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Running title: Sociageneticstructurein a social cetacean

Abstract

Social structure cahave a significant impact on divergence and evolution wgp@aties,
especially'in the marine environment, which has few environmental boundaries teali€per
the other hand, emetic structurecan affect social structure in mangpecies, throug an
individual ppreference toward associating with relativ@sesocialspecies, the shefinned pilot
whale (Globiegphala macrorhynchus), has been shown to live in stable social groups éaogds
of at least a decade. Using mitochondrial control sequences from 242 individuals ando8NPs
106 individuals, & examingpopulation structure among geographic and social groups of short
finned pilot/whalesin the Hawaiian Islands, and test for links between social and genetic
structure Our results show that there are at least two geographic populations in the Hawaiian
Islands: a Main Hawaiian Islasd (MHI) population and a Northwesh Hawaiian
Islands/Pelagic populatioifFst and®st P < 0.001) as well asn eastern MHEommunity anda
western MHIcommunity Est P = 0.009) We find geretically-driven social structure, drigh
relatedness among social units and clus(ers 0.001) anda positive relationship between
relatedness and associatitsetween individuals(P < 0.0001). Furthersocially-organized
clusters are-genetically distinct, indtog that social structurdrivesgenetic divergence within
the populationlikely through restricted mate selectidfs{ P = 0.05). This genetic divergence
among sacial groups can malkke speciesless resilient to anthropegic or ecological
disturbanceCoenservation of this species therefore depends on understanding links among social
structure, 'genetistructure and ecological variability within the species.

I ntroduction

While the concept of culture has traditionally been resefeethuman societiesnore
recentlybiologists have identified and described aspectslbfire in nonhuman species, such as
elephantsy,birds, primates, pinnipeds, andange.g., Mundinger1980; Lachlan & Slater
1999; Rendell & Whitehead2001, 2003; McComb & Sempl005; Laland & Janik2006;
Wittemyeret al.,2009; de la Torre & Snowdo2009; Kershenbauret al.,2012; Riesctet al.,

2012; Kessleet al.,2014).Theoretical studies have long suggested #istence of geneulture
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coevolution outside humans, and integrative studies of genomic and cultural &ditggaming

to provide evidence of germlture coevolution in social mammals, both in a narrow serese (
direct links between genes and cultural phenotypic traits), and a broad iseng®ulation-

level genetic differences among groups with different cultures or soci€ieghlity has been
shown to.increase inclusive fitness in cooperative spéeigs Connoet al.,1992; Rendell and
Whitehead, 2001)and therefore be an evolutionarily advantageous 8aitially-driven, fine

scale genetic'structure has bemcumented in primatesmd somethersocial mammals, such as
elephantsy rock wallabie@Petrogale penicillata), prairie dogs(Cynomys ludovicianus), killer
whales(Orcinus orca) and sperm whale@hyseter macrocephalus) (e.g., Popel992; Dobsoret

al., 1998; Hazlittet al.,2006; Wittemyeret al.,2009; Cantoret al.,2015; Footeet al., 2016).

These species all form socialiefinedgroups that are genetically distinct due to nonrandom
mating and_dispersal patterns, and are often characterized by matrilineal societies with male
biased dispersal. These types of societies, if stable over many generations, could lead-to the co
evolution ef'genes and culture.

Because' cetaceans live in an environment with few boundaries to dispersdl, socia
structure may play an important role in driving population structure and evol8tetle social
structures(i.e., hierarchical group associations that remain stable for decades to generations)
have been identified in four species of cetacesmerm whales, killer whales, lofiimned pilot
whales(Glebiegphala melas) and shorfinned pilot whaleqG. macrorhynchus) (e.g.,Amos et
al., 1993; Baird & Whitehead 2000; Cantatral.,2015 Mahaffyet al.,2015) Whitehead1998)
swggests that'thdeath of mitochondrial diversity in these four highly social cetaceans may be
driven by selection for maternallgherited cultural traits. In killer whales and sperm whales, the
effects of social structure and cultural learniegg(, foraging techniques, migration patterns,
predator avoidance, and vocal traditiorey drivers ofgenetic structure have been well
documented-(e.gkord & Fisher 1982; Janik & Slater 199Keilgart & Whitehead 1997; Foote
et al.,2009, 2016; Filatovat al.,2012; Rendelket al.,2012; Riesclet al.,2012; Cantort al.,

2015). However, little is understood of the social and genetic structure of pilaleshor the
links between the two.

Just as social structure can affect genetic structeregig structure can have driving
effect on social structuref individuals choose tassociate with close relatives rather than

disperse throughout their range, even though it may or nmyprovide an evolutionary
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advantagdBeck et al.,2011) The positive feedback loop created by these two complementary
processes may stabilizocial unis or clusters, allowingo-evolutionary genetic and social
divergence to occur. While many aspects of this theory have been dis@gségindlay, 1991;
Laland, 1992; Lachlan and Slater, 1998mpirical evidence of stable geoelture coevolution
outside of humans is limite(Rendell & Whitehead2001) Although research in this area is
increang Ae.g., Footeet al.,2016),the relationship between ecology, cultuaed genetics is
poorly understooth all speciegLalandet al.,2010).

