N

N

SQTmH iBOQM bi'm+im 2 Q7 i?2 ?2v/ " Q+Q" H
TH ivT?vHH BM ? #Bi ib 2tT2'B2M+BM: /B

"2:BK2b BM JQQ 2 - 6°2M+? SQHVM2b
* "'QHBM2 1X m#0- H2t M/ 2J2 +B '2-J FCX 02K

hQ +Bi2 i?Bb p2 " bBQM,

* "QHBM2 1X .m#0- H2t M/ 2 J2 +B "2-J "FCX 02 K2BD- a2 ;2 SH M2]
2v/i'Q+Q  H JBHH2TQ  TH ivT?vHH BM ? #Bi ib 2tT2 'B2M+BM; /Bz2 2
SQHVM2bB X SGQa PL1- kyRd- RyXRjdRfDQm M HXTQM2XyRdj8Rj X

> G A/, ? H@dyR8eRe8N
2iiTh,ff? HO@MMBp@T2 TX "+?Bp2b@Qmp2 i2bX7 f
am#KBii2/ QM Rj CmH kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-univ-perp.archives-ouvertes.fr/hal-01561659
https://hal.archives-ouvertes.fr

@° PLOS | ONE

Check for
updates

G 23(1%&&(66

Citation:DubBCE Merci gré\, VermeiMJA,
Planess (2017)Populatiorstructureof the
hydrocordMilleporgplatyphyt in habitats
experiencindifferentlowregimesn Moorea,
FrenchPolynesiaPLoSONEL2(3):e0173513.
doi:10.137/journal.pon®173513

Editor:ChristinaA. KellogglUSGeologial Survey,
UNITECBTATES

ReceivedOctobef, 2016
AcceptedFebruar21,2017
PublishedMarch8,2017

Copyright:< 2017Dubketal. Thisis anopen
accesarticledistributedunderthetermsof the
CreativecommongttributionLicensewhich
permitsunrestricte use,distribuion,and
reproductiorin anymedium providedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthe paperandits Supporing Information
files.

Funding:CEDs supportel by agraduate
scholarshigromthe FondsQué&oisde
RecherchsurlaNaturestles Technologis.

Competingnterests Theauthorshavedeclared
thatno competingnterestsexist.

Population structure of the hydrocoral
Millepora platyphylla in habitats experiencing
different flow regimes in Moorea, French
Polynesia

Caroline E. Dube®? | Alexandre Merciqre?”, Mark J. A. Vermeij **, Serge Planes 1

1 EPHE, PSL Research University, UPVD-CNRS, USR 3278 CRIOBE, Perpignan, France, 2 Laboratoire
d'excellence 2CORAIL®, EPHE, PSL Research University, UPVD-CNRS, USR 3278 CRIOBE, Papetoai,
Moorea, 3 CARMABI Foundation, Piscaderabaai z/n, Willemstad, Curaéao, 4 Aquatic Microbiology, Institute
for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Science Park 700, Amsterdam, The
Netherlands

A Current address: Centre de Formation et de Recherche sur les Environnements Méditerrandens, UMR
5110, Univ. Perpignan Via Domitia, Perpignan, France
caroline.dube.qc@gmail.com

Abstract

While the fire coral Millepora platyphylla is an important component of Indo-Pacific reefs,
where it thrives in a wide range of environments, the ecological and biological processes
driving its distribution and population structure are not well understood. Here, we quantified
this species' population structure in five habitats with contrasting hydrodynamic regimes in
Moorea, French Polynesia; two in the fore reef: mid and upper slopes, and three in the
lagoon: back, fringing and patch reefs. A total of 3651 colonies of fire corals were mapped
and measured over 45,000 m? of surveyed reef. Due to the species' sensitivity to fragmenta-
tion in response to strong water movement, hydrodynamic conditions (e.g. waves, pass and
lagoonal circulation) corresponded to marked differences in colony size distributions, mor-
phology and recruitment dynamics among habitats. The size structure varied among reef
habitats with higher proportions of larger colonies in calm nearshore reefs (fringing and
patch reefs), while populations were dominated by smaller colonies in the exposed fore
reefs. The highest densities of fire corals were recorded in fore reef habitats (0.12+0.20 n.m"
2) where the proportion of recruits and juveniles was higher at mid slope populations
(49.3%) than on the upper slope near where waves break (29.0%). In the latter habitat, most
colonies grew as vertical sheets on encrusting bases making them more vulnerable to col-
ony fragmentation, whereas fire corals were encrusting or massive in all other habitats. The
lowest densities of M. platyphylla occurred in lagoonal habitats (0.02+0.04 n.m2) character-
ized by a combination of low water movement and other physical and biological stressors.
This study reports the first evidence of population structure of fire corals in two common reef
environments and illustrates the importance of water flow in driving population dynamic pro-
cesses of these reef-building species.
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Introduction

Coralreefsexhibitaremarkablediversityof organismghat residewithin highly variableenvi-
ronmentsresultingin strongspatialvariabilityin speciesdistribution patterng1]. For scleracti
nian corals spatialdifferencesn temperaturelight, waterflow and waterquality conditions
caninfluencetheir distribution andpopulationdynamicg2+5]. hydrocoralsalso
calledfire coralsareanimportant componentof reefscommunitiesworldwidewherethey,
similarto scleractiniarcorals contributeto reefaccretionand community dynamicg6,7]. Fire
coralscancolonizeawide rangeof reefenvironmentshroughsexuateproduction[7,8]and
colonyfragmentation[7,9]. Fire coralshavebeenreportedto growfasterthan scleractiniarcor-
als[7,10]andoftengrowinto largecoloniesthat preemptspaceand competewith scleractinian
coralg[11,12].0n theotherhand specieslsocontributeto the survivalof coralsdur-
ing outbreaksasthis corallivorouspredatortendsto avoid specie$7,13].

