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ABSTRACk

Aim

To test historicahind contemporary influences on population structutkergiant clamsJridacna
maxima(Rodingy2798ndT. croceaLamarck, 1819To refine the location aflade boundaries within a

newly-resurrectegpeciesTridacna noagRoding, 1798)

L ocation
Indo- Australian archipelago, including Indonesia, the Philippines, Australia, Repu&uinea, the

Solomon Islandsy@Republic of Kiribati, the Line Islanaisgd Taiwan.

M ethods

We usedisolationrmigration (IMa)coalescent modeblnd distancdased redundancy analggelbRDA)to
test the relative influence of barriers armhtinuougdistancen historical divergence, gene flow and
population structuref Tridacha maximandT. crocea Continuous metrics of distance included present-
day and lastGlacialMaximum oerwater distanceslong withprobability of larval dispers@among
sampling sitesWe-ecombined new mitochondrial cytochrome oxidase subumtDA COI) sequences

with existing ‘datato compile the largest data set of these species yet analysed.

Results

The Pleistocene land barriers of the Sunda Shelf and Torres Strait weratadseith old(> 0.5 million
years) divergence time§ he western and eastdsaundarie®f the Halmahera Eddy were also locations
of significant, but more recent, divergence. No gene flow wiestdel across any of the fobarriers
tested Larval dispersal distansbetween sampling sitegere significant predictorsf T. crocea

population structure, accounting for differentiation above and beyond the contribubiamniefs We
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furtherdelineatedhe species rangd T. noaeand showedhatits two known cladeare sympatrign

central Indonesia

Main Conclusions

The strongsignatureof historical barriers on genetic differentiation argues against the assortiyzt
Indo-Pacific Tridacnaareopen meta-populationBespite similar life historied,. maximaandT. crocea
differ in their mtDNA-population structurdhewidespreadpecies T. maxima exhibits population
structure linledsolely with historical factorsvhereasl. croceds population structureeflects both
historical factorsand larval dispersal distances

INTRODUCITION

Thelndo-Australian Archipelago (IAAjs theglobalepicentre of shallovwater marine biodiversity. More
species of tropical shallowater marine animals live in the IAAdh anywhere else on EafBriggs et al.
2013)and the geological complexity of the region nayedirectly promote diversification(Bowen et al.
2013).Sealevelchangsduring the Pleistocene Epotioris 2000)causedsignificant and intermittent
reductions inAA shallowwater marine habitgFig. 1). During the later part of the Pleistocene, sea levels
reached- 120 metres below presentimultiple occasionsthe mostecent ~1&a (Voris 2000). Many
species inhabiting this region show genetic patterns characteristic of popeblghansions and
differentiation consistent witltoloniang new habitat on re-flooded shelf areas (Lukoschek et al. 2007,
Crandall et al.[2012everal regions of genetic discontinuity appear to be concordant across species
(reviewed by Carpenter et al. 20BJjggs et al. 2013

Here we focus on'threeidely distributedspecies of giant clams in the geAu&lacna whose species
richness peakis the IAA. These species captwaiention for their brilliant colours, massisee and

cultural significancgHeslinga 1996). All species are regulated by the Convention on International Trade
in Endangered Species (CITES) and some populations aratitralhy reducedTisdell and Menz 1992
Wells 1997).Tridacna maximgRoding 1798 has a wide ranging distribution from the western Indian
Ocean and Rea Sea to the Pitcairn Islands in the central Rhaatfes 1988)Tridacna crocegLamark
1819)is restricted to the central IndRacific from northern Australia ®outhernJapanand from western

Indonesia east to Pal@luCN 1996; andTridacna noae(Rdding 1798yasrecently resurrected as
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distinct speciegSu et al. 2014Borsaet al. 2015a)vith a range that minimally includdsaiwan,the
Philippines, western Australia and the Solomon Islands (Huelsken et al. 204130 laird Santos 2014;
Penny and Willan 2014, Su et al. 2014; Borsa et al. 20B8bJridacnaspecies are broadcast spawners
with planktotrophic (feedingprvaethat arecompetent to settle within a wegkitt et al. 1984l ucas
1988). Larvaeican spend up to 19 days (Jameson diiitB)g with the currents before settlig hard

substrate. Thissplanktonic life stagenpotentiallyconnecdistantpopulations.

