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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 m2 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.m-2) 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 organismsthat residewithin highlyvariableenvi-
ronmentsresultingin strongspatialvariabilityin species'distribution patterns[1]. Forscleracti-
niancorals,spatialdifferencesin temperature,light, waterflow andwaterqualityconditions
caninfluencetheir distribution andpopulationdynamics[2±5].��������� hydrocorals,also
calledfire corals,areanimportant componentof reefscommunitiesworldwidewherethey,
similar to scleractiniancorals,contributeto reefaccretionandcommunitydynamics[6,7].Fire
coralscancolonizeawiderangeof reefenvironmentsthroughsexualreproduction[7,8] and
colonyfragmentation[7,9].Firecoralshavebeenreportedto growfasterthanscleractiniancor-
als[7,10]andoftengrowinto largecoloniesthatpreemptspaceandcompetewith scleractinian
corals[11,12].On theotherhand��������� speciesalsocontributeto thesurvivalof coralsdur-
ing 	
�������� outbreaksasthiscorallivorouspredatortendsto avoid��������� species[7,13].

Hydrodynamicforcesin theform of water-displacement, velocityandaccelerationhave
beenrecognizedasakeyfactorin determiningtheshapeandoccurrenceof manyreef-build-
ing organisms[14±16].In coralreefecosystems,themagnitudeof waterflow ismostlyrelated
to thewaveenergydispersal[5]. On barrierreefs,theamountof waveenergyishigheston
thereefcrest,wherewavesbreak,andsubsequentlyattenuatestowardsforereefandlagoonal
environments[5,17].Insidelagoons,internalwavesandflowsdrivecirculationandwater
exchangewith thesurroundingocean[18,19].Suchvariationin hydrodynamicregimes,com-
binedwith otherphysical(e.g.light, nutrientsanddisturbances)andbiologicalfactors(e.g.
colonysizeandshape),differentlyaffecttheperformanceof reefbenthicorganisms[20±23]
resultingin correspondingchangesin populationstructureandcommunitycomposition.

Waterflow candrivethespatialdistribution in adultpopulationsthroughthedistribution
anddilution of larvalsettlementcues[24] anddispersalof reproductivepropagules[25,26].
Manystudieshaverelatedthecontribution of recruitmentto colonysizevariationin scleracti-
nian corals(e.g.,[27,28])andthesizestructureof apopulationoftenreflectsotherspeciesspe-
cific responsesto environmentalconditionsanddisturbancesaswell [29±31].Thesize-
frequencydistributionsof fire coralpopulationscouldthereforeprovideinsightson which
biotic (e.g.,recruitmentof larvaeandasexuallyproducedfragments)andabiotic(e.g.,wave
energy)factorsinfluencetheir populationstructureanddynamics.

Waterflow alsoinfluencescolonygrowthandmorphology[32,33].Under theincreasing
influenceof hydrodynamics,delicatebranchingcoralstransforminto growthformsableto
withstandstrongwatermovementsuchascompact,robustplatingor thick branchingmor-
phologies[34,35].Suchinter- andintraspecificvariationresultingin differentcoralmorpholo-
giesaffectsnot only their mechanicalstrengthbut alsotheir ability to competefor space[36±
38]andcapturelight andfood[23,39].Branchingandplatingscleractiniancorals,suchas
��
�������� ����
����� and	
������ ��
�����, oftengrowinto largeanddelicatearborescent
coloniesin areasof relativelyhighwaterflow [23,39,40],but thisgrowthstrategyalsorenders
themextremelyvulnerableto breakagewhenlargewavesandstormeventsoccur,oftenresult-
ing in fragmentationwith somemortality [41].Asexualreproductionthroughcolonyfragmen-
tation canbeasuccessfulreproductivestrategyto sustainlocalpopulationgrowthin some
speciesof scleractiniancorals[42,43].Firecoralsarealsoknownfor their extensiveintra- and
interspecificmorphologicalvariabilityacrosshydrodynamicgradientswith consequencesdue
to their vulnerabilityto wave-inducedbreakage[7,9,36,44].Determiningto whatdegreethe
populationstructureof fire coralsdependson thedifferencesin waterflow amongcommon
reefhabitatshassofar not beendetermined.