Hydrodynamicforcesin theform of water-displacementelocityandacceleratiorhave
beenrecognizedhsakeyfactorin determiningthe shapeand occurrenceof manyreef-build-
ing organismg14+16].In coralreefecosystemshe magnitudeof waterflow is mostlyrelated
to thewaveenergydispersal5]. On barrierreefsthe amountof waveenergyis higheston
thereefcrestwherewavedreak,and subsequentlattenuatesowardsfore reefandlagoonal
environmentg5,17].Insidelagoonsinternal wavesandflowsdrive circulationandwater
exchangavith the surroundingocean18,19].Suchvariationin hydrodynamicregimesgcom-
binedwith otherphysicale.glight, nutrientsanddisturbancesandbiologicalfactors(e.g.
colonysizeandshape)differently affectthe performanceof reefbenthicorganismq20+23]
resultingin correspondingchangesn populationstructureand community composition.

Waterflow candrive the spatialdistribution in adult populationsthroughthe distribution
anddilution of larvalsettlementueq24] anddispersabf reproductivepropagule$25,26].
Many studieshaverelatedthe contribution of recruitmentto colonysizevariationin scleracti-
nian corals(e.g.[27,28])andthe sizestructureof apopulationoftenreflectsother speciespe-
cific response# environmentalconditionsanddisturbancesswell[29£31].Thesize-
frequencydistributionsof fire coralpopulationscouldthereforeprovideinsightson which
biotic (e.g. recruitmentof larvaeandasexuallyproducedfragmentslandabiotic(e.g. wave
energy)factorsinfluencetheir populationstructureand dynamics.

Waterflow alsoinfluencescolonygrowth and morphology[32,33].Undertheincreasing
influenceof hydrodynamicsgdelicatebranchingcoralstransforminto growthformsableto
withstandstrongwatermovementsuchascompactrobustplating or thick branchingmor-
phologieq34,35].Suchinter- andintraspecificvariationresultingin differentcoralmorpholo-
giesaffectsot only their mechanicaktrengthbut alsotheir ability to competefor spacg36+
38]andcapturelight andfood [23,39].Branchingand plating scleractiniarcorals suchas

and , oftengrowinto largeanddelicatearborescent
coloniesin areaof relativelyhigh waterflow [23,39,40]but this growth strategyalsorenders
themextremelyulnerableto breakagevhenlargewavesandstormeventsoccur,oftenresult-
ing in fragmentationwith somemortality [41]. Asexuateproductionthroughcolonyfragmen-
tation canbea successfuleproductivestrategyto sustainlocalpopulationgrowthin some
specie®f scleractiniarcorals[42,43].Fire coralsarealsoknown for their extensiventra- and
interspecificnorphologicalvariability acrossydrodynamicgradientswith consequencesue
to their vulnerabilityto wave-inducedreakagé’,9,36,44]Determiningto whatdegredahe
populationstructureof fire coralsdependn the differencesn waterflow amongcommon
reefhabitatshassofar not beendetermined.

In this study,weinvestigatedvhetherand how differentreefhabitatswith contrasting
waterregimesaffectthe populationstructureof , Hemprich& Ehrenberg
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1834 theonly speciesf fire coralfoundin FrenchPolynesid45,46].Surveyof .
wereconductedn five habitatson the north shoreof Moorea(SocietyArchipelagofFrench
Polynesiawith differing amountsof waterflow: fore reefhabitatswith high watermovement,
especiallypn the upperslopeanddecreasingvith depthto the mid slope Lagoonahabitats
(backreefsfringing reefsand patchreefs)areshelteredrom wavesand oceanicswell except
during storms,andwatermovementn thesehabitatsis lesghanon theforereef[5,17].We
examinedcolonysizedistribution, morphologicalvariability and recruitmentdynamicsto
assest whatdegreehe variabilityin the populationstructureof . amongreef
habitatscanbeattributedto differentflow regimes.

Materials and methods

Model species

isagonochoricbroadcasspawnethat reproducesexuallyby producing
medusoidsandplanulalarvag[7]. Themedusoidsarereleasednto thewatercolumnandthe
gametesirereleasedn onehour post-spawningluring the medusoid'swim. Then,external
fertilization andembryogenesisccurafterwhichthe larvaesink and moveepibenthically(i.e.
crawling)on thereefsubstratumand metamorphosénto calcifyingpolypswithin oneday
afterspawnind8]. . canalsoreproduceasexuallyhroughfragmentation7,9].