Despite planktonic dispersal, previous phylogeographic studies of giant clams (and other coral reef specie:
with planktonic larvae) have identified genetic discontinuitiethe IAA associated with locations where
dispersal may ‘have'been historically is contemporaneously, impair@dhe most sizeable historical

barrier is the shallow Sunda Shelf that was exposed land during Pleistocena lewesstands, reducing
exchange between the Indian and Pacific Oegdne Last Glacidlaximum(LGM). Mitochondrial

clades off. maximaandT. croceathat are geographically restricted to western Sunda may reflect Indian
Ocean isolatioprassociated with this historical baf{f&Boer et al. 2008, Kochzius and Nuryanto 2008,
Nuryanto and Kechzius 2009, DeBoer et al. 2014b, Hui et al.)20hé same pattern is also observed in

genetic clusters based on microsatellite§.iorocea(DeBoer et al. 2014a, Hui et al. 2017).

Anothe prominent:historical land barrier is represented by the medbgyiiorres Straitconnecting the

Gulf of Carpenteriavith the Coral Se#Fig. 1). This area formed a land bridge during the Pleistocene and
remained closed for approximately 80 % of thstp 250 kyr (Voris 2000). Previous work has discovered
geneticdifferentiationconsistent with separation of populations either side of the Torres Stralirldgd

in many marine taxa, but with a lack of structure found in some speewswed in Miramset al. 2011).
Modelling of larval dispersabuided by modern oceanographic datdicates a low probability of gene

flow across the Torres Strdifreml et al. 2015b). Mitochondri@lNA-based phylogenetic treesbf
maximaandT,. croceasuggest deep divisions between Indonesian and western Australian locations in line
with the Torres*Strait land bridge being a likely Istgnding barrier to larval dispersal (Huelsken et al.
2013).

Otherputativebarriers in the IAA are associated witbean circulation. For exampléetHalmakra Eddy
(Fig 1)is aseasonally strong eddy just northHdImahera and the Bird’s Head Peninsula of ViPegiua,
which limits water flow and potentially, larval exchange into and out of Indonesia (Kool et al. 2011,
Treml et al. 2015b). Previous studies have shown the congruence of this eddy withdjéeetitiation

in fishes (Timm et al. 2008, Liu et al. 2012, Ackiss et al. 2013, Dohna et al. 2015), mantis shenbps (B
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and Boyce 2006), seastars (Crandall et al. 2008, Kochzius et al. Z6@8gna squamosgHui et al.

2016), and in botf. crocea(DeBoer et al. 2008, Hui et al. 2016; Kochzius and Nuryanto 2008, DeBoer et
al. 2014a) and. maximaNuryanto and Kochzius 2009, DeBoer et al. 2014b, Hui et al. 2016), although
the position of the disjunction shifts slightly between species. For this reastestibarriers at both the
western and eastern boundaméshe eddy (Schiller et al. 2008). Our western boundary falls where most
of the abovementionealithors designate the Halmahera Eddy éxample Eastern Barrier in Barber et al.
2008 see alsorFig:)LOur eastern boundary extends north approximately 500 km from the northern shore
of the Bird’s Head Peninsula (Kashino et al. 1999). This eastern boundary approxXimatisginction to
theeastof Cenderawasih Bay reportedthin T. croceaandT. maximaHuelsken et al. 2013).

Although all four IAA barriers considered here (Sunda Shelf, Torres Strait, western and easternndalmahe
Eddy) are known to approximately align with mtDNA clade turnover for BothaximaandT. crocea

the relativecontributionsof these featuret® genetic structuringavenot been evaluatetbr testedagainst
distancerelatedshypotheses of genetic structivereas barriers can create geographically circumscribed
restrictions to gene-flow, diminished gene flow over distance shouldessl in genetic differentiation
among populations(i.#BD, isolation by distanceNright 1943) The dispersal paths of larvae akely

to be strongly influenced by oceanography and thus distance measures based on biophysscahmedel
larval characteristics are combined with oceanographic flows are often chosen to reoresemporary
dispersal pattern@Vhite et al. 2010). In the IAA, in fact, modern biophysical distances alone preatigt m
of the commonly observed phylogeographic patterns (Treml et al. 2015b). Biophysical distenice
statistically evaluatedgainst overwater distances with the latter representing) BB expectationOf
course, we are not able to predict past (Pleistocene) biophysical distemweeserwe can extend
overwaterdistancego anhistorical framework by altering the coastline to reflect the lowest sea level

stands and therefore carpapximatePleistocendarval dispersal routes.

