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1. INTRODUCTION

Coastal marine ecosystemseaamong the most ecologically and soe@oconomically
vital systemson the planet(HARLEY ET A2006), yet highly threatened bydirect and indirect
effects of human activities such asoverexploitation habitat lossand degradation
eutrophication,pollution, introductions of exoticspecies and climate changeALPERN ET AL
2008) resulting inprofound strudural ard functional changesWALTHER ET AL2002) The
Mediterranean Seas consideredmarine biodiversityhotspot, harbairing around 13 200
species, which correspond to approximaté&o ofthe total known recent marine species
while covering less than 08 ofthe total world ocean aredCoLL ET AL 2010).Within the
Mediterranean marine habitatgoralligenous assemblages amee of the most importantas
they exhibit high species richnes$iarbouring around 20% of Mediterreean species
(BALLESTEROB006) Because of theiecological, aesthetic and economic valthey have been
identified as Mediterranean priority habitats by the EU Habitats Directive (92/43/CE)
Goralligenousoutcrops are hard bottoms of biogenic originThey exhibit great structural
complexity Besidescoralline redalgae asthe main coralligenous builderspeciesthat
characterize coralligenousommunities aresponges, cnidarians, bryozoans and tunicates
(BALLESTERO2006) Most of these species atleng lived and theirslow growh and overall
sow population dyamics, make coralligenous outcrops exceptionaliyulnerable to
anthropogenic disturbancg8ALLESTERGA006;C=BRIAN ET AR012). Longlived, coralligenous
habitat-forming species, play &ey role in structuring and functioning of community
(GARRABOU ANHARMELIN2002). These species create, modify and maintain habtedpgh
their trophic activity, biomass and perennial biogenic structures. They increase structural
complexity byformingthree-dimensional structures, therefore directly enhance biodiversity
through the provision of microhabitats, niches and shelters to other speGiesafNDCOMA,
1998; RossI ET AL2013). Threalimensional structures which these habitat constructors
create, are crucial for the existence of the multitude of associated fauna and flora and provide
essential areas for fishes and mobile invertebrates for feeding, spawning, breeding and
nursery GRAHAM ANINASH 2013).Declines in the abundance of habifairming species can
therefore lead to a rapid fragmentation in community structuvieh significant impact on the
ecosystem functioningHUGHES1994;PoNTI ET AL2014).Theimpact ofpositive temperature
anomaliedinked toclimate changdas been related ith an increase ofmass mortality events

(MMEs)of marine invertebratesmainly reported in the Western Mediterranean Seath the
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two largest MMEs observed in 1999 and 2Q@BRRANO ET .A2000 GARRABOU ET .A2001,
2009. Due to the high levels ahortality observed, one of the main consequences of these
mortality events is a decrease of population density of impacted spewits potentially
strong consequences for the dynamics and evolution of these sp@&iesrABouU ET.A2009).
According to saearios availabléor the Mediterranean basin for thend of this century, it will
undergo one of the largest changes in climate worldwidkl the occurrence of hot extremes
increasing by 200 to 500% throughout the regi@FFENBAUGH ET.ARO007; IPCC2007)

guestioning therefore the future of coralligenous

The precious red coraGorallium rubrunihas acrucial role a®ne ofthe key engineering
species inhabitingcoralligenousoutcrops KIPSON ET AL 2011) C rubrum (Anthozoa,
Octocorallia) iolonial, modular organisnf{gurel; HARPER ANWHITE 1974). Based on its
modular growth, red coral forms treelike thretmensional structures (FiguZ RoSSI ET AL
2013).

Figurel. The red coralCorallium rubrum(Right)The polyps, passidtrators, retreat in case of danger into the
coenosarc, the spongy tissue hosting them, then get out again hunting planRofdny ischaracterizedby
branching morphology(Left) Closeup of opening polyps #e end of which are distinguished 8 tentesl
reaching 5 mmTaken and modifieérom http://www.photomazza.com
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Figure2. Large @erhanging walwith red coral population fronMarseille Taken from Ledoux, 2010.

Thisis asessile modular suspension feeder with an arborescent growth faninh can
live for up to 100 yeardARSCHAL ET.AR004). It is endemic to the Mediterranean Sea and
neighbouring Atlantic rocky shor@SAQO, 2018Red coral is aciaphilous speciashich dwells
in heterogeneous habitatss itcan be found below 10 m to depths greater than 1000Ros6!

ET AL, 2008;COSTANTINET AL, 2010;TAVIANIET AL, 2010;KNITTWEIET AL, 2016), buitt is more
commonly found between 30 and 200 mCAu ET AL 2016). Red coraldistribution is
fragmented. It has extremely slowmean annual growth rate of basal diameter, varying
between 0.23t0.35 mm yeat (Figure 3MARSCHAET AL, 2004;PRIORET AL, 2013;BRAMANTI
ET AL 2014;BoAVIDAET AL 2016)and can reach more than 50 cm in heigl@RRABOU AND
HARMELIN2002)

Age unkown. Colony from
a ‘pristine’ population.

22 year old colony
Experimental panels

Figure3. A 20yearold red coral colony collected in 2000 from the experimental panels and a colony from a
pristine site (age unknown) collected at the same depth in 1962 from thetproedlection.Taken fronGarrabou
and Harmelin2002).
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Red coral is a gonochoriteroparous brooder that undergoes internal fertilisation and
reproduces annually during late sprirtgearly summer ViGH| 1972; SANTANGELET AL, 2003;
TSOUNIET AL 2006).It broods larvae internallywithin the female polypdor about30 days.
After that embryonic periodthe mature larvae are released from late June and throughout
July They survive only a few dag-12) and have limited dispersal capabiliti@&/€INBERG
1979; BRAMANTIET AL 2005).The red coral has balanced sexatio (BRAMANTI2014) and
reaches sexual maturigt relatively small sizes (about 2 mmdiameter and 30 mm in height)
which corresponds to ages between 7 and 10 yeargl@dReENg 2005), but at least 20 years
are needed to reach high reproductive potent@g&RABOU ANBARMELIN2002. Old and large
colonies produe almost 300 times more larvae than small colon{EgiORI ET AL2013)
suggesting that there should be lardéferences in larval output between populations with
different size and age structureldowever,small colony size at first reproduction may be the
main reason for the persistence of red cgoapulations despite to the millennia of harvesting
pressure(TORRENTET AL, 2005).Red coralpwing to its larval biologylife history and patchy
distribution, is assumed to be a poor disperseith mostly seliseededpopulations, andvith
higher levels of population genetic differentiatiothan in broadcastspawning species
(UNDERWOOD ET.AR009 but seeSERRANO ET .AR016). Magnitude of loss of large red coral
colonies due to overexploitatiofor its use in jewellery resulted isignificant shifts in the
demographicstructure of shallowed coral populabns in theMediterranean SegdUNARES ET
AL, 201Q. Therefore, shallow populations are generally characterized by small colengs (
cm in height) of a relatively high density500 colonies n¥) (GARRABOU ET.A2017), making
populations look moredike grasslands than like forestRossl ET AL2008). Despite this
decrease, demand is increasing, fuelling exploitation of deep stocks and illegal poaching
(TsouNis ET A12013). Thismportant fishing pressure can cause the loss of genetic variation
which could have importantonsequences on the lorigrm evolution of the red coral
populations PINSKY ANBALUMB) 2014). Moreover, mtural (e.g.,increase of sedimentation,
parasites,alien species) and anthropogenic stressors (e.g., harvesting, hdbgatand
fragmentation, climate changepcean acidification) affected coral populations along its
entire bathymetrical distributionFor instance, recenhass mortality events already affect its
shallow (560 m) populations with until 80% mortalitiessome populatios (GARRABOU ET.AL
2001).Thus, slow growth rates and high longewtyggest that fuliecovery from damage can
take decades$or the red cora{GARRABOU ANBARMELIN2002) Given its ecological, economical,

aestheticand cultural valugBRAMANTI ET AL2011) red coral has beeprotected bythree
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internationd conventions (Barcelona, Beraad the European Habitat DirectivelRecently,
GeneralFisheries Commission for the Mediterraned&etommendation GFCR35/2011/2)
hasrecommendedhe full protectionfrom fishingof populationsat depthless than 50 m until
scientific studieand promoteda minimumharvestable size7/(mm of colony basal diameter)
corresponding to an age of about &b yearsHowever, these management measures dé no
take into account population genetics and dynamics of the red céhalsour ability to infer
the ecoevolutionary processes shaping and maintaining spatial pattern of genetic divafrsity
the red coralis key to propose efficient conservation polici@ENDRY ET A2010) and hence

for the conservation oshallow population®f C.rubrum.

