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Abstract

Population genomic data sets have enhanced power to

detect cryptic and complex population structure and gener-

ate valuable information for the conservation and manage-

ment of wildlife species. Globally, killer whales (Orcinus

orca) are considered to have a complex population structure

due to their ability to specialize in a variety of ecological

niches. In the Australasian region, they are found year round

in New Zealand waters and are sighted in all Australian

waters, with seasonal aggregations in the northwest (NWA)

and southwest (SWA). Regionally, there is some knowledge

regarding killer whale abundance, diet, acoustics, and social

structure, but limited information about their population

structure. Here, we present a population structure assess-

ment of Australasian killer whales using 17,491 high quality

genome-wide single nucleotide polymorphisms (SNPs),

combined with sequences of the mitochondrial DNA con-

trol region. The results indicate a minimum of three

populations: New Zealand, NWA, and SWA. These

populations present moderate levels of genomic diversity,

negligible levels of inbreeding, small effective population

sizes, and low contemporary migration rates among them.

Mitochondrial DNA analysis elucidated five closely related

haplotypes, suggestive of matrilineal societies, consistent

with killer whales elsewhere. This information will assist
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conservation management of killer whales in the Austral-

asian region.

K E YWORD S

Bremer Canyon, cetaceans, conservation genomics, ddRAD,
Delphinidae, Ningaloo Reef

1 | INTRODUCTION

The spatial distribution of genetic variation among and within populations is a central focus of molecular ecol-

ogy and conservation biology. Molecular methods allow for inferences of population structure and provide

invaluable insights which can assist in the design of conservation and management regimes for at risk wildlife

(Frankham et al., 2017). This information can be integrated into species conservation management plans by

investigating interactions among genetic drift, mutation, migration, and gene flow at the population level, as

well as adaptive variation arising from natural selection (Allendorf et al., 2010; Funk et al., 2012). Moreover,

conservation management efforts can be improved or designed considering not only patterns of connectivity

within species, but also their predicted adaptability to future environments (Jonas et al., 2018; Ralls

et al., 2018). This knowledge is particularly beneficial for marine organisms, as they are often difficult to study

and demonstrate cryptic and/or complex population structure, which traditional ecological methods cannot

fully account for. The application of genomic approaches to conservation biology is particularly attractive due

to its ability to produce thousands of genetic markers, allowing for more reliable estimates of evolutionary rela-

tionships and demographic parameters (Gaughran et al., 2018; Grummer et al., 2019). Application of population

genomics to conservation has focused on increasing the accuracy of population genetic parameters, including

population structure, migration rates, and effective population sizes, as well as identifying loci under selection

(Hohenlohe et al., 2018).

Killer whales (Orcinus orca) are a globally distributed apex predator found from equatorial regions to the polar

pack ice, however, they remain listed as data deficient by the International Union for the Conservation of Nature

(Reeves et al., 2017). Thus, conservation and management actions are commonly completed on an ad hoc basis in

several regions around the world. This is perhaps a result of both their complex population history (Foote

et al., 2016, 2019) and lack of sufficient research effort globally.

Killer whales provide a relatively unique case from both an evolutionary and demographic perspective because

geographically they exhibit fine scale variation in their morphology and ecology (reviewed in Foote et al., 2019).

Their particular ability to radiate into novel ecological niches around the world's oceans has resulted in distinct eco-

type formation, evolving ~220,000–530,000 years ago KYA, which gave rise to the several distinct killer whale cla-

des (Morin et al., 2015). The term ecotype refers here to an ecologically and genetically differentiated population of

a species (sensu Turesson, 1922).

Killer whale ecotypes can be characterized by differences in their social structure, morphology, acoustics, physi-

ology, behaviors, spatial range, and feeding ecology (e.g., Baird & Whitehead 2000; Durban & Pitman 2011; Foote

et al., 2016; Hoelzel, 1998; Pitman & Ensor 2003; Riesch et al., 2012; Thomsen et al., 2001; Wellard et al., 2018).

Killer whale ecotypes are proposed to have originally evolved from small founder groups filling new ecological niches

and then maintained by social learning among individuals (Foote et al., 2016). Speciation with the genus Orcinus has

been heavily debated largely due to some ecotypes forming monophyletic clades (Morin et al., 2015) which, under

some species concepts, would suggest they are different species (Barrett-Lennard, 2011). However, demographic

processes, including postfounder expansions could lead to a similar signal. Based on recent reconstruction of killer

2 REEVES ET AL.



whale ancestry and demography (Foote et al., 2016, 2019; Hooper et al., 2020) the latter seems more plausible. Two

ecotypes in particular have been extensively studied for several decades. These are the sympatric transient mammal-

eating and the resident fish-eating ecotypes found in the eastern North Pacific (Bigg, 1982; Ford et al., 1998). They

exhibit distinct morphology, different social structures, feeding specializations, and complex population structure,

with high genetic differentiation among groups (e.g., Baird & Stacey 1988; Bigg 1987; Ford et al., 1998; Hoelzel &

Dover 1991), including in genes associated with diet (Foote et al., 2016). These ecotypes are generally used as

sources of general knowledge about killer whale biology globally, with Southern Hemisphere killer whale research

somewhat lagging behind. In the Southern Hemisphere, the Antarctic killer whale ecotypes are the best studied,

although little published literature exists in comparison to the Northern Hemisphere ecotypes. In Antarctica, there

are at least five ecotypes with various specialized diets. Type A, which feeds on marine mammals and penguins, with

a preference for minke whales (Balaenoptera acutorostrata) and southern elephant seals (Mirounga leonina); type B1

(pack ice killer whale), which preys primarily on ice associated seals (e.g., Weddell, Leptonychotes weddellii; crab-eater,