Here, we considerithe influence of historicaisuscontemporary factors on the populatgemnetic
structureof T. maximaandT. crocea Specifically, weevaluate continuous measuresiistanceagainst
potential barriers to gene flomnd also compare historical divergence times across these baffiigatly,
we unite DNAinformed sampling for the recentigsurrected specids noaeto expand the knowledge of
its phylogeographic structure. To achieve maximal geographic coveragemiae all availabletDNA
COl data fronthe IndoPacificin a single analysialongsidenewdatg allowing us to placéhegenetic

structure ofTridacnafrom the IAA into the fullesgeographic context.
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MATERIALS AND METHODS

SAMPLING AND DNA SEQUENCING

Mitochondrial COl.sequences fofridacha maxima, T. croceandT. noaewere obtained from published
(DeBoer et al. 2008, Kochzius and Nuryanto 2008, Nuryanto and Kochzius 2009, Gardner et al. 2012,
Huelsken etral=2013, DeBoer et al. 2014b, Su et al. 2014) and unpublished fuilvdgtails including
permits in supplementary material$hesecombined data yield a data set spanning the majority of the
species rangdor T. maximaandT. croceaanalyses focus on theseo species. Progress has been made
towards clarifying.the range ot noae(Huelsken et al. 2013; Borsa et al. 2015b; Johnson et al. 2016), and
here weupdatephylegeographic relationships within this spedasdo not undertake any quantitative
analy®s forT. noaeas the number of sampling locations is insufficient for formal analipdéAa

extractions, PCR amplifications, sequencing and sequence editing follovkéhuetsl. (2013), and

further details ‘can be found in Supplementary Methods, App&idix

GENETIC DATA'ANALYSES

Combinng datasfrom multiple source=sn require pooling samples from different lab graijas were
collectedfromsthe sameeneralocation Locations were defined based on geographic proximity: if
sampling sitesvere within 100 km overwater distance from each othey,were combined, provided

pairwise®sr was not significant between them (See Supplementary Methods, Appentbx &itail9.

Molecular diversity‘indices were calculatedARLEQUIN 3.5.1.3 Excoffier and Lischer 2010), including
haplotype diversityh), the likelihood ofdenticalhaplotypes beindrawn froma population, and

nucleotide diversity (%), the average number of pairwise sequenadifferenceswithin apopulation. Genetic
differentiation wassmeasured using ®@st, based on th€amuraNei (1993)distancebetween haplotypes,

and by kst where.the number aubstitutiondetween different haplotypes does not affect the statistic.
Significanceof both ®st and kst wasassessed b}0,000 permutations of individual identity with respect

to populaton. COVdifferentiationbetween samplinpcationswas visualised usingnaximum parsimony
median joining haplotype networks using Network 4.611 (Bandelt et al. 1999). Singleton haplotypes we
excluded for ease of viewinthis did not change the main structure of the networks.

EFFECTS OF HISTORICAIAND CONTEMPORARYBARRIERS TO GENE FL®&

This article is protected by copyright. All rights reserved



193
194
195
196
197
198
199
200
201
202
203
204
205

206

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

Fourbarrier locations were tested for their effects on genetic divergdtiua T. maximaandT. crocea

two intermittent Pleistocenkand barriers, the Sunda Sh@lf hereafter SSandthe Torres Strait land

bridge (2 hereafter Tpalongwith two putative contemporagceanographic barriere western3,

hereafter HEes) andeastern4, hereafter HE,s) limits of the Halmahera Eddyig. 1).We estimatedhe

age of divergence between population pairs spanning each laadiaiso tested for significant migration

using the coalescent method implementeld/in 2.0 (Hey and Nielsen 2007). Pilot runs were used to

select appropriatespriors and heating schemes along with stable and mixed run lengths. Final searches ust
a burnin of 309,000 Markov Chain steps followed by 200,000 steps sampled every 20 steps (representing
total of 50 million steps per search across 100 chainkyeaultant ESS values were greater than 1000
Searches werandertaken both allowing migration and with no migration (isolation model). Divergence
times were translated into approximate chronological time using the calibration points from Crandall et al.
(2012) forT. crocea

