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Abstract

Connectivity underpinthe persistence amdcovery of marinecosystemsThe Great Barrier Reef
(GBR) is the world'dargest coral reef ecosysteandmanaged bynextensive network of ntake
zones haweveilinformation about connectivityas not available toptimise the network’s
configuration Weusemultivariate analyses, Bayesian clusterahgorithnms and assignmémests of

thelargestpopulation genetidatasefor any organism on theBRto date(Acropora tenuisy2500

colonies >50 reefs genotyped for ten microsatellite 1ptd demonstrate highly congruent patterns of
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connectivitybetweerthis common broadcast spawning rdefilding coraland its congenekcropora
millepora(~950 colonies; 20 reefs, genotyped for 12 microsatellitg.|I6or both species there is a
genetic divide at arount®°S latitude, most probablseflectingallopatric differentiation during the
PleistoceneGBR reefs north 019°S are essentially panmictighereas southern reefs are genetically
distinct withhigher levels of genetic diversignd population structurenost notablygenetic
subdivision betweerinshore and offshoneefs south 019°S. Thesebroadly congruent patterns of
higher genetic diversities found on southern GBR reefst likelyrepresent the accumulation of
alleles via the southward flowing East Australia Currenaddition,signature of genetic admixture
between the Coral Sea and outer shelf reefs in the northern, central and southern GBR prov
evidence of recent gene flo®@ur connectivityresuls areconsistentvith predictions fronrecently
published larvalidispersatodelsfor broadcast spawning corals on the GBBrebyprovidingrobust
connectivity.information abouhe dominant reebuilding genusAcroporafor coral reefmanagers
Introduction

The largest:coralreef system in the world, the Great Barrier Reef (GBR), is locateel afbst of
East Australia. This world heritage area is ~350,000ikrsize and comprises ~2,968efs. While the
GBRis in arrelatively good condition compared to most other reef systems around themlobe, a
alarming ~50% decline in coral cover has been documented over the past three(@ecattex a/.
2012, indicatingthatcontinued careful management is critical for its persistdReroning of the
GBR in2004resulted in an increase of#@ke areas from ~4.5% toore than 33%f the GBR

Marine ParkGBRMP) Fernande®t a/.2005. The benefits of ndake zonein the GBRVIP have
been irrefutably demonstratéat fithess biomassand ‘spilkover’ of fish species targeted by fisheries
(Emslieet al.2015 Harrisonet a/.2012 McCook ef a/.2010, andrecent studies have demonstrated
benefitsfor nomtarget species such as corals, including the lowered incidecoeabdiseases in RO
take zonegllamber a/2015. Nonetheless, largecale disturbancdthermal anomalies, cyclones,
flood plumeserownof-thorn starfisHCOTs)outbreakkcan rapidly negate theositive effectof no-
take zonegEmslieef a/.2015. Indeed thermal anomalieéand their associated impacts on marine
organisms)n the"period 1982009equallyaffectedareas inside anoutside netake zonedn the
GBRMP (Banet al2012. Conrectivity is a critical &ctor forimproving the effectiveness of networks
of notake zones to respond to disturbantesyabrielleet a/.2014), as recruitment from external
sources is essential for the recoveryeasfs that have undergone high mortafitukoscheker a/.

2013. However, lack of information about connectivity meant it was not used for the rezdimey
GBR (Fernandet.a/.2005 nor in the design of most other marineta&e networksround the

world (Almany et a/.2009 Lagabrielleet a/.2014 Magris et al.2014).
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Reproductive connectivitfthe dispersal of individuals among spbpulations that survive to
reproduceBurgesser a/.2013 Pinedaet a/.2007)) underpins the persistence of populations by
accelerating recovery following high mortality, maintaining genetic diweraitd introducing new
gene variants, the substratum on which natural selection Hutsepieces of empiricadlata are
needed to evaluate the effectiveness of a network-tdkezonesthe connectivity matrix, per capita
fecundity of populations, and survival of recryiairgessef a/.2013. Connectivityhas proved
notoriously difficult to measure empirically due to the small size and higlerdial potential of larvae
(Burgesset@al.2013 Joneser a/.2009 Kool et a/.2013 Pinedaet a/.2007). On the GBRempirical
estimates of larvaktention andlispersahave beembtainedfor reef fishusinglarval tagging(Jones
et al.1999 andgenetic parentage analygidarrisonet a/.2012; howeverthese estimateare limited

both spatiallyandsitempordy (Joneset a/2009. Moreover, larval tagging is not pgible for many

marine organisms (such as corals) patentage analysis necessitates species identification of recruits

which has net'yetbeen achieved for broadcast spavwatrajs(Babcocker a/.2003. As a means of
addressingithese‘issues, considerable effort has foonskeloping hydrodynamic models for the
GBR (Brinkmanet a/.2011; Condieet a/.2012 Lambrechtset a/.2008, which coupled with
informationraboutsdlarval biologlgave beemised to simulate larval dispersabigoredict connectivity
for corals(Anduttaet a/.2012 Thomaset al.2014), fish (Bode et a/.2006 Jameset a/.2002), and
COTs(Hocket'ak2014. However, numerical models rely omany assumption@otsford et a/.
2009, particularly in the complex hydrodynamics of shalaater marine habitats of the GBR
(Brinkman et a/2011 Condieet a/.2012 Lambrechtsef a/2008. Moreoverrealised dispersal
maybe quite different from the dispersal potential preditbm larval dispersal modelandthe
models do not account for pestttiement survivakhusempirical measures abnnectivity are

required to substantiate model predictigBargesset a/.2013.