If we define nicroevolutionas changes in thgene (or allelic) frequenciesithin a
population over generationdlARTL ANQLARK 1989, than population genetics would (¢ the
very heart of evolutionary biologffEMPLETON2006) Random genetic drift and gene flow are
two of the main evolutionary forces th@hangegene frequencies. Genetic drift is stochastic
fluctuation of allelic frquencies from one generation to the other, through the random
selection of alleles to be combined into progemalums) 2003) and connectivity (i.e. gene
flow) refers to the movement of individuals between populatioRsL(UmB) 2003) and their
residence ér enough time to contribute to the gene pool of the new populatidghi@ration [
in the population genetics)LOWE ANDALLENDORF2010).The strength of genetic driftin a
population is determined by feective population sizeNe), which can be defined athe
number of individuals actually contributing to the next generatiBrankHAM1995)andisone
of the fundamental parameters in population genetieBRE ET AL2011) WhenNedecreases,
drift erodes genetic variation, eventually leading to the loss of rare alleles and fixation of
others (possiblygeleteriousones). Also, #Nedeclinesthe effectiveness of selectiaeduces,
becausedirectionless changes in gene frequencydn by genetic drifprogressivelystart to
have stronger effect ovedirected changes driven by selectidiHARE ET AL2011).Loss of
genetic diversity can decrease population viability an@daptive potential under
environmentalkchange Thus,smal andisolatedpopulations are amajorrisk of extinction due
to strongimpactof genetic driftandinbreeding(FRANKHAM2005) Harmful effects of genetic
drift and inbreedingcan be offset by gne flow which replaces alleles lost due to drift,
increase genetic variationreduces inbreedingand stochastic variation in small populations
(SrockweLL ET.ARM3). Thusthe extent to which populations are connected by dispersal
fundamental to the ecological and evolutionary processasd protecting patterns of

connectivityallows forpopulation persistence and recovery from disturbarfeDERWOOD ET
5



AL, 2013) Therefore, he integrationof em-evolutionaryanalysesat contemporary timescales
is necessargand highly valuable for conservation planni{@rizMENBMEJIA ET AL2016) For
sessile and sedentary benthiicvertebrates larval phase is effectivethe only time dispersal
within andbetween populations occu@nd in general, correlation between dispersal of larvae
and distance is expected, which forms a basis for IBD patilsm called finescale spatial
genetic structure (FSGS)SGS is defined as nm@ndom spatial distribution of genotypes
within the red oral population andhe most prevalent cause for tHeSG$ the formation of
local pedigree structures as a result of limited gene dispefsaiusing on IBD modg@larentt
offspring dispersal distanceate can be accurately inferred from genetic d@#&<EMANS AND
HARDY 2004)

Genetic structuring among red coral populations was first described using allozymes
(ABBIATI ET AL1993 1997). These studiemonstratedsignificantgenetic differentiation at a
spatial scale ofens of kilometresAt shorterdistanes (about 200 m), no significant genetic
structuring wasobserved due to low mutation rate and low polymorphism of allozyme
markers. Development ofpeciesspecifc microsatellite loci QOSTANTINI ANBBBIAT,! 2006;
LEDOUX ET AL2010b), which hashigher levels of polymorphismallowed refining the
characterization of the pattern ofenetic structure.Significant genetidifferentiation was
observed between populations separated by tens of meters demonstrating the low
connectivity in the red cora{CoSTANTINI ET .A2007a; LEDOUX ET AL201@). At a scale of
hundreds of kilometrespattern of genetistructureresults from thecombiration amongBD
and regionalgenetic clusters (AURELLE ET.A2011; AURELLBNDLEDOUX2013; LEDOUX ET AL
2010D.

Thesestudies alsarevealed significantleviations from HardyVeinberg equilibrium
towards heterozygote degienciesn all red corapopulationslikely due tothe occurrence of
null allelestemporal or spatialWahlund effect andbiparentalinbreeding(i.e. mating between
genetically closeelatives) COSTANTINI ET.AR007a LEDOUX ET AL20104. Accordinglystudies
at fine spatial scale (< 1m) were conduct@dgTANTINI ET.AR007a; LEDOUX ET A20108). More
particularly, the FSGS was studadong red coral colonies over half a square metepoux
ET AL 20108). In this study of genetic structuring at a very fine scale, Ledeual. (2010a)
revealed for the first time significant spatial and temporal genetic structure between colonies
of the red coral over half a square metEhis study was focused on a population showing the
demographic structure of an impacted population with high density of low size colonies in

contrast to the population studied in the present work, which showed a t@msity of
6



relatively high size colonies. Based ealation by distancanalyses].edouxet al. (2010a)
estimatedthe meaneffective dispersal within a population to range between 20 and 30 cm
and asmallzv 1PZ }Yu®EZz}} ]I [ }( drine]sibgdm dnplysesXevealed @mplex
half-sib family structure with 78.9 % of the nonmature colonies and 84.2 % of the recently
mature colonies linked by hadiib relation suggesting thabreeding units in the red corake
highly restricted in spacand are corposed of related individual§ hese results were also
agreement with previous studies thédund high levels of genetic structurimgthe red coral

at spatial scales of 1d® 100sof kilometres(GCoSTANTINI ET.A2007ab; LEDOUX ET AR010b)

and demonstrated that the red coral ipaor dispersespeciesnith selfseeded populations

It was the first time that such a complex pattern of kinship structuring has been characterized
in a sessile marine specids. addition, the occurrence of sewarparentoffspring dyads
demonstrated that selfecruitment was an important process in the dynamics of the study
population. These results were obtained in a population impacted by various anthropogenic
pressures and thus characterized by a particulandgraphic structure with high density of

low size colonies. Accordingly, the generalisation of this study is not straightforward and there
is a need to study other populations with different demographic characteristics in order to

improve our understandingf red coral population dynamics.



2. THEOBJECTIVEY THE STUDY

The major goal of this study was falow the characteriation ofthe patterns of fine-

scale spatial and temporalgenetic structurein the red coral focusing on a protected

population(i.e. showing different demographit@racteristics)Based on these patternthe

aimwasto infer underlying microevolutionary processes acting in the study population with

particular emphasize on dispersdlo achieve this aima multidisciplinary appsach was

developedby combiningpopulation geneticsecology and photogrammetrnandfocusing on

a shallow population of the Mediterranean red cor&prallium rubrumbelonging tothe

marine reserve of Scandola (Corsica, Frant@) georeferenced redcoral colonieswere

sampledover an area of two square meters inetfPasse Palazzu aiggnotyped with 9

microsatellite loci to ddress following objectives:

X

to assess the spatial distribution of mapped red coral colonies in the study population
to characterize the pattern of spatial genetic structure

to decompose the IBD pattern among juveniles and adults

to infer the demographic parameters linked to local dispersal

to characterize the kinship structure among the colonies

to test for temporalgenetic differentiation among juveniles and adudiisd describe

the mating system in the study population



3. STUDY AREIND SAMPLING

dZ]s *Sp C A+ EE] }ud]vEZ W ee Wo llpu &E v
Figure4), in the marine proected area othe Scandola Natural Reserigeated in the NW
Corsicaln October 2016the sampling o€orallium rubruntolonieswas conducted by scuba
diving at a depthof 14 m in an area of approximately 224.9 x 0.38 malong a permanent

transect

| CORSICA
(SCANDOLA)

A

FRANCE

CORSICA

Passe ®

SPA"‘J Pearrg

200 km

Figure4. Location of the Passe Palazzhere the sampling of the red coral colonies was conducted

The area where our colonies were sampled frasm typical population from marine
protected area (Scandolapnsisting of a low density (approximately S0loniesm?) of
relatively large colonies (around 5 cm in heiglitie to demographicharacteristics of our
population, georeferenced sampling at the individual level was possikladerwater
photographs (eaclsovering 40&m?) were used to maphte coloniesThe photographsvere
analysed with photogrammetric method@®oYER ET 412018 and the accurate position of each
colony was determineds well as pairwise distances between colofiiégures). 107red coral

fragments weresampled preserved in 95% ethanol and stored-&6°C until DNA extraction.