MEASURES ODISTANCE

To investigate the effects of geographic separation on populations of giant clamsléten by distance),
we assessed the explanatory powsivef coninuous measures of distanddefirst three measures were
derived fromsthesprebability of contemporary larval dispersal from one sampling sit@ther as

modelled using an.advectidransport approacfTreml et al. 2012hereafter LD mod¢gl See
Supplementary Methods in Appendix S1 and Treml et al (2012) for details of this Bedalise LD

model predictions arising from direction movements are asymmetrical and genetic distances are
symmetrical, we summarized LD predictions using mininflmmaximum(2) and mear(3) dispersal
distancesThefourth distance measure was based omtbdern overwater distancehichwas calculated
using a cost distanee analysis in ArcMap 10 (ESRI, Redlands, CA) where the least cost path between
sampling sitesvas-forced around land (hereafter Mod oMhe fifth distance measure was based on
overwater distance during th&M (hereafter LGM o/wpandwas estimated using the same technique but
with the land boundary shifted to the 120 metre isobath. Because messtdolay locations would have
been dry landt low sea level stangd&e moved the site to the closest cell connected to the ocean,
provided this.did not put the site on the other side of an existing landhhessfive predictorsof

isolation span a gdeent from contemporary (LD model) to historical (LGM o/\n put the relationship
between these measures of geographic distance and estimates of population gestete isto context

of traditional isolatiorby-distance where distances are univarmgalictors of genetic differentiatipwe

undertook a seriesf standard Mantel tests involving all populations for each of the five distance

This article is protected by copyright. All rights reserved



225 predictorsn turn.
226

227 MULTIVARIATE MODELSASSESSING THE RELATIVE EFFECTS OMISTANCE AND BARRIERS

228 | order to evaluate the effect on population structure of gp@digraphic distancend barriers, we used

229 (istancebased redundancy analysis (dbRDA: Legendre and Anderson 1999) ustagghalefunction in

230 theR package’'vegafOksanen et al. 2008 dbRDA, the genetic distance matrix (values of ®st or Fst

231 petween population pairs) is ordinated to yield population values along orthogonal eigsrarettbese

232 yectors serve as the response variables in a redundancy analysis FREAgr ordinatia in the dbRDA

233 reduces collinearityyamong predictors allowing the effects of each predictor variable to be assessed in the
234 context of the Others (Borcard and Legendre 2082)ong our predictive variables, tfige measures of

235 distancewere dlsg initially formatted as distance matrices; here again we used ordination to convert these
236 distance matrices.to eigenvectors, choosing two dimensions as a reasonable representation of locations
237 along the f@rth’s surface (employingrincipal coordinate analysigjth thecmdscaldunction invegar).

238 719 predict the effects of barriense constructed a matrix describing the biogeographic assignment of each
239 population with'respect to the barrier locations. All populations on one side of the Wardecoded as 0

240 and populations on the other side were coded as 1 (i.e. dummy variables). Under this codiagteehe

241 effects of the Torres, Strait could not be differentiated from the effects of either the eastern or western
242 Halmahera Eddy. Thufr eachRDA modelwe had 1Jredictive variableghree representing barriers

243 and 10 représenting the two principal coordinates (PCO'’s) of the five continuousealisaasures.

244

245 Because initialéxamination of phylogeographic patterns indicated substangt gévisions associated

246 \yith barriers, We were especially interested in whether isoldyatistancemight predict genetic structure
247 \when barriers were also considered. To investidstancan the context of barriers we first conducted

248 standard dbRDAs.ith all 13 predictorsand used forward model selection based on a null modetcept

249 only, no predictivesvariables) to determine the most parsimonious set of predariai@es. This was

250 yndertaken using an adjustetiRethod appropriate for permutated data (Blanchet et al. 2008) with the
251 ordiR2stepfunction invegan Second, we undertook partial dbRDAs where models were conditioned upon
252 parriervariablés The significance of the constraining variables (namely thest@rdie measuresjas

253 assessed using ANOVKke permutationsgnova.ccaunction).
254

255 RESULTS
256
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GENETIC DATA AND VISUALISATION

We combined 114 nov€Ol sequences fofridacna maximd385 kase pairg 78 forT. crocea332 bp),
and 19 forT. noag(353 bp)with previously published sequence data. The resulting data set comprised 614
sequences foF. maximacontaining 283 unique haplotypes across 43 populations, 721 ¢dooceawith
311 unique hapletypes from 46 populations and 58 fapaewith 28 unique haplotypes from five
populations ¢ee Table&S1 in Appendix S3)in general, thd. maximanetwork showed more sharing of
haplotypes acfoss th&A thanT. crocea(Fig. 2), although both shoedthe deep subdivisions
characteristic of previous work. noae for which phylogeographic information is relatively lacking,
showed sharingsofregional cladest TanjungJerawali, just west of the Halmahera EdEig. S2in
Appendix S2). Thescollection df. noaeat numerous sites refines the range of this speeigsd on DNA
datafrom that régported in Huelsken et al (2013)h&apparentange ofT. noaeincludesTaiwan to the
north, the Solomon.Islands to the east, Ningaloo Resftern Australi#o the soutlwest and

encompassesdonesia, Papua New Geim and the Philippines.