In thisstudy,weinvestigatedwhetherandhowdifferentreefhabitatswith contrasting
waterregimesaffectthepopulationstructureof ��������� ����������, Hemprich& Ehrenberg
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1834,theonly speciesof fire coralfound in FrenchPolynesia[45,46].Surveysof �. ����������
wereconductedin fivehabitatson thenorth shoreof Moorea(SocietyArchipelago,French
Polynesia)with differing amountsof waterflow: forereefhabitatswith highwatermovement,
especiallyon theupperslopeanddecreasingwith depthto themid slope.Lagoonalhabitats
(backreefs,fringing reefsandpatchreefs)areshelteredfrom wavesandoceanicswell,except
during storms,andwatermovementin thesehabitatsis lessthanon theforereef[5,17].We
examinedcolonysizedistribution,morphologicalvariabilityandrecruitmentdynamicsto
assessto whatdegreethevariability in thepopulationstructureof �. ���������� amongreef
habitatscanbeattributedto differentflow regimes.

Materials and methods

Model species
��������� ���������� isagonochoricbroadcastspawnerthat reproducessexuallybyproducing
medusoidsandplanulalarvae[7]. Themedusoidsarereleasedinto thewatercolumnandthe
gametesarereleasedin onehour post-spawningduring themedusoid'sswim.Then,external
fertilizationandembryogenesisoccurafterwhichthelarvaesinkandmoveepibenthically(i.e.
crawling)on thereefsubstratumandmetamorphoseinto calcifyingpolypswithin oneday
afterspawning[8]. �. ���������� canalsoreproduceasexuallythroughfragmentation[7,9].

Study sites and field surveys
BetweenApril andDecember2013,aseriesof surveyswereconductedon thenorth shoreof
Moorea,FrenchPolynesia,in theSouthPacificOcean(17,5267S,149,8348W), at four differ-
ent locations(Tiahura,Papetoai,Cook'sBayandTemae).Fivehabitatswith contrastingwater
flow regimeswereselected;two in aforereefenvironment:themid slope(13m depth)andthe
upperslope(6 m depth),andthreein thelagoon(< 1 m depth):thebackreef,fringing reef
andpatchreef(Fig1andS1Table).Thesehabitatsgreatlydiffer in termsof waterflow.The
forereefexperiencesstrongwaveactionfrom incomingwavesthatbreakon thereefcrestwith

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:10.1371/journal.pone.0173513.g001
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gradualswellwaveattenuationtowardsdeeperwaters[5,47].Becauseof thisstronglinearrelation-
shipbetweenwaveforcingandwaterdepth[47], thecoloniesof �. ���������� growingwithin
forereefhabitatsareexposedto lowerwaveenergyon themid slopecomparedto thethosegrow-
ing on theupperslope,nearwherethewavesbreak.In thelagoon,thewaveenergydispersesfrom
thereefcresttowardsnearshorereefs[5]. A recentstudyon waveenergyacrossreefenvironments
revealedthat thereefcrestdissipated70%of theincidentswellwaveenergywith gradualwave
attenuationfrom thebackreefto theshore[17]. Consequently,weassumedthatwaveenergy
ishigheron thebackreef,nearthereefcrestcomparedto thefringing reef,anearshorereef.
Althoughthepatchreefis locatedin anearshorenarrowchannel,thewaveenergythereisalso
higherthanon thefringing reefdueto its proximity to thereefcrestandto thecurrentsthat
run on eithersideof thechannel(i.e.passcirculation).Variationsin otherphysicalconstraints
existbetweentheforereefandlagoonalhabitatsin termsof e.g.,temperature,waterclarity,
nutrient anddisturbances[48,49],whichmakethemhighlycontrastingreefenvironments.

Within eachhabitat,three300m longby10m widebelt transectswerelaid overthereef
parallelto shore,at least30m apart,resultingin atotalof 45,000m2 reefareabeingsurveyed.
Thenorth shoreof Mooreais~16km longwith aforereefareaof ~3.15km2 andabackreef
with ahard-bottomareaof ~4.58km2 [50]. Weperformedsixbelt transectsof 0.003km2 on
theforereef,which is~0.1%of thetotal forereefareaon thenorth shoreof Moorea.Wealso
performedsixbelt transectsof 0.003km2 on thebackreefarea(i.e.bothbackandpatchreef
habitats),whichis~0.07%of thetotalbackreefarea.All coloniesof �. ���������� thatwereat
least50%within thetransectbordersweremeasured,photographedandgeoreferencedusing
SCUBA.No specificpermit wasrequiredat thetime of field work for samplingprotocols
describedhereinandour surveysdid not involveendangered/protectedspeciesanddid not
requireanimaltissue/skeletoncollection.