Population genet&provides a means of assessiyjame flowintegrated over many generatidnsm
which realised dispersahd post settlement survivedn be inferreqJoneser a/.2009 Kool et a/.
2013. Whiletraditionalestimates of gene flow rely on theoretical models with assumptionarthat
often violated in natural populatiofidedgecocket a/.2007), recently developethdividuatbased
genetic analyses,jsuch as assignment tests, are less conditicalfd\amitect genetic estimation of
contemporary connectiviiHedgecocker a/.2007). Further, he ability todemonstra congruent
patterns ofsconnectivitior multiple species with similareproductivebiology will be highly
informative foreptimisinghetworkdesigrs of natake aregarticularlywhen considered with
information fromlarval dispersal modelSuchdatahave, unfortunatelyjot been available for the
GBR, asuntil recently population genetigtudies investigatingonnectivityin GBR coralshaveeither

been restricted temall geographic rangdSouteret a/.2010 or had sparse samplirayer larger
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100  geographic rangg#\yre & Hughes 20002004. Population genetic studies on the GBRh higher
101 intensity samplingver large spatial scales the GBR are rafer any organismand onlyonehas

102  beenconducted for broadcast spawning cofghn Opperet a/.2011).

103

104  Here we test the hypothesis that population genetics and larval dispersal modelsipnédict

105  connectivity patterns fdsroadcast spawningpralson the GBRWe combinemultivariate analyses
106  with individuatbased analyses ofulti-locus genotypesf recent gene flow (assignment testayl its
107  effects on population structurBdyesian clustering analysde)evaluate patterns of genetic variation
108 for two species of broadcast spawning cotétsppora tenuiand Acropora milleporaon the GBR
109 These analyses arebust to norequilibriumassumptions andeviationsfrom Hardy-Weinberg

110  Equilibrium (HWE)and LinkageDisequilibrium (LD) (Hedgecocket a/.2007 Hellberg 2007,

111  commonly found.in coral@Hellberg 2007. Specifically, wecompareresults fom analyses ohew

112  data forA ténuis(2544 colonies from 5ditesacrossl2° latitudg with new analyses of a previously
113  published dataset for tlowngenerd millepora(947 colonies from 20 sites across the same

114  geographicrangdyanOppenet a/.201]). Both A tenuisand A milleporaarecommonbroadcast
115  spawiing specieston the GB&hdtypically spawn within a few days of each other and sawvdar

116  pelagic larval duratios) achieving settlement competency withid 4aysandmaximumsettlement
117  rates7-10dayspostspawning(Connolly & Baird 2010Nishikawaet a/.2003. Our results show

118  highly congruenpatterns of gene flow and genetic structoeénveerthe two coral specieand with
119 recently published larval dispersal mod@gieck et a/.2014 Thomaset al.2014) stronglysuggesting
120 these patterns are representativeréefbuilding coral species with similar biological characteristics
121  on the GBRThesefindingscan inform the design of networké no-take areaanda range obther

122  coral reef management and restoration approaches.

123

124  Materials and"Meéthods

125  Sampling and spatial data

126  Samplesfor fenuisfrom the GBR were collected between 2009 and 2013 and samples from
127 68_MAG_CAYinthe Coral Sea were collected in 2007. The aim was to sample 50 colomiés per
128  (except for three sites in the Palm Islands sampled at high intensity, see belownpleestze mean
129 and mode were 37 and 48, respectivaly eachsite sampling occurred on the reef flat, crest or upper
130 slope between depths of 1 to 12 m. Each colony was sampled by snapping off a branch using a diving
131 knife and samples fixed in absolute etbl The exact GPS coordinates were obtained for 753

132  colonies sampled in the Palms Islands plus 524 colonies sampled at 16 sites throughoRt tisnGB
133 afloating GPS reader towed by SCUBA divers. Each sampled colony (n = 1277) was pithatdgra

134  and theime stamp on the picture was used to determine the exact GPS coorfitlatesolony from
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135  synchronised clocks in the GPS and underwater camera. The remaining 12&d safopies were
136  assigned approximate GPS coordinates of the 32 sites where theyollerted (Table S1).

137

138  High-intensity samplindor A tenuiswas conducted at three of the six Palm Island sites sampled,
139  comprising two sheltered sites (38_OI_CB, 41_0Il_SH) and one exposed site (37_OAtE4rh

140  site 50 m transect tapes were deplogiemhg the reef crest and samples were collected from colonies
141  of A tenuison the reef flat, crest and slope-20 m on either side of the transect tapes. The aim was
142  to sample all colonies &L tenuisin a given area of fringing reef at each site. Sampling was

143  undertaken by a team of two divers who swum in a zigzag pattern along the transect tape with o
144  diver collecting a. sample of eagh ftenuiscolony encountered.

145

146  Microsatellite.genotyping dfcropora tenuis

147  Although speciespecific microsatellites have not been developedifdenuis,previous research

148  successfullysused seven microsatellite loci developed for the condemdfepora(van Opperet al.
149 2007 to evaluate genetic connectivity amongstenuispopulations in Western Australia

150 (Underwooderak2009. Additional microsatellite loci subsequently developed4amil/leporahave
151 also been shown to have withgenus transferability (t&l hyacinthuy (Wanget a/.2009, as have

152  microsatellites developed for other specieglwfopora(Baumset a/.2009 Tanget a/.2010. We

153  tested primer pairs for 50 microsatellite loci developed4farillepora(van Opperet a/.2007, Wang
154  etal2009, A mwricata(Tanget al.2010 andA palmataBaumset a/.2009 Baumset a/.2005 for
155 transferability toA tenuis PCR amplifications were conducted using Qiagen Aypa 10 pL