Study sites and field surveys

BetweerApril and DecembeR013 aserieof surveysvereconductedon the north shoreof
Moorea,FrenchPolynesiain the SouthPacificOcean(17,52675,149,8348V), atfour differ-
entlocations(Tiahura,PapetoaiCook'sBayand Temae) Fivehabitatswith contrastingwater
flow regimeswereselectedtwo in afore reefenvironment:the mid slope(13m depth)andthe
upperslope(6 m depth),andthreein thelagoon(< 1 m depth):the backreef,fringing reef
andpatchreef(Fig 1 andS1Table).Thesehabitatsgreatlydiffer in termsof waterflow. The
fore reefexperiencestrongwaveactionfrom incomingwaveghat breakon the reefcrestwith

® Mid slope
__ ® Upper slope
® Back reef

Fringing reef
()

200 m

G Patch reef

Fringing reef

o

R &
@ -

Fig 1. Aerial views of the locations of each transect in the five surveyed habitat s in Moorea, French
Polynesia . The names of these surveyed locations are: (A) Tiahura, (B) Papetoai, (C) Cook's Bay and (D)
Temae. Map data WorldView+2, Digital Globe.

doi:10.131/journal.pon€173513.g001
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graduakwellwaveattenuationtowardsdeepemwaterg5,47].Becausef this stronglinearrelation-
shipbetweerwaveforcing andwaterdepth[47], the coloniesof . growingwithin
fore reefhabitatsareexposedo lowerwaveenergyon the mid slopecomparedo the thosegrow-
ing on the upperslope nearwherethe wavedreak.In thelagoon the waveenergydispersefrom
thereefcresttowardsnearshorgeefq5]. A recentstudyon waveenergyacrosseefenvironments
revealedhatthereefcrestdissipated’0%of the incident swellwaveenergywith gradualwave
attenuationfrom the backreefto the shore[17]. Consequentlywe assumedhat waveenergy
is higheron the backreef,nearthereefcrestcomparedo thefringing reef,anearshoreeef.
Althoughthe patchreefis locatedin anearshorenarrow channelthe waveenergythereis also
higherthanon the fringing reefdueto its proximity to the reefcrestandto the currentsthat
run on eithersideof the channel(i.e.pas<irculation).Variationsin other physicalkonstraints
existbetweerthe fore reefandlagoonahabitatsin termsof e.g. temperaturewaterclarity,
nutrient anddisturbance$48,49],which makethemhighly contrastingreefenvironments.
Within eachhabitat,three300m long by 10m wide belttransectsverelaid overthereef
parallefto shore atleast30m apart,resultingin atotal of 45,000m? reefareabeingsurveyed.
Thenorth shoreof Mooreais ~16km longwith afore reefareaof ~3.15km? andabackreef
with ahard-bottomareaof ~4.58km? [50]. We performedsix belttransectof 0.00%m? on
theforereef,whichis ~0.1%of thetotal fore reefareaon the north shoreof Moorea.We also
performedsix belttransectof 0.003km? on the backreefarea(i.e.both backandpatchreef
habitats) whichis ~0.07%of the total backreefarea All coloniesof . thatwereat
least50%within thetransectordersweremeasuredphotographedindgeoreferencedsing
SCUBA No specificpermit wasrequiredatthetime of field work for samplingprotocols
describechereinandour surveydid not involveendangered/proteed speciesinddid not
requireanimaltissue/skeletorollection.

Spatial distribution patterns

All . colonieswveregeoreferencetly determiningtheir positionalongthetransect-
line (0 to 300m) andstraight-linedistancefrom both sidesof thetranseci(0 to 10m). From
thesemeasuresgachcolonywasmappedwith x andy coordinatesfrom which the distribution
index(DI) andmeanneighborhooddistancgND) werecalculatedisingthe spdeppackage
[51] in R[52]. TheDI isbasedn Ripley'smethod[53] and calculatedor eachtransecto deter-
mine whethercolonieswerehavingacontagiougDI > 1),random(Dl 1) or homogenous
(DI < 1) patternof distribution [54]. Themeandistanceo eachcolony'sl0nearesheighbors
wasestimatedandthe meanND wascalculatedor eachtransectThemeancolonydensity(n.
m?) and cover(%) werealsocalculatedor eachtranseci(i.e.3000m?). Usingthesevariables,
variabilityin the spatialdistribution amonghabitatswasquantifiedby one-wayPERMANOVA
testsn PRIMERG softwarg55], sinceassumption®f parametrictestingcould not bemet.
Pair-wisetestsfollowedthe PERMANOVALto assesthe degreeof similarity amonghabitatsin
orderto determinehow differenthabitatswith contrastingwaterregimesaffectthe spatialdis-
tribution of . . weassumedhat swellwaveenergyexposuralecreasewith habitat
depthandits proximity to the coastlineasdemonstratedn previousstudieqd17,47].Conse-
quently thedensity,cover,DI andND wereregressedgainsthe meandepthand meandis-
tancefrom shoreestimatedrom thethreetransectsithin eachof thefive surveyedabitats
andPearson's coefficientwasusedto testfor significantcorrelations.

Colony size distribution

Thesize-frequencyistributionsof . populationsweregeneratedrom estimates
of colonysizexomputedfrom 2D photographsPhotographsveretakenfrom abovethe
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colonyandincludeda plateof known dimensionspositionednextto eachcolony.For bigger
coloniespicturesweretakenfrom alargerdistanceandfor 5 colonieg(out of the 3561)2 pho-
tographswererequiredto photographthe wholecolony.Eachcolonysize standardize@sthe
projectedsurfaceyvasthenmeasuredin cm?) usinglmageJl.4fsoftwarg56]. Thesize-fre-
guencydistribution for eachtransectwasgivenaspercentagesf all coloniesbelongingto 10
sizeclassesn alogarithmicscaleDatawerethenanalyzedisingbasicstatisticameasuresf
sizehierarchieg57]: the coefficientof variation (CV) and skewnes§g,), indicativeof therela-
tive abundancef smallandlargecolonieswithin apopulation.CV andg, werecomputedfor
eachhabitatpertransectogethemwith standarddescriptivestatisticssuchas95%percentileof
themean(describeshe maximumcolonysizereachedvithin apopulation,seg58]) andthe
probabilitythat the dataarenormally distributed (Kolmogorov-Smirn test,Pnorm). Differ-
encesn size-frequencdistributionsamonghabitatswerequantifiedusingone-wayPERMA-
NOVA basedn normalizedabundancesSpearman'sank coefficientand pair-wisetests
followedthe PERMANOVATto assesthe degreeof similarity amonghabitats.