Spatial distribution patterns
All �. ���������� coloniesweregeoreferencedbydeterminingtheir positionalongthetransect-
line (0 to 300m) andstraight-linedistancefrom bothsidesof thetransect(0 to 10m). From
thesemeasures,eachcolonywasmappedwith x andy coordinates,from whichthedistribution
index(DI) andmeanneighborhooddistance(ND) werecalculatedusingthespdeppackage
[51] in R[52]. TheDI isbasedon Ripley'smethod[53] andcalculatedfor eachtransectto deter-
minewhethercolonieswerehavingacontagious(DI > 1),random(DI � 1) or homogenous
(DI < 1) patternof distribution [54]. Themeandistanceto eachcolony's10nearestneighbors
wasestimatedandthemeanND wascalculatedfor eachtransect.Themeancolonydensity(n.
m-2) andcover(%)werealsocalculatedfor eachtransect(i.e.3000m2). Usingthesevariables,
variabilityin thespatialdistribution amonghabitatswasquantifiedbyone-wayPERMANOVA
testsin PRIMER6software[55], sinceassumptionsof parametrictestingcouldnot bemet.
Pair-wisetestsfollowedthePERMANOVAto assessthedegreeof similarity amonghabitats.In
orderto determinehowdifferenthabitatswith contrastingwaterregimesaffectthespatialdis-
tribution of �. ����������, weassumedthatswellwaveenergyexposuredecreaseswith habitat
depthandits proximity to thecoastline,asdemonstratedin previousstudies[17,47].Conse-
quently,thedensity,cover,DI andND wereregressedagainstthemeandepthandmeandis-
tancefrom shoreestimatedfrom thethreetransectswithin eachof thefivesurveyedhabitats
andPearson's� coefficientwasusedto testfor significantcorrelations.

Colony size distribution
Thesize-frequencydistributionsof �. ���������� populationsweregeneratedfrom estimates
of colonysizescomputedfrom 2D photographs.Photographsweretakenfrom abovethe
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colonyandincludedaplateof knowndimensionspositionednextto eachcolony.Forbigger
colonies,picturesweretakenfrom alargerdistance,andfor 5 colonies(out of the3561)2 pho-
tographswererequiredto photographthewholecolony.Eachcolonysize,standardizedasthe
projectedsurface,wasthenmeasured(in cm2) usingImageJ1.4fsoftware[56]. Thesize-fre-
quencydistribution for eachtransectwasgivenaspercentagesof all coloniesbelongingto 10
sizeclasseson alogarithmicscale.Datawerethenanalyzedusingbasicstatisticalmeasuresof
sizehierarchies[57]: thecoefficientof variation(CV) andskewness(g1), indicativeof therela-
tiveabundanceof smallandlargecolonieswithin apopulation.CV andg1 werecomputedfor
eachhabitatpertransecttogetherwith standarddescriptivestatistics,suchas95%percentileof
themean(describesthemaximumcolonysizereachedwithin apopulation,see[58]) andthe
probabilitythat thedataarenormallydistributed(Kolmogorov-Smirnov test,Pnorm).Differ-
encesin size-frequencydistributionsamonghabitatswerequantifiedusingone-wayPERMA-
NOVA basedon normalizedabundances.Spearman'srank coefficientandpair-wisetests
followedthePERMANOVAto assessthedegreeof similarity amonghabitats.

Recruitment dynamics
Themeanabundanceandproportion of recruits,juvenilesandadultswereestimatedfor each
transectwherebythethreelife stagesweredefinedbasedon colonysize.Colonieswith atotal
size(surface)below1 cm2 wereconsideredasrecruitsandweremostlikely theresultof sexual
reproduction.Largercolonieswith asizebetween1and20cm2 wereclassifiedasjuveniles
basedon previousstudieson coralrecruitmentusingbothsettlementplateexperiments[59]
andfield surveys[60]. While theorigin of eachcolony(sexualor asexual)couldnot becon-
firmed from field surveys,bothsizeclasseswereconsideredasnon-reproductivein contrastto
coloniesabove20cm2 basedon previousstudieson otherreef-buildingtaxa[61]. Differences
in abundancesandproportions(i.e.thefractionin theentirepopulation)of earlylife stages
(i.e.both recruitsandjuveniles)amonghabitatswerequantifiedusingone-wayPERMA-
NOVA, followedbyapair-wisetest.Pearson'scorrelationcoefficientwasusedto determine
whethertheabundanceof earlylife stagesincreasedwith theabundanceandcoverof adults,
andwhetherdifferencesin their proportionsamonghabitatscorrelatewith watermovement,
i.e.with depthanddistancefrom shoreusedasproxies.