~O1E |



Figureb. Map of the sampled colonies @forallium rubrunin the study area. Only the 94 genetically different individuals, corresponding to 72 mgjuard 22 nonmature {) colonies, are
shown
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4. MATERIALS AND METHODS

4.1.DNA extraction andicrosatellite genotyping

Total genomidDNA was extracteffom 107 individuals using a salting out procedure
adjusted from Milleret al. (1988) $ee Appendix Ifor detailg. All sampleswere genotype
using 9 microsatellite lociMicl3, Mic20, Mic22, Mic23, Mic24, Mic25, Mic26, Mic27 and
COR4bis previously published LEDOUXET AL, 2010). For amplifying loci, 3multiplex
polymerasechain reactions (nPCRs) were performed, each targeting different lodPCR1
(Mic13, Mic20, Mic26mPCR2 (Mic24, Mic25, Mic2mPCR3 (Mic22, Mic23}OR4biswas
amplified separatyy. mPCRamplifications wereperformed in a final volume of 10 pL
containing 1 pL of DNA, 5.5 pL of Master Mix, 1.1 pL of Primer Mix and 3.4Milli-Qf water.
PCR amplificatiorof the COR4iis was carried outin a final reaction volume of 10 pL
containing 2 plof DNA, 1 pL ofagDNA Polymerase P@Rffer, 0.5 pL of Mg&l0.2 pL of
dNTR, 0.05 yL ofTagPolymerase, 25 L of MiliQ water and 0.5 pL of each primdrhe
forward primer of each locus was fluorescently labell@®CReactions were done as follows
for all lociexcept COR4#is. 95°C for 15 miriollowed by30 cycles at 94°C for 30a8)nealing
temperature for 1 min 30 s and 72°C for 1 min. The fstep was 60°C for 30 min.
Amplification ofCOR4biswas done as follow®94°C for 3 min, 28 cycles at 94°C for IBE
for 30 s and 72°C for 30Ehefinal holdingwas72°C for 20 mirPCR products weigenotyped
on an ABI3730XL DNA Sequencer vid#neScan LIZ 600 (Applied Biosystantsynal size
standard at theGenoScreen sequencing facility (Lille, Frahttps://www.genoscreen.fr/fr).
Alleles were scored using STRawelsion 2.4.109 (TOONEN ANOHUGHES 2001; UC Davis
Veterinary Genetics Laboratgrittp://www.vgl.ucdavis.edu/STRandGenotyping accuracy

wasevaluated by amplifying and genotyping replicates.
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4.2.Quality controlandidentification of multisampled individuals

MICRGCHECKER.2.2.3 (VAN OOSTERHALET AL, 2004) was used teheck forscoring
errors due to stuttering, null alleles or large allele dropolBecause some colonies were
closely related in spaceGIMLET v1.3.3VALIERE 2002) was usedto look for duplicate
genotypes due tqoutative multiple sampling of the same individuahd to estimate the
unbiased probability of identity (P KENDALL ANSTEWAR;T1977) that two individuals in the
sample will by chance have the same multilocus genotype.unbiased probability of identity
between two different multilocus genotypes was 6.13 x'40Therefore, two multilocus
genotypes shared by four coloniesre consideredas sampling errors and only one of each
repeated genotypeavasretained Additionally, one genotype containing more than three null
alleles was eliminated’hus, he following andyses were conducted with a final data seBdf

different multilocus genotypes

4.3. Stageclass definition

The maximum diameter and height were measured for each colony to define their
reproductive status (mature vs. juvenile). These photogrammetric methads carried out
with Arpenteur 6.0(GRUSSENMEYBRd DRAR 2000).0Over the 94 colonies,2 were considered
asadults and 22asjuveniles.Thus two different datasetwere consideredone including all
the individuals and one considering adult ampavenile stageclassesas two distinct

populations.

4.4, Spatial distribution of red coral colonies within population

To assess the spatial distribution of mapped red coral colonies in the study population,
the univariate &ing statistic O (WIEGAND ANIMOLONEY 2004 2014 was calculated O()
gives the expected number of points (that is, red coral colonies) in a ring at distaooean
arbitrary point.O() wascalculatedconsidering concentric rings of a constant widtrOdE m.

To test thesignificanceof Of) for eachr, 95% simulation envelopes associated to the null
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model of complete spatial randomneg®re generatedusing the fifth lowest and fifth highest
value of 199 Monte Carlo simulations of the complete spatial randomnesnodel Of)
values above and below the envelope indicate significant spatial aggregation and repulsion
compared with a complete spatial randomness pattekh calculations and simulatiorvgere

conductedusing the program PROGRAMITAEGAND ANMOLONEY2004,2014).

4.5. Genetic diversity analyses

Frequencies of null alleles were estimated by tBeectation Maximization (EM)
algorithm DEMPSTEEL AL, 1977) implemented in FreeNA{ARJISANDESTOUP2007)for each
locus The total number of allele@Na), observed o) and unbiased heterozygositif({ Ne|
1973) were calculatedor each locusising FSTAT v.2.9GUDET2001)

In addition,observed Kbo), unbiased heterozygosityHé: NE, 1973)and rarefiedallelic
richness AR were computed for he two datasetsAllelic richnesss dependent on sample
size. The rarefaction method ReTIT ET AL 1998)allows evaluation of the allelic richness
independent of the sample sizBor the whole dataet, allelic richnessvas calculatedased
on the sample sizeof 68 indivduals correspondng to the minimum number ofndividuals
observed at one locu$Vhen consideringuveniles and adultseparatelyallelicrichnesswas

calculated based on theame standardized sample sizeldfindividuals.

4.6. Linkage disequilibrium andardytWeinberg equilibrium

GENETIX v.4.0Be(KHIRET AL 2004) was used to tesfor genotypic linkage
disequilibriumfor each pair of loci with a permutation procedure £8.000)considering the
whole datasetDeparture frompanmixia was tested fazachlocusandfor the whole sample
using the score test for heterozygote deficiency in GENE®P.®B.9 (RoussgT 2008)
Significance was addressed by a Markov Chain (MC) algofabmoaDTHOMPSONL992), with
default parametersThef estimator offs(WEIRANDGOCKERHAM.984) was computeébr each

locus separately and for all loci in eaddtasetusing GENETIX.
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4.7.Genetic homogeneity of the sample

In order to identify any potential genetic structure within the sampRayesian
clustering methodmplemented in STRUCTURE v.PRITCHARET AL 2000) that infers the
number of genetic clustergK) from the individuals' genotypewas used Individuals are
assigmed to population(s) in a way that, within population, Harel/einberg equilibrium and
linkage equilibrium are maximizedddmixture model (i.e. individuals may have mixed
ancestry)was used under assumptionof correlated allele frequencies betweeclusters
(FALUSH ET AL2003) and the recessivallele optionwas usedo deal with null allelesTen
replicatedruns werecomputedfor eachK (K=1 - 5) to check the consistency of the results
with 500 000 burn-in iterations followed by 200 000 retained iterations. The outputsof
STRUCTURE analysis were collated and visualized with the STRUCTURE HMRWESTER
v0.6.94(EARL AND VONOLDT 2012).TheKvalue thatbetter fit the dataset was inferred based
on the plot ofLnRD) (the logarithm of the likelihood of observing the data) as a functidd of

4.8. Pattern of genetic structure

4.8.1. Temporal pattern of genetic structure

In order to lookfor temporal structure genotypic differentiation betweenwo stage
classesadults andjuvenileswas testedusing an exact test in GENEPSRnificance oFst

values was evaluategsing MC algorithm with default parameters

4.8.2. Spatial pattern of genetic structure: isolatiby distancebetween individuals

Pattern of isolation by distance w#ested usingregression analyse&enetic distance
between every paiof individualswasestimatedwith Z}pee S[e P v §] é(WATET
AL, 2007) as implementedn GENEPQPThen the obtained valuesere regressedon the
natural logarithmof the geographicatlistance betweenndividuals(In(d)) following Rousset
(2007) The significance of the regression was testasing a Mantel testwith 1000

permutations.
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4.8.3. Pattern ofkinship structureand parentage analyses

In order to further examine finescale spatial genetic structurelLoiselle[ skinship
coefficient(F;) (LoISELLE ET.AL995)was calculatedfor each pair of individualseparated by
progressivelyncreasinglistances from 0 to 6 mThe average value of the kinshipefficient
was computed over all pairs of individuals within each distance inteftalkinship coefficient
(F) was chosen as a pairwise estimator of genetic relatedness, as it is a relatively unbiased
estimator with low sampling varianceVEKEMANS ANDHARDY 2004). Significance was
determined by comparing the observed values with corresponding frequency distributions
obtained after 1000 random permutations of the dafae. permutations of individual
locations among all individuals within each distanoterval). These analysesvere first
conductedconsidering the whole dataset and themalyseswere limited to individuals of
adults, juveniles and adujtivenile pairs.Significance of the linear regression slopas
calculatedwith 1000 permutations of locations,as well. All calculations were made using

SPAGeDi 4 (HARDY ANMEKEMANS2002).