156  reactions following manufacturers instructions. Cycling conditions for testimgppairs and

157  subsequentmultiplex genotyping I loci selected for screening all samples were as follows: 95°C
158  for 5 min, fallowed by 30 cycles of 95°C for 30 s, 50°C for 90 s, and 72°C for 30 s, then 30 min a
159 60°C. Otherannealing temperatures (55°C and 60°C) were also tested in the prelimésaingc
160 phase. Twelve loci yielded polymorphic inserts that amplified reliably and cemitystThese loci

161  were PCRamplified in twoultiplex reactions (Table S2), which wetiduted 1:10 and dehydrated
162  before being sentto Georgia Genomics Facilityp(//dna.uga.edufor fragment analysis on an

163  Applied Biosystems 3730xI DNA Analyzer with the GGF500ROX internal size standard

164  (http://dna.uga.edu/services/digbeledsize standard/) added to each well. Fragment sizexlda)l

165  were determined using GeneMarker®, SoftGenetics lu@v{.softgenetics.coin All alleles were

166  scored automatically and checked manually. Samples with ambiguous alleles wexdiesbamd
167  genotyped.Two loci (Amil2_010 and Amil2_011) had considerable amewfimissing datarfainly
168 because genotypes could not be scored consistently) and were removed prior to analyses.
169
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170  GeneticAnalyses for Acropora tenuis

171  Identical MLGswere identified using all ten loci in GenAlEx ver. §Peakall & Smouse 20)2The

172 probability of identity P py, was usedo evaluate whether repeat MLGs were the result of sexual or
173  asexual reproductiofwWaits et a/.2001). Repeat MLGs occurred both withamd among sites.&ed

174  on the magnitude d?p) and the spatial distribution of MLGs within and among JgegESM), the

175  most parsimonious conclusion was théhin-site repeaMLGs (n =59) and amonggite repeat

176  MLGs withinthe Palm Islands (n = 19)ere produced asexuallgnd allbut one copy ofthese 78

177  repeatMLGs were removed prior to analyses. The remaiaimgngsiterepeat MLGYn = 88),

178  separated by 10’s to 100’s of kilometers and unlikely to have been produced asaarallsgtained

179 (ESM). The resulting datasé2454 coloniesincluding 708 colonies from the Palm Islahdsas

180 further reducedorachieve approximately equal sample sizes (n = 50) for-targle analyseby

181 removing440.0f 590 samples collected from theites in the Palm Island he final dataset

182  comprised2024"samplesTiable S).

183

184  HWE, LD ahd Fs

185  Tests ofLD wererconducted for pairs of loci among sites and for pairs of loci across all sites in

186 GenePop (ver. 4.3Rousset 2008using 20 batches with 5000 iterations per batch and 10,000

187 dememoriston'steps. Locuby-site tests of HWE were undertaken in the R package adegenet (ver.
188  1.4-2: (Jombart 2008 and a global test of HWE was implemexhin GenePop (ver. 4.@Rousset

189 2008 using onetailed tests for heterozygote deficiency, a common observation in (Beaiss

190 2008. Global ks values and observed (Ho) and expected (He) heterozygosities were estimated in
191 GenePop (ver. 4.3Rousset 2008 P values for a significance of 0.05 were adjusted for multiple tests
192  using both thesBenjamini andoldhberg False Discovery Rate-BFDR: (Benjamini & Hochberg

193 1995 and the Benjamini and Yekieli False Discovery Rate (B FDR: (Benjamini & Yekutieli

194  200)).

195

196  Genetic Dversity"Population Structure and Isolatiw-Distance

197  Genetic diversity was assessed using mean numbers of alleles per locus (Na), allelic richness (Ar) and
198 allelic evenness (Aausing the gstudio package (ver. {Byer 2014 in R. Rarefaction to the

199 smallest sample size (nh = 9) was used to account for the influence of sample sizes on estimates of Ar
200 and Ae, with'the harmonic mean talaaross 99 permutation®opulation structure was estimated

201  using globaland,population pairwisgrfvalues calculated using an AMOVA approdEixcoffier et

202 &/ 1992 and G'st (Hedrick 2009, which is not biased by allelic variaityl. Both global and

203  population pairwise § values were calculated in GenAlEx ver. (Peakall & Smouse 20 vith

204  significance tested using 999 permutations. Global and pairwisa@&asures were estimated in the
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mmod packagéWinter 2012 in R. Principal component analysis (PCA) wased to evaluate patterns
of spatial genetic structure amooglony-MLGs. PCA was conducted in R_Core_Tam 2013,

with missing data for each locus replaced with mean genotypes for the respective site
Multidimensional scaling (MDS), based on pairwise:G/alues, was used to visualize the genetic
relationships among populations. Isolatlmyrdistance (IBD) was tested by regressing pairwisg G’
and pairwise Er/(1 - Fs7) values onto the Euclidean distance between sites, with significance tested
usng a Mantel permutation tedflDS and IBD analyses were conductesing the vegan package
(Dixon 200§ in R and including and excluding 68_MAG_CAY in the Coral Sea, which lies outside

the GBR reef matrix and would not be expected to conform to the assumptions of thesanalys

Acropora milleporayenetic data

The A milleporadatase{van Opperet a/.2011) comprised 922 colonies with identical MLGs from
20 reefdn the"GBR. Seven reefs were identical to those sampled fervis comprisingthree
northern (OL=WAL IS, 05_NIGHT, 07_WILKIE), three central (28_MYR, 41_OI_SH, 44\®)
and one southern (52_KEPPEWhile four reefs(Darley, Ross, Boulton, Gobl@)ere in very close
proximity tofourrreefs sampled fod fenuis(48 SEAGULL, 49 STUCCO, 50 Reef3a4,