Recruitment dynamics

Themeanabundancend proportion of recruits,juvenilesand adultswereestimatedor each
transectwherebythethreelife stagesveredefinedbasedn colonysize Colonieswith atotal
size(surface)pelowl cm? wereconsideredasrecruitsandweremostlikely the resultof sexual
reproduction.Largercolonieswith asizebetweenl and 20cm? wereclassifiedasjuveniles
basedn previousstudieson coralrecruitmentusingboth settlemenplateexperimentg59]
andfield surveyg460]. While the origin of eachcolony(sexuabr asexualouldnot becon-
firmed from field surveysboth sizeclassewsereconsideredasnon-reproductivein contrastto
coloniesabove20cm? basecbn previousstudieson otherreef-buildingtaxa[61]. Differences
in abundancesandproportions(i.e.thefractionin the entire population)of earlylife stages
(i.e.bothrecruitsandjuveniles)amonghabitatsverequantifiedusingone-wayPERMA-
NOVA, followedby a pair-wisetest.Pearson'sorrelationcoefficientwasusedto determine
whetherthe abundancef earlylife stagesncreasedvith the abundanceaind coverof adults,
andwhetherdifferencesn their proportionsamonghabitatscorrelatewith watermovement,
i.e.with depthanddistancerom shoreusedasproxies.

Colony morphology

For eachcolony'smorphology the maximumheight,from the baseo the highestpart of the
colony(roundedto the neareshalfcm), wasrecordedandlinked to the colonysizedataprevi-
ouslydescribedColoniesbelow20cm? wereremovedfrom this analysigo only retainthe
meanheightandsizeof adultsfor eachtransectAdult colonieswereassignedo oneof these
threemorphologiesl) encrustingthin coloniesgrowingagainsthe substratum(Fig 2A); 2)
asheetree®:encrustingbasesvith platelikeoutgrowthsfacingwaveenergy(se€g36]) (Fig 2B)
and 3) massivesolid coloniesyoughly hemisphericain shapgFig 2C).Differencesn propor-
tions of eachof the threemorphologiesamonghabitatswerequantifiedwith one-wayPER-
MANOVA andpair-wisetests.

Population structure assessment

Similaritiesin populationstructurebasedn the following parametersdensity,cover,DI, ND,
meanadult colonysizeand height,and proportion of recruits,juvenilesand adultswerecalcu-
latedandvisualizedusinga hierarchicakcomplete-linkagegglomerativelustering(CLUSTER)
methodandanon-parametrionultidimensionalscaling(MDS) ordination on normalizeddata
in PRIMERG software Multivariate PERMANOVAon aforementionedtharacteristicsvas
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Fig 2. Morpholog ies of Millepora platyphylla colonies in habitat s experiencin g contrasting hydrody namic regimes.
(A) Encrusting wave-tolerant morphology in the mid slope, a fore reef habitat at 13 m; (B) sheet tree morphology vulnerable to
wave-induced breakage in the upper slope, a fore reef habitat at 6 m and (C) massive wave-tolerant morphology in the patch
reef, alagoonal habitat (photo is courtesy of Gilles Siu).

doi:10.137/journal.pon€173513.g002

usedto determinedifferencesn populationstructureof . amongthefive surveyed
habitatsj.e.,thoseon theforereef(mid andupperslopesiandthosein lagoonahabitats(back,
fringing and patchreefs).

Results

Spatial distribution of Millepora platyphylla

. wasfoundin all habitats put its populationcompositiondifferedamonghab-
itats.A total of 3651coloniesof . werecountedin thefive surveyedabitats.
Most colonieg(48.2%)occurredon the upperslope whereas. colonieson
patchreefsaccountednly for 5.2%of all colonies(S2Table).Colonydensitydiffered
amonghabitatstPERMANOVAtest, < 0.01)andwashigherontheupperslope(0.20
0.03n.m, N = 1761)andmid slope(0.12 0.05n.m, N = 1075),.e.forereefhabitats,
comparedo lagoonahabitats(backreef:0.03 0.01n.m2, N = 324 fringing reef:0.04
0.03n.m™?, N = 302andpatchreef:0.02 0.00n.m™, N = 189)(Fig 3A). . 's
coveralsodifferedamonghabitatst PERMANOVAtest, < 0.01)andwasagainhighest
ontheupperslope(3.2 0.4%,ig3B).Colonieson thefringing reef,mid slopeandupper
slopeoccurredin acontagiougatternof distribution (DI: 2.74+4.18)\vhile coloniesin
thebackandpatchreefsweremoreevenlydistributed( 1.93)(Fig 3C,PERMANOVAtest,

< 0.05).Coloniesoccurredclosertogetheron the mid slope(6.64 1.86m) andupper
slope(4.09 0.34m) wherethe averagelistanceamongneighboringfire coralcolonieswvas
4.3timessmallercomparedo lagoonahabitats(backreef:18.39 1.10m, fringing reef:

14.31 4.41m andpatchreef:36.51 2.95m) (Fig3D,PERMANOVAtest, < 0.01).