EFFECTS OF HISTORICAIAND CONTEMPORARY BARRIERS TO GENE FLOW

For the four barriers testedthin the two species, there was no evidence for migration. Iivi@? runs

showed that'zero migration was the highest posterior probability pointfahdimal estimates of

divergence, we undertook searches with a prion ef0. Posterior estimates of divergence times were

fairly concordant for TS, SS, and k& with modes of posterior probability for both species from 0.5-2.0
million years fer TS and SS and <0.3 million yearsH&&es: (Fig. 3). FOrHE.,s; divergence dates were
notably different,with <0.3 fof. maximaand ~0.5-2.0 million years fdr. crocea Togeher these data
suggest that migration has been minimal across all barriers for a long time including the recent past, and

that divergences associated with the episodic emergence of land (SS and TS) are quite old.

MEASURES OPDISTANCE

The five measures @eographic distanosere highly correlated & 0.91 for both species) and thus

cannot be considered as independent predictors of differentiation. dsingluesin Mantel testsstrong
and significant'relationships of genetic sturetwith alldistancemeasures wergetected for both species
(r>0.56, P <0.001). Using Fst, there was ndBD association foff. maximawhereas foil . croceathere
were significant but weak relationships>(0.30, P < 0.01). Notably, LGM o/w was the distanametric
returning the highest measures of correlatmrthese univariate analys@s. all ®syresults and &y for T.

crocey.
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290 MULTIVARIATE MODELS ASSESSINGTHE RELATIVE EFFECTSOF DISTANCEAND BARRIERS

291 standard dbRDAs using forward model selection to identify the most importzattlea yieldedjuite

292 (different outcomes using @ st Or Fst as the genetic response variable (Table 1). For ®st-based analyses,
293 HE, /TS and/Sarrier predictors were retaineat footh species. Additionally far. croceaHEeastand

294 four predictorstbased on the larval dispersal model were retaimedsr-based analyses, no variables
295 \vere retained inforward model selection Tomaximaindicating little improvement in model outcome
296 by the additioniof predictive variables as compared to a null intercept modEtl;diarceathe first PCO of
297 minimal larval dispersal distance (minLD1) was a small but significant predictesroafies (R = 0.039;
298 p= 0015).PartialdbRDAs, where distancelerivedPCOpredictors were evaluated conditioned upon
299 barriers provided/largehsimilar resultgo standard dbRDASThe proportion of conditioned inertia for

300 ®st models was.very highf( maxima0.86;T. crocea 0.73 indicating thathe majority of variance in

301 g values among.populations wagiatitable to barriers.stantially less proportional conditioned

302 inertia was found usingdr (T. maxima0.02 T. crocea 0.07). The proportion of cotrained inertia,

303 representing variance attributable to the distaterévedpredictors, was low across all modéts.22)

304 indicating little influence on variance in population genetic struaocewas only significant in the case of
305 @grinT. cracea(proportion of constrained inertia = 0.096;0k0 = 3.31; P < 0.001).

306

307 n summary; acress'RDA analyses Torcroceaa modest but statistically significant amount of variance in
308 dgsrwas attributable to twdimensional aspects oD (with marginal support for LD explaining variance
309 jp Fst). ForT. maximahere was no evidence that any distance measure explained genetic variance above
310 and beyond the effect of barrief® illustrate the contrasting relationships witimimumLD for the two
311 species, Fig4 shows these relationships for population-pairs not spanning barriers, namely populati
312 petween the SS.aE e« + TS barriers and east of thiEcas+ TS barriers. WithirT. croceathe

313 positive correlationsbetweaninimumLD and ®s7 is evident. Foil. maximathere is no simple

314 relationship and the large ® st values arise predominantly from comparisons involving KRI, which

315 contains a high proportion of divergent haplotypes (symbolized in black in Figgd&a)hoaepeated

316 analyseof the above RDAs and partial RDAs with KRI removed did not change findings.

317

318  |n all RDA analyses, it is not possible to discriminate the effect of the Torres Strait frameaffects of
319 the Halmahera Eddyror example, in the population pair comparison of HLM to SOL (Supp. Fig. 1) all
320 three barrier§TS, HEes; and HEas) arguably separate the two populations. IndbRDA outcomes,
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differentiationattributable to the Torres Strait is combined withhig,.s: measure.