Parentage analyselsetween individuals, i.e. sibship and parentage structure within the
sample,were conductedusing the maximum likelihood approach implemeni@dCOLONY
v.2.0 WANG ANCEANTURE2009; JoNES ANDVANG 2010). The method assigns parentage and
sibship among individuals using their multilocus genotypes while accounting for genotypic
errors. Four different categories of relationships were considengakent-offspring, full-sib,
half-sib or unrelatedFor the 22 colonies belonging to the juveniles, the remainmdture
colonieswere consideredas candidate male and female parents. The analysis was run three

times with three different random seed numisto check the robustness of our results.

Geographical distance for each obtained relationship categeag comparedusing a

nonparametric Kruskat Wallis test.
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4.9. Inference of two @mographic parametershe Zv |PZ }uE&Z}} thélgdnev

dispersakstimates

hv E tE&]P Zdrhensidial IBD model, neighbourhood diie is considered to be
equal to 4 <%, whereDeis effective(breeding)population density and#y is the mean
squareparent-offspring distance\MEKEMANS ANBARDY 2004). Following Wattst al. (2007)Nb
can also be derived from the slope of the regression line betweeand In(d): Nb A i b(q)
Therefore,Nb was computed from the regression slope based on the whole data set and
estimated values dDe were usedto calculate ¢. De can be approximated a3 = Ne (N) xD
(VEKEMANS ANBARDY 2004), whereD is the census density of mature individuals, &hkdand
N are the effective and the census population sizespectively. In this study, Ydifferent
colonies were sampled on an area of 2and therefore, approximatedensity of the site was
47 colonies x ™ 77% of those colonies were considered sexually neatith a resulting
density of 36colonies x i BecauséNe (N is unknown forCordlium rubrum two different
valueswere usedconsidering that all or only 50% of the mature colonies were involved in the

reproductive effort (i.eDe=D =36 colonies x nf or De = 0.5 XD =18 colonies x ).

For multiple tests, significance levelgen® corrected using a false discovery rate (FDR)

correction BENJAMINANDHOCHBERA.995).
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5. RESULTS

5.1. Stageclass definition

For majority of the coloniesdiameter could not be measuredaccurately enough.
Therefore, colonieseredividedbased orthe difference in sizeColonies higher thaB0 mm
were considered matur@nd the rest wereassignedo juveniles, following Torrentset al.
(2005). Height measurements for 7 coloni€&%) could not be obtained due to their complex
shapes, their positioto other colonies, substrate ruggedness anthck of adequate pictures
needed to perform photogrammetric measurements. lioslecases, the reproductive status
was assessed visually relative to the measured colomesotal, 72 colonies (77%) were
consideredmature (mean heightize+ s.d.= 59.5+ 18.3mm) and potential parents for the

rest 22 juvenile colonie@nean height size s.d.= 23.1+ 7mm) (Appendix 2figureb).

Figure 6 Size structure distributionf red corakoloniessampled at the Passe Palazzu, Cor3iba largest colony
measured wad0cm Hghand the smallest was 0.5 cidumbers above the bins represent me@ns.d) values
of maximumheights (mm)in every height class.

5.2. Spatial distribution of red cora&lolonies within population

The Qring statistic Of) showedsignificantspatial aggregation afd coral coloniesip

to r =30cm in our study population (Figure 7).
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Figure7. Spatial structureof total red coral coloniesneasured using the -@ng statistic (OX)). Closed circles
representmean Of) for an annulus of radiuswith 0.1-m lags Horizontal line indicates average intensity of the
point pattern and thick lines indicate 95% confidence envelopes under the null hypothesis of random spatial
structure.

5.3. Genetic diversity analysgbnkage disequilibrium andardytWeinberg equilibrium

The raw genotype data can be found in the supplementary material (AppendixcB-
Checker analysis found no evidence for scoring error due to stuttering and large allele dropout
in the wholedata set Null allele frequencies ranged from0Q0for Mic23 and Mic26, to 0.25
for Mic27, with a mean value of /O per locus.Although tree pairs of loci were out of
linkage equilibrium, none of the 36 combinations was significant after FDR correction at 0.05.
Allelic richness for the whole dataset, based on the sample size of 68 individuals, was
approximately 12 allelesAll loci were ptymorphic with a total number of alleles ranged
between 4 for Mic13, to 26 for Mic27, with a mean valuapproximatelyl2 alleles per locus.

The doservedand unbiased expecteduketerozygosity variebetween0.255 (Mic13and Mic20)
and 0.915 (Mic24), with a mean value of 0.37over the whole datasetand between ®95
(Mic20) and0.929 (Mic24) with a mean value of 003 for the whole datasetrespectively
The inbreeding coefficierfisis measure of reduction in heterozygositya populationwhen
compared to HardyWeinberg expectation and exhibits values ranging frdnmo +1, with
values close to zero being expected under random matiogus values of thiestimator of
inbreeding coefficienfsvaried between-0.073 for Mic23, to 0.59 for Mic27.Our positive
values indicated departure from Hardyeinberg equilibrium towards heterozygote
deficiency and significant deviation from panmixia was obseifor five of the nine loci after
FDR correctionThe multilocus value was equal 0.184 and according to global test across
loci, deviation from panmixia was significa®t=<0.000). Detailedresultsfor each locus are

shown in Table 1.
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Tabk 1. Primer sequences, repeat motif, PCR conditions and genetic characteristics of 9 amplified polymorphic microsa@litékuim rubrum

LocUS Number Size Genbank
Primer sequence (5'3") Repeat motif of o range Na Ho He f r accession
name (°C)
cycles (bp) number
) F: NED_CTTTGATTGGCCCTGATGTAA (ACYA (AC)G
Micl3 59 126-141 4 0.5 0417 0.387** 0.138 GQ169280
R: GCCAGGAAAGAATTGGGTATATTA (ACYTA (AG)
. F: 6FAM_CACGTGATTGACGAAAACATT
Mic20 R: TGTCGGGAAATTGTTCACTGTA (CA) 30 50 198-286 6 0.255 0.295 0.136* 0.038 GQ169281
. F: VIC_CGAGCGAGGGAAATTAATAGG
Mic22 R: GATGTAATTGTCGCGCATTG (GTe 30 56 153-190 6 0.462 0.559 0.1722 0.044 GQ169282
. F: VIC_GATCTCTGACTGAATGGTATTG(
Mic23 R: CCTGGCTACGTCCCTGACT (G 30 56 93-143 10 0.862 0.803 -0.073 0.000 GQ169283
. F: NED_ TCGAGCACTTCCTTGGTAGC
Mic24 R: TGAATTCCATACACCCACTGC (CA)s 30 59 145-312 20 0915 0.929 0.015 0.002 GQ169284
. F: 6FAM_GCAAGGTAAAATGATGTAGTC .
Mic25 R: GATCGCACTAAATCTTAATAGTGTTC (GTTR(GT)s 30 59 130-208 11 0419 0.70 0.456* 0.199 GQ169285
. F: NED_AGGGAACAATCTTTGTTGTGC
Mic26 R: ATGTTTGCGGACCTACACS (GTha 30 59 126-200 15 0.894 0.89% 0.002 0.000 GQ169286
. F: 6FAM_GATCTCTTCGCGGATAGTCTC .
Mic27 R: GACGGTGGGACGAACAGS (GT)o 30 59 140-536 26 0382 0.866 0.559* 0.253 GQ169287
. F: NED_TTGGGTACAAATCAAGCTACC-A
COR4bis ~ (GT)s 28 53 172-243 12 0722 0.795 0.091* 0.037 AY726761

R: AGACCAGCGGCATCACTTT

Abbreviations: Ta, annealing temperatui;, number of alleles per locubl, observed heterozygositide, gene diversityNel 1967);f, Weir and Cockerham (1984) estimatorgafr, null allele
frequency.Valuesmarked with asteriskare significant at the 0.05 level after FDR correctithy, P=0.000; *, 0.01 <P<0.05
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Considering adults and juveniles, highly similar values of genetic diversity and inbreeding

in comparison witlglobal datasetvere obtained(Table 2).