Size structure of Millepora platyphylla

Acrossall habitats 85%of the surveyedoloniesveresmallerthan 1000cm? and approxi-
matelyonethird (30%)of aforementionedoloniesfellin recruit andjuvenilesizeclasses,e.
weresmallerthan 20cm?. Thesize-frequencistributionsof . populationsdif-
feredamongcertainhabitats but weresimilaramongthe lagoonalfringing and patchreefs
with populationsdominatedby acombinationof small(  32cm?, comprisingboth small
recruitsandjuveniles)andlargecolonies{ 2050cm?) resultingin bimodalsize-frequency
distributions(Fig 4, Spearmantank coefficient87.9%, < 0.05).All fire coralpopulations
werecharacterizedby relativelysymmetricakizedistributions(g,: £0.01+0.71ut the degree
of skewnesgvasagainloweron the fringing and patchreefs(Tablel). The maximumcolony
sizedifferedamonghabitatsandwassmalleson the mid slope(95%:1295cm?) andbackreef
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Fig 3. Index describin g the spatial distribu tion of Millepo ra platyphylla colonies across the five
surveyed habitat s. (A) Density (B) cover (C) distribution index and (D) mean neighborhood distance. Values
were average per habitat and error bars show the standard error for transect replicates. Similar letters indicate
no statistical difference in post-hoc comparisons among habitats (P ! 0.5).

doi:10.131/journal.pon@173513.g003
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Fig 4. Size-freque ncy distribution s of Millepora platyphylla across the five surveyed habitats. Colony
size (cm?) data were distributed among 10 size classes based on a logarithm scale (log,). Frequencies (%) for
each size class were averaged by habitats with total population size (N in S2 Table) and error bars show the

standard error for transect replicates.

doi:10.131/journal.pon@173513.g004
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Table 1. Index describing the popu lation size structure and recruit ment for Millep ora platyphyll a across the five habitats surveyed.

Habitat Colony size (cm?) Recrui tment
Non-transfo rmed In-trans formed Abundance (n) Propor tion (%)
Mean (SE) 95% Pnorm Ccv 01 Recruit Juvenile Recruit Juvenile
Patch 3090.48 (1293.52) 9889.89 0.01 0.51 +0.01 1.00(1.73) 11.30 (3.06) 1.47 (2.55) 17.93 (4.52)
Fringing 1590.07 (328.94) 7107.16 0.01 0.49 0.14 1.33(0.58) 21.33(17.21) 1.74 (1.86) 24.00 (8.20)
Back 509.87 (97.07) 2512.02 0.01 0.33 0.68 b 13.00 (7.55) b 11.77 (5.94)
Upper 2308.20(115.84) 8513.79 0.01 0.54 0.42 9.33(3.51) 161.00 (32.70) 1.57 (0.53) 27.26 (3.53)
Mid 819.04 (73.30) 1295.23 0.01 0.63 0.64 12.00 (4.36) 159.00 (53.33) 3.44(0.40) 45.86 (5.15)

Mean, estimated from adult colonies ( ! 20 cm?); 95%, maximum size; Pnorm, Probability that the data are normally distributed; CV, coef®cent of variation;
g1, skewness; Recruit, 1 cm?; Juvenile, 1420 cm?. Values were average per habitat and “ SE for variation among transects.

doi:10.137/journal.pon®173513001

(2512cm?) comparedo other populations(upperslope8514cn?, fringing reef:7107cm?
andpatchreef:9890cm?) (Table1). With 64%of all coloniesfallingin afewmediumsizeclas-
segq32+512m?, Fig4), coloniescomprisingbackreefpopulationswereverysimilar relative
to eachotherasindicatedby the lowestcoefficientof variation (CV: 0.33,Tablel) of all habi-
tats.Overall,the compositionof . populationsin termsof colonydensityandsize
differedamongthefive habitats excepbetweerthetwo lagoonahabitatsthe fringing and
patchreefs)ocatedclosesto shore.

Recruitment of Millepora platyphylla

In total, 71 recruits(2%)and 1094juvenileg(30%)wereobservedvithin thefive surveyecdabi-
tats(S2Table).Theabundancef recruitsandjuvenilesdifferedamonghabitats PERMANOVA
test, < 0.05and < 0.01respectivelyyith 96%of all recruitsandjuvenilesoccurringin fore
reefhabitats(48%for both the mid andupperslopesindonly smallnumberswereobservedn
lagoonahabitats(Tablel). Thefraction of the entire populationconsistingof recruitsandjuve-
nilesdifferedamonghabitatf PERMANOVAtest, < 0.01).Recruitswerefoundin low pro-
portionsin mosthabitatswith the highestvaluerecordedon the mid slope(3.4 0.4%)while no
recruitwasobservean thebackreef(Tablel; Fig5). Themid slopehabitatshelteredhe highest
proportion of juvenilecolonieg45.9 5.1%)while lowervaluesverefound in all otherreefhab-
itats(11.8+27.3%ith no significantdifferencebetweerthefringing reef(24.0 0.2%)and
upperslope(27.3 3.5%,Tablel;Fig5).Only in lagoonahabitatsdid the abundancef adults,
not their total cover,andthe abundancef both recruitsandjuvenilesncreasesimultaneously
suggestinghe presenc®f astock-recruitmentelationship(Fig 6A), that wasnot observedn
forereefhabitats(Fig 6B).No significantstockrecruitmentrelationshipwasfoundin both
lagoonabndfore reefhabitatswhenonly consideringrecruit and adult'sabundances.