Colony morphology
Foreachcolony'smorphology,themaximumheight,from thebaseto thehighestpartof the
colony(roundedto thenearesthalfcm),wasrecordedandlinked to thecolonysizedataprevi-
ouslydescribed.Coloniesbelow20cm2 wereremovedfrom thisanalysisto only retainthe
meanheightandsizeof adultsfor eachtransect.Adult colonieswereassignedto oneof these
threemorphologies:1) encrusting:thin coloniesgrowingagainstthesubstratum(Fig2A);2)
ªsheettreeº:encrustingbaseswith platelikeoutgrowthsfacingwaveenergy(see[36]) (Fig2B)
and3) massive:solidcolonies,roughlyhemisphericalin shape(Fig2C).Differencesin propor-
tionsof eachof thethreemorphologiesamonghabitatswerequantifiedwith one-wayPER-
MANOVA andpair-wisetests.

Population structure assessment
Similaritiesin populationstructurebasedon thefollowingparameters:density,cover,DI, ND,
meanadultcolonysizeandheight,andproportion of recruits,juvenilesandadultswerecalcu-
latedandvisualizedusingahierarchicalcomplete-linkageagglomerativeclustering(CLUSTER)
methodandanon-parametricmultidimensionalscaling(MDS)ordinationon normalizeddata
in PRIMER6software.MultivariatePERMANOVAon aforementionedcharacteristicswas
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usedto determinedifferencesin populationstructureof �. ���������� amongthefivesurveyed
habitats,i.e.,thoseon theforereef(mid andupperslopes)andthosein lagoonalhabitats(back,
fringing andpatchreefs).

Results

Spatial distribution of Millepora platyphylla
�. ���������� wasfound in all habitats,but its populationcompositiondifferedamonghab-
itats.A total of 3651coloniesof �. ���������� werecountedin thefivesurveyedhabitats.
Most colonies(48.2%)occurredon theupperslope,whereas�. ���������� colonieson
patchreefsaccountedonly for 5.2%of all colonies(S2Table).Colonydensitydiffered
amonghabitats(PERMANOVAtest,� < 0.01)andwashigheron theupperslope(0.20�
0.03n.m-2, N = 1761)andmid slope(0.12� 0.05n.m-2, N = 1075),i.e.forereefhabitats,
comparedto lagoonalhabitats(backreef:0.03� 0.01n.m-2, N = 324,fringing reef:0.04�
0.03n.m-2, N = 302andpatchreef:0.02� 0.00n.m-2, N = 189)(Fig3A). �. ����������'s
coveralsodifferedamonghabitats(PERMANOVAtest,� < 0.01)andwasagainhighest
on theupperslope(3.2� 0.4%,Fig3B).Colonieson thefringing reef,mid slopeandupper
slopeoccurredin acontagiouspatternof distribution (DI: 2.74±4.18),whilecoloniesin
thebackandpatchreefsweremoreevenlydistributed(� 1.93)(Fig3C,PERMANOVAtest,
� < 0.05).Coloniesoccurredclosertogetheron themid slope(6.64� 1.86m) andupper
slope(4.09� 0.34m) wheretheaveragedistanceamongneighboringfire coralcolonieswas
4.3timessmallercomparedto lagoonalhabitats(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 thesurveyedcoloniesweresmallerthan1000cm2 andapproxi-
matelyonethird (30%)of aforementionedcoloniesfell in recruit andjuvenilesizeclasses,i.e.
weresmallerthan20cm2. Thesize-frequencydistributionsof �. ���������� populationsdif-
feredamongcertainhabitats,but weresimilaramongthelagoonalfringing andpatchreefs
with populationsdominatedbyacombinationof small(� 32cm2, comprisingbothsmall
recruitsandjuveniles)andlargecolonies(� 2050cm2) resultingin bimodalsize-frequency
distributions(Fig4,Spearman'rankcoefficient87.9%,� < 0.05).All fire coralpopulations
werecharacterizedbyrelativelysymmetricalsizedistributions(g1: ±0.01±0.71),but thedegree
of skewnesswasagainloweron thefringing andpatchreefs(Table1).Themaximumcolony
sizedifferedamonghabitatsandwassmalleston themid slope(95%:1295cm2) andbackreef

Fig 2. Morpholog ies of Millepora platyphylla colonies in habitat s experiencin g contrasting hydrody namic regime s.
(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, a lagoonal habitat (photo is courtesy of Gilles Siu).