Table 2.Genetic diversity parameters @forallium rubrunat the global and stagelass levels

Dataset Na AR Ho He f r

Global 12.22 11.783 0.574 0.703 0.184 *** 0.079
Adults 11.22 7.470 0.578 0.706 0.182 *** 0.075
Juveniles 8.338 7.285 0.561 0.695 0.193 *** 0.0&

Abbreviations:Na, number of alleles per locu&R allelic richness with rarefactidior a corresponding sample
size of 68 individuals for global, afd individuals for adults and juvenildataset Ho, observed heterozygosity;
He, gene diversityNEelL 1967);f, Weir and Cockerham (1984) estimatorFaf r, null allele frequency. Presented
values correspond to the mean value overadi. Values markd with asterisks are significarit;*, P=0.000.

Null allele frequencies ranged from 0.00@ic20, Mic23 andMic26) to 0.273 (Mic27)
for adults with a mean value of 07 per locus and from 0.00qMic23, Mic24,Mic26 and
COR4big) to 0.267 (Mic25) for juveniles, with a mean value of @Bper locusAllelic richness,
based on the sample size of 14 individuals, was almost the same for twoddtesges with
value of approximately 7 alleleslumber of alleles ranged between 4 (Micd8d Mic20Q, to
22 (Mic27) for adults, with a mean value df.222 and betweer (Mic22), to 15 (Mic24) for
juveniles, with a mean value &.333 The observed heterozygosity ranged from @.26
(Mic13) to 0.93 (Mic24) for adults, with anean value of 0.B8, and from 0.12 (Mic20) to
0.9% (Mic24 and Mic26) for juveniles, with mean value of 0.56 Unbiased expected
heterozygosity ranged from 0.28Mic20) to 0.93 (Mic24) for adults, with anean value of
0.706, and from 0.33 (Mic20) to 0.90 (Mic24) for juveniles, with emean value of G95. The
f estimator of inbreeding coefficierfis varied between-0.085 (Mic23) to 0.82 (Mic27) for
adults with amean value 00.18, and between0.051 (Mic26) to 0.86 (Mic25) for juveniles
with a mean value 0f0.19. Both adults and juveniles showed significaagpartures from
HardytWeinberg equilibrium towards heterozygote deficiency, according to global test across
loci (P=0000).

5.4. Genetic homogeneity of the sample

Considering the plot oEnRD) as a function oK, no major genetic discontinuityvas

assumedn our sample because only one cluster was detected by Structure.
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5.5. Pattern of genetic structure

5.5.1. Temporal pattern of genetic structure

Index of genetic differentiation(Fs7) is measure of reduction in heterozygosity &
populationcaused by differences in akdrequencies of individual subpopulations of which it
is composedandresults fromthe balance betweemgene flow and genetic driftt ranges from
Fst= 0 (nogenetic differentiation) to 1 (complete genetic differentiatioir) accordance with
previous result, pairwise genotypic differentiation test between the adults and juveniles was

very low Est=-0.004) andhot significant(P= 0863).

5.5.2. Spatial pattern ofjenetic structure: isolation by distance between individuals

Regression analysis between pairwise genefic ghd geographiclr{(d)) distances
showed highly significant correlatior? & 0.000) for the whole dataset confirming the
occurrence of an isolation by distance model (Figg)reAdults dataset alsdisplayedhighly
significantiBDpattern (P=0.000). On the contrary, no IBD was found in the case of juveniles,
but low number of juvenileshould betaken into account as itmight had an influencen the

statistical power of thenalysis

Figure 8. Linear regression between the geographidal(d)) and the genetic§) distances between pairs of
colonies ofCorallium rubrum
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5.5.3. Pattern of kinship structurand parentage analyses

Over the three runsf kinship analysjs83 dyads in juvenile datasetere obtained but
only relationships with probability .5 within the each of three runsvere retained
Therefore, 7half tsib dyadswere obtained but no fulltsib or parenttoffspring dyads were
inferred. The resulting pedigree showed that 15 colonies werdtdlatedsharing one parent.
This correspond to 68% of the 22juveniles colonies. These results demonstrated the
occurrence of a halkib fanily structure The meangeographicabistance(xs.d.)between
thosehalftsib colonies was 0.88 + 0.9and lower tharthe mean value of distance between
unrelated colonies which was 1.62 + 1.12Fkigure9). Nevertheless, ecordingto Kruskalt
Wallis test, geographical distances of the two relationship categories were not significantly
different (H = 3; d.f. =;P> 0.05).

Figure9. Mean values {lof distances between hatéib (1) and unrelated (2) colonies. Boxes and bepsesent
standard error of the mean and standard deviatioespectively

Details of each distance class: the upper and lower limit, the number of pairs of
individuals, the value and significance of average Loiselle's kinséfficeent, are shown in
Table 3. For each dataset, value and significance of regression slope of pairwise kinship

coefficients on the logarithm of spatial distan@e shown in Tablé.
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Table3. Average>} ]+ oldnghip coefficients between pairs of individualghin 14 distance classes for global, betweggneration, adults
and juveniles datasetColoured fieldsndicate positive kinship coefficientsvhile dstance classes differing significantly from the mean
permutated kinshipralueare marked with asteriskg**, P=0.000; **, P<0.01; *, 0.01 <P<0.05.

Distance Number of pairs Average>}]e 00 [* |]JveZ]% } ((]
class Span (m) global between adults juveniles| global betweerr adults juveniles
generation generation

0 - 4371 1584 2556 231 0.168*** 0.168*** 0.163*** 0.192***
1 0.00-0.50 849 278 520 51 0.009** 0.00 0.010** -0.006
2 0.50-0.75 389 134 232 23 0.007 0.004 0.006 0.037*
3 0.75-0.91 227 90 133 4 0.002 0.004 0.001 0.011
4 0.91-1.50 789 317 440 32 0.002 0.0 0.0a3 -0.009
5 1.50-1.59 99 45 51 3 -0.018 -0.019 -0.026 0.126*
6 1.59-2.25 695 280 368 47 -0.006 -0.06 -0.04 -0.0Z7
7 2.25-2.31 56 21 32 3 -0.02 0.014 -0.020 0.070
8 2.31-3.00 537 176 319 42 -0.008 -0.06 -0.009 -0.004
9 3.00-3.05 32 11 20 1 -0.015 -0.012 -0.010 -0.123
10 3.05-3.75 395 103 285 7 -0.008 -0.003 -0.008 -0.054
11 3.75-3.79 19 7 12 0 0.024 0.082* -0.00 -
12 3.79-4.50 253 110 127 16 -0.08 -0.008 -0.010 0.006
13 4.50-5.25 31 12 17 2 -0.006 0.0* -0.04 -0.087
14 5.25-6.00 0 0 0 0 - - - -




Table4. Slope of linear regression of pairwise kinship coefficients on In(distance) for each dataset. Significance
was calculated by 1000 permutations of individual locati@rs P=0.000; **, P<0.01; *, 0.01 <P<0.05).