Lobodon carcinophagus, and leopard seals, Hydrurga leptonyx), and occasionally minke whales; type B2 (Gerlache killer

whales), which feeds on fish or squid, and sporadically on penguins; type C, which preys on fishes (e.g., Antarctic too-

thfish, Dissostichus mawsoni); and sub-Antarctic type D, which also feeds on fish (Jefferson et al., 2015;

Pitman, 2011; Pitman & Durban, 2010, 2012; Pitman & Ensor, 2003; Pitman et al., 2007; Travers et al., 2018). Some

Antarctic ecotypes appear to be sympatric in range and exhibit unique diets, with parallels to the patterns observed

in the eastern North Pacific ecotypes (Foote et al., 2019; Pitman & Ensor, 2003; Pitman et al., 2011). For other

regions of the Southern Hemisphere, including Australasia, there is little knowledge about killer whale ecotypes and

their population structure.

Killer whales have been sighted throughout Australasia (Atlas Of Living Australia, 2020), primarily in Australia,

New Zealand (NZ), and Papua New Guinea (Morrice, 2004; Palmer & Chatto, 2013; Visser, 2000a; Visser &

Bonoccorso, 2003). In Australia, two regions with high seasonal use have been discovered recently: one located

mostly inshore in the Ningaloo Reef area, northwestern Australia (NWA), and the other in offshore waters of the

Bremer Sub-Basin, off southwestern Australia (SWA). Sporadic sightings of killer whales have also been recorded in

all states of Australia and the Northern Territory, with perhaps greater numbers in colder waters (Morrice, 2004;

Palmer & Chatto, 2013). There is limited knowledge about the biology and ecology of killer whales in this region,

with some information about morphology, acoustics (Wellard et al., 2015), abundance (Donnelly et al., 2019;

Totterdell, 2015; Wellard & Erbe, 2017), feeding behavior (Cieslak et al., 2021), social structure (Wellard, 2018), habi-

tat use (Salgado Kent et al., 2020), diet (Pitman et al., 2015; Totterdell et al., in review; Wellard et al., 2016), visiting

ecotypes (Donnelly et al., 2021) and phylogenetic relationships to other ecotypes around the world (Foote

et al., 2019). Observations of predation events and prey remains at the surface suggest they feed upon multiple ceta-

cean species (e.g., coastal dolphins, baleen, and beaked whales) (Pitman et al., 2015; Wellard et al., 2016; J.A.T., per-

sonal observation), various teleost and shark species, and also cephalopods (J.A.T., personal observation). Whether

these killer whale aggregations represent different ecotypes is yet to be determined, since the lack of a specialist diet

and clearly distinct morphological features make it difficult to assign them to a particular ecotype. In NWA, 26 indi-

vidual killer whales have been photographically identified (Totterdell, 2015), likely representing at least three socially

connected groups (Pitman et al., 2015). By contrast, in SWA, more than 140 individuals have been identified

(Wellard & Erbe, 2017). From field observations, SWA animals most closely resemble Antarctic type A killer whales

(Wellard et al., 2015). This is regarding the coloration and pigmentation patterns, with the saddle and eye patches

being in similar positions, size, shape, and pigment strength (J.A.T., personal observation). However, SWA animals are

generally smaller in size (J.A.T., personal observation), and have more falcate dorsal fins compared to the Antarctic

type A (J.A.T. and R.W., personal observation). From a historical perspective, a recent genomic study based on a sin-

gle sample per locality indicated that the NWA killer whale had genetic similarities to other tropical killer whales,

while the SWA animal was more similar to Southern Ocean killer whales (Foote et al., 2019). This suggests the possi-

bility of distinct contemporary population structure between these two Australian regions.
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In NZ, killer whales have been observed around the country (Visser, 2000a; Visser & Cooper 2020) but there is

limited published literature on these animals. An early photo identification study suggested a minimum of 115 animals

around NZ in the late 1990s and also suggested the possibility of three subpopulations in the area (Visser, 2000a).

This was congruent with preliminary mtDNA and acoustic analysis (Visser, 2000a, 2007). They were later shown to

exhibit matrilineal structure and local philopatry (Olavarría et al., 2014) and are perhaps historically more genetically

similar to Northern Hemisphere populations (Foote et al., 2019). Currently, these killer whales are listed by the NZ

government as nationally critical (Baker et al., 2019). These putative NZ subpopulations are thought to exhibit differ-

ent foraging specializations, with one exclusively preying upon cetaceans, another primarily on rays, and the third

exhibiting a more generalist diet (Visser, 1999a, 2000a, 2005, 2007; Visser et al., 2000, 2010). Given that diet spe-

cializations may drive ecological speciation (see Riesch et al., 2012), it is possible that the proposed subpopulations

in NZ waters are genetically distinct. However, there is still limited knowledge on the relationship between genetic

and ecological differentiation within the context of killer whale divergence (e.g., Filatova et al., 2015; Hoelzel &

Dover, 1991; Stevens et al., 1989).

Here, we assessed contemporary population genomic structure of killer whales in part of their distribution in the

Australasian region. Population structure in Australia and NZ waters was elucidated using a putatively neutral geno-

mic data set. This was used to assess genomic diversity and differentiation, test for the most likely number of

populations, and infer levels of gene flow. In addition, sequences of a fragment of the mitochondrial (mtDNA) control

region were used to assess matrilineal genetic diversity and differentiation from a maternal perspective. The putative

neutral genomic data set was also used to estimate effective population size (Ne) for the inferred populations. Based

on previous knowledge about the morphological characteristics and feeding behavior of killer whales in these

regions, and the absence of matches between individuals in the two Australian photo-identification catalogs

(Totterdell, 2015; Wellard & Erbe, 2017), it was hypothesized that each region represents a small and distinct popula-

tion. This study generates information about population structure of killer whales in Australasia that can be used for

conservation and management of these animals, and also contributes to the global knowledge about this data defi-

cient apex species.