Shertfinned pilot whales, due to their social nature, robayaffected by this reciprocal
link between socialtaucture and gertie structure. Stable social unifslahaffy et al.,2015)and
a long periodsof posteproductive senescence in femal@darsh and Kasuyal986) may
contribute' to' geneulture divergence in this species, both at the population anpgoguation
level, as is_true of killer whale@®rent et al., 2015).In the Pacific Ocean, two types of short
finned pilot whale have been identified, distinct in their morphology, genetics, distribution a
vocal repertoirdKasuyaet al.,1988; Oremuet al.,2009; Van Ciseet al.,2016, 2017)Little is
known of the*mechanism of divergence between these two, typedue to theisimilarity to
killer whales in, several life history characteristice.q., stable social units, reproductive
senescence in females, and distinct vocal repertpineshypothesizehat cultural adaptiomo
distinct ecological environment®.§., diet preference or foraging techniques) promoted the
divergence.ofithe two typéRiesch et al.2006), which may be distinct species or species

The Hawaiian archipelago is home to one of these types, thetfpesahortfinned pilot
whale (Van'Ciset al., 2016).Their density is highest around the Main Hawaiian Islands (MHI),
but they are also found in the Northwest Hawaiian Islands (NWHI) and pelagic waters
surrounding the archipelago. Photo ID and observations suggest little overlap bdtesen t
three regions (Baird2016).

Longitudinal observations and photo idéoation (photo ID) datacollected since 2000
have been“used to calculate the rate of association between pairs of indivicaiédsl the
association indexand ranging from 1), using a haHweight index to control for féort
(Whitehead2008; Mahaffyet al.,2015) Thisrevealed thashortfinned pilot whales in Hawai'i
form stablesocial units of approximately2 individuals for periods ot least a decadand that
thesesocial unis will often associate with a number of otlsacial unis in affiliations called

clusters with an average of 23 individug8lahaffy et al.,2015).Social units, the smallest group
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in the social hierarchyhave a mean association index(@¥6 Clusters, the next hierarchical
level, comprise one or more social units with mean association index of 0.48.

Additionally, satellite tagand photo ID dat indicate that, within the MHKhree island
associated communities may exist: an eastern déddimunity, around Hawai'i Island, a western
MHI communityaround O‘ahu and Kaua'i Islands, aoentral MHI communityaround O‘ahu
and lana‘iflslands(Baird, 2016. The presence of these communities suggéests in regions
with highly“heterogeneous habitauch as iskad archipelagos, habitat preferenoay bean
importantgdriver of localstructure Individuals are philopatric to their island communities,
although seme social units have been observed on rare occasions visiting other ces zoihiti
thereis some<sOverlap in geographic range among communities (B2ixtb). Communities
represent/the highest level of social organization, comprised of multiplersl{Mahaffy et al.,
2015, Baird, 2016)herefore habitat preference may be a soclallynedoehavior.

Based on studies from shdimned pilot whale populations in the Atlantic Oceaagial
units are thought to be matrilinegdeimlich-Boran 1993; Alveset al.,2013) These two studies
suggst that'males remain in their natal social it mate outside of that group. However, in at
least some cases,-atlalegroupshave been observed (Bai2D16, suggesting that males do not
always _exhibit_natal philopatry. It is unknown whether maledtaexnit mate choices are
random or socialkdriven, orwhether genetic relatedness affects association or social structure
at any levelhigher than that of social units.

In this study, we aim to improve our understanding of local population structure and
divergence“ineHawaiian shefihned pilot whales. We analyze genetic differentiation between
three geographic strata: thMHI, NorthwesernHawaiian Islands and pelagic waters surrongd
the Hawailan Islandswe then examinegenetic differentiation betweenobservedisland
communitieswithin the MHI, test for sexbiased dispersal between those communities, and look
for evidence.thaindividual island preferencis a driver of the amount of time that individuals
spend together.

We furtrer hypothesize thaklatedness drives social structuasmd that, in turn, social
structureaffectsgenetic divergence among groups, for example by affecting mate seldttion
genetic structure affects social structure, insomuch as close relativesféomgl associations
and travel in clos&nit groups,we would expect to see higher relatednessiwisocial units

than expected at rando@imilarly, if social structure affects genetic structure we might expect
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to see genetic divergence in the all#lquency among clusters. These patterns, along with a
statistical relationship between genetic and social structure, could indicate a reciprocal
relationship between genetic and social structure in Hawaiian pilot whales.

Methods
Genetic data collection

Skin‘samples (n=294vere collected fromvild shortfinned pilot whales throughout the
MHI andNWHI using biopsy dartan collaboration with Cascadia Research Collective (CRC)
and NOAA'’s Southwest Fisheries Science Center (SWHBiGpsy darts are deployed using a
crossbow,and collect a tissue sample approximatehym in diameter and up to 20 min
length from the area below the dorsal.flBamples were collected opportunistically, as social
groups were _encountered in the field, with priority given to sampling as many adultshin eac
social group as possibl8amples were archived in the SWFSC Marine MamandISea Turtle
Research Caollection, and were either store@@tC, orpreservedn either a salsaturated 20%
DMSO solutionsor 100% ethanol and stored ¥2@°C freezer. In th&HI, known social ung
were heavily sampled in order to test for relatedness; additional samples were ahdsemly,
with consideration given to ensuringpat samples represented unrelated individuals from

multiple sociakgroups pestratum.