Dataset Slope
Global -0.007 ***
Betweengeneration -0.004 *
Adults -0.007 **
Juveniles -0.00

Kinshipvalues at 0 mrepresent inbreeding coefficientecomparable toFs values)
expressing the departure from Hardeinberggenotypic proportions. Significance of values
at 0 m was tested with 1000 permutations of gene copies among all indigjdwaile
significance of values for distance classes was calculated by 1000 permutations of individual
locations. Becausanalyses foeach dataset were carried out at the individual level (i.e. each
Jv JAlmuoZ +% ](] *% 3] 0 }}E ]Jv § se v EZue }ve] E]VP }v
kinship coefficient at 0 m distance class was the same for global and betyezmmation
datae 3¢X >}]* 00 [* I]veZ]% } ((] ] vé8e A E Z]PZoGC %}*]3]1A v
individuals at 0 mByiobal (betweergenerationy= 0.168,P = 0.000; Faguits= 0.163, P =0.000; Fuveniles=
0.192,P=0.000, decreasing rapidly after that pointeéach dataset.

Kinship structurdor the global dataset exhibited the most significant correlation and
was highly similar to the kinship structure observed among adult colonies. For both datasets,
after the highly positive and significant kinship valws) m, the mean kinship coefficient
between individuals in the following distance cla@s Q.5 m)declined substantiallybut was
also significantly positive and estimated to be 0.009 for global andd®@®hAdults. Thereafter,
it wasslowly declimngand betweenl.50- 1.59 m,dropped and remained below zero, except

between3.75- 3.79 m for global dataset, where it was posititaet not significant

When considering juveniles, they had the highest kinship coefficient at 0 m and the
steepest slope copared with other datasets, and also negative kinship value between 0 and
0.5 m, but it got significantly positive in the second (0.8(0r5 m) and the fifth (1.501.59 m)
distance class, with values of 0.037 and 6,12spectively. These values areaiccordance
with previously estimatedralue of themean geographical distance (xs.d.) between tsatf

colonies (0.88 + 0.9 m).
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Betweengeneration dataset showed similar pattern like the ones for global and adults,
with kinship coefficient declining belomero between 1.50 1.59 m, but it had significantly
positive values in T1(3.75- 3.79 m) and 18 (4.50- 5.25 m) distance class, which is interesting

regarding previously estimated value of the mean parefispring distance of Bor 76 cm.

When conglering the regressionof } ]« 0o [* |]veZ]%en geddrpphie 8istance,
results were similar to those previously observed with &estimator.Global (slope =0.007;
P=0.00¢ Vv poSe ~e0} %P =R.008) daiassts were characterized by a significant
and similarcorrelation Betweenr P v (E S]}v ~<o0}% P -A0.04r)Xdataset had only
marginally significantorrelation while in the juveniles (slope-8.00; P=0.115) dataset, it
wasnot significant Care must be taken in the interpretation of the juveniles analystsause
of small number of individualss already mentionedtrom these resultst seems thatdults

determined most of the spatial genetic structure observed in the global datasetréFigu

Figure 10.>}]e 00 [* I]veZ]% } ((] ] v8e %0}S8 P JveS 0o}P E]3Zu] -]*S v
juvenile, (c) adults and (d) juveniles pairs of individuals. Blue line represents slope of linear regression
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classes for each dataset are shown in Figadesnd 12.

Figurell. Average kinship coefficients;, between pairs of individuals plotted against tpeographical distance

(JE oo E JE o0 }o}v] X Z o0]v e E %E ¢ V3 P% % E Vv 0}A E o]ulde }i
the null hypothesis that genotypes are randomly distributed. Horizontal solid line indicates absence of spatial
autocorreldion.

Figurel2. Average kinship coefficients;, between pairs of individuals plotted against the geographical distance
for betweengeneration adults and juveniledataset.Dashed lines represent upper and lower limits of the 95%

}v. v ]Jvs EA o pv E 3Z VHOO ZC%}SEZ ] 3Z 3 P v}8C%  E E v }uoC
indicates absence of spatial autocorrelation.
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5.6. Inference of two émographic parametergshe Zv |PZ }u@EZ}} th¢lggnev

dispersal estimates

Based on the whole data set, the gebour size was estimated at 129 individuals (95%
Cl: 65t278 v ]A] p o+*+U E ¢pfeitherB3Em ord6cm,assuming a census density
of 36 or 18adulty m?, respectively (Tablg).

Table 5. Summary statistics for the linear regression analysis between geographi(d) @nd genetic &)
distances between pairs of colonies ©@brallium rubrumand related demographic parameters with their 95%
confidence interval*¢ *, P=0.000).

Parameter Computed _95% Cl
value interval
Slope 0.008*** 0.004-0.015
Intercept -0.059 -
Nb (individuals) 129 65-278
1 (cm) for De = D = 36 coloniesfn 53 38-78
1, (cm) for De = 0.5xD = 18 coloniesfm 76 54-111
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6. DISCUSSION

Inferring the spatial scales at which genetic structure occurs is a crucial issue in
population genetic studies on marine sessile invertebratsdies on genetic structuring
among red coral populationgere conductecdat different spatial scalefrom tens ofmeters
to thousandof kilometres) and dl of themrevealedan extremely high level dfifferentiation.
This result demonstrates the low coexctivity of the species and, in turn, it emphasizke
importance of processes acting within population for the conservation of the spéoidss
context, the major goal of this studywas to complement our knowledge regarding the
population dynamics of the red coral Isyudyingthe pattern of spatial genetiand kinship
structure within a populationshowing a demographic structure characteristics of protected
populations (i.e. relatively lowensity of mid to high sized coloniesBased on this pattern,
different demographic parameteraere inferredincluding the effectivadispersal occurring
during the gamete and larval phaseand the first insight in themating pattern of this

populationwas given

Isolation by distancenferences ordemographigarameters

In the presentstudy,using microsatellitenarkers the occurrence of significargolation
by distancewasdemonstratedamong colonies separated by up 409 m in a populationof
Corallium rubrumharbouringthe typical demographic structure o protected population.
Isolation by distance//RIGHT 1943) means thgtroximate colonies are morgenetically alike
than colonies further apartdue to random genetic drift and spatialigstricted gene flow.
When considering only the adults dataset, the relationship between genetic distéheadq
the logarithm of the geographic distance remained highly significRrt 0.000). On the
contrary, IBD was nabbservedin juveniles. Neverthiess, whether the patterns of genetic
structure variedfunction of the stageclass considered requires further analyses considering
the low number of juveniles and accordingly the low statistical power of the regression

analyses.
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According to the isolation by distance analysigsing the whole datasetthe
Zv JPZ Yu@EZ}} <11 [ A « 9¥idividuals apprdximately two times larger than
the value reported previously by Ledoeixal. (2010s). Accordingly, the estimate of thmean
axial parent-offspring distancewvas also higherangng between 8 and & cm, considering
two values of (36 and 18 colonies/n?, respectively)Although Zv 1P Z }u@&Zz}} ]I [ v
dispersal estimates are higher than ones reported by Ledbak (2010a)our resultsconfirm

restricted dispersal abilitiesf the red coralin the rangebetween10s of centimetres.