2 | METHODS

2.1 | Sampling and storage

A total of 74 tissue samples from free-ranging and stranded killer whales were obtained through opportunistic sam-

pling between 1997 and 2019 from eight localities across Australia and NZ (Figure 1, Table 1). Tissue samples (skin

and blubber) collected from free-ranging animals were obtained using a Barnett crossbow with 150 lb draw weight,

50 cm long darts (designed by F. Larsen, CETA DART, Copenhagen, Denmark), and biopsy tips (length: 40 mm),

which provided samples of approximately 25 mm � 4 mm size (n = 55). Samples from strandings were a combination

of muscle and/or skin (n = 19). Samples were not identified to ecotype level and were collected predominantly from

adults and juveniles from several pods, with calf samples only available from strandings. All samples were preserved

in 95% ethanol and stored at �80�C until used for laboratory analyses.

2.2 | DNA extractions

Genomic DNA was extracted using a salting-out protocol (Sunnucks & Hales, 1996). DNA quality, integrity, and

quantity were assessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific), gel electrophoresis, and a

fluorometer (Qubit 2.0, Life Technologies), respectively. If DNA extractions showed the presence of low molecular
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weight molecules, the sample was cleaned with AMPure XP beads (Beckman Coulter Genomics) in attempt to dis-

card them; used as per manufacturer's specifications.

2.3 | Genetic and genomic sequencing

For the mtDNA data set, a fragment of approximately 450 bp of the mtDNA control region was PCR amplified for

68 samples (+10% replicates) using primers DLP 1.5 and DLP 5 (Baker et al., 1993). Six samples were not sequenced

due to a lack of sufficient DNA after ddRAD library preparation. The mtDNA control region fragment was

sequenced (forward and reverse) using an Applied Biosystems 3730XL Sequencer, with sequences later trimmed and

F IGURE 1 Map displaying localities of 74 stranded and biopsied sampled killer whales (Orcinus orca) in
Australasia from which ddRAD-seq and mtDNA control region sequences were generated. Note that samples were
often obtained in very similar geographic coordinates and therefore many appear superimposed in the map. The map
was created using ArcMap 10.3.1. To the right of this figure are examples of killer whales from the three sites of
high use within Australasia.

TABLE 1 Killer whale (Orcinus orca) tissue samples utilized, with their respective sample size locality in
Australasia. Note that number of samples varied between the mtDNA and the nuclear SNP data set, see Table S6 for
specific dataset details.

Locality Number of samples Sample type

Ningaloo Reef, northwestern Australia 14 Biopsy

Hamelin Bay, midwestern Australia 1 Stranding

Bunbury, midwestern Australia 1 Stranding

Bremer Sub-Basin, southwestern Australia 41 Biopsy

Fraser Island, eastern Australia 3 Stranding

Tasmania, southeastern Australia 2 Stranding

South Island, New Zealand 6 Stranding

North Island, New Zealand 6 Stranding
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aligned using Geneious v.6.0.4 (Kearse et al., 2012). Further information about conditions and primers used can be

found in the Supplementary material (Mitochondrial DNA Sequencing).

For the sections, “Genetic and genomic diversities” and “Population structure and migration rates” the data used

were generated from this study only. In the Supplementary material, we combine this study's mtDNA data set with

Australasian killer whale mitogenomes from Morin et al. (2015) and sequences of the mtDNA control regions from

Olavarría et al. (2014). For this combined data set, these publicly available sequences were then aligned and trimmed

to our shorter mtDNA control region fragments in Geneious v.6.0.4 (Kearse et al., 2012). This analysis resulted in

one additional WA (Margaret Cove) and 16 NZ (North, South and Chatham Islands) sequences, with five additional

haplotypes (Table S1). Thus, in total, 85 sequences were used for the analysis of this combined data set (hereafter

referred to as the combined mtDNA data set),

The SNP data set was generated in house using a ddRAD-seq (double digest restriction site associated DNA)

method following Peterson et al. (2012), with modifications as in Brauer et al. (2018) and Sandoval et al. (2018).

Briefly, restriction enzymes SbfI and MseI were used to digest 300 ng of genomic DNA per sample. The samples were

then multiplexed into eight pools of 12 individuals each and sequenced one lane of the Illumina HiSeq 4000 platform

as paired-end 150 bp including ~10% replicates which were randomly chosen.

2.4 | Bioinformatics of the genomic data set

Raw Illumina sequences were demultiplexed (allowing a maximum of two mismatch in the barcodes) using the proc-

ess_radtags program from STACKS v2.4 (Catchen et al., 2013), which identifies unique barcodes and restriction

enzyme recognition sites (RAD tags). These barcodes, RAD tags, Illumina adapters, and low-quality bases were

trimmed (LEADING: 23, TRAILING: 23 and SLIDINGWINDOW: 5:20), and then reads with low average base quality

(Q > 20) or shorter than 45 bp were removed using Trimmomatic v0.38 (Bolger et al., 2014). The remaining reads

were then mapped to the high quality killer whale reference genome publicly available in GenBank (Oorca1.1,

GCA_000331955.2), which was recently assembled into chromosome-length scaffolds (Dudchenko et al., 2017,

2018; Foote et al., 2015). Reads were mapped using Bowtie 2 v2.2.7. Indels were then realigned using GATK v3.8

(McKeena et al., 2010), with functions RealignerTargetCreator and IndelRealigner used with default settings to

ensure indels were parsimoniously represented and to reduce potential false variants. The SNP data set was identi-

fied by calling SNPs from the reference genome alignment using BCFtools v1.19 (Danecek et al., 2016), and then fil-

tered using VCFtools v0.1.15 (Danecek et al., 2011) similar to the approach of Batley et al. (2021). To reduce the

calling of false SNPs due to artefacts of the ddRAD-seq approach (i.e., multicopy loci, paralogs, sequencing errors)

several filtering steps were applied. Initially, only SNPs called in 80% of individuals with an allele balance of

20%–80% on the heterozygote genotype, and a minor allele frequency of 3% were selected. Minor allele frequency

can influence detection of fine scale genomic variation due to the removal of rare alleles (Linck & Battey, 2019).