Photo I D/social network data collection

Photographsused to generate social stratification data as wepaisvise association
indices between individuglswere collected according to Mahaffgt al. (2015). Photo
identification datarom thatpublication androm subsequent field observatiometween 2003
and 2015(Baird et al, 2013) are included in this studyAssociationindices were calculated
using SOCPROG 2.4, with a sampling period of one day and avbght index (HWI) of
association“to“control for effoWhitehead 2008, 2009) We used the photo identification
association“indicesand terms (social units, clusters, and communitised byMahaffy et al.
(2015) tescharacterizehie hierarchical nature of shdimned pilot whale social organization in
the MHI.

Genetic sequencing and assembly

This article is protected by copyright. All rights reserved



181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

DNA was extracted from skin and muscle samplegreviouslydescribedMartien et
al., 2014) The hypervariable mtDNA control region was amplified and sequendsiparts
of approximately 420 bp and 560 bp, with approximately 20 bp of overlap between the two
sequences. Primers, PCihd sequencing methods have been previously described by Mirtien
al., (2014).The’resulting combined sequence was 962 bp, and was assembled using SEQED,
version 1.0.3 (ABI), Sequencher software (versions 4.1 and 4.8; Gene Codes, Ann Arbor, MI,
USA) or GeneiougKearseet al.,2012).

Mitechondrial sequences were aligned using a MAFFT alignment with default
parameters. (Scoring Matrix: 200PAM/k=2, Gap open penalty: 1.53, Offset value: 0.188) in t
Geneious software packag&atoh & Kumag 2002). Once the alignment was completed,
sequences were -examined. Any haplotypes represented by only a single sequence or
haplaypes with a single bagmair difference from the most similar haplotype were reviewed for
accuracy._Unique haplotypes were repeat sequenced in order to ensure the accuracy of the
sequencesSequences were combined with previously published sequences from Vaat &lise
(2016) to generate the final mtDNA data set.

Seguencing of 78 targeted nuclear loci for SNP analysis was completed using a custom
capture_enrichment array designed at SWHE&a€ed orcommonbottlenose dolphinTursiops
truncatus) geneme sequencéSupplemental File S1lYollowed by highlyparallel sequencing
(HancockHanseret al.,2013; Morinet al.,2015).Four libraries of genomic DNA were prepared
using protocols described iMeyer and Kircher(2010) and Hodgest al. (2009) with
modifications described in Hancoetlanseret al.(2013). Up to 400 ng of extracted DNA in 80
uL total volume was sonicated using a Bioruptor UCD-200 (Diagenode). Blurends of the DNA
were repaired using 20 pL of the sonicated product, adaptors were ligated to the DNA, and
indexes were added to each gdarlibrary via PCR with indexed primers (Meyer & Kircher
2010) Once.indexed, each sample was quantified using gPCR to estimate the number of nuclear
DNA copies in_each sample, and approximately 100,000 copies per sammglgpooled and
hybridized toa capture array. Theapture-enrichegroduct was amplified, then sequenaed
llluminasHISeq (1 x 100 bp)or NextSeq(l x 75 bp)instruments by The DNA Array Core
Facility (The Seripps Research Institute, La Jolla, CA).

Nudear sequences were assembled as in Matrial. (2015) usingcommonbottlenose

dolphin reference sequences (used for capture enrichment) for sequence assembly and SNP
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genotyping.The cutoff for calling a genotype at any position was set to 10 reads for both
homozygous and heterozygous positions, to minimize genotype (Ewantainet al., 2016).
Potential SNPs weré&dentified using scripts developed at SWFSC (Dryad data repository
doi:10.5061/dryad.cv35b) in the R computing environn{Bn€Core Team 2016)rom the pool

of sequenced.loccandidateSNPs wee selected if at least five individuals were heterozygous at
that locusThose SNPsvith coverage at fewer than 55% of samplesewemoved, andasnples

with coverageafewer than ©% of the SNP loci were also removedext, sequenced regions
with multiple SNP loci were examined for signspafralogougeads within the assemb(g.g.,
excess heterozygosity across multiple SNPs in a rediearete regions of high coveragand
SNPs were,removed dssembly of paralogsuloci was determined to have occurred. Finally,
guality control analyses were performed on this set of SNPs and samples using the strataG
package for RArcheret al.,2017) SNPs were removed if the quality control analysis indicated
that the locus was an outlier for homozygo$i#$0% homozygous, based on the distribution of
homozygous genotypes across all Joand we additionally tested for outliers fré#WE, using

a Bmferonni™adjustmentfor multiple tess. Loci that deviated significantly from HWE
equilibrium were closely rexamined for evidence of assembly of paralogous Aatdlitionally,
samples_that had highly simil&\P genotypesnd could be duplicates were checked against
photo ID records to confirm that they were distinct individuals; if this could noebsmined,

one fromweach pair of duplicateamples wasremoved. Loci with multiple SNPs(see
Supplemental Table $Were phased based on allele frequencies in the three regional strata, with
a phase cutoffsprobability of 0.5, to generate a singldti-SNP genotype per sample at each
locus for analyses of genetidifferentiation (Morin et al., 2012). For analysis of relatedness
within Hawaliansocial unis, the highest heterozygosity SNP at each I@dus 51 after removal

of one locus that was invariant in these populatiargs chosen for the analysis.