DISCUSSION

Pleistocene landarrierswere the strongstpredictors of mtDNA differentiabin in two species of giant

clams. Bothof the barriers arising from land exposure during low sea level stands, namely the Suhda Shel
and Torres Strait, were associated with old divergence time$ (illion years, Fig. 3) and were

consistent predictors'of population structure as estimated by ®@st (Table 1).In contrast, drergence times

across the westernrand eastern sides of the Halmahera Eddy were not consistent between s@&cies (Fig.
New samples frorRPapuaNew Guineaalong with increased sample sizes from$h€ Pacificregion

(Solomon Islands.and Coral Sea), highlight the lack of shared haplotypes (Fig. 2) and heancstdnéad
divergence times fgF. crocea,n contrast to more complex mixing associated with the Halmahera Eddy
(and therefore more,recent divergence estim&bed). maximaUsing dlRDAs, we quantied effects of
continuous distance measures while accounting for genetic structure associatedsgitand and
oceanographibarriers: larval dispersal (LD) distana@glained a significargroportion of genetic

structure inT. crocea®st values. Thusior T. croceathere appearto be a subtle effect of contemporary
dispersal in addition to the very obvious effects of Istayrding historical barriers to larval excharfger

T. maximahowever, onhhistorical signalsssociatd with barriersvere significantWe alsodemonstrate
sympatryof thetwo major clades withifi. noaein eastern Indonesia, a site of overlap in other species.
Below, we discuss our findings fdr. maxima, T. croceandT. noaewithin the context of previous work

in the region.

THE EFFECT OR.BARRIER

Putative barriers were assessesihg both coalescent (IMpandfrequentist, multivariatedpRDA)

approaches. We expected to find a strong signature of divergence associated witlalHestolrbridge at

the Sund&helfandglorres Strait agportedoy previous studiesf Tridacna maximandT. crocea

(Sunda Shelf: BeBeer et al. 2008; Kochzius and Nuryanto 2008; Nuryanto and Kochzius 2009; DeBoer et
al. 2014b Torres Strait: Huelsken et al. 2Q1Blere for the first time we can directly assess the ages and
effects of these barriets populatiorgeneticstructure Both barriers have bedong-standing

impedimentgo gene flow (Fig3) andaresignificant predictors of population structure (Tables).

course, the contemporary structure of currents and resultant dispersal barriers (Treml et al. 2015b) may
play a significant role in maintaining this signal of divergence, partigidadociated with the Sunda Shelf.

This finding isalsoconcordant with there being limited water fl¢and therefore also larval dispersal)
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across the Torres Strait tod@y/olanski et al. 2013).

Both the western and eastern edges of the Halmahera Eddy were areas of significant divergence, althougt
with recent agestimatesor HE,estand varying age estimates tdE.,s: (Fig. 3). These boundaries
reinforce previous suggestions that Cenderawasih Bay, which is bounded by both oceanlognagisic
and is set back/from the open ocean and characterised by strong environmental giebe@sdt al.
2012) enclosesarrelatively isolated set of sites (DeBoer et al. 2008; Kochzius and Nuryanto 2008;
Nuryanto and Kochzius 2009a; DeBoer et al. 2014l3inkhining genetic isolatn between Sulawesi and
eastern Indonesia requires limited dispersal advoisthe Torres Strait and the Halmahera Elolyth
western and eastern boundarigsgauséndividualscould disperse alonthe northern or southern shores
of New GuineaNeitherT. maximeclade 4 haplotypes nor clade 3 haplotypes.afroceawere found
across the Maluku Séae. they wereabsent ifocations MAN, SAN, LUW and TOG: Fig. 2 and Fig. S1
in Appendix S2)indicating limits to dispersal in this region, with similar results founddar stars
(Crandall et al s22034)mantisshrimp (Barber et al 2006and clownfish (Timm and Kochzius 2Q08mm
et al. 2012, Dohnaret al. 2015). For such consistent historical signals to be preserveneogngphic
patterns of cadistributed species implies that contemporary exchange is also minimal.