51 BUGAT).Theremainingnine reefs sampled fot milleporacovered similar geographical
distribution teAtenuis with the exception thad miflleporawas not sampled in the southern Swain

and Capricorn Bunker reefs

Bayesian clustering analysis:

Bayesian clusteringlgorithms implementedn STRUCTURE ver2.3.3(Pritcharder a/.2000 and
TESS ver2:3(Chenet a/.2007), were used to examine spatial genetic strudiuréhe entire datasets
for both A tenuisand A millepora STRUCTURE analyses were conducted using the admixture and
no-admixturesmodels, with correlated allele frequenaisg)gsampling sites as prior (LOCPRIOR),
which has been shown to better resolve genetic structure when there is low genetic diehgasze
et al20097"MCMC chains used a buin of 50,000 chains followed by 500,000 of MCMC
replications. Ten independent chains were run for each K (number of genetic clusitedsjdrl2

(A tenuis)andl1 t0)9 A milleporg and the most likely value of fr each species was evaluated
using the method dEvannoet a/.(2005 as implemented in STRUCTURE HARVESTERarl &
vonHoldt 2012. STRUCTURE implement@prior that emphasizethe existence of clusters, which
may make it prone to errors when geographical sampling is discrete alondChieegt a/.2007), as
in this study TESS addressthis issue by using a spatially continuous prior based on the
geographical coordinates of each individual sampled in the study. TESS was run usin®the CA

admixture model, which assumes spatial autocorrelation of the genomes of ialdisidcioser
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240  geogaphical proximity compared with those further apart. The strength of this aelation(y)

241  was set to the default wad of 0.6 TESS was run with a buin of 10,000 sweeps followed by 25,000
242  sweeps, with 100 independent runs conducted for eacfh&.average DIC for each value ofwéas

243  used teevaluate the most likely number of genetic clusters. The coefficient of ancestry wasedlculat
244  for each individual for the most likely value of K in CLUMPP version 1(Jékobsson & Rosenberg
245 2007 and results visualizeasingDISTRUCT version 1.JRosenberg 2004

246

247  Assignmentitestds. tenuisandA. millepora

248  Assignment tests of movement are especially appropriate when populations are deeergéd, as is
249  likely to be the case fa@BBR coralsdue to the long generation timekcoralsand the relatively

250 recent recolonization of the GBR following the mosterg Pleistocene glaciation (< 20,000 years

251 ago).GeneClassPPiry et a/.2004 was used to examine first generation migrants (FGMsAfor

252  tenuisand A"milleporaon theGBR. This method performs better in assigning/excluding individuals
253  to their correetspopulation of origin than other likelihood and distiased methodCornuetet a/.

254 1999 and, unlike BayesAss , does not impose the unrealistic assumption of at least 70 % self

255  recruitment(Hellberg 2007, which clearly would be violated in bo#croporaspecies in this study

256 In the first step of each analysis, migrants were identified using the criteria andtatomal

257  algorithm of'Rannala and Mountaih997) with 10,000 simulated genotypes and an alpha of 0.01. For
258 each species;GMswere excluded from the relevant data set, which then served as the reference data
259  to which migrants were assigned. Migrants were assigned to populations (shidsy$signment

260  probabilities were greater than 0.1.
261  Multiple Factor Analysis

262  Congruence in the spatial patterngiefetic variatiorior A ftenuisand A mifleporawasfurther

263  explored using multiple factor analysis (MF#&cusing on the 11 sitesith genetic data availabfer

264  bothspeciesMFA is an ordination approachatdescribs correlations among matricesbjected to

265 individual PCAs, whereby global canonical axes describing PC’s across the matrices are inferred
266  {Borcard, 2011 #87}PCA based on population allele frequencies is a suitable approach for describing
267  genetic variation {Jombart, 2008 #58}. For each species allele frequencies were scaled esBanscal
268  function in the R package adegenet {Jombart, 2011 #88}. A third matrix of latitude antdid@vghs
269 includedto explicitly account for the spatial location of each site {Jombart, 2008 £s¢elations

270  amongthe three matrices were described using RV coefficients, the equivalent of natkivearson
271  correlation coefficientsThe MFA among the three matrices and estimates of RV coefficients were
272  conducted irFactoMineR{Husson, 2015 #89}
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Results

HWE, LD and Fs

Among 2430 pairwise combinations of loci within sites, only 15 combinations showedcsighlfD
after adjusting p values usinglBFDR: acgrir = 0.0003(Benjamini & Hochberg 1995whereas 46
combinations were significant usingBFDR: acgir = 0.006(Benjamini & Yekutieli 200} (Table

S3). In both cases,d@lsame four lociAmil2_002, Amil2_012, EST014 and EST12Dntributed to

> 70 % of cases with significant LD (Table S3), with each locus contributing from 16 to 20 %
Pairwise combinations of loci with significant LD were geographically clusteraiol€83). Eight of

the 15 pairs of loci significant underi FDR occurred on the exposed sides of two adjacent Ribbon
Reefs (12_NN_FR, 6 pairs; 10_YONG_FR, 2 pairs), while the remaining seven pairs \stxeedlin
the southern,GBR (six pairs on five Swain Reefs, and one in the Heron Island group). (Fig.
Similarly, 15,0f the 46 pairs of loci significant undefYBFDR occurred on the Ribbon Reefs
(12_NN_FRTI0-YONG_FR, 22_SN_PIT) while 28 pairs occurred in the southern GBR/¢all se
Swain Reefsssampled16HI_CCAS, 63 HI_WIST1, and 51_BUGAT). Two of the other three pairs
occurred on'68 _MAG_CAY, while only one pair of loci in LD occurred the central GBR (33_JBR)
(Fig. 2). Amongsthe 45 pairwise combinations conducted across all sites, 12f padihad

significant LD using both theBl FDR (p = 0.0133) and8 FDR (p = 0.0114) (Table S3).