Data analysis. Population structure and diversity

We tested for both geographic and socidltiven genetic structer using both
mitochondrial control regions and nuclear SNFRupplemental TableS2 lists sample
stratifications used for data analysis in this stuélgr mtochondrial DNA analysis,samples
were divided into three strata: Main Hawaiian Islands (MHdrthwesern Hawaiian Islands

(NWHI), and pelagic samplg&ig 1). Samples were placed in one of these three giratarily
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based on theisampling location, with the exception that samples collected near the MHI were
placed in the pelagic stratum if gbdD data verified that the individuals did not associate with
MHI communities.MHI mtDNA samples were not furthetratified because adlamplas except
onehave the same haplotype. We placed samples thhelNWHI in a separate stratubecause
severalstudies.have shown strong differentiation between the MHI and NWHI for otirémem
mammalgAndrewset al.,2010; Courbi®t al.,2014; Martieret al.,2014).

SNP data'were only available for the MHI and pelagic sttddang previous knowledge
of the soeial structure, habitat use, and movem@asrd 2016 Mahaffy et al., 2015), SNP
samples were,divided into two strata within téll (easternand western MHI communitigs
based on“photo ID data, visual observations of social units, and satellite ta@ridata 1).
Severalsacial unis were heavily sampled in order to test for relatedness wstigral unis.
Therefore,_In_order to remove any potential bias due to sampling regimeandemly
subsampledthe datasetusing a random number generator include no more than two
individuals™from eachsocial unit before conducting tests of genetic differentiation among
geographic’strata.

Moleculardiversity indices for all samples and for each region were calculated for both
MtDNA_(Theta 04), haplotypic diversity i), and mean nucleotide diversity (m)) and SNP
genotypes (average number of alleles per locus, expected and observed heigrdiigds)).
Pairwise genetic differentiation was calculated among geographic strataFgsiagd @ st for
MtDNA. For SNP genotypes, geographic differentiatibsr(©nly) was calculated only between
island communities within the MHIAIl estimates of divergence and genetic diversity were
conducted using the strataG package faxBept haplotypic diversity, which was calculated in
Arlequin (Excoffier & Lischer 2010).

We tested for sekiased dispersal amomgjandcommunities using the Hierfstat package
in R (Gaudet=2005), which looks for firgieneration immigrants within the sample set. To do
this, we tested for differences among males and femalesrjrF s, or the mean or variance of
assignment probability (Goudet al.,2002).

Data analysis: genetic structure, social structure, and island preference
In ordertto test the hypothesis that there latks between genetic structure, social

structure, andsland preferencen Hawaiian shorfinned pilot whales we first calculated
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pairwise genetic tatedness among individuals, as welpagwise genet differentiation among
clusters, which represent one or more social units.

To calculategenetic relatednesgithin andamongsocial units in the MHI, samples were
stratified according to previously inferred social structure (Maheif§y., 2015), andsocial unit
relatedness.was calculated if at least five individuals froso@al unithad been sampled
Pairwise glatedness was estimateding a dyadic maximum likelihood estimat@illigan,
2003) in the"Rpackage RelatgfPew et al., 2014) which implements the software program
COANCESTRY (Wang & Summers 2010). Within-unit relatedness was compared to the
expected relatedness by permuting a random sample 1fi®® and calculating relatedness.
From one“cluster, we were able to sample two social unitsywanged this cluster to tethe
hypothesis that genetic relatedness is a driver of association among social units by comparing
within-cluster_relatedness witihe distribution of relatedness between 1,000 randomly selected
pairs of social units.

Pairwisegenetic differentiationKst) wasestimatecamongclusters using SNP genotypes
only due tothelack of mtDNA haplotypic diversity Clusters were only includefithere were at
least five samples collected from that cluster. To characterize the overall degree of differentiation
among social clusters, we performed this test using all available samples from clusterto Next
characterize“the extent to which getferentiationhas been affected by social structure, we
removed-highly relted (r > 0.6) samples to redubéas due togenetic relatedness and
recalculatedFsr among social clusters, now consideridgferences in theallele frequency
within eacheluster.

To/determinewhether genetically similar social units and clusteese more likely to
associate,we compared pairwise cluster genetic differentiatidhstf with mean pairwise
association_between clusters, using a fixed effect linear nwaitielcluster 1D controlled as a
fixed effect=Association between pairs of clusters was calculated by taking the mean of
association between individuals in the first cluster and individuals in toadeluster.