Morphology of Millepora platyphylla

coloniesrangedin sizefrom 0.18cm? to 189062cn? (projectedsurface)and0.1cm

upto 130cmin height.Meancolonysizeandheightof adults(i.e.,all colonies> 20cnf) differed
amonghabitaty PERMANOVAtests, < 0.01)Fire coralswereapproximatelyl timeslargeron
averagén theupperreefslope(2308 115cn¥), fringing (1590 329cm?) and patchreef(3090
1294cm?), comparedo coloniesgrowingin the backreefandmid slope(510 97cn? and819
73cm?, respectivelyTablel). Theaveragdeightof fire coralcolonieswashighestin fringing
(24 5cm)andpatchreefs(25 8cm),i.e.nearshorénabitaty(S2Table).Morphologiesof
adultcoloniedifferedamonghabitats PERMANOVAtest, < 0.01)Massivenorphologies
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Fig 5. Recruitm ent dynamics across the five surveyed habitats. Proportions of recruits (1 cm?), juveniles (1£20 cm?) and adults (! 20 cm?)
were averaged by habitats with total population size (N in S2 Table) and error bars show the standard error for transect replicates. Similar letters over
each set of bars indicate no statistical difference in post-hoc comparisons for a given life history stage among habitats (P ! 0.05).

doi:10.137/journal.pon@®173513.g005

dominatednearshoreeef(fringing reef:79.7 8.3%andpatchreef:59.0 9.9%)whereagolo-
niesweremostlyencrustingon the mid slope(79.9 1.1%)andbackreef(74.5 5.2%)Fig7
and S3Table).On thefringing reef,no colonywith the sheetreemorphologywasobserved.
Ontheupperslope9.5% 3.2)of the coloniesdisplayedhe sheetreemorphology while the
remainingcolonieswereonly encrusting.
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Fig 6. Stock -recruitment relationship between the abundance of adults and coral new recruit s and juveniles.
(A) Significant positive relationship in the lagoon (i.e. back, fringing and patch reefs) and (B) no stock-recruitment
relationship in the fore reef (i.e. mid and upper slopes). Each dot represents the mean abundance for each transect

surveyed. Note the different scales on x and y axes.

doi:10.8B71/journal.pon8173513.g06
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Fig 7. Morpholog y of Millepora platyphylla adult colonies across the five surveyed habitats. Proportions of colonies with encrusting, sheet
tree and massive morphology were averaged by habitats and error bars show the standard error for transect replicates. Similar letters over each set
of bars indicate no statistical difference in post-hoc comparisons for a given morphology among habitats (P ! 0.05). See Fig 2 for photos of each of

the morphologies.
doi:10.137/journal.pon®173513.g007

Population structure assessment

Combiningall variablesnto asinglemultivariateanalysisthe populationstructureof .
variedsignificantlyamongreefhabitatsfPERMAVOVAs, < 0.01)Basedn MDS,

two main clusterscanbedistinguishedonewith populationsfrom waveexposedore reefhab-

itats,i.e.mid andupperslopesandasecondlusterconsistingof populationsfrom lagoonal
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Fig 8. Non-metri ¢ multidimen sional scaling (MDS) plot of Millepora platyphylla population structure across the five surveyed habitats.
Different shapes indicate the three transects for each habitat and grey lines show clusters given by dendogram based on Eucledian distance of 4 at a
stress level of 0.09. The surimposed red lines define the Eucledian distance coefficient on normalized data based on Spearman ranking, with each
vector having lengths  0.4: density, cover, distribution index, mean neighborhood distance, mean height and size of adults, and proportion of
recruits (1 cm?), juveniles (1+20 cm?) and adults (! 20 cm?). The second transect of the fringing reef is shown as a single group mostly related to a
small population size (i.e. 27 colonies, S2 Table).

doi:10.13Z/journal.pon®173513.g008

habitatsj.e.back,fringing andpatchreefs(Fig 8). The main differencedetweerthesetwo
clustersarethatfore reefpopulationsarecharacterizedby a high relativeabundancef recruits
andjuveniles(mid slope) or ahigherdensityand cover(upperslope).Populationgrom
lagoonahabitatsarecharacterizedby largecolonysizeandheight(both fringing and patch
reefsyandwidely spacedolonies Backreefpopulationsarecharacterizedby the dominance
of adultcolonies.