doi:10.1371/journal.pone.0173513.g002
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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:10.1371/journal.pone.0173513.g003
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Fig 4. Size-freque ncy distribution s of Millepora platyphylla across the five surveyed habitats. Colony
size (cm2) data were distributed among 10 size classes based on a logarithm scale (log2). 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:10.1371/journal.pone.0173513.g004
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(2512cm2) comparedto otherpopulations(upperslope:8514cm2, fringing reef:7107cm2

andpatchreef:9890cm2) (Table1).With 64%of all coloniesfalling in afewmediumsizeclas-
ses(32±512cm2, Fig4),coloniescomprisingbackreefpopulationswereverysimilar relative
to eachotherasindicatedby thelowestcoefficientof variation(CV: 0.33,Table1) of all habi-
tats.Overall,thecompositionof �. ���������� populationsin termsof colonydensityandsize
differedamongthefivehabitats,exceptbetweenthetwo lagoonalhabitats,thefringing and
patchreefs,locatedclosestto shore.

Recruitment of Millepora platyphylla
In total,71recruits(2%)and1094juveniles(30%)wereobservedwithin thefivesurveyedhabi-
tats(S2Table).Theabundanceof recruitsandjuvenilesdifferedamonghabitats(PERMANOVA
test,� < 0.05and� < 0.01,respectively)with 96%of all recruitsandjuvenilesoccurringin fore
reefhabitats(48%for both themid andupperslopes)andonly smallnumberswereobservedin
lagoonalhabitats(Table1).Thefractionof theentirepopulationconsistingof recruitsandjuve-
nilesdifferedamonghabitats(PERMANOVAtest,� < 0.01).Recruitswerefound in low pro-
portionsin mosthabitatswith thehighestvaluerecordedon themid slope(3.4� 0.4%),whileno
recruitwasobservedon thebackreef(Table1;Fig5).Themid slopehabitatshelteredthehighest
proportion of juvenilecolonies(45.9� 5.1%),whilelowervalueswerefound in all otherreefhab-
itats(11.8±27.3%)with no significantdifferencebetweenthefringing reef(24.0� 0.2%)and
upperslope(27.3� 3.5%,Table1;Fig5).Only in lagoonalhabitatsdid theabundanceof adults,
not their totalcover,andtheabundanceof bothrecruitsandjuvenilesincreasesimultaneously
suggestingthepresenceof astock-recruitmentrelationship(Fig6A), thatwasnot observedin
forereefhabitats(Fig6B).No significantstockrecruitmentrelationshipwasfound in both
lagoonalandforereefhabitatswhenonly consideringrecruit andadult'sabundances.

Morphology of Millepora platyphylla
�. ���������� coloniesrangedin sizefrom 0.18cm2 to 189062cm2 (projectedsurface)and0.1cm
up to 130cmin height.Meancolonysizeandheightof adults(i.e.,all colonies> 20cm2) differed
amonghabitats(PERMANOVAtests,� < 0.01).Firecoralswereapproximately4 timeslargeron
averagein theupperreefslope(2308� 115cm2), fringing (1590� 329cm2) andpatchreef(3090�
1294cm2), comparedto coloniesgrowingin thebackreefandmid slope(510� 97cm2 and819�
73cm2, respectively,Table1).Theaverageheightof fire coralcolonieswashighestin fringing
(24� 5cm) andpatchreefs(25� 8cm),i.e.nearshorehabitats(S2Table).Morphologiesof
adultcoloniesdifferedamonghabitats(PERMANOVAtest,� < 0.01).Massivemorphologies

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 (cm2) Recrui tment

Non-transfo rmed ln-trans formed Abundance (n) Propor tion (%)

Mean (SE) 95% Pnorm CV g1 Recrui t 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 Ð 13.00 (7.55) Ð 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 cm2); 95%, maximum size; Pnorm, Probability that the data are normally distributed; CV, coef®cient of variation;

g1, skewness; Recruit, �� 1 cm2; Juvenile, 1±20 cm2. Values were average per habitat and �“ SE for variation among transects.

doi:10.1371/journal.pone.0173513.t001
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dominatednearshorereefs(fringing reef:79.7� 8.3%andpatchreef:59.0� 9.9%)whereascolo-
niesweremostlyencrustingon themid slope(79.9� 1.1%)andbackreef(74.5� 5.2%)(Fig7
andS3Table).On thefringing reef,no colonywith thesheettreemorphologywasobserved.
On theupperslope,69.5%(� 3.2)of thecoloniesdisplayedthesheettreemorphology,whilethe
remainingcolonieswereonly encrusting.