We used Mantel tests atidear modelsto examine the relationshlpetween geographic
distanceygenetic relatednessand associations between individuals. To do, thig first
calculated geographic distan(@) as the straigHine distance between sampling locations for

each sampleThree Marel tests were calculated between @dirs of individuals, comparing
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genetic distance (defined as-eneticrelatedness, r)geographic dtance(d), andthe amount
of time a pair spendsgether (association index, Al).

We compared linear, exponential, and logarithmic models to test the importance of
geographic distance (djenetic relatedness (Bnd an interaction term*{) as potential drivers
of asociation.(Al) between individuals, and also between clustéss these modelswe
converteddgeographic distance to a categorical variable with two categoriess(andr d< 300
mi and intraisland, d> 50 mi), due to the fact that, within each island community, sampling
location isynot representative of an indivitlsdabitat use or distance to other individuals in the
community, Further, n order to account for multiple observations of each individual, we
included fixed.effects for each pairwise individual We iteratively built modelsby adding one
predictor variable with each iteration, for a final model that included all possible predictar terms

EFAL;]) = ot Barij + B2dij + Baridij, + G(li) + G(I))
Significant parametersf the modethat minimized Akaike’s Information Criterion (AIC)

were considered to be potential drivefsassociation among pairs of individuals.

Results

The mtDNA datasetonsisted of 22 samples from throughout the Hawaiian Isla(b5
previously reperted in Van Cist al.,2016). Atotal of 163 SNPs at0 nuclear loci from 112
individuals.were successfullyenotypedrom four captureenriched libray pools The SNP and
MtDNA datasets overlapped by 100 samp8es.samples were determined to be duplicates and
removed fromsthelatasetso that the finaBNP dataseincluded106 individuals(Dryad Digital
Repository http://dx.doi.org/10.5061/dryad.xx}x¥orty-four SNPs were removed during the
guality analysis phasdue to possible assembly of paralogous lasulting in 119 SNPs at 49
nuclear loci (Supplemental Table)S1

Sample.Stratifications can be found in Figure 1 and Supplemental Tab@n§2eight
sampleswith™“SNP datawere available from the pelagic stratum, and no samples were
successfullygenotypedrom the NorthwegirnHawaiian IslandsCluster assignments weneade
for 93 ofsthe samplesanalyses of differentiation among social clusters were performed using a
dataset that ifaded related individuals (n=9%3nd a datasewith individuals removed from

pairs with relatedness estimates0® (n=89. Finally, pairwise relatednedsased onthe 51
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unlinked SNPsvas calculatedor the full 106 sample SNP datasahd grouprelatedness was
calculated for thresocial units, five clusters and two communities.
Population structure and diversity

We found very lonmtDNA haplotype diversity in the Hawaiian Islands (Table Six
haplotypes..were identified among the 242 samfleble 2) 232 of the 242 sampleshad
haplotypeJ. With the exception of one sample collected off Kaua$aaibles from the MHI
stratum hacdhaplotype JSNP genotypes were subsampled within each island community to
control for noArandom sampling of social groups, so that the dataset used for molecular
diversity and .geographic differentiation included 63 samples from the MHI. Oldsana
expected heterozygositfor the phased mulSNP genotypes the MHI wereboth 0.46,with
slightly higher heterozygosity in thevestern MHI community than in theeastern MHI
community(Table 1)

Mitochondrial differentiation was significant between the MNI= 204)andNWHI (N
= 17) strata;"as"'well asetweenthe MHI and lagic(N = 20) strata Fst and®st P < 0.001,
Table 3. Within“the MHI, SNP differentiation was small but significant betweendasternN
= 42) and westerN = 21) MHI communities(Fst P = 0.009). SNP differentiation was not
tested between other strata (pelagic, NWHI) due to low sample Wieedid not find any
evidence of‘“sebiased dispersal between communities in the MPHvalues for all indices
ranged from.0:2 to 0.9).

Genetic structure, social structure, and island preference

Average pairwise relatedness (r) among individuals was 0.11, with a range from 0 to
0.76. Within-unit relatedness estimatés each of three social units with five or more samples
were all significantly gher than expected if groupseve randomly organized (Figure.?2
Within-cluster relatedness fotusteg H20, comprised of threesial units, was also significantly
higher than.relatedness between randomly selectesl giasocial units (r = 0.33 < 0.03), as
well as beinghigher tharmeanrelatedness at the community level (r = 0.11).

Whenpairs with r > 0.6vere removed,lasterswith more than five individuals sampled
were found to be significantly differentiatdfdom each other ireight out of ten pairwise
comparisons Table 4. Global Fst was also significant when tested using all samples with
cluster assignments (n =,88st = 0.02,P = 0.05. When the same analysis is performed using

all samples regardless of relatedness, the number of significant pairwise differences between
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social clusters increasdsom eight to ning likely due an increase in both sample size and
relatednessvithin groups (SupplementdikbleS3).

Pairs of tusters thaexhibited higher genetic differentiati@ssociatedessoften (Fgure
3), according to theesults of a fixed effect linear regressievhich indicateda negative causal
relationship.between pairwisesr differentiation andassociation between cluste=£ 0.01).In
this model; gneticdifferentiation explained 68% of the variance in association between clusters
(R?=0.68).

