1365-294X.1994.tb00127.x

Peakall, R. & Smouse, P.E. (2006). GenAlEx 6: Genetic analysis in Excel.

Population genetic software for teaching and research. Molecular Ecol-

ogy Notes, 6(1), 288–295. https://doi.org/10.1111/j.1471-8286.2005.
01155.x

Peakall, R. & Smouse, P.E. (2012). GenAlEx 6.5: Genetic analysis in Excel.

Population genetic software for teaching and research—An update.

Bioinformatics, 28(19), 2537–2539. https://doi.org/10.1093/

bioinformatics/bts460

Pinela, A.M., Quérouil, S., Magalh~aes, S., Silva, M.A., Prieto, R., Matos, J.A.

et al. (2009). Population genetics and social organization of the sperm

whale (Physeter macrocephalus) in the Azores inferred by microsatellite

analyses. Canadian Journal of Zoology, 87(9), 802–813. https://doi.org/
10.1139/z09-066

Pirotta, V., Reynolds, W., Ross, G., Jonsen, I., Grech, A., Slip, D. et al.

(2020). A citizen science approach to long-term monitoring of hump-

back whales (Megaptera novaeangliae) off Sydney, Australia.

Marine Mammal Science, 36(2), 472–485. https://doi.org/10.1111/

mms.12651

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000). Inference of

population structure using multilocus genotype data. Genetics, 155(2),

945–959.
Rankin, D.J. & Kokko, H. (2007). Do males matter? The role of males in

population dynamics. Oikos, 116(2), 335–348. https://doi.org/10.

1111/j.0030-1299.2007.15451.x

Raymond, M. & Rousset, F. (1995). Population genetics software

for exact tests and ecumenicism. Journal of Heredity,

86(3), 248–249. https://doi.org/10.1093/oxfordjournals.jhered.

a111573

Reeves, R. & Notarbartolo Di Sciara, G. (2006). The status and distribution

of cetaceans in the Black Sea and Medieranean Sea. Malaga, Spain: IUCN

Centre for Mediterranean Cooperation.

Rendell, L., Mesnick, S.L., Dalebout, M.L., Burtenshaw, J. & Whitehead, H.

(2012). Can genetic differences explain vocal dialect variation in sperm

whales, Physeter macrocephalus? Behavior Genetics, 42(2), 332–343.
https://doi.org/10.1007/s10519-011-9513-y

Rendell, L.E. & Whitehead, H. (2003). Vocal clans in sperm whales (Phy-

seter macrocephalus). Proceedings of the Royal Society of London, Series

B: Biological Sciences, 270(1512), 225–231. https://doi.org/10.1098/
rspb.2002.2239

Rice, D.W. (1998). Marine mammals of the world: Systematics and distri-

bution. In: Special publication no. 4. Lawrence: Society for Marine

Mammalogy.

Rice, W. (1989). Analysing tables of statistical tests. Evolution, 43(1),

223–225. https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
Richard, K.R., Dillon, M.C., Whitehead, H. & Wright, J.M. (1996). Patterns

of kinship in groups of free-living sperm whales (Physeter macro-

cephalus) revealed by multiple molecular genetic analysis. Proceedings

of the National Academy of Sciences of the United States of America, 93

(16), 8792–8795. https://doi.org/10.1021/jo961317d
Richard, K.R., McCarrey, S.W. & Wright, J.M. (1994). DNA sequence from

the SRY gene of the sperm whale (Physeter macrocephalus) for use in

molecular sexing. Canadian Journal of Zoology, 72(5), 873–877. https://
doi.org/10.1139/z94-118

Rodriguez-Ramilo, S.T. & Wang, J. (2012). The effect of close relatives on

unsupervised Bayesian clustering algorithms in population genetic

structure analysis. Molecular Ecology Resources, 12(5), 873–884.
https://doi.org/10.1111/j.1755-0998.2012.03156.x

Roos, A.M., Bäcklin, B.-M.V.M., Helander, B.O., Rigét, F.F. & Eriksson, U.C.

(2012). Improved reproductive success in otters (Lutra lutra), grey seals

(Halichoerus grypus) and sea eagles (Haliaeetus albicilla) from Sweden in

relation to concentrations of organochlorine contaminants. Environ-

mental Pollution, 170, 268–275. https://doi.org/10.1016/j.envpol.

2012.07.017

Rosenbaum, H.C., Kershaw, F., Mendez, M., Pomilla, C., Leslie, M.S.,

Findlay, K.P. et al. (2017). First circumglobal assessment of Southern

Hemisphere humpback whale mitochondrial genetic variation and

implications for management. Endangered Species Research, 32,

551–567. https://doi.org/10.3354/esr00822
Ryman, N. & Palm, S. (2006). POWSIM: A computer program for assessing

statistical power when testing for genetic differentiation. Molecular

Ecology Notes, 6(3), 600–602. https://doi.org/10.1111/j.1471-8286.