EFFECTS OPDISPERSALDISTANCE DIFFER BY $ECIES

Although thé streng-effect of barriers on genetic differentiatias evident simply from inspecting
phylogeographic distributions (Fig. 2), the dbRDA framework allowed us to quantify the addedaef

of dispersal distances, spanning a continuum from contemporary (LD model) throusfoticddi (LGM

o/w) routesFor T. maximacontinuouglistances were naignificant predictors of population structure

and indeed then@asno evidence for an isolation-by-distance pattern within regions bounded by barriers
(Fig. 4). ForT. erocea howeverL D distances were small bsignificant predictors of population structure
(based on ®s7): Thus, the biophysical larval dispersal model, based on a combination of oceanography and
biological attributes,,is a superior predictor of population structure than overwater datamed\otably,
univariate Mantel tests evaluating dispersal distances in the absence of information regarding barriers, car
yield incompléte results: hereGM o/w distances were the strongest predictors of population structure,
undoubtedly because they inhergnticluded barrier effects.€. historicaldistances required to connect
populations by traversing around exposed land masses). While high isolatilistemnce correlations

using LGM o/w do correctly uncover the very strong effects of Pleistocene aebhenpsedictive ability of

the LD model fofT. croceais obscured without statistically accounting for barrier effects (here using
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dbRDA). Thus, joint considerations of multiple predictive variables provide more adagsults that

implicate both contempary and historical factors.

Thecontrasting explanatory ability of dispersal distances for expamenetic differentiation between the
two species igoncordant with relative dispersal propensity indicated by the patterns ofyfpaplot
distribution senfin'Fig. 2. Haplotypes df. maximé&s clade 2 are spread throughout the IAA and clade 3
spreads as far-assthescentral Pagifez no clear relationshigxistsbetween genetic identity and
geographic distancellades withinl. croceain contrastonly mix in north-west Papua where the highly
restricted clade 3 mixes with widanging clade 2suggesting limitetarval dispersal over long periods of
time. Thelack of association between distances and genetic structlirenaximabegs the question: is
dispersal easier far. maxim& While difference in pelagic larval duration is minimal between these
species (19 days max. for maximal7 days max. fof. crocea Jameson 197@)ifferences in life history
and ecology, such as local abundameayinfluence successful dispergadlreml et al. 2015a). These
factors deservesfurther investigation, but there are few data dmdifay characteristicer ecologcal
preferencesf wild-giant clams, most data coming from aquaculture studies (Jameg@nLi@as 1988).
Moreover, the(recent recognition Bf noaeas a distinct species raises questions regarding the accuracy of
previous surveys based on morphology alone (Johnson et al. 2017).

L OW GENETIC.CONNECTIVITY AMONG REGIONS INFHE CENTRAL |NDO-PACIFIC

Pattens of genetic structure among the three species were generally concordzaomsastent with
previous work (Benzie and Williams 1995, 19€Mtiwattanawong et al. 20Quinio-Mefiez et al. 2003,
Ravago-Gotanco et al. 2007, DeBoer et al. 2008, Koclarid$Nuryanto 2008\Nuryanto and Kochzius
2009, Tisera et al. 2011, Huelsken et al. 20C8gxistence of divergent clades within all three species,
newly shown here fof. noaeadds to considerable evidence éastern Indonesis a region of overlap
betveen cladegwother marine specigBarber et al. 2006Crandall et al. 20Q8.iu et al. 2012)Our
addition of data fronfPapuaNew Guineaallows us to refine placement of genetic discontinuities within
two of these species. Huelsken et al. (2013) reporteddifepentiationwithin T. maximaandT. crocea
betweerthe Solomon Islands and Cenderawasih Bay. With samples from Kavieng inNfap@zuinea
we are able to shift this boundary ~1000 km nevést and clarif the porosity of this disjunctiohAA
sampling sitesf T. croceado not share haplotypes with thdasdhe east and that these regions are
populated by different clades (Fig. 2b). Homaximawe found shared haplotypes between Halmahera
and Cenderawasih Bay asitiesin the Caoal Sea, Solomon Islands and Papligav Guinea
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Previous work ofm. maximadentified deeglifferentiationbetweerthe central Pacifiand thd AA

(Gardner et al. 2012, Hui et al. 2016). By combining all existing datdindthatclade 5 is absent from

the Coral Sea, Papua New Guinea and the Solomon Istdodgver, wadentifiedtwo Kiribati

individuals of T maximawith a haplotype shared throughout the& Triangle and Taiwan (Figa® The
possibility of stepping stone dispergam the I1AAvia Micronesia could be test@dthe future.