While there was naoorrelation between relatedness gewdgraphic distancgMantel tes
P = 0.13,.association indexvas significantly correlated with botlelatednessaind dstance
(Mantel tesi?.</0.001 for both tes}ts

Regressionmodel fits indicated that ssociation between individuals increaseith
genetic relatednessenetic relatednessasfound to bea significant driverof association time
(P < 0.0001), whiledistance categorgnear or far) and the product of getic relatedness and
distancecategory, werenot found to be significantR = 0.9 and 0.2 respectively. AIC was
minimized using a model in which association index increased with @onertial increase in
relatedness (AIC =4169), but a linear relationship was similar (AIC-4164). Relatedness

explained21% of the variance in association time between pairs of individuaisqR1).

Discussion
Genetics, sociality and island preference

Our'results show that shdihned pilot whalesn Hawalii exhibit links between their
genetic structure, social structure aridland preferencewhich is likely a socialilearned
behavior.Similar links have been shown iather social animals, such as killer whales, sperm
whales, and elephan(¥'urk et al.,2002; Archieet al.,2006; Wittemyer et al2009; Rendelkt
al., 2012; Foeoteet al., 2016) and may have a stabilizing effect that promatgsd genetic
divergence among groups Hawaiian pila whales,it seems thatisland preference and social
structureinfluence genetic structuia the absence of any physical barriers to gene, fimsed
on genetic differentiation of island communities and clgsteeneticrelatedness in turn affect
social organizationbased on high genetic relatedness within social units and clusters.

The importance ofjeneticrelatedness to social organization is evident when we examine

the high level of relatedness within social units as compared to raif@prR), a pattern thatas
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been demonstrated in pilot whales from other regions of the \(Airlds et al.,2013) and may
result from matrilineal fidelityWe additionally found that relatedness was higher within clusters
than throughout the Hawaiian population, suggesting that relatedness plays a role imitgterm
how groups are organized at hierarchical levels above the immediate family uniaw/Athes
same patterfn.the regressioncomparing relatedness with association in pairs of individuals
which showed that animals that were more closely relatedal@wanore likely to associate.

If relatedness does not affect social structure at any level higher than that of the social
unit, we would expect relatedness at the cluster level to fall to the level of relatedmasshait
entire population. Our results indicate that relatedness continues to drive social structure and
association,atshigher levels in the hierarchical organization than just the matrilineal social unit.
This may indicate that clusters are groups of related social units that undessient, similar to
elephants_(Archieet al., 2006) and killer whales(Williams & Lusseay 2006). Genetic
relatedness_between groups can decay quickly in time due to the death of kin, and would be
consistent'with“the lower relatedness within clusters than social units that we observed in this
study.

In elephants, social units that associate moenoftere shown to have recently split from
each other due to the death of a matrig/tthie et al.,2006) A larger, more comprehensive
sample that“includes all or mosusters, and a greater number of SNPs, would increase the
resolution.efsthe genetic structure among socidilyded units, clusters and communities, and
may allow us to determine which clusters are more genetically similar, and whether specific
clusters are*facilitating gene flow between island communities.

On' the other hand, we were able to show significant genetic differentiation among
sympatric clusters even when highly related individuals were remov&®m our analyses
indicating restrictedgene flow amongympatricclusters.Clusters that were morgenetically
differentiatedalso spat less time together (Fig. 3This would suggest that social structure
inhibits gene flow among clusters, which could accelerate genetic divergence amdegs clus
comparedto a group of randomly mating individuétlés important to note, however, that the
observed“genetic differentiation among clusters may also be caused by lowesfiegulation
size, sampling stochasticity, or a combination of theseracto

This bidirectional influence between social structure and genetic structure creates a

positive feedback between the two that may be-stalfilizing, thus encouraging continued
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genetic and social divergenc8imilar patterns have been seen in other social animals; for
example, m some bird species social song learning has been argued to resgaimetic
divergencesoon after a dispersal evemut promote divergence at later stages in the process
(Slabbekoorn & Smith2002).In killer whales, social structure asdcial learning are thought to
have promoted’rapid stdpecies divergence into novel ecological nictiemteet al.,2016) In

a similar way, social structure in pilot whales may promote genetic divergandein turn
genetic relatednesslps maintain a faral social structure.

Geographic distancis significantly correlated witlassociation between individuals, or
social struecturgalthough it was not found to be a significant driver of association between
individuals:Sincegeographic distance (d) cannot be interpreted as a continuous variable, due to
the geographic overlap of social tmiwithin island communitiesjt instead represents
individuals_that were encountered in the same island community (d < 50 mi)esedif§land
communities (d > 300 mi). Theorrelation betweegeographic distancendassociation among
individualgrlkely indicates that individugreference for one island communégd association
with othersindividuals are both driven by similar mechanisms.

While  the present study did not examigenetic or social structure as drivers of
ecological behaviors such as island preference, there is evidence for soquremizl(i.e.,
genetic) learning of ecological and other behaviors in other highly sstadeans, such as killer
whalesandsperm whalegCantoret al.,2015; Footeet al.,2016) Indeed, social learning of
ecological behaviors may be important to the lermgn resilience of oceanic predators
(Whitehea@2007b) Further studies of ecological and social behaviors in pilot whales, such as
diet preference, foraging strategies, mating strategiesip movements, and vocal repertoire
would help_elucidate whether social and denstructure also contribute to the learnimyda
practice of.these behaviors.