Usingall variableof eachtransecisurveyedvithin theforereefhabitat(i.e.sixreplicates),
wefound that adultcoloniesbecamesmaller(i.e.colonysizedecreasesyith increasingdepth
(r=%1.00, < 0.001N = 6).Fractionsof recruitsandjuvenilesincreasedvith increasing
depth(r =0.91, < 0.05andr =%0.92, < 0.05)N = 6),whiletotalcoverdecrease =+
0.97, < 0.01N =6).Coloniesgrewin anencrustingmorphologyat mid depthandin the
sheetreemorphologyin shallowmwaters(Fig 7). Among shallowlagoonahabitatswefound
thatadultcoloniesbecamesmallertowardsthe backreef,far from shore(r =+0.76, < 0.01;
N = 9), wherewaveenergywashigherand coloniesmostlyoccurredin the encrustingmor-
phology(Fig 7). Total coverincreasedvith increasingdistancefrom the coast(r = +0.69,

< 0.05N =9).
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Discussion
Distribution patterns: Fore reef versus lagoonal habitats
In Moorea, . colonizedawiderangeof habitatsreflectingits ability to adaptand

survivein alargevarietyof environmentalsettingsThis studyis, to our knowledgethe most
extensivesamplingeverconductedo asses®calpatternsin populationstructureof Mille-
porid corals.Reethabitatswhere . colonieswerefound wereselectedecausef
their differencen waterregimesaccordingto their depthand proximity to the coastling(see
Materialsand Methodsfor details) Dueto . 's  sensitivity especiallyf largercolo-
niesto fragmentationinducedby waveactionand/or watermovement(i.e.currents)(Fig 2),
wesoughtfor possibleelationshipbetweerhydrodynamicconditionsandthe population
structureof fire coralson Moorea.Differencesn populationsizestructure recruitmentand
morphologyexistedamonghabitatsand confirmedexpectedelationshipdetweersuchchar-
acteristicandtheamountof waterflow in severabf thefive surveyedabitats(i.e.mid slope,
upperslope backreef,fringing reef,and patchreef). The highestdensitiesf fire corals jnclud-
ing that of recruitsandjuvenilespccurredon the exposedore reef(i.e.mid andupperslopes)
wherebycolonieswereoftenobservedyrowingin contagiougatternof distribution. In calm
lagoonaknvironmentg(i.e. back,fringing andpatchreefs)fire coralcoloniesoccurredin low
densitiesyherethe numberof recruitsandjuvenilewaslow andcoloniesgrewin arandom
patternof distribution. Variability in densityamongfore reefandlagoonahabitatshasbeen
describedor numerousothersessil®rganismsandrelatedto alargenumberof environmental
factorssuchaswaterflow, solarirradiance sedimentatiorand/or speciedife historytraits(e.g.,
reproductivemode,competitiveability, morphologicalplasticity;[20,62+65].

Size structure and morphological variations

Althoughdifferencesn size-frequencdistributionsamonghabitatswerefound, e.g fewlarger
coloniesn the calmfringing and patchreefs smallercoloniesin the mid slopeandmediumsize
coloniesn thebackreef,the degreeof skweneswassimilaramongall habitatswith populations
consistingof both smallandlargecoloniesTheselistributionslikely reflectlow mortality in
smallsizeclassesgswell asthe persistencef the largerones[66]. Our resultsshowedhatthe
proportion of recruitsandjuvenileswashigheston the mid slope anexposedeefwherewave
energyis reduceddueto increasedlepth[47]. Earlierreportshavealsoshowntheinfluenceof
depthandwaterflow on therecruitmentdynamicsn somescleractiniarcoralspeciegn many
reeflocationg[67+69].Thesestudiesevealednincreasean the occurrenceof recruitsandjuve-
nileswith increasingdepth.Another studycompiling juveniledataof all coralspeciesurveyedn
PalmyraAtoll (CentralPacific)hasshownthat mostjuvenilesweregrowingat middle depth(i.e.
14m) in aforereefhabitat[63], asfor . . Waterflow is alsoconsideredasanimpor-
tant factorinfluencingacolony'smorphology[70,71],generallyshowingatransition from easily
fragmentednorphologiesowardsmorerobustmorphologiesawith increasingvatermovement
[34,35].This studyshowsa similar trend wherebylargeand high coloniesweremore commonin
protectednearshoréhabitats(i.e. fringing and patchreef)and smalland encrustingn exposed
mid slopeandbackreefhabitats On the upperslope nearwherethe wavedreak fire coralsare
large but largelyencrustingandof the unusualsheetreemorphologyof thatwasonly
observedn low proportionsin all other habitat5(0+9%).

Population structure and dynamics

Fire coralsJike manyotherreef-buildingorganismsreproducethroughboth asexuahnd sex-
ualreproductionwith adimorphic life cycle with apelagiadispersivephasgi.e.medusoids
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andlarvae)followedby asessiladultphasq7,8]. If dispersatiistancesresmalldueto low
watermovementor retention,the spatialdistribution of adultscouldinfluencethe distribution
of youngcoloniesaspreviouslyshownfor scleractiniarcorals[68,69,72,73)On Mooreathe
abundancef . recruitsandjuvenilescould not berelatedto adult population
sizein forereefhabitats.The proportionsof recruitsandjuvenileswerehighestat mid-depths