2006.01378.x

Shinohara, M., Domingo-Roura, X. & Takenaka, O. (1997). Microsatellites

in the bottlenose dolphin Tursiops truncatus. Molecular Ecology, 6(7),

695–696. https://doi.org/10.1046/j.1365-294x.1997.00231.x
Slatkin, M. (1995). A measure of population subdivision based on microsat-

ellite allele frequencies. Genetics, 139(1), 457–462.
Sousa, A., Alves, F., Dinis, A., Bentz, J., Cruz, M.J. & Nunes, J.P. (2019).

How vulnerable are cetaceans to climate change? Developing and

testing a new index. Ecological Indicators, 98, 9–18. https://doi.org/10.
1016/j.ecolind.2018.10.046

Sunnucks, P. & Hales, D.F. (1996). Numerous transposed sequences of

mitochondrial cytochrome oxidase I-II in aphids of the genus Sitobion

(Hemiptera: Aphididae). Molecular Biology and Evolution, 13(3),

510–523. https://doi.org/10.1093/oxfordjournals.molbev.a025612

Symons, R.K., Burniston, D., Jaber, R., Piro, N., Trout, M., Yates, A. et al.

(2003). Southern hemisphere cetaceans: A study of the POPs,

PCDD/Fs and dioxin like PCBs in stranded animals from the Tasma-

nian coast. Organohalogen Compounds, 62, 257–260.
Tamura, K. & Nei, M. (1993). Estimation of the number of nucleotide sub-

stitutions in the control region of mitochondrial DNA in humans and

chimpanzees. Molecular Ecology and Evolution, 10(3), 512–526.
https://doi.org/10.1093/oxfordjournals.molbev.a040023

DAY ET AL. 13

https://doi.org/10.1111/mec.14698
https://doi.org/10.1093/jhered/esp107
https://doi.org/10.1093/jhered/esp107
https://doi.org/10.1111/j.1365-294X.2009.04293.x
https://doi.org/10.1111/j.1365-294X.2009.04293.x
https://doi.org/10.1093/jhered/esn028
https://doi.org/10.1093/jhered/esn028
https://doi.org/10.1111/j.1365-294X.2011.05274.x
https://doi.org/10.1111/j.1365-294X.2011.05274.x
https://doi.org/10.1186/1471-2148-9-40
https://doi.org/10.1186/1471-2148-9-40
https://doi.org/10.1111/j.1365-294X.1994.tb00127.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1139/z09-066
https://doi.org/10.1139/z09-066
https://doi.org/10.1111/mms.12651
https://doi.org/10.1111/mms.12651
https://doi.org/10.1111/j.0030-1299.2007.15451.x
https://doi.org/10.1111/j.0030-1299.2007.15451.x
https://doi.org/10.1093/oxfordjournals.jhered.a111573
https://doi.org/10.1093/oxfordjournals.jhered.a111573
https://doi.org/10.1007/s10519-011-9513-y
https://doi.org/10.1098/rspb.2002.2239
https://doi.org/10.1098/rspb.2002.2239
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x
https://doi.org/10.1021/jo961317d
https://doi.org/10.1139/z94-118
https://doi.org/10.1139/z94-118
https://doi.org/10.1111/j.1755-0998.2012.03156.x
https://doi.org/10.1016/j.envpol.2012.07.017
https://doi.org/10.1016/j.envpol.2012.07.017
https://doi.org/10.3354/esr00822
https://doi.org/10.1111/j.1471-8286.2006.01378.x
https://doi.org/10.1111/j.1471-8286.2006.01378.x
https://doi.org/10.1046/j.1365-294x.1997.00231.x
https://doi.org/10.1016/j.ecolind.2018.10.046
https://doi.org/10.1016/j.ecolind.2018.10.046
https://doi.org/10.1093/oxfordjournals.molbev.a025612
https://doi.org/10.1093/oxfordjournals.molbev.a040023


Templeton, A.R., Crandall, K.A. & Sing, C.F. (1992). A cladistic analysis of

phenotypic associations with haplotypes inferred from restriction

endonuclease mapping and DNA sequence data. III. Cladogram estima-

tion. Genetics, 132(2), 619–633.
Valsecchi, E. & Amos, W. (1996). Microsatellite markers for the study of

cetacean populations. Molecular Ecology, 5(1), 151–156. https://doi.
org/10.1111/j.1365-294X.1996.tb00301.x

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M. & Shipley, P. (2004).

MICRO-CHECKER: Software for identifying and correcting genotypic

errors in microsatellite data. Molecular Ecology Notes, 4(3), 535–538.
https://doi.org/10.1111/j.1471-8286.2004.00684.x

Waples, R.S. & Anderson, E.C. (2017). Purging putative siblings from popu-

lation genetic data sets: A cautionary view. Molecular Ecology, 26(5),

1211–1224. https://doi.org/10.1111/mec.14022

Warren, W.C., Kuderna, L., Alexander, A., Catchen, J., Perez-Silva, J.G.,

Lopez-Otin, C. et al. (2017). The novel evolution of the sperm whale

genome. Genome Biology and Evolution, 9(12), 3260–3264. https://doi.
org/10.1093/gbe/evx187