Indels were then removed and loci with a low total depth/read quality ratio (>20%) were discarded (Li, 2014) as well

loci with <30 mapping quality. SNPs with high read depth (>mean depth + [2*standard deviation]) were also dis-

carded as this could represent paralogous loci. Additionally, a calling rate filter of 75% was applied to replicates with

two errors allowed per loci to reduce false positives. Departures from Hardy–Weinberg equilibrium (HWE) were also

filtered at a population level removing SNPs with a significant excess or deficiency of heterozygotes (p ≤ .05) within

two or more populations. The HWE population level filtering was based on preliminary PCA and ADMIXTURE results

to gauge potential structure in the data set (ran as per population structure and migration rates section). Additionally,

a linkage disequilibrium (LD) filter was applied using VCFtools (Danecek et al., 2011) to calculate the coefficient of

determination (R2) for each SNP pair, with the exponential decay estimated using a spline fitted to the data. The

genetic distance at which LD is not significant (p > .05) was identified using the Tukey's criteria for anomalies (95%

probability distribution: Tukey, 1949). Finally, a custom script was used to filter individuals >15% missing data.
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For population structure and demographic analyses, the use of only putatively neutral loci reduces biases and

increases accuracy of parameter estimation (Allendorf et al., 2010). Therefore, potentially adaptive loci were

removed using an outlier test in BayeScan v2.1 (Foll & Gaggiotti, 2008). This approach uses a Bayesian test, in combi-

nation with a logistic regression model of FST, to detect outliers by decomposing SNPs into locus specific and popula-

tion specific components (Foll & Gaggiotti, 2008). The program was run for 100,000 iterations with prior odds of

5,000. Outlier loci were identified with Q < 0.1 (i.e., false recovery rate <10%). These putatively adaptive loci were

removed to obtain a putatively neutral SNP data set (hereafter referred to as the neutral data set), which was then

used for downstream analyses. We intentionally did not explore further the putatively adaptive data set identified

here because of well-known issues related to using genome scans in nonmodel species, such as detection of false

positive signals of adaptation (Grummer et al., 2019).

2.5 | Genetic and genomic diversities

Genetic diversity for the mtDNA control region sequences was estimated using ARLEQUIN v3.5.2.2 (Excoffier

et al., 2005), with haplotype and nucleotide diversities calculated. Additionally, genomic diversity was estimated for

the neutral data set by estimating observed (Ho) and expected (He) heterozygosities per population. These measures

were calculated using GenoDive v2.0b27, with 10,000 permutations (Meirmans & Van Tienderen, 2004). ARLEQUIN

was also used to estimate FIS (the population level inbreeding coefficient) and the percentage of polymorphic loci.

2.6 | Population structure and migration rates

Population genetic structure using the mtDNA data set was investigated in ARLEQUIN by estimating genetic differ-

entiation using FST (10,000 permutations), which incorporates haplotype frequency, and ΦST, which also considers

frequency and sequence divergence.

Jmodeltest2 (Darriba et al., 2012; Guindon & Gascuel, 2003) identified the Juke and Cantor (1969) model as the

best fit for the data set and this was therefore used to estimate ΦST.

Relationships among the Australasian mtDNA control region haplotypes were investigated using a minimum

spanning haplotype network, with a 95% cut off in PopART v1.7 (Leigh & Bryant, 2015). Sequences were blasted

against GenBank to check if they were regionally or globally unique. Australasian haplotypes were compared (from

this study) to the global data set of Morin et al. (2015) and additional NZ animals from Olavarría et al. (2014) through

a phylogenetic analysis. We used one representative of each clade and ecotype, and any different NZ haplotypes

that were not already represented (Accession codes: Table S1). A maximum likelihood phylogenetic tree was created

using Mega X with 10,000 bootstraps (Kumar et al., 2018).

The neutral SNP data set was initially used to estimate relatedness between individuals with the triadic likeli-

hood estimator (Wang, 2007) in COANCESTRY v1.0.1.9 (Wang, 2011). This estimator was chosen as it appeared to

best reflect true relatedness values for cetaceans, (e.g., Zanardo et al. (2018)). This test was conducted to identify

potential duplicate samples and closely related individuals for exclusion from the population analyses. Population

genomic structure based on the SNP data set was first examined using a principal component analysis (PCA) in

RStudio v1.1.453 (Rstudio Team, 2016) using package FactoMineR v2.3 (Lê et al., 2008), as it makes few assump-

tions and allows for individuals to cluster based on the overall variance (Reich et al., 2008; Rodríguez Ramilo &

Wang, 2012). An individual assignment and nonhierarchical clustering analysis was then performed in ADMIXTURE

v1.3.0 (Alexander et al., 2009). ADMIXTURE infers ancestry proportions from population allele frequencies to model

the probability of observed genotypes using maximum likelihood estimates to assign the mostly likely number of K