In 540 individual tests of HWIh locus by site combinations, >80 % of sitead at least one locus

that significantly*deviated from HWE (B FDR, 43 of 54 sitesycrtr = 0.0071; BY FDR, 47 of 54
sites,acriT = 0.0073)Table S4). Given that Amil2_018 and Amil2_022 had a disproportionate
number of significant deviations (for 19 and 29 of 54 populations respectively), a cLibsatyses
(PCA, MDS; AMOVA, STRUCTURETESS) were conducted for the GBR data (n = 2014) excluding
these two lgci. There were no differences in the overall results for these analyses usirig-theusig
dataset compared with the tltus dataset. There was a consistent pattern of obseyueazigote
excess ilMLGs for nearly all sites with moderate K 0.27) but significant s values most sites (B

H FDR, 50 of 54 sites;crir = 0.046; BY FDR, 47 of 54 sitesgcrr = 0.011) (Table S4).

Genetic diversity, population structure B

Number of alleles per locus ranged from 3 to 17 (average Na = 9.2 across all loci) forth&BHRi
(Table S4)#Rarefacted Ar across all loci within populations ranged from 2.B tav&rage = 2.65 for
entire GBR); rarefacted Ae ranged from 1.6 to ariy Ho ranged from 0.22 to 0.40, while He ranged
from 0.28 to 0.47 (Table S4Ar, Ae and He Table S4) were positively correlated with latitude (r
0.44; P < 0.001), with a strong trend of higbersities occurring in the southern GBR and the Coral
Sea (Fig. 2/nset Table S3. AMOVA partitioned3.4 % of the genetic variatiammong populations
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(Fst=0.034, p < 0.001). PairwisgFvalues ranged fror0.010 to 0.152 with most significant
differences occurring between southern GBR reefs and the rest of thea@BiRiongsoutherrRGBR
reefs (Fig.S1). The first two components of the PCA of individbdlLGs across the GBR plus Coral
Sea accounted for 24% of genotypic variation in the. 424 partially delineatesouthern GBR sites
from the remaining GBR and MLGs from southern GBR sites had higher variancé icoRpared

with other GBR regionsHig. 3A). MDS for the GBR alone showed thrabstfar northern, northern

and central GBRitesstrongly clustered togethdfi@y. 3B). Two exceptions to this pattern were

12 _NN_FRgand 22_SN_PIT in the Ribbon Ree&vhich did not cluster witbther reefsKig. 38) and
hadsignificantly different kst values from most other reefs in the GBR (Bt)). Southern sites
clustered less strang(fig. 3B), nonetheless there was a geographic signal in the data with one cluster
comprising all sixnid-shelf southern GBR sitgEig. 1:sites 6667) while a second cluster comprised
six of seven sites/in the offshore Swain ReEfg. 1:sites 5459) plus1_BUGAT. MDS of pairwise

G’ st valuesidifferentiatethe 53 GBRsites from the Coral Sdaut otherwise did not provide much
resolution (Fig=S2)There was significant but not strong support for IBD among&hsites sampled
within the GBR G'st; R = 0.45; p < 0.001) (Fig. S3A) and, although still significant, the correlation
between geneticrand geographic distance decreased for the GBR plus Coral Sea (68_MAG_CAY)
(G'st; R =10:29; p.< 0.001) (Fig. S3BResults usindg-st/(1 - Fst) were virtually identical (not

shown).

Bayesian clustering analysi: tenuisandA. millepora

STRUCTUREanalysis fotA fenuisusing the admixture model indicated thab (AK = 280) or three
(AK = 240) genetic clusters best explained the genetic patterns in the data, whereas thadnaixture
model had highest support for two clusters (AK = 1155) but also a large peak at four clusters (AK =

453) (Figs./$4AB). DIC scors from TESS analyses declined steeply between K =2 and K =4 and
then plateaued, providing strongest support for §mnetic clusters (Fig. S4C), so results for four
clusters were presented. STRUCTU®Talysis forA milleporausing the admixture and no
admixture models indicated thato (AK = 1150) genetic clusters best explained the genetic patterns

in the datgFigs. S4DE). DIC scores from TESS analyses formilleporadeclined steeply between

K = 2 and 4 (although not to the same extent agifeenw/§ and then plateaued, providing stronger
support for foulgenetic clusters (Fig. S4F). In order to best compare genetic patterns between the two

species we focused on the results for K = 4.
TESS (Fig. 2) and STRUCTUR(FEigs. SPA-C) returned verysimilar patterns with most colonie$

A tenuisfrom the 35 GBR sites sampled northl@fS comprising one genetic cluster (FigAzD).
The only exception® this pattern were four sit¢s0_YONG_FR, 12 _NN_FR, 22_SN_PIT,
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26_PITH), which had some colonies that belonged to the ubiquitous genetic cluster {§id. 2; |
green), and some colonies that belonged to one aftittee three genetic clusteBpecifically,
10_YONG_FR and 12_NN_FRxposed sites facing the Coral Seawa ribbon reefshad colonies
from a second genetic cluster (Fig. 2; pink) that also occuriggbatuter Swain Refs
(53_EAST_'CAY and 56_FRIGpandthe Coral Sed68_MAG_CAY). Importartly, 11_YONG_LAG
and 13 _NN_LAG (sheltered sites facing the GBR lagmothesesame tw ribbonreef9 did not have
colonies from this second cluster (Fig. 2). In addition, 26_PITH, an outer sheli theféentral
GBR had celonies from a third genetic cluster (Fig. 2; orange) that was abunda@tSweatin Reefs
and 68_MAG, CAY, Coral Sea; and 22_SN_PIT, a submerged reef in the northern GBR tegbon
colonies from a fourth genetic cluster (Fig. 2; blue). 68_MAG_CAY, Coral Seatiafigen
comprised two genetic clusters (Fig. 2; pink and orange) that were abundanSinaim Reefs, phu

the three northern outer shelf sites already mentioned.