Populationstructure and diversity

Mitochondrial diversity is very low in Hawaiian shdimned pilot whales: of the six
haplotypes reported in this study, haplotype J made up the majority of individuals, and although
sampling was increased in the MHI from previous Pagiiite studies (VarCiseet al.,2016)
no new haplotypes were found in this stud@lige MHI stratum was distinct from the pelagic and

NWHI strata, indicating the presence of an insular population arouniithe as well as a
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pelagic/NWHI population. Insular or coastal populations have been observed in other
odontocetes, such as false killer whglglairtien et al.,2014),bottlenose dolphingAllen et al.,

2016) and spinner dolphingAndrews et al., 2010) Pilot whales exhibit strong sitidelity
(Mahaffy et al., 2015) and it is possible that the MHI population has become adapted to the
slope habitat.it'preferéBaird, 2016 Abecassis et al2015) and may have different dietary
preferencedrom the pelagic population. However, tagging datdicate that pelagic social
groups will'sometimes travel through the slope region of the [Bdlrd, 2016) The lack of
MmtDNA gene flow between these two populations suggests that social structuraetgpreve
dispersal of females betwe#rese two populations when they come in contact with each other.

Altheugh' mtDNA differentiation between the pelagic and NWHI strata was non
significant,we expect that a larger sample size will differenttht twopopulations. Samples
from the pelagic stratum had haplotypes also found in SE Asia, the South Pacifiaditre |
Ocean, and_southern Japamhile NWHI haplotypeswere either J (MHI) or an endemic
haplotypewith'd'bp difference from J, suggesting thia¢ NWHI groupmay have diverged from
the MHI insular populationpossiblydue to geographic isolatioithis is similar to the pattern
observed/ini Hawaiian false killer whal@seudorca crassidens), where photoidentification,
tagging, and mtDNA suggesiree populations, with shared maternal ancestry between the MHI
and NWHI, but.nuclear data shimg contemporary gene flow is highest between the NWHI and
pelagicipopulationgMartienet al.,2014).However, ar nuclearSNP sample sizavasnot large
enough to test for geographic differentiatioetweenthesestrata therefore hie possibilitystill
remains formale medated gene flow between the NWHI and Pelagjrata A large dataset of
both mtDNA haplotypes and SNP genotypes from the NWHI @aldgic strata may provide
greater insight into the historical and contemporary rates of gene flow amaeggehegraphic
areas.

Within.the insularMHI population, there ra at least two genetically distinetland
communities, with some continued gene flow between them. This may be driven by cluster
philopatry to island communities, with some clusters key to gene flow betweenucities.
Satellitestag data indicatethird possible community, aroundabu/Lana‘, known as the central
MHI community (Baird, 2016). Additional sampledrom that communityare needed to test
whether it is genetically distinct from the eastern and western MHI communitaigiduals

rarely leavetheir island community, instead spending the majority ofr thme around one
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island however,on rare occasions clusters have been observed outside their island community
rangeqBaird 2016), and mating may occur during these rare excursions.

Within small groups, such as social units or clusters, inbreeding depression can be
avoided through mechanisms such astsazed dispersal (Prquit981). We found no detectable
difference’.in.génetic diversity indices at the regional, MHI population, or commlavigy,
indicating/a lack of inbreeding, though there was no nuclear evidence foiasex dispersal
among communities. Sugg al.,(1996) use a socialgtructured population of prairie dogs to
show thatgan increase in coancestry within a breeding group is countered by divergence among
groups, which,works to maintain genetic diversity at the population level. This can happen
through kingreeognition and behavioral avoidance of mating within a group, or if one sex remains
philopatri¢c to the group while ¢éhother sex is more likely to disperse. The advantages of social
living, such_as _cooperative behaviors and increased genetic fitness, are thought tghatltevei
costs if inbreeding can be avoided (Swaal.,1996). In Main Hawaiian Island pilot whales,
high levels*of‘coancestry, or relatedness, within social units and clusters may be countered by
genetic divergence among these groups, thus maintaining genetic diversity at thendgrand
population level. However, Parreira & Chikhi (2015) found that randomly permuting social unit
membership within a population always produces an excess of heterozygotes, &mtedahat
it is not necessary to use inbreedangidance mechanisms to explain outbreeding signatures in
small groupssbut rather that socélucture itself generates outbreeding signatures that can have
advantageous fitness traits.

Shortfinned pilot whales in Hawaiian waters are subjected to a variety of anthropogenic
impacts, including interactions with fisheries, vessel strikes, and exposure ‘{oteigtity Navy
sonars (Baird2016). Social species such as tltian be more vulnerable to the removal of a
single individual, as it may precipitate the loss of an entire gfdlgdeet al.,2012).If some
clusters contribute more to gene flow between communities, the loss of those clusters could act
to fragment communities ithin the MHI, whichwould decrease genetic diversdpd increase
demographic isolationin each region, thus making those communities more vulnerable to
environmental or anthropogenic perturbations.