(i.e., populations) in the data set (Alexander et al., 2009). Cross validation of K estimates was completed with three

independent replicate runs of K = 1–10 (Alexander et al., 2009; Alexander & Lange, 2011).
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Genomic differentiation based on the SNP data set from the different geographic localities was initially exam-

ined using FST (Weir & Cockerham, 1984) in Genodive with 10,000 permutations, and the Benjamini-Yekutiel

method correction to the significance value (Narum, 2006), excluding localities with small sample size (n < 5). FST was

subsequently estimated for the putative populations identified by PCA and ADMIXTURE. FST heatmaps were then

created with RStudio, using the ggplot2 package (Wickham, 2016). For localities with small sample sizes

(i.e., Hamelin Bay, Fraser Island, and Tasmania), assignment tests were also performed using a Bayesian method

(Rannala & Mountain, 1997) available in GENECLASS2 (Piry et al., 2004). This test is based on multilocus genotypes

and allows for assignment or exclusion of an individual to a reference population as its possible origin (Piry

et al., 2004). The method used the entire SNP data set, with 1,000 simulations and an exclusion rate set at 5%. Con-

temporary migration rates between identified populations were estimated in BayesAss v3.0.4 (SNP version), which

allows a maximum of 30,000 SNPs, 20 populations and 2,000 individuals (Rannala, 2020; Wilson & Rannala, 2003).

This method uses a Markov Chain Monte Carlo (MCMC) approach to estimate asymmetric rates of recent migration

(i.e., first two generations), allowing for HWE deviations and possible genotypes for individuals with missing data

(Wilson & Rannala, 2003). Contemporary migration rates were estimated with 10 million iterations, one million itera-

tions as burn-in, and mixing parameters (allele frequencies, inbreeding coefficients, and migration rates), which were

adjusted for ideal acceptance rates (i.e., 20%–40%) (Wilson & Rannala, 2003). The cumulative log likelihoods of the

iterations were plotted to confirm convergence using TRACER 1.7.1 (Rambaut et al., 2018), with three separate runs

performed to check for consistency among runs (data not shown) The results obtained were plotted in Rstudio using

the package circlize v0.4.13 (Gu et al., 2014).

2.7 | Effective population size

Effective population size (Ne) was estimated based on the SNP data set for the identified populations using the LD

method in NeEstimator V2.1 (Do et al., 2014). This is based on the nonrandomized associations of alleles at several

loci within a population with consistent size and isolated structure (Hill, 1981). It assumes populations are closed, loci

are selectively neutral, generations are discrete (Waples & Do, 2008), and loci recombine randomly (Waples &

England, 2011). This method was used due to consistently producing more accurate and unbiased estimates com-

pared to other methods (�Alvarez et al., 2015), owing to its robustness to assumption violations (Waples, 2016).

Within the analysis, mating system was selected as random, singletons excluded, and confidence values were based

on 95% confidence intervals of the jackknife method (Do et al., 2014).

3 | RESULTS

3.1 | SNP genotyping and relatedness (r)

Approximately 900 million raw sequence reads were retained. Following demultiplexing and trimming, the sequenc-

ing reads totaled approximately 176 million, with 90% of the paired-end reads being >130 bp. On average, 90.17%

(± SD 0.02) of the reads mapped to the killer whale reference genome, a result attesting to the quality of the data.

From these, 1,160,129 RAD loci were identified, and after strict filtering the data set was reduced to 17,491 high

quality SNPs (Table S2). The genotyping error was estimated at 0.04 (± SD 0.20), indicating high accuracy of the

genotype calling. The outlier test identified 52 SNPs putatively under selection, and these were subsequently

removed to obtain the neutral data set. The SNP data set (neutral and adaptive) were represented in all chromosome

length scaffolds (Figure S1), suggesting a lack of bias to chromosomes. The mean depth per SNP per sample was

28 (± SD 15). The estimation of LD exponential decay became nonsignificant at 702 bp (Figure S2). Several samples

were removed due to low quality, or >15% missing data; this excluded the singleton sample from Bunbury, Tasmania,
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and several from SWA. The remaining 57 samples and 17,491 SNPs used for population analyses showed an average

of 1.6% missing data. Six samples were also removed due to having high relatedness. Three were duplicates (r ~ 1),

and the remaining were individuals closely related to several others (r = 0.46–0.51). Therefore, 51 samples were

used for the population analyses based on the SNP data set.

3.2 | Genetic and genomic diversities

The final mitochondrial control region sequences (generated from this study) were 434 bp in length, with no

sequencing error observed in the replicate samples (n = 7). These sequences revealed five unique haplotypes among

68 Australasian killer whale samples from the eight geographic localities. One haplotype (Fraser Island haplotype)

was novel for the species, while the remaining four were novel for each locality as they were not previously found in

the region. A single haplotype was found in each locality; with one of them shared between SWA, NZ (North and

South Islands) and Tasmania (Figure 2, Figure S3; see Figure S4 for global phylogenetic relationships). Since all locali-

ties displayed predominantly one haplotype, Australasian diversity was estimated by combining all samples, resulting

in a haplotype diversity of 0.392 (± SD 0.065) and nucleotide diversity of 0.0025 (± SD 0.002). See Supplementary

material for diversity estimates and haplotype network (Figure S3) of combined mtDNA data set in “Combined

mtDNA data set genetic diversity.” Neutral genomic diversity was relatively similar across localities (0.185–0.327),

with negligible levels of inbreeding estimated (FIS = ≤0.0001) and a mean of 31.5% (± SD 10.4) polymorphic loci

between localities (Table 2).

3.3 | Population structure, genetic differentiation, and migration rates

Given that only one mtDNA haplotype was found in each of the three main localities (NWA, SWA, and NZ), results

based on fixation indices were not informative (combined mtDNA data set; see Table S3). Network analyses revealed

that haplotypes are closely related, with between two and nine mutations among them at five nucleotide sites

(Figure 2). The Fraser Island haplotype was more related to SWA-Tasmania-NZ, whereas others from strandings

along western WA were more related to the NWA haplotype (Figure 2).