TESS (Fig.2and'STRUCTUREFigs. SD-F) for A milleporashowed similar patterngith most
colonies from thé&SBR sites sampled north 8°S (n = 11)comprising one genetic clustéfig.
4A,B). OffshoresGBR reefs south of 19°S were dominated by a second genetic EligstdC(
orang@ admixed to a greater or lesser extent with the ubiquitous cluster, while inshore reefs

comprised admixtures of the ubiquitous cluster and the other twagehsters Fig. 4D, pink, blue).

Assignment testgX. tenuisandA. millepora

For A tenuis, 189 of 2014 colonie9.4 %) were identified aFGMsbased on the GeneClass2
analysis. FGMsvere identified at alb4 sites sampled, witirequenciesanging from one to seven per
site (Fig. S6A)=Ofithese 18FGMs, 107 could not be assigned to any of the 53 other sites sampled.
Twenty-oneof the remaining 8EGMswere assigned to just one of the sampled sigg) fwo sites;
five to four sitesyfour to five sites, four to six sites; while the remaining&@ds were assigned to
between seven and fortiireesites(Fig. BB). This issue of multiple, and potentially inaccurate,
assignments per'FGM has previouslgtelocumented in high gene flow systgf@aenzAgudelo et
al.2009. The numbers dFGMsassigned to each site ranged from one to thimtge, except for two
sites with small sample sizf&6 DAVIES (n = 9) and 40_OIl_RP (n = 21)] to whischFGMswere
assignedBased on these data there waoecleampatterrs to the distribution of putative source reefs
for the82FGMs. A filtered set of assignment probabilitieas createthat includedhe 37FGMs
assigned to justiene or two reefs and, for the remainife3Ms (assigned to four or more reetée
three source reefs with highest assignment probabiiidiesachFGM (Fig. S6C). Thesdfiltered
assignment probabilities showed trelthoughputativesource reefsHig. 5, columns) folFGMs of A

tenuis(Fig. 5, rows) werdocatedthroughout the GBRL6 sampled sites/erenever identified as
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beingamong the most likelputativesource ree§ (Fig. 5). These 1&iteswerealmost exclusively
located in thenorthernRibbon Reefs(five sites)and central GBReight sites)plus68_MAG_CAY,

Coral Sea

For A milleporg 54 of 922 colonies (5.9 %) were identifiedRGMs and, as withA fenuisFGMs

were identified at al20reefs sampled, with frequenciesging from one to five peeef(Fig. SA).
However, 44 of these F8GMs were not assigned to one of the other 19 sampled sites TRY. X

the remaining ten putativeGMs, three were assigned to one site, two to two sites, three to five sites,
and one each to.six and seven sampled sites. Using filtered assignment prol@kilited fenui

11 of the 20 sampled sites were not identified as baimgngthe most likely putative source reefs,

and were predominantly located in the northern and inshore southern and cent(&ig:ERB).

Multiple FactorAnalysis

The first twesaxes of the MFA explained 46% of the variance among the three PCAs desdeleng al
frequencies'foA tenuis A milleporaand lattude/longitudefor thell casampled sites (Fig. 6) and
allele frequenciesracross sites were highly correlated between the two fR¥aiesfficient = 0.69),
although marginally abova 5% significance threshold £00.056), but with only 11 sites the power
to test significance is lovithe first dmensionof the MFAdifferentiatednorthern and centraites in

the GBR from southerrsites while thesecond dimension differentiatéte southern inshore
52_KEPPELfromtheothertensites (Fig.6). The congruent strength and direction of the partial PCA
axes forA tenursand A milleporafor dimension 1 (and to a lesser extent dimension 2) of the MFA
highlights their shared patterns in genetic variafleig. 6, Inset A. Both species showed moderate
but nonsignificantcorrelation between allele frequencies apdtial location 4 tenus RV = 0.32,p
=0.163; A millepora RV =0.40,p =0.059 indicating that the correlation in allele frequencies
between the twoerSpecies exceettsy correlation arising directly from geographic distaffég. 6,

Inset A)

Discussion

Major genetic structure in east Australian A. tenuis

The analyses presented hitentified geographic structufer A tenuison the GBRhat broadly
grouped intol) the southern inshore (52_KEPPEahdmidshelfHeron/One Tree Island®) the
southern offshare. reefs (i.e. the Swains and 52_BUG#193) the remainingeefs in the far
northern, northern and central GBRhe Coral Seaecef(68_MAG_CAY)is genetically distinct from
those on the GBRASs discussed previous{yan Opperet a/.2011), recolonization of the GBR by

shallowwater biota after the Pleistocene glaciations is believed to have occurred fromgtinet di
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refugia: the Queensland Plateau in the north, the Marion Plateau in theaswoitihe fasouthern
Moreton Bay area (~23°S). We hypothesise allopatric differentiation during the Pleistocene is still
observable and is reflected in the main genetic clusters identified on the GB&.Seaeefs are
isolated from the GBR by large spans of ocadewoid of reefsthusgene flowbetweerthe Coral Sea
and the GBR is restrictedNonetheless,ignatures of genetic admixture between the Coral Sea and

outer shelf reefs the northern, central and southern GBR provide evidence of recent gene flow.