Fig 5. Recruitm ent dynamics across the five surveyed habitats. Proportions of recruits (�� 1 cm2), juveniles (1±20 cm2) and adults (�! 20 cm2)
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:10.1371/journal.pone.0173513.g005
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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:10.1371/journal.pone.0173513.g006
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Population structure assessment
Combiningall variablesinto asinglemultivariateanalysis,thepopulationstructureof �. ����
������� variedsignificantlyamongreefhabitats(PERMAVOVAs,� < 0.01).Basedon MDS,
two mainclusterscanbedistinguished:onewith populationsfrom waveexposedforereefhab-
itats,i.e.mid andupperslopes,andasecondclusterconsistingof populationsfrom lagoonal

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:10.1371/journal.pone.0173513.g007
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habitats,i.e.back,fringing andpatchreefs(Fig8).Themaindifferencesbetweenthesetwo
clustersarethat forereefpopulationsarecharacterizedbyahigh relativeabundanceof recruits
andjuveniles(mid slope),or ahigherdensityandcover(upperslope).Populationsfrom
lagoonalhabitatsarecharacterizedby largecolonysizeandheight(both fringing andpatch
reefs)andwidelyspacedcolonies.Backreefpopulationsarecharacterizedby thedominance
of adultcolonies.

Usingall variablesof eachtransectsurveyedwithin theforereefhabitat(i.e.sixreplicates),
wefound thatadultcoloniesbecamesmaller(i.e.colonysizedecreases)with increasingdepth
(r = ±1.00,� < 0.001;N = 6).Fractionsof recruitsandjuvenilesincreasedwith increasing
depth(r = 0.91,� < 0.05andr = ±0.92,� < 0.05;N = 6),while total coverdecreased(r = ±
0.97,� < 0.01;N = 6).Coloniesgrewin anencrustingmorphologyatmid depthandin the
sheettreemorphologyin shallowwaters(Fig7).Amongshallowlagoonalhabitats,wefound
thatadultcoloniesbecamesmallertowardsthebackreef,far from shore(r = ±0.76,� < 0.01;
N = 9),wherewaveenergywashigherandcoloniesmostlyoccurredin theencrustingmor-
phology(Fig7).Totalcoverincreasedwith increasingdistancefrom thecoast(r = ±0.69,
� < 0.05;N = 9).

Fig 8. Non-metri c 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 cm2), juveniles (1±20 cm2) and adults (�! 20 cm2). 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:10.1371/journal.pone.0173513.g008
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Discussion

Distribution patterns: Fore reef versus lagoonal habitats
In Moorea,�. ���������� colonizedawiderangeof habitatsreflectingits ability to adaptand
survivein alargevarietyof environmentalsettings.Thisstudyis,to our knowledge,themost
extensivesamplingeverconductedto assesslocalpatternsin populationstructureof Mille-
porid corals.Reefhabitatswhere�. ���������� colonieswerefoundwereselectedbecauseof
their differencein waterregimesaccordingto their depthandproximity to thecoastline(see
MaterialsandMethodsfor details).Dueto �. ����������'s sensitivity,especiallyof largercolo-
niesto fragmentationinducedbywaveactionand/orwatermovement(i.e.currents)(Fig2),
wesoughtfor possiblerelationshipsbetweenhydrodynamicconditionsandthepopulation
structureof fire coralson Moorea.Differencesin populationsizestructure,recruitmentand
morphologyexistedamonghabitatsandconfirmedexpectedrelationshipsbetweensuchchar-
acteristicsandtheamountof waterflow in severalof thefivesurveyedhabitats(i.e.mid slope,
upperslope,backreef,fringing reef,andpatchreef).Thehighestdensitiesof fire corals,includ-
ing thatof recruitsandjuveniles,occurredon theexposedforereef(i.e.mid andupperslopes)
wherebycolonieswereoftenobservedgrowingin contagiouspatternof distribution. In calm
lagoonalenvironments(i.e.back,fringing andpatchreefs)fire coralcoloniesoccurredin low
densities,wherethenumberof recruitsandjuvenilewaslow andcoloniesgrewin arandom
patternof distribution.Variability in densityamongforereefandlagoonalhabitatshasbeen
describedfor numerousothersessileorganismsandrelatedto alargenumberof environmental
factorssuchaswaterflow,solarirradiance,sedimentationand/orspecies'life historytraits(e.g.,
reproductivemode,competitiveability,morphologicalplasticity;[20,62±65].