(13m) on thefore reefwherewaveenergyandsolarirradiancearelowercomparedo the shal-
lowerdepthhabitats(asdescribedn [63]). Lowwaveenergycanindeedincreasesettlement
successf both corallarvaeandfragmentq74]. At shallowdepths(6 m) on the fore reef,high
waveenergyandirradiancecanreducethe abundancef settlementueq74], but alsoindi-
rectlyaffectsettlersurvivalthroughhigh grazingpressurey herbivorousfishesat this depth
which constitutesamajor sourceof mortality for juvenilecoralson the upperslopein Moorea
[59]. Theabundancef coralfragmentghat re-attachedo thereefscanalsobereduceddueto
highwaveenergyandsubsequenincreasedanortality [75]. Suchphysicalandbiologicalcon-
straintsin adynamicenvironmentlikely reducelocalrecruitmentratesand preventhigh coral
cover[76]. However the highestcoverof . (3.2%)occurredon the upperslope
wherewavebreakingfirst occursj.e.waveenergyis the highest Many studiesinvestigating
spatialdistributionsin coralreefcommunitiesoftenfind that high energyreefzonesestrict
speciedistributionsandcover[77,78]. . showsthe oppositetrend: weobserved
high densityand coverin the upperslope ahigh energyreefzone wherecoloniesaregrowing
in acontagiougatternof distribution. Suchdifferencesn fire coraldistribution patternsin
habitatsof high energyaremostlyrelatedto the wave-vulnerablsheetreemorphologyof

This growthform occurrednearlyexclusiveon the upperslopewhile coloniesvere
massiveor encrustingin otherhabitats The unusualsheetreemorphologyobservedn the
upperslopehasbeendescribedhsasuccessfidtrategyexploitedby to preemptthe
spaceandto competewith othercoraltaxa[12,36].Wavesaneasilybreakthe bladesand
enhancepopulationgrowththrough clonalpropagation9], while the encrustingbasesemain
intactandgrowthroughhorizontalstolonalspreadindg12]. Thefactthat . can
rapidly overtakenewlyavailablespacehroughclonalpropagationrandstolonalspreadingnay
explaintheincreasef fire coralcoveron Moorea'sreefsfollowing the massiveleclinein coral
coverfrom the outbreaksaandcyclone  in 2010[79]. Betweer2006and 2010,

. 's  coverwasstableatapproximatelyl%at6 m on theforereef,i.e.morethan3
timeslowerthanin 2013atthe samdocation.On the otherhand,fragmentationusually
inducescoralsto regressn sizeandincreasesnortality, especiallyn smallsizeclassef30].
Here,the sheetreemorphologyis more easilyfragmentedput the unilateralgrowth of

allowsthemto reachlargercolonysizesThis studyshowshat asexuateproduction
throughfragmentationand stolonalspreadindikely playsakeyrole in structuring .
populationswherewaterflow is high andwherefire coralsfacewave-inducedreakage.
In thelagoonakenvironmentthewaveenergyis reducedby thereefcrest[17] likely
explainingthe positivestock-recruitmen relationshipfound in thesehabitats.Thereis evi-
denceshowingthatthe fecundityin populationsof sessilenarinebroadcasspawnerssuchas
specieds stronglydeterminedby the localdensityof adults[81,82],andespecially
wherewatermovements reducedandlocalretentionoccurs.Thelow abundancef earlylife
stage®bservedn all lagoonahabitatsmayresultfrom competitionwith macroalgaendsedi-
mentsmotheringaffectingback,patchandfringing reefsinsidethe lagoonof Moorea[83]
and/or solarirradiance[74,76].The presenc®f macroalga@ndhigh sedimentatiorcanaddi-
tionally reduceadults'fecundity[84+86],larvalsettlementued87], larvalsurvival[88] and
settlemenspacd89]. Poorerwaterquality comparedo fore reefhabitatsalsolikely contrib-
utesto thelow abundancef Milleporid coralsinsidethe lagoon[90,91].Thebackandpatch
reefsarethe nearesto the reefcrestwherewavedreakresultingin low residencdimesand
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high flushingratesfrom largeincoming waveghat breakon the north shoreof Mooreaduring
theaustralsummer[18]. Thesedynamicsof waterflow areknown to negativelyaffectiocal
recruitmentratesof sexuapropagulesn scleractiniarcoralson the backreefof Moorea[25]
andcouldalsoapplyto . . In thelagoon fire coralsarecharacterizedy wave-tol-
erantmorphologieqi.e.encrustingand massiveuggestinghat asexuateproductionthrough
colonyfragmentationis lesdikely of structuringimportancecomparedo fore reefhabitats.
Colonieson thefringing reef,wherewaveenergyis typicallylow, weredistributedin patches.
In Moorea,thefringing reefis exposedo largewavesn the australsummer[18], which has
the potentialto enhanceahe breakagef the coloniesduring shortperiods.Subsequentalm
periodscanfacilitatefragmentsurvivalandreattachmentesultingin the patchef .
observed.

Implications for population maintenance and recovery

It mustbenotedthat abundancef recruitsandjuvenileswaslikely underestimatedn this
studyastheyaredifficult to find dueto their smallsizeduring field surveysSitill, weidentified
32%of coloniesbelow20cm? (recruitsandjuveniles) ahigherfractionthan observedor 14
differentgeneraof scleractiniangoralsin Moorea(13+£29%sed68]). Theabundancef fire
coralsaroundMooreais alsohighercomparedo morediverseand healthyreefs suchasthe
GreatBarrierReef[48] andthe shallowfringing reefsin the USVirgin Islands[92]. Our results
thussuggesthatfire coralpopulationsarerelativelyresilientin the faceof recentand major
disturbanceshat haveimpactedMoorea'sreefs( outbreakscyclonesandbleach-
ing events)Themaintenanceandrecoveryof fire coralpopulationsareforemostsustainecy
the growth of remnantcolonies)ocalrecruitmentthrough sexuateproductionwherewave
energyis low andclonalpropagationin highwaveenergyzones.

Supporting information
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(XLSX)

S2Table.Index describingthe spatial distribution, recruitment and morphology for
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