Congruent patterns of genetic diversity and population structure between Acropora species

Bayesian clustering analyses reeeHlighly congruenpatterns of genetic structure for two broadcast
spawning caralsd' tenuisand A milleporg throughouthe GBR Although thegeographic

distribution of sampling was not identichbthspecies had shared a pattern of almost complete
genetic uniformityamong GBR reefs north of 19TBR (with the exception of a few admixed sites
for A tenuisntthe horthern GBR)Reefsin the southern GBR wegenetically distinctyith each

site comprisingsvarying degrees of admixture betweerutiiguitousgenetic cluster and one or more
of three othér genetic clusterBor both species, outer shelf reefs had higher levels of admixture than
inshore reefspphowever the latitude of outer reefs where marked admixture firsedagasr

somewhat further south fat fenuis(20°S, 51 BUGAT) than foA millepora(19.1°S, Darley) but
both species'shewed a general pattern of increasing admixture at higher ladtudéegorawas

not sampled.in theouthern Swain RegfsBroadly congruent pattesof higher genetic diversities
found on southern GBR reefs tdr tenuis(Fig. 2)and A miflepora(van Opperet a/.2015 reflect

this pattern of admixturand may represent the accumulation of alleles via the southward flowing East
Australia Current.The hypothesis that the southern GEBfgresents an accumulation of genetic
diversity isfurtherssupported by theCA of A tenuis(Fig. 3A), which showed thaMLGs in the
northernGBRrepresent a subset itfose in the southOne exception to thegatternof higher diversity

in the southermsGBR/asthe somewhat lower genetic diversitits A milleporain the Keppel

Islands (van'Opperet a/.2015, most likely the result ahtense repetitive disturbances over the past
25 years'Both'species sharedyanetic dividebetween inshore and offshore southern GBéts,
while A tenuishada further genetic divide between thieterSwain Reefandmidshelf Heron/One
Tree Islandgunfortunately these were not sampledAormillepord. Further sampling aouthern
GBRreefs forA milleporaand othebroadcasspawning coralgs needed to confirm these firgtale

genetic divides.
Congruence between genetic connectivity and larval dispersal models

To datejustonelarval dspersamodel (LDM) has been publishélht encompasses the entBBR

(Hock et al.2014). Larvae were characterized as passive, neutrally buoyant particles, with a pre
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competency period of 24 hours, competency period of 28 daysaiaagwere regarded as ‘settled’
as soon as arriving within 1 km of a rgeflygon(Hock ef a/.2014). These characteristiese
broadlycomparable to those of broadcast spawning c¢caarlly & Baird 201Q. ThisLDM
foundthatmanysource reeféreefs withmost outcomponentsFig. S3B in Hock et al.(2014) were
located in théar northern GBR andouthern outeGBR (Swain Reefs)while the centraland southern
inshoreGBR had very few source reefBhese findings areonsistent wittlthe distributionof source
reefs ofFGMsof A rfenuis(Fig. 5) andA millepora(Fig. S7B) Howeverthe LDM alsoidentified a
high concentration adourcereefs in thenorthern GER (Fig. S3B in (2014), whereas feweefs in this
regionwere identified as soursef FGMsfor either speciesThe LDM identifiedreefs receivinghe
most lavaefrom elsewhere in the GBf-componentsFig. S3Ain (2014) were concentrated in the
southern andbrnerthern GBRwhereageefs in the northern sectegceivedfew larvae By contrast,
average numbers HiGMswithin regions were distributed relatively evenly throughout the GBR for
both A tenuis(Fig.5) and A millepora(Fig. S7B) Among the variou$actors that might account for
these discrepanciggerhaps the most important is thia LDM was basedon hydrodynamic data
from just onespawningevent (Decembe2008, thereby not accounting for annual véioa in
hydrodynamicsconditionsvhereas genetically identified FGMs represent multiple generations of
larval dispefsalln addition,larval dispersalvas modetdfor COTs(2014), which spawned one
month later thawroralson the GBRn 2008 (Baird et a/.2009.

Thomaset al.(2014 modeled larval dispersal for four broadcsigsawning coral speci€mcluding A
milleporabut.notA, tenuisin the central GBR (~1000 reefs) using larval characteristergified
experimentally(2010 andhydrodynamic data fromane spawnin@vent(December 2007 andlarvae
were trackedor 28 daysA graph theoretical approaeas used tadentify communities gtrongly
connectedtlusters of reefthat areweakly connected to other reefs in the netyarid showed that
broadcast spawning corals wltdrval characteristics ol milleporacomprisesix communities in the
central GBR(Fig=10D in(2014). Eleven sites sampled fet fenuisand eighsitessampled ford
milleporaoceurredwithin the area of the LDM2014), and there is broad (but not complete)
agreement betvem the communities identified lgraph theory analysesd genetic clusters identified
by Bayesiansclustering analyseSraph theory identifietivo large ouer-shelf communitiesl) a
northern community compiigg outershelf reefs from-18°Sto ~20°S (Fig. 10D green if2014);
and?2) a southern‘communityomprisingreefs betweer185°Sand~215°S (Fig. 10D orangén
(2014). The,two communitiesverlappedetween 19°S and 20°S, which corresponds to latitudes
where genetic admixture appears for both spediesreover, thenorthern communityThomaser a/.
2014 encompassedeven sitegdentified as genetically homogenous frienuis(Fig. 2C:28 MYR,
29 DIP, 30_CHICK, 33_JBR34_KEEPER, 35_WHEEL, 36_DAVIBSwhile thesouthern

community(Thomaset a/.2014 encompassefibur siteswith increasing admixturéor A tenuis(Fig.
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483  2E: 48 SEAGULL, 49 STUCCO, 50 _Reef20344 and 51_BUG#d four sites with varying