Additionally, human-assisted translocations of clams (either via Polynesian settlement and trade or moderr
introductions such as associated with agltace) cannot be ruled out. Future studies employing multiple
independently assorting markers would be useful for exploring these competing scamddasing

divergence times

MTDNA ENABLED DATA SYNTHESIS

Given the scale.and logistical difficultiessmciated with working in the Ind®acific, most research

includes a limited set of locations, either densely packed or widely sfieegske et al. 2014 he present
study, in the veéin'of recent studies taking a synthetic approach to existing DNAcedglatg\VVogler et al.
2013, Crandall et al} 2014, Selkoe et al. 2014), would have been impossible without the cooperation of
multiple researcherd.he shortcomingef sngle locusmtDNA studies are well known: inability to 1)
estimate evolutionary variance from a single non-recombining locus; 2) devasaignment methods to
identify contemporary structuring or migration; 3) detect hybridisation and intsignesnd so forth.
Despite thee restrictions, howeveDNA sequence data enables synthesis and collaboration among
research groups;*henge have been able to span a significant portion of the extensive geogeaqges

of three cedistfibuted species by combigirata to make new inferences regarding both historical and

contemporary influences on phylogeographic structure.
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Additional Supporting Information may be found in the online version of this article:

Appendix S1. Supplementary Methods and Results
Appendix S2FiguresS1 andS2.
Appendix S3SupplementaryrablesS1-S3

Appendix S4: Arelequin files for each species.

Biosketch: Jude Keyse is interested in the factors affecting the movement and accumulation of
biodiversity in the' world’s oceans. Her work spans the fields of population genaliesalogy. She
recognises the"benefits of genetic tools to reveal hiddéerpa and believes that genetic diversity data are
under-used in'studies mapping diversity.

Data accessibility: Original sources of sequence data are reported in Supplementary TaBiasNsw
seqguences arising from the present study have been ddpndt€BI MG385266 - MG385538) and
associated sampling metadata are recorded in GeOMe (Deck et al. 2017: wwwilpeange ARLEQUIN

formatted infiles for each species are provided in Appendix 4.

TABLES

Table 1.Distancebasededundancy analysevaluated for the giant clarisidacna maximandTridacha
crocea final models following forward selection whereby biogeographic barriers (Stimel&a SS
Halmahera Eddy Western edgtE,.s; andHalmahera Eddy eastern eddEeas)® and principal

coordiates of dispérsal distartievere the predictive variables evaluated

Genetic pd
Species distance Variablesretained® Adj R*¢
T. (OFS" HEes/TS, SS 0.917 <0.001
maxima
T. Fst - 0 NS
maxima
T. crocea O HEwes/ TS, HEcass minLD2, maxLD1, SSmeanlLD2, 0.851 <0.001

meanLD1

T. crocea Fst minLD1 0.039 0.015

@ The influence of the Torres Strait (TS) barrier is combined Mith... See text for explanation.
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663 PTwo orthogonal PCOs were created for each of five distance measbers meanLD1 and meanLD2
664 are the first and second PCO’s of the mean larval dispersal distatieeinLD1 is thdirst PCO of the
665 minimum larval distance

666  “In order of influence.

667 ° For the whole model.

668

669

670 FIGURELEGENDS

671

672 Figure 1.Indo- Australian archipelago and neaidbgations in the Inddacific Ocean regiarLight grey
673 outline indicates boundary of larval dispersal model. Dark grey outline indicatbarkea at last glacial
674 maximum. Grey-arrows indicate ocean currents (after Gordon, 2005). Putatieeshardispesal are
675 shown with thickslines anthbelledSS: Sunda ShelHE,.s: Halmahera Eddy western ed¢g.s;

676 Halmahera Eddy eastern edge and TS: Torres Strait.

677

678 Figure 2. @amping sites haplotype frequencies, and maximum parsimony haplotype networks for
679 Tridacna maxim#a)andTridacnacrocea(b). On the map, the light grey outline indicates the boundary of
680 the larval dispersalmodel; dark grey outlines indicate land area at last glacial maximum. Netuask circ
681 represent unique mtDNA COI haplotypes, sized by frequency. Numbers on edges indicateon inabe
682 pair differences between haplotypEsplotype frequencies based on clade identity are shown by pie
683 graphs. Red haplotypes are from the Red Sea.

684

685 Figure 3. Posterior-pralbiities of divergence times across boundary region3 fiolacna maximga) and
686 Tridacnacroecea(b)-based on IM2. Boundaries are labelled: SS: Sunda Shif,s; Halmahera Eddy
687 western edg&iEc.s: Halmahera Eddy eastern edge and TS: Torres Strait.

688

689  Figure 4. Isolation by distance patterns within regiong fmtacna maximga) andTridacnacrocea(b)
690 usingminimumdistance predicted from the larval dispersal model. Light grey dots represat#tpop
691 pairs within the central Coral Triangle, bounded by the Sunda Shelf and Halmahera Eddy acigpt.
692 Black dots represent population pairs from the western Pacific, bounded by theSEaitesnd

693 Halmahera Eddy eastern edge.
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