Levels of FST between these localities based on the SNP data set ranged from relatively low between NWA and

SWA (FST = 0.08) to moderate between NWA and NZ (FST = 0.17) (all pairwise comparisons [p ≤ .05] were signifi-

cant at α = 0.018; Figure 3a, b). These were congruent with the ADMIXTURE results, indicating that Australian

aggregations are less divergent from each other than either is to NZ. The PCA delineated three groups within

Australasia, represented by NWA, SWA, and NZ (North and South Island combined; Figure 4). The moderate FST

estimates (all pairwise comparisons were significant [p ≤ .05] at α = 0.002) based on these three groupings reinforces

considerable genetic differentiation between them (Figure 3b). ADMIXTURE identified K = 2 as the most supported

number of clusters, separating Australia from NZ animals, but three genetic clusters were also highly supported and

can be visually observed (Figure 5a; Table S4). The results from the multiple methods indicate a minimum of three

populations of killer whales in the Australasian region, represented by NWA, SWA, and NZ. Further subdivision was

investigated within the major regions using ADMIXTURE; however, they did not support any additional structure

(data not shown). The strandings from Hamelin Bay, Tasmania, and Fraser Island (n < 5) were all rejected from the

NWA and NZ populations (p ≤ .05), but not from the SWA population at the threshold level used (Table 3). Low

contemporary migration rates (<3%) were estimated between the three inferred populations (Figure 6, Table S5)

within recent generations, further suggesting that these are relatively isolated populations. Convergence between

runs suggested accuracy of the MCMC, providing statistical confidence to these estimates (data not shown).
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3.4 | Effective population sizes

The Ne was estimated using the full neutral, unlinked data set, excluding duplicate samples. The Ne for the NWA pop-

ulation was 22 (95% CI [9, 7165]), for SWA it was 77 (95% CI [48, 161]), and for NZ it was 12 (95% CI [6, 36]). All

populations exhibited relatively small effective population sizes, although the upper bound for the confidence inter-

val of the NWA population was high.

F IGURE 2 Minimum spanning network of 68 Australasian killer whales (Orcinus orca) generated based on a

434 bp fragment of the mtDNA control region, showcasing phylogenetic relationships among haplotypes. Each
individual circle represents a haplotype, with the size of the circle proportional to the number of samples that share
the same haplotype, with each locality represented by a different color. There are five haplotypes with a maximum
of five variable sites, with two to nine nucleotide changes among them. Abbreviations for localities and populations
are as follows: NWA (northwestern Australia), SWA (southwestern Australia), QLD (Queensland) and NZ
(New Zealand).

TABLE 2 Genomic diversity measures based on 17,491 high quality, putatively neutral SNPs from Australasian

killer whales (Orcinus orca), excluding resamples and closely related individuals r = 0.46–0.52). This was calculated
only for sites with >10 samples and combining the South and North Islands of New Zealand due to no disclosed
population substructure. Singleton samples and localities with <5 were not included. Ho observed heterozygosity; He,

expected heterozygosity, PL, polymorphic loci.

Population Number of samples Ho He FIS %PL

Northwestern Australia 14 0.231 0.223 ≤0.0001 31.70%

Southwestern Australia 26 0.327 0.324 0 41.8%

New Zealand 11 0.185 0.184 ≤0.0001 21.04%
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4 | DISCUSSION

This study provides evidence for the presence of population structure in killer whales in the Australasian region. It revealed

at least three differentiated populations characterized by low mitochondrial and moderate genome wide diversity, low con-

temporary migration between populations, and small effective population sizes. The populations seasonally inhabit NWA and

SWA and occur year around in NZ. These findings are congruent with previous photo identification records in the region that

suggested small and potentially differentiated populations due to the relatively small number of individuals identified in each

(a)

(b)

F IGURE 3 Pairwise FST based on 17,491 putatively neutral SNPs for killer whales (Orcinus orca) from Australasia
based on (a) localities with ≥3 samples, (b) putative populations suggested by the model-free population approaches (PCA
and ADMIXTURE). All FST comparisons were significant (p ≤ 0.05). Abbreviations for localities and populations are as
follows: NWA (northwestern Australia), SWA (southwestern Australia), QLD (Queensland), and NZ (New Zealand).
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location (Donnelly et al., 2019; Totterdell, 2015; Visser, 2000a; Visser & Cooper 2020; Wellard & Erbe, 2017), and due to the

absence of photographic matches between areas.

4.1 | Low mitochondrial and moderate genome wide diversity

Genetic diversity plays a significant role in a population's ability to adapt and persist in novel and/or unfavorable con-

ditions. Demographic analyses have recently shown that high latitude killer whales, as well as Australian animals,

exhibit signals of a Holocene bottleneck, and therefore the low genomic diversity of these contemporary populations

may be reflective of postglacial founder events (Hooper et al., 2020). Australasian killer whales showed particularly

low diversity at the mtDNA control region in comparison to other cetaceans (e.g., common dolphins, Delphinus

delphis, Barcel�o et al., 2021; common bottlenose dolphins, Tursiops truncatus, Gaspari et al., 2015; Cuvier's beaked

whales, Ziphius cavirostris, Dalebout et al., 2005), but has similar diversity to killer whale populations elsewhere

(e.g., Foote et al., 2009; Hoelzel et al., 2002; Parsons et al., 2013). This is likely exacerbated by the characteristic

matrilineal social structure of this species (Hoelzel et al., 1998, 2002, 2007).