484  degrees of admixture fat millepora(Fig. 4C: Ross Boulton, Goble and Darley)Graph theoryalso
485 identifiedfourinshore communitieone of which (Fig. 10D pinkin (2014) includedinshore

486 Holbourne and Calder Reefs identified as genetically distinct from adjacensbetereeffor A

487  milleporaby Bayesian clustering analysgsg. 4). Nonetheless, a second inshore commuffity.
488 10D bluein (2014) includedMagnetic Islandwhereaghere wasio crossshelf genetiaivide for A
489  milleporabetween inshore Magnetis. andadjacenbutershelfMyrmidon (Fig.3). Unfortunately,
490 the Palms Islands, which were the only inshore central &BRsampled ford fenuis(andsampled
491 for A millepord,lay north of theboundary of the LDMrecludingadditionalcrossshelf comparisons
492  between predictions frograph theonandthe genetic data

493  Relevance forimanagement of the GBR

494  Not withstanding some differences in geographic samplingsttbag similarity in patterns of genetic
495  diversity and structure between two important broadsgesivning reebuilding coral speciesA

496  tenuisand A_millepora, combined withbroadcongruence between genetic data and recently published
497 larval dispersal modelgrovide confidence that such patterns likely exist for other beasadc

498  spawning coral.species and can usefully be incorponatieduture rezoning efforts and active

499  management options suchraef restoration and assisted translocation. The high levels of

500 connectivitysinsbreadcast spawning acroporid corals north @ 1#itude suggests that theesent
501 distribution of netake zones in this part of the GBRMP is sufficient for maintaining connectivity.
502  Conversely;the.configuration of fiake zones in the southern GBR may not be best suited to ensure
503 sufficient connectivity into the future given thpatiallyrestricted levels of gene flow inferred from
504 our analyses, as well as the predicted increasssvigrity and frequency of environmental

505 disturbancegFurther, the genetic break H*- 20° S needs to beonsidered in translocation

506 initiatives. If the goal ofranslocatioris to restore damaged reefs while maintaining genetic purity,
507 best practice'may-be not to translocate across this break. However, if the aim is tecén®adu

508 genetic variants.and maximise genetic diversity, translocation across the bredkoghoul

509 contemplated@urfindings highlight the value of combining information acrossispeand

510 comparing results from empirical and modelling approaches to inform management.
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683  Figure Legends
684  Figure 1. Map of Great Barrier Reef showing locationsbdfsitessampledor Acropora tenuis
685  Figure 2. Acropora tenuiFESS result$or four genetic clusters. Each bar represents a colony and

686  colours represent the proportional contribution of each genetic cluster. Astdtslesnames dfites
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687 indicate the number of pairs of idn linkage disequilibrium (LD)/nset Patterns of genetic diversity
688 as the difference between rarefacted allelic richness per sitevarall mean for the GBR (2.65).
689  Sites are in the same order as the TESS bar graphs.

690  Figure 3. A) PCA for multilocus genotypes of 2014 colonies4ofopora tenui$or the entire GBR.
691 Each dot represents a colony and colours correspond to sampling locations in&iyi0S of

692  pairwise G'ST values foA tenuisfor 53 sites in the GBR sites (excludi6g§_MAG_CAY in the

693  Coral Sea) where each circle represents aiters and numbers correspdod-ig. ).

694  Figure 4. Aeropora millepord ESS results for four genetic clusters (as per Fig. 2).

695  Figure 5. Distribution of source reefsites)for 82 Acropora tenuisGMsbased on filtered

696  assignment probabilitieRows indicatesites whereone or mord-GMs wee identifiedand columns
697 indicateputativessource site§ota/ #FGM:total number of FGMs per reefissigned FGMnumbers
698 of FGMs assigned peite.Pale yellow squaresone FGM Dark squares two FGMs. Note that
699  numberof putative source sisare typically more than the number of assigned FGMs pebeaii@use
700 up tothree candidate source sites are shown per FGM (see text for; dtpilS C showsindividual
701  FGM assignment probabilities)ll siteshad FGMs bunhot all wereassignedSiteswith no assignable
702  FGMs (rows)rarerindicated by white zeros in grey shaditgsto which noFGMs were assigned
703  (columns)areindicated by zerdelow site name. Colours of sitemtchFig. 1

704  Figure 6. Multiple’Factor Aalysis(MFA) based omatrices of allele frequencies fdr fenuisand A
705  millepora,and spatial locatioflatitude and longitude) at 11 shared sites in the GBRye circles are
706 MFA centroidsfer each site, with the number and colour of circle corresponditigetidl sites shown
707  on map in'bottom left corner. Each MFA centroid is associatedimdthidual PCA sitescores for the
708  three matrices (small circles with same colouthesorresponding MFA centroid)/nset A The first
709  two PCA axesifo fenuis A millepora,and spatial location (latitude and longitude) projected on the
710  first two MFA dimensionswhich explainedl6% of variance amonBCAs. The circle(radius =1)

711  represents thesmaximum length of a partial standardizedaiisdividual PCAs
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