Size structure and morphological variations
Althoughdifferencesin size-frequencydistributionsamonghabitatswerefound,e.g.fewlarger
coloniesin thecalmfringing andpatchreefs,smallercoloniesin themid slopeandmediumsize
coloniesin thebackreef,thedegreeof skwenesswassimilaramongall habitatswith populations
consistingof bothsmallandlargecolonies.Thesedistributionslikely reflectlow mortality in
smallsizeclasses,aswellasthepersistenceof thelargerones[66].Our resultsshowedthat the
proportion of recruitsandjuvenileswashigheston themid slope,anexposedreefwherewave
energyis reduceddueto increaseddepth[47].Earlierreportshavealsoshowntheinfluenceof
depthandwaterflow on therecruitmentdynamicsin somescleractiniancoralspeciesin many
reeflocations[67±69].Thesestudiesrevealedanincreasein theoccurrenceof recruitsandjuve-
nileswith increasingdepth.Anotherstudycompilingjuveniledataof all coralspeciessurveyedin
PalmyraAtoll (CentralPacific)hasshownthatmostjuvenilesweregrowingatmiddledepth(i.e.
14m) in aforereefhabitat[63], asfor �. ����������. Waterflow isalsoconsideredasanimpor-
tant factorinfluencingacolony'smorphology[70,71],generallyshowingatransitionfrom easily
fragmentedmorphologiestowardsmorerobustmorphologieswith increasingwatermovement
[34,35].Thisstudyshowsasimilar trendwherebylargeandhighcoloniesweremorecommonin
protectednearshorehabitats(i.e.fringing andpatchreef)andsmallandencrustingin exposed
mid slopeandbackreefhabitats.On theupperslope,nearwherethewavesbreak,fire coralsare
large,but largelyencrusting,andof theunusualsheettreemorphologyof ��������� thatwasonly
observedin low proportionsin all otherhabitats(0±9%).

Population structure and dynamics
Firecorals,like manyotherreef-buildingorganisms,reproducethroughbothasexualandsex-
ualreproductionwith adimorphic life cycle,with apelagicdispersivephase(i.e.medusoids
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andlarvae),followedbyasessileadultphase[7,8]. If dispersaldistancesaresmalldueto low
watermovementor retention,thespatialdistribution of adultscouldinfluencethedistribution
of youngcoloniesaspreviouslyshownfor scleractiniancorals[68,69,72,73].On Mooreathe
abundanceof �. ���������� recruitsandjuvenilescouldnot berelatedto adultpopulation
sizein forereefhabitats.Theproportionsof recruitsandjuvenileswerehighestatmid-depths
(13m) on theforereefwherewaveenergyandsolarirradiancearelowercomparedto theshal-
lowerdepthhabitats(asdescribedin [63]). Lowwaveenergycanindeedincreasesettlement
successof bothcorallarvaeandfragments[74]. At shallowdepths(6 m) on theforereef,high
waveenergyandirradiancecanreducetheabundanceof settlementcues[74], but alsoindi-
rectlyaffectsettlersurvivalthroughhighgrazingpressurebyherbivorousfishesat thisdepth
whichconstitutesamajorsourceof mortality for juvenilecoralson theupperslopein Moorea
[59]. Theabundanceof coralfragmentsthat re-attachedto thereefscanalsobereduceddueto
highwaveenergyandsubsequentincreasedmortality [75]. Suchphysicalandbiologicalcon-
straintsin adynamicenvironmentlikely reducelocalrecruitmentratesandpreventhighcoral
cover[76]. However,thehighestcoverof �. ���������� (3.2%)occurredon theupperslope
wherewavebreakingfirst occurs,i.e.waveenergyis thehighest.Manystudiesinvestigating
spatialdistributionsin coralreefcommunitiesoftenfind thathighenergyreefzonesrestrict
species'distributionsandcover[77,78].�. ���������� showstheoppositetrend:weobserved
highdensityandcoverin theupperslope,ahighenergyreefzone,wherecoloniesaregrowing
in acontagiouspatternof distribution.Suchdifferencesin fire coraldistribution patternsin
habitatsof highenergyaremostlyrelatedto thewave-vulnerablesheettreemorphologyof
���������. Thisgrowthform occurrednearlyexclusiveon theupperslope,whilecolonieswere
massiveor encrustingin otherhabitats.Theunusualsheettreemorphologyobservedin the
upperslopehasbeendescribedasasuccessfulstrategyexploitedby ��������� to preemptthe
spaceandto competewith othercoraltaxa[12,36].Wavescaneasilybreakthebladesand
enhancepopulationgrowththroughclonalpropagation[9], while theencrustingbasesremain
intactandgrowthroughhorizontalstolonalspreading[12]. Thefactthat �. ���������� can
rapidlyovertakenewlyavailablespacethroughclonalpropagationandstolonalspreadingmay
explaintheincreaseof fire coralcoveron Moorea'sreefsfollowing themassivedeclinein coral
coverfrom the	
�������� outbreaksandcyclone��� in 2010[79]. Between2006and2010,
�. ����������'s coverwasstableatapproximately1%at6 m on theforereef,i.e.morethan3
timeslowerthanin 2013at thesamelocation.On theotherhand,fragmentationusually
inducescoralsto regressin sizeandincreasesmortality,especiallyin smallsizeclasses[80].
Here,thesheettreemorphologyismoreeasilyfragmented,but theunilateralgrowthof ������
���� allowsthemto reachlargercolonysizes.Thisstudyshowsthatasexualreproduction
throughfragmentationandstolonalspreadinglikely playsakeyrole in structuring�. ������
����� populationswherewaterflow ishighandwherefire coralsfacewave-inducedbreakage.