In orderito avoid this vulnerability, conservation maragnt of this species in the
Hawaiian Islandould focus on maintaining gene flow between communities within the MHI

populations similar to migration corridors between fragmented terrestrial habitais would
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519 require the use of phoidentification and satellite tag data to identify individuals or social
520 groups that regularly move among communities, and movement patterns associatéeseith t
521 events. Once these corridors are established, fisheries interactions within them could be
522  monitoredin order to minimize fatal injuriesr inhibition of movement.
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Data availability

We'have deposited the sequences used in these analyses in GenBank. Accession numbers
for mtDNA haplotypes are: KM624043, KM624044, KM624054, KM624055, KM624058, and
KM624059 /Accession numbers for nuclear sequences generated for SNP discovery are
MG023262=MG023309The Tursiops truncatus reference sequence a8#lP genotype data are
available frem*the Dryad Digital Repositohttp//dx.doi.org/10.5061/dryad.78521.

Figure 1. Sampling locations for samples used in this slmbywe: samples used in mtDNA
analyses. Symbols represent their stratification foggagphicstructure analysefset shows
additional'samples from the NWHI and Pelagic stiaébow: samples used in SNP analyses.
Symbolssrepresent their stratification for genetic structure analgaagples labeled “No Link”
are presumed to belong to the pelagic stratum, because they cannot currently be hniged t
social stratum.within the Main Hawaiian Islantiset shows social units and clusters in the

Eastern Community that were used for relatedness analyses.
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Figure 3.Fixed effect linear regression comparing pairwise genetic differentidtigih 4mong
clusters withaverage associationdex or rate of association, amoaolyisters Association index

is calculated using a halfeight index and a sampling period of one day, to control for effort.
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Supplemental Table S1. Summary metrics for 119 SNP loci included in this study.

Supplemental Table SSample stratification levels used for statistical analyses in this study.
Bold values in the Cluster column indicate samples that were removed beforefedyste
analysis due to high relatedness to other samples in the study.

Supplerental Table S3Genetic differentiationHst) between five clusters with more than five
sampled individuals (related individuals included). Significant differentiation between clusters

(p-value, final column) is shown in bold.
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Table 1. Molecular diversity indices for SNP and mtDNA datasets. MHI SNP data were tested
using sub-sampled datasets so that diversity indices within strata were not biased by sampling
technique. “All samples” includes all samples included in the study. Nuclear samples were
subsampled within the eastern and western communities. N = sample,sizebsérved

heterozygosity, El= expected heterozygosity.

mtDNA Theta Haplotype Nucleotide  SNP  Ave. num

H
N (0,) diversity (h) diversity (t) N alleles °
All samples 242 0.06 0.08 +0.02 0.004 106 4 0.45 0.45
Regions
MHI 205 0.007 0.01+0.01 0.004 63 3.9 0.46 0.46
Western MHI
-- -- -- -- 21 35 0.49 0.47
Community
Eastern MHI
_ - -- -- -- 42 3.7 0.45 0.45
Community
NWHI 17 0.33 0.44 £0.1 0.004 -- -- -- --
Pelagic 20 0.27 0.36 £ 0.1 0.004 -- -- -- --
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Table 2. Mitochondrial haplotype distribution by stratum in the Hawaiian Islands.

Stratum MHI NWHI Pelagic
Haplotype
J 204 12 16
C 1 0 0
K 0 0 2
12 0 5 0
11 0 0 1
2 0 0 1
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Table 3. Geographic population differentiation in Hawaiian Island short-finned pilot whales. For
SNP data, only & was calculated; for mtDNA data, botlfand ®sr were calculated. Sample

sizes for each stratum are shown in parentheses. Significant values are shown in bold.

Stratum Fsr Fsr P-value Dt &gt P-value
mMtDNA
MHI (204) va,NWHI. (17) 0.67 <0.001 0.58 <0.001
MHI (204) v. Pelagic (20) 0.39 <0.001 0.30 <0.001
NWHI (17) v. Pelagic (20) 0.08 0.07 0.01 0.28
SNP
Eastern MHFCommunity (42) v. 0.01 0.009 NA NA

Western MHI Community (21)
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Table 4. Genetic differentiation £ between five clusters with more than five sampled

individuals (related individuals not included); sample sizes for each cluster are shown in

parentheses.dr P-values (in parentheses) are shown belgywglues; significant
differentiation between clusters is shown in bold.

Eastern Eastern Eastern Western
Community Community Community Community
Cluster 2 (8) Cluster 20 (10) Cluster 22 (10) Cluster 13(9)
Eastern
) 0.05
Community
(<0.001)
Cluster 20(10)
Eastern
. 0.06 0.04
Community
(<0.001) (0.002)
Cluster 22 (10)
Western
_ 0.02 0.02 0.01
Community
(0.05) (0.04) (0.12)
Cluster=13+9)
Western
_ 0.05 0.03 0.02 0.002
Community:
(0.02) (0.03) (0.04) (0.39)
Cluster 24 (6)
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