While only a few genome-wide SNP data sets of killer whales have been published so far, these did not report

heterozygosity levels to be used as a comparison here (Foote & Morin, 2016; Moura et al., 2014). However, com-

pared to other cetaceans, Australasian killer whales showed similar levels of genome wide heterozygosity to eastern

Indian Ocean pygmy blue whales (Attard et al., 2018), and slightly lower than in other Australasian delphinids (Indo-

Pacific bottlenose dolphins, Pratt, 2020; common dolphins, Barcel�o et al., 2021). Levels of inbreeding in the three

populations identified were found to be negligible. In killer whales, high levels of inbreeding have only been reported

for two populations, one that is endangered in the North Pacific (Ford et al., 2018), and another along the west coast

F IGURE 4 Population structure analysis based on a principal component analysis (PCA) of 17,491 putatively
neutral SNPs for killer whales (Orcinus orca) from Australasia. The x-axis explained 8.82% of the variation, while
y-axis explained 6.02%, demonstrating three genetic clusters. Abbreviations for localities are as follows: NWA
(northwestern Australia), SWA (southwestern Australia), QLD (Queensland) and NZ (New Zealand).
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of Scotland (Hooper et al., 2020). While killer whales exhibit a matrilineal social structure, males are known to tempo-

rarily disperse between groups for mating (Baird & Whitehead, 2000; Foote et al., 2011; Hoelzel et al., 2007). As

such, these male biased movements likely represent a strategy to avoid inbreeding between close relatives, as also

reported for other delphinids (Möller & Beheregaray, 2004).

4.2 | Differentiated populations of killer whales in Australasia

Results from analyses of the mtDNA and genomic data sets highlighted strict matrilineal lineages within Australasian

killer whale populations. Based on the mtDNA data set, the haplotypes are possibly fixed to each area, with close

(a)

(b)

F IGURE 5 Population structure based on ADMIXTURE analysis of 17,491 putatively neutral SNPs for killer
whales (Orcinus orca) from Australasia, labelled by locality and separated by a black line, and with each sample
represented by a single column. Plots depict (a) K = 2, and (b) K = 3, with K = 2 being the most supported K,
followed by K = 3 as also highly supported. Abbreviations for localities are as follows: Western Australia (WA), NWA
(northwestern Australia), SWA (southwestern Australia), QLD (Queensland) and NZ (New Zealand).

TABLE 3 Results of assignment tests for killer whales (Orcinus orca) from localities with less than five samples in
Australasia, displaying the probability of an individual belonging to a population, with a 5% exclusion criterion
considered.

Sample locality (ID) Northwestern Australia Southwestern Australia New Zealand

Tasmania (A4183) 0.006 0.577 0.096

Fraser Island (QLD1) 0.043 0.272 0.157

Fraser Island (QLD2) 0.041 0.291 0.149

Fraser Island (QLD 3) 0.039 0.307 0.164

Hamelin Bay (Hamelin Bay) 0.042 0.585 0.127

REEVES ET AL. 13



phylogenetic relationships among them. In Australia, it is possible that a single founding matrilineal event occurred at

each aggregation site (e.g., NWA and SWA). However, relatively short fragments of the mtDNA control region can

be misleading and provide low resolution for analysis of phylogenetic relationships (Hoelzel et al., 2002).

Based on the SNP data sets and multiple population analyses, three contemporary genomic clusters

(i.e., populations) were revealed. Moderate genomic differentiation was observed between Australasian populations.

The two Australian populations (NWA and SWA) exhibited similar levels of genomic differentiation to those between

Antarctic type B (Foote et al., 2016) and Atlantic populations (Morin et al., 2015), while differentiation between the

Australian and NZ populations was more similar to those reported between Antarctic type B1 and C, and between

transient and offshore ecotypes in the eastern North Pacific (Morin et al., 2015). All three populations exhibit a low

level of contemporary gene flow between them, perhaps because of intermittent gene flow. Gene flow between dis-

tinct killer whale populations may not be uncommon, with evidence of migrants present between different regional

populations across oceans (Pilot et al., 2010). Additionally, low level gene flow between Australasian animals is likely

reinforced by their typical matrilineal societies. These societies are built on the premise of social learning

(Guinet, 1991; Hoelzel, 1991, 1993) and cultural transmission between kin (e.g., Deecke et al., 2000; Riesch

et al., 2012; Yurk et al., 2002). In Australasia, killer whales also appear to form these types of societies

(Wellard, 2018; J.A.T., personal observation), and this is also corroborated by the lack of diversity at the mtDNA con-

trol region at each site.

Within Australia, ongoing killer whale photo identification studies indicate no matching of individuals between

the two aggregation areas in WA, nor to animals opportunistically sighted in the eastern Australia (Donnelly

et al., 2019; Totterdell, 2015; Wellard & Erbe, 2017). However, killer whales are observed in WA only on a seasonal

F IGURE 6 Circos plots of contemporary (per generation) migration rates within the last few generations between
identified populations of killer (Orcinus orca) from Australasia based on 17,491 putatively neutral SNPs. Migration
estimates are represented by the thickness of the curves between the distinct populations, while the scale bar unit is
proportional to the migration. See Table S5 for estimate values and 95% CIs.
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basis and sporadically elsewhere, and little information is available on their movements outside these aggregation

areas. It is therefore possible that they come into contact in other parts of their distribution, but if that is the case

our results indicate that only limited, if any, gene flow may occur while in spatial contact. Alternatively, the low levels

of admixture observed in the population analyses may reflect remnants of ancestral polymorphisms, or of other

populations not sampled in this study (e.g., Antarctic killer whale ecotypes; Foote et al., 2019).