Weeks, A.R., Stoklosa, J. & Hoffmann, A.A. (2016). Conservation of genetic

uniqueness of populations may increase extinction likelihood of

endangered species: The case of Australian mammals. Frontiers in

Zoology, 13(1), 31. https://doi.org/10.1186/s12983-016-0163-z

Whitehead, H. (1993). The behaviour of mature male sperm whales on the

Galápagos breeding ground. Canadian Journal of Zoology, 71(4),

689–699. https://doi.org/10.1139/z93-093
Whitehead, H. (1996). Babysitting, dive synchrony, and indications of

alloparental care in sperm whales. Behavioral Ecology and Sociobiology,

38(4), 237–244. https://doi.org/10.1007/s002650050238
Whitehead, H. (1998). Cultural selection and genetic diversity in matrilin-

eal whales. Science, 282(5394), 1708–1711. https://doi.org/10.1126/
science.282.5394.1708

Whitehead, H. (2002). Estimates of the current global population size and

historical trajectory for sperm whales. Marine Ecology Progress Series,

242, 295–304. https://doi.org/10.3354/meps242295

Whitehead, H. (2003). Sperm whales: Social evolution in the ocean. Chicago:

University of Chicago Press. https://doi.org/10.1071/ah030088

Whitehead, H., Antunes, R., Gero, S., Wong, S.N.P., Engelhaupt, D. &

Rendell, L. (2012). Multilevel societies of female sperm whales

(Physeter macrocephalus) in the Atlantic and Pacific: Why are they so

different? International Journal of Primatology, 33(5), 1142–1164.
https://doi.org/10.1007/s10764-012-9598-z

Whitehead, H., Brennan, S. & Grover, D. (1992). Distribution and behav-

iour of male sperm whales on the Scotian Shelf, Canada. Canadian

Journal of Zoology, 70(5), 912–918. https://doi.org/10.1139/z92-130
Whitehead, H., Christal, J. & Dufault, S. (1997). Past and Distant Whaling

and the Rapid Decline of Sperm Whales off the Galápagos Islands.

Conservation Biology, 11(6), 1387–1396. https://doi.org/10.1046/j.

1523-1739.1997.96246.x

Whitehead, H., Coakes, A., Jaquet, N. & Lusseau, S. (2008). Movements of

sperm whales in the tropical Pacific. Marine Ecology Progress Series,

361, 291–300. https://doi.org/10.3354/meps07412

Whitehead, H., Vachon, F. & Frasier, T. (2017). Cultural hitchhiking in the

matrilineal whales. Behavior Genetics, 47(3), 324–334. https://doi.org/
10.1007/s10519-017-9840-8

Wiszniewski, J., Beheregaray, L.B., Allen, S.J. & Möller, L.M. (2010). Envi-

ronmental and social influences on the genetic structure of bottlenose

dolphins (Tursiops aduncus) in Southeastern Australia. Conservation

Genetics, 11(4), 1405–1419. https://doi.org/10.1007/s10592-009-

9968-z

Woinarski, J.C.Z., Burbidge, A.A. & Harrison, P.L. (2014). The Action Plan

for Australian Mammals 2012. Collingwood, Australia: CSIRO

Publishing.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Day J, Power D, Gales R, et al.

Australian sperm whales from different whaling stocks belong

to the same population. Aquatic Conserv: Mar Freshw Ecosyst.

2021;1–14. https://doi.org/10.1002/aqc.3494

14 DAY ET AL.

https://doi.org/10.1111/j.1365-294X.1996.tb00301.x
https://doi.org/10.1111/j.1365-294X.1996.tb00301.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/mec.14022
https://doi.org/10.1093/gbe/evx187
https://doi.org/10.1093/gbe/evx187
https://doi.org/10.1186/s12983-016-0163-z
https://doi.org/10.1139/z93-093
https://doi.org/10.1007/s002650050238
https://doi.org/10.1126/science.282.5394.1708
https://doi.org/10.1126/science.282.5394.1708
https://doi.org/10.3354/meps242295
https://doi.org/10.1071/ah030088
https://doi.org/10.1007/s10764-012-9598-z
https://doi.org/10.1139/z92-130
https://doi.org/10.1046/j.1523-1739.1997.96246.x
https://doi.org/10.1046/j.1523-1739.1997.96246.x
https://doi.org/10.3354/meps07412
https://doi.org/10.1007/s10519-017-9840-8
https://doi.org/10.1007/s10519-017-9840-8
https://doi.org/10.1007/s10592-009-9968-z
https://doi.org/10.1007/s10592-009-9968-z
https://doi.org/10.1002/aqc.3494

	Australian sperm whales from different whaling stocks belong to the same population
	1  INTRODUCTION
	2  METHODS
	2.1  Study site and sample collection
	2.2  Genetic methods
	2.3  Data analysis
	2.3.1  Genetic variation
	2.3.2  Genetic differentiation


	3  RESULTS
	3.1  Quality control and assembly of microsatellite and mtDNA datasets
	3.2  Genetic variation
	3.3  Genetic differentiation
	3.4  Global patterns of genetic differentiation

	4  DISCUSSION
	4.1  Recovery and management of sperm whales in Australia

	ACKNOWLEDGEMENTS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