In thelagoonalenvironment,thewaveenergyis reducedby thereefcrest[17] likely
explainingthepositivestock-recruitment relationshipfound in thesehabitats.Thereisevi-
denceshowingthat thefecundityin populationsof sessilemarinebroadcastspawners,suchas
��������� species,isstronglydeterminedby thelocaldensityof adults[81,82],andespecially
wherewatermovementis reducedandlocalretentionoccurs.Thelow abundanceof earlylife
stagesobservedin all lagoonalhabitatsmayresultfrom competitionwith macroalgaeandsedi-
mentsmotheringaffectingback,patchandfringing reefsinsidethelagoonof Moorea[83]
and/orsolarirradiance[74,76].Thepresenceof macroalgaeandhighsedimentationcanaddi-
tionally reduceadults'fecundity[84±86],larvalsettlementcues[87], larvalsurvival[88] and
settlementspace[89]. Poorerwaterqualitycomparedto forereefhabitatsalsolikely contrib-
utesto thelow abundanceof Milleporid coralsinsidethelagoon[90,91].Thebackandpatch
reefsarethenearestto thereefcrestwherewavesbreakresultingin low residencetimesand
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high flushingratesfrom largeincomingwavesthatbreakon thenorth shoreof Mooreaduring
theaustralsummer[18]. Thesedynamicsof waterflow areknownto negativelyaffectlocal
recruitmentratesof sexualpropagulesin scleractiniancoralson thebackreefof Moorea[25]
andcouldalsoapplyto �. ����������. In thelagoon,fire coralsarecharacterizedbywave-tol-
erantmorphologies(i.e.encrustingandmassive)suggestingthatasexualreproductionthrough
colonyfragmentationis lesslikely of structuringimportancecomparedto forereefhabitats.
Colonieson thefringing reef,wherewaveenergyis typicallylow,weredistributedin patches.
In Moorea,thefringing reefisexposedto largewavesin theaustralsummer[18], whichhas
thepotentialto enhancethebreakageof thecoloniesduring shortperiods.Subsequentcalm
periodscanfacilitatefragmentsurvivalandreattachmentresultingin thepatchesof �. ������
����� observed.

Implications for population maintenance and recovery
It mustbenotedthatabundanceof recruitsandjuvenileswaslikely underestimatedin this
studyastheyaredifficult to find dueto their smallsizeduring field surveys.Still,weidentified
32%of coloniesbelow20cm2 (recruitsandjuveniles),ahigherfractionthanobservedfor 14
differentgeneraof scleractinianscoralsin Moorea(13±29%,see[68]). Theabundanceof fire
coralsaroundMooreaisalsohighercomparedto morediverseandhealthyreefs,suchasthe
GreatBarrierReef[48] andtheshallowfringing reefsin theUSVirgin Islands[92]. Our results
thussuggestthat fire coralpopulationsarerelativelyresilientin thefaceof recentandmajor
disturbancesthathaveimpactedMoorea'sreefs(	
�������� outbreaks,cyclonesandbleach-
ing events).Themaintenanceandrecoveryof fire coralpopulationsareforemostsustainedby
thegrowthof remnantcolonies,localrecruitmentthroughsexualreproductionwherewave
energyis low andclonalpropagationin highwaveenergyzones.
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