Decomposing the SGS among different stelgsses: inferences on the population

dynamics of the red coral

Kirship structure analyss confirmed thd neighbouring colonies are the most
genetically similarindeed, highly postive andhighly significantA op « }( >}]* 00 [* |]veZ
coefficientat the 0 mfor each datase(P = 0.000) were found. In the following distance class
(between 0 and 50 cinF; valuesdeclined substantiallyln the dobal and adults dataset,
kinship coefficient kept on decreasing with increasing pairwise spatial distamcite
betweengeneration dataset exhibitedimilar pattern until3.75 m,whereuponit showed
significantly positive values betweeB.75 - 3.79 m and 4.50- 5.25 m, respectively.
Nevertheless, number of painwithin these two distance classes of betwegeneration
dataset,is too low to be reliableJuvenils showed both positive and negative kinship values
without significant trend.Accounting for the stagelasses, adultsvere likely the main
contributor to the global spatial genetic structure pattedbis noteworthy thatadults and
juveniles showd different patterns of spatial genetic structur®ifferent hypothesidbased
on various demographical processes can explairsg¢lemntrasting resultdetween the two
stageclasseskor instance, when the adult generation results from few foundersstrength
of the FSGS is expected to be higher in adults compared to juveBHRENS ET A2014).
Nevertheless, considering the low number of juveniles analysed, bereplementary works
including higher number of juvenilesre needed togo further in his result A sanpling
focusing on different agelasses instead of stagdasses shouldisoallow torefine thismodel

of populationdynamics
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The Qring statistic Of) showed significant spatial aggregatiohindividualsat small
scales in the stugpopulation Aggregation was at a scale of < 30 cm #malstrongest at the
0 - 10 cm distance intervalWe can assume that there is positive correlation between
aggregation of red coral colonies aR@G®bservedwithin the study population and that
gendically related individuals tend to cluster together. It is consistent whnIBD and with
the Z]PZ S >}]e o0 [ |]veZdB¥servgdiidtivderv eighbouring individual©ur
resultssupportpreviousstudieswhich have showthat the magnitude oFSGS increases with
the stronger spatial aggregatioof individuals(CHUNG ANOCHUNG 2013;LARAROMERO ET AL
2016).To our knowledge, this is the first time thaossible relationship between the spatial
aggregation ofndividualsand FSG8as beeninferred in a coral specieslowever,further
comparative studiesxamining FSGS among populations with different densities and degrees

of spatial aggregatioare needed to better understanchechanisms generating FSGS.

Patterns of relationshipand temporal genetic structure: inference omating system

As &pected in the case of SGalf-sib family stucturewas observed. Nevertheless it
seems that the network of relationships in tistudy population (PPL)is less dense than
previously repored in the impacted populations studied by Ledaial. (20109. Among the
major differences between the two studies, the absence of pawdfgpring dyadsn PPLs
noteworthy. This result may suggehbat selfrecruitment is not as important in the dynamics
of PPL as it was for the impacted populations studied by Ledbak (2010a) Demographic
data demonstrated that recruitment is very low in PPL (Garrabou Pers. Obs.) explaining
potentially this differenceEven if this halkib family structure is not as marked as previously
observed in this species, the occurrence of {séifdyads confirmethat multiple mating(i.e.
involvement of each parental colony in multiple matimplygamousnating systenislikely
the norm in the red coral. This result alsoggestedhat the reproduction is done between
genetically related individuals suggesting thecurrenceof biparentalinbreeding Further
analyses based for instance on progeny arrays are needed torroottie occurrence of
biparental inbreeding in this species. Nevertheless, itmatatively explain in combinations
with null allelesthe highpositiveRsvalueand the large deviationsom panmixia leading to

heterozygote deficienciesbserved in thigopulation Suchlarge deviationdrom panmixia
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leading to heterozygote deficienciémve already been observed previous studiesn the

red coral(ABBIATI ET AL1993; COSTANTINI ET.ARO07a,b;LEDOUX ET AR01M).

In longlived speciesconsisting of agstructured populationswith overlapping
generationssuch as the red corabvariations in the allele frequencies ovarshortperiod of
time (i.e. a few generationsggre expectedRrMAN 1997) Different processes were proposed
to explain this Zhaotictemporal genetic structurd Sexually mature individuals may show
differential reproductive successésading to aandom reduction of the effective population
size(i.e. sweepstakereproductivesuccessHEDGECOCK ET,A2007) and thus impacting the
level oflocalgenetic drift from one generation to the otheAlternatively, stochastic mortality
duringlarval or the postecruitment phasesmay be involved in these fluctuationBespite
this expectation no genetiadifferentiationwas observed betweeaur analysed stagelasses
(Fst= 0)suggesting that thpool ofjuveniles is representative of thgool ofadults In addition
this lack of significant temporal structure suggest that thi#erential reproductive success
among the adults is lonOnce again, the low number of juveniles analyses here call for a
cautious interpretation of this resulEurther analyse®f the genetic characterizatioacross

ageclassesvould help to refine ourconclusion

This studywas focused on a singkhallow populationwithin marine protected area,
consisting of a low density of relatively large colonis expected from theoretical studies
(RoussgT2000), the émographiccharacteristicoobserved inthe studypopulation such as
density andsize structurehad an influence onthe effective gene dispersal rai@nd the
neighbourhood sizeBecause the strength of locatispersal and genetic drithave majo
impact on determining finescale SG&urther comparative studies of FSGS across populations
with different demographic characteristics are needed to better understidweddynamicsof

red coral populations
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7. CONCLUSIONS

This study refines previous findings andmproves our knowledge regardinthe
reproductive biology and larvacology ofC. rubrum By studyinga protected population of

red coral the following is demonstrated

™ Significant spatial aggregation of individuals at a scale of <30 cm

™ Highly gynificantfine-scalespatial genetic structurwith isolation by distance pattern
being mainly determined by adult colonies

™ The putative occurrence of density dependant proessexplaining the contrasted
spatial genetic structuresbtainedfrom adult ard juvenile colonies

™ L ow values ofdispersal estimates ranging between 53 and 76ntg which are
concordant with those previously reported LEDOUX ET AL201(0m), confirming
restricted dispersal abilitieand low recolonization capacitie$ C. rubrum

™ Ahighlevel of halfsib family structureas a result omultiple mating

™ A lack of marked differential reproductive success among adults colomigsno

temporal genetic differentiation among juveniles and adults

Overall, hese results highlight the importancé local processes in population biology of the

red coraland accordingly in the conservation of the species.
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9. APPENDICES

Appendix 1

DNA extraction protocol: salting out procedure, adjusted from Méakeal. (1988)

Appendix2

Height and diameter measurements, as well as spatial position (X,Zowllium rubrum

colonies within the study plot (Passe Palazzu, Corsica, France).

Appendix 3

Microsatellitegenotypesof Corallium rubruncolonies used for genetic analyses.
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Appendix 1

DNA extraction protocol: salting out procedure, adjusted from Méakeal. (1988)

For each colony/individual dissect around 10 polyps in a Petrindtbha clean scalpel
Incubation few minutes at 55°C to dry the remaining alcohol

Add3ii ...> }( dE ™~ pu(( &

Addli ...> }( % E}S Mhg/mL)< vortex + centrifuge

Incubation at 55°C for 4 to 5 hours

Put the digestion product in a new tube (without amgymaining tissue)

Add84 ...> }( E 0 ~0De ~ PE]VP §Z]s *3 % $Z % E}3 Jve Aloo
Centrifugation for 15 min at 10000 g or 10,0 rcf or 12,2 rpm

© © N o a0 B~ w DdPRE

Put the supernatant in a new tube

10.Add39i1 ...> }( -2p&C) absolute alcohol (ethanol 100%)

11.Add39 .L of Sodium Acetate (3M, pH=7)

12. Centrifugation for 15 min at 13000 g or 13,0 rcf or 13,9 rpm (DNA precipitation)
13.Remove the alcohol by pipetting

14.Add390 ...> }( }o 619 S§Z v}o

15. Centrifugation for 15 min at 13000 g

16.Remove the alcohol

17.Let the tubes dry ovemight

18.1f needed, incubation for few minutes at 55°C to remove the remaining alcohol
19.Add50-iii ... >MiI{-Q sterilized KD
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Appendix 2

Height and diameter measurements, as well as spatial position (X,owlium rubrum

colonies within the study plot (Passe Palazzu, Corsica, Framigjduals marked in blue were

assigned to juveniles.