For killer whales in NZ, early studies suggested possibility of three subpopulations (Visser, 2000a, 2007); how-

ever, our genome wide study did not support this subdivision. Interestingly, a previous regional mtDNA study found

four haplotypes within 11 samples taken predominantly from the North Island (Olavarría et al., 2014), while our

study found only one, and had a similar sample size, but with individuals represented from both North and South

Islands. This could be due to a change over time in the composition of killer whale groups utilizing NZ waters

(e.g., Eisert et al., 2015), as the sampling periods do not overlap (1994–2005 versus 2010–2017). Perhaps this could

also be due to random sampling of matrilines through both standings and biopsies, or lower sequence quality yielding

multiple haplotypes or due to differences between the sizes of fragments used. An additional potential factor relates

to some NZ samples used in our study originating from mass strandings, although individuals from four separate

strandings were represented here. Importantly, biopsy samples from the two Australian sites showed a unique haplo-

type to each site, with a haplotype shared between SWA and NZ, suggesting that the low diversity in Australasia is a

true finding. Further studies of killer whale genetic diversity in this region, including the collection of biopsy samples

from additional sites, would be important to confirm the patterns observed here.

The number of Australasian killer whale populations reported here should be considered as a minimum since

there are gaps in the distribution of samples in areas where killer whales are known to occur. Due to the offshore

and large scale distribution of killer whales, only the two known WA aggregations have had dedicated biopsy effort,

and in NZ the effort has been limited in the past (note biopsy samples from NZ were unavailable for this study).

Information about killer whales in eastern Australia, NZ, and Papua New Guinea rely mainly on sightings gathered

through citizen science and opportunistic stranding events. The Killer Whales Australia catalog currently contains

>450 sightings and 62 photographically identified individuals from the eastern Australia (Donnelly et al., 2019). Killer

whales in southeastern Australia seem to range from Sydney (New South Wales; 33.8�S), all the way to Hobart

(Tasmania; 42.8�S) and as far west as Portland (Victoria; 38.3�S), and to the north of perhaps Sydney or Byron Bay

(New South Wales; 28.6�S) (D.D., personal observation). In this study, the samples from eastern Australia's Fraser

Island (Queensland) had different mtDNA haplotypes to the other sites, while the Tasmania sample had the same

haplotype as SWA and NZ. Based on the SNP data set these animals could not be rejected as belonging to the SWA

population, although their assignment value to this population was low to moderate. A larger number of samples

from eastern Australia and beyond would be required to test for the presence of additional killer whale populations

in Australasian waters.

4.3 | Small effective population sizes

Effective population size has only recently been readily estimated for wildlife populations due to the availability and

refinement of single sample (point) genetic estimators (Waples, 2016). However, wildlife populations can often vio-

late model assumptions, causing some biases to the estimates. Killer whales, like most k-selected species, violate the

assumption of no overlapping generations because samples were not selected from a single age cohort, though

the LD method tends to be robust to this type of violation (Waples & Do, 2010; Waples et al., 2014). The estimates

showed very small effective population sizes (most with small confidence intervals) for the three populations identi-

fied. These corroborate the sightings data and small number of photo-identified individuals in the two Australian

aggregations, which suggest small populations of killer whales in the areas. While there is a paucity of recent photo

identification published on the NZ population, reported group sizes recorded from platforms of opportunity in the

North Island (Hupman et al., 2015) suggest these estimates may be a conservative reflection of the true Ne. As
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highlighted here, and previously by Visser (2000a), the NZ population of killer whales is small, emphasizing the need for

regional conservation attention. Continuing photo identification and mark-recapture studies in all regions will allow for

accurate population estimates, from which a ratio of effective size to census size could be potentially obtained. This is

a vital parameter in wildlife management to determine a population's viability into the future (Frankham, 1995).

4.4 | Management and conservation implications

Population genomic data sets allow the detection of cryptic and complex population structure with great power and

resolution, which can generate information to address issues in wildlife conservation and management. Such knowl-

edge is particularly important when species are exposed to anthropogenic impacts that can negatively affect

populations. Anthropogenic pressures can be exacerbated in small, genetically differentiated cetacean populations

(Pratt et al., 2018) with low genome wide diversity (Attard et al., 2018) and small Ne. This study found a minimum of

three genomically distinct populations of killer whales in the Australasian region, with low mitochondrial and moder-

ate genome wide diversity, low migration rates between them, and small effective population sizes. We suggest that

given these characteristics, the populations need to be cautiously considered as at least three distinct management

units. However, due to gaps in the geographic distribution of available samples, the number of populations should be

considered to represent a minimum for the region. Marine reserves provide the opportunity for the conservation of

killer whales in Australasia, however, currently they do not encompass a large section of their distribution (Bouchet

et al., 2018; CALM & MPRA, 2005; Donnelly et al., 2019; Ministry for the Environment, 2008; Salgado Kent

et al., 2020; Visser, 2000a; Willis, 2013). Thus, Australasian killer whales are still exposed to anthropogenic pressures,

such as overlap with commercial fisheries, vessel activity, pollution, oil and gas drilling, bycatch, and shootings

(Abraham et al., 2017; Lusseau et al., 2009; Slooten & Dawson, 1995; Taylor & Smith, 1997; Visser, 1999b, 2000a,

2000b; Williams et al., 2006). These populations would benefit from comprehensive marine reserves, particularly in

areas of biological significance that considers their low to moderate levels of genetic/genomic diversity and small

population sizes, to reduce the potential of future declines and local extinctions.

4.5 | Future directions

This study provides the first population genomic analysis of killer whales in the Australasian region. Acquiring a

broader distribution of samples should now be a priority for investigating the presence of additional populations in

the region. In addition, comparisons between Australasian killer whales and global samples would allow for the inves-

tigation of contemporary and historical gene flow at larger scales. Finally, population ecological data, such as abun-

dance estimates, ecotype characterization (e.g., morphometrics and feeding ecology), and social structure studies,

including dispersal patterns, are generally still lacking. Such studies would complement genomic and genetic data, all-

owing for a more comprehensive understanding about the population history of these killer whales.
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