Spatial position (m)
IND Height (mm) | Diameter (mm) X y
PPL1 54.44123764 | 10.0266867 -2.17 -0.751
PPL2 28.702 4.236617914 -1.994 -0.798
PPL3 43.50436753 | O -1.797 -0.782
PPL4 26.688 0 -2.048 -0.666
PPL5 49.28996621 | 10.99048418 -1.986 -0.693
PPL6 21.29675022 | 0 -1.928 -0.71
PPL7 47.78039796 | O -2.013 -0.575
PPL8 38.39308455 | 0 -1.863 -0.648
PPL9 39.72240659 | 5.69344485 -1.813 -0.669
PPL10 | 44.26457115 | 6.546944997 -1.702 -0.667
PPL11 | 25.6000244 | 3.163 -1.715 -0.626
PPL14 | 20.92605278 | O -1.615 -0.731
PPL15 | 25.18980164 | O -1.568 -0.69
PPL16 | 35.79224063 | 5.989918103 -1.604 -0.638
PPL17 | 46.85692382 | 0 -1.557 -0.62
PPL18 | 43.34629253 | O -1.596 -0.562
PPL19 | 32.76444623 | 0 -1.501 -0.707
PPL20 | 72.50284177 | 17.70372202 -1.472 -0.608
PPL21 | 28.178 3.388 -1.4 -0.594
PPL22 | 28.954 3.894 -1.384 -0.592
PPL23 | 29.379 0 -1.458 -0.56
PPL24 | 36.821 8.406 -1.349 -0.657
PPL25 42.01111371| 9.431 -1.328 -0.759
PPL26 | 63.606 14.807 -1.264 -0.62
PPL27 57.218 0 -1.182 -0.65
PPL28 - - -1.095 -0.711
PPL29 | 56.085 0 -1.157 -0.482
PPL30 | 40.689 7.533 -1.118 -0.513
PPL31 | 34.01199316 | O -1.152 -0.638
PPL34 77.51540793 | 8.876 -1.023 -0.582
PPL35 | 82.459 0 -0.981 -0.461
PPL36 55.78454417 | O -0.916 -0.514
PPL37 - - -0.869 -0.688
PPL38 - - -0.805 -0.662
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Spatial position (m)

IND Height (mm) | Diameter (mm) X y

PPL39 | 56.01031974| 0 -0.96 -0.382
PPL40 | 55.521 8.069 -0.875 -0.445
PPL4A1 | 77.734 0 -0.789 -0.367
PPL42 | 54.497 0 -0.797 -0.448
PPL43 | 85.252 0 -0.728 -0.485
PPL44 | 46.287 0 -0.704 -0.43
PPL45 | 41.679 7.772 -0.655 -0.493
PPL46 | 46.00183995| 0 -0.661 -0.439
PPL47 | 73.90865222| 0 -0.626 -0.433
PPL48 | 64.21052262| O -0.586 -0.373
PPL49 - - -0.394 -0.537
PPL50 | 44.534 0 -0.365 -0.371
PPL51 | 41.243 0 -0.39 -0.347
PPL52 | 93.947 0 -0.28 -0.264
PPL53 | 5.3893978 | 3.415289332 -0.265 -0.423
PPL54 | 23.841 4.094 -0.202 -0.159
PPL55 | 47.752 0 -0.188 -0.168
PPL57 -0.12 -0.361
PPL58 | 48.833 7.06 0.013 -0.305
PPL59 | 29.594 4.83 -0.059 -0.297
PPL60 | 74.481 0 -0.015 -0.164
PPL61 | 75.886 0 0.057 -0.299
PPL62 | 75.98891191| 0 0.12 -0.282
PPL64 | 55.62296657| O 0.228 -0.143
PPL65 | 21.86417167| 3.087168105 0.132 -0.111
PPL66 | 37.49236508| 4.452117719 0.231 -0.085
PPL67 | 12.949 0 0.357 -0.193
PPL68 | 10.15207634| 5.496989354 0.388 -0.214
PPL69 | 65.457 0 0.54 -0.128
PPL70 | 28.11965364| 0 0.549 -0.006
PPL71 | 57.8307297 | O 0.67 -0.163
PPL72 | 82.504 0 0.658 -0.074
PPL73 | 21.53355469| 0 0.714 -0.051
PPL74 | 35.977 0 0.746 -0.17
PPL75 | 99.75461559| 0 0.871 -0.151
PPL76 | 86.599 0 0.922 -0.099
PPL77 | 16.9802868 | O 0.931 -0.025
PPL78 | 44.42878984| 0 0.993 -0.064
PPL79 | 79.15720118| O 1.045 -0.103
PPL80 | 55.78960307| 0 1.057 -0.059
PPL81 | 25.398 4.478 1.062 0.026
PPL82 | 30.72349367| O 1.088 0.025
PPL83 | 82.981 0 1.219 -0.098
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Spatial position (m)

IND Height (mm)| Diameter (mm) X y
PPL84 1.292 -0.278
PPL85 | 67.177 0 1.348 -0.131
PPL86 | 89.596 0 1.786 -0.184
PPL87 | 80.005 0 1.77 -0.089
PPL88 | 93.878 0 1.888 -0.025
PPL89 | 74.617 15.621 2.023 -0.071
PPL90 | 46.71050389 0 2.054 0.026
PPL91 | 78.834 17.443 2.104 -0.061
PPL92 - - 2.13 -0.153
PPL93 | 69.098 0 2.163 -0.032
PPL94 | 35.403 0 2.244 0.036
PPL95 | 65.276 7.304 2.311 -0.023
PPL96 | 78.22252181 0 2.324 -0.151
PPL97 | 45.74260601| 7.032571271 2.383 -0.101
PPL98 | 15.66454171 0 2.462 -0.019
PPL99 | 35.714 0 2.36 0.055
PPL100 | 56.398 0 2.469 0.039
PPL101 | 30.43183622 0 2.367 0.108
PPL104 | 94.22620116 0 2.67 -0.08
PPL106 | 54.769 0 2.522 0.136
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Appendix 3

Microsatellitegenotypesof Corallium rubruntoloniesused for genetic analgs.

IND
PPL1
PPL2
PPL3
PPL4
PPL5
PPL6
PPL7
PPL8
PPL9
PPL10
PPL11
PPL14
PPL15
PPL16
PPL17
PPL18
PPL19
PPL20
PPL21
PPL22
PPL23
PPL24
PPL25
PPL26
PPL27
PPL28
PPL29
PPL30
PPL31

Micl13
133
133
137
133
133
133
137
133
133
135
133
137
133
133
133
131
133
133
131
133
133
133
131
133
133
133
133
137
135

137
133
137
133
135
133
137
133
133
135
137
137
133
133
137
137
133
133
133
137
133
133
133
133
133
133
135
137
135

Mic20
200 200
200 200
200 200
200 200
200 200
200 282
200 200
200 200
200 200
204 204
200 200
284 284
200 200
200 262
200 200
200 200
200 200
200 262
206 284
202 262
200 200
262 262
200 200
200 262
200 200
200 200
200 262
200 200
200 200

Mic22
168 174
168 172
168 168
168 168
172 172
168 168
168 172
172 182
172 172
000 000
168 172
172 172
168 172
168 168
172 172
172 172
000 000
168 170
168 168
168 168
168 172
168 168
172 172
168 168
172 172
172 172
162 168
168 168
168 172

Mic23
095 103
105 105
103 105
103 103
095 105
095 101
095 103
095 095
103 105
000 000
095 101
121 123
115 125
095 103
103 107
103 107
095 097
105 123
095 095
095 103
105 121
105 105
101 101
103 103
103 103
101 105
101 103
095 095
103 123

Mic24
147 229
183 227
147 183
207 219
219 221
177 181
175 179
151 203
147 181
000 000
207 229
173 177
181 233
147 207
221 225
147 219
173 173
147 147
173 183
207 225
201 207
177 185
207 207
183 185
169 219
207 207
201 225
147 177
173 229

Mic25
000 000
147 147
147 147
159 159
131 187
155 159
161 161
139 139
000 000
000 000
155 155
131 131
155 155
155 155
147 155
131 147
000 000
147 159
131 147
147 147
159 159
147 159
131 159
139 139
000 000
131 131
147 147
155 155
147 155

Mic26
158
160
166
158
176
160
158
158
156
160
166
158
158
158
172
158
176
160
158
166
158
158
158
166
182
158
158
180
160

188
182
186
182
182
164
188
160
192
160
188
180
188
188
184
160
186
180
166
166
182
160
160
166
184
180
184
180
166

Mic27
451 459
000 000
000 000
000 000
181 181
181 181
183 183
181 181
181 181
000 000
173 173
177 181
000 000
183 183
193 193
197 197
377 385
181 181
000 000
000 000
181 447
173 177
183 183
171 185
000 000
000 000
000 000
181 197
185 185

CORA46
175 207
000 000
000 000
213 213
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
201 201
213 215
195 213
195 209
201 213
195 195
175 201
000 000
000 000
175 213
195 209
209 211
207 209
175 175
000 000
175 209
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IND
PPL34
PPL35
PPL36
PPL37
PPL38
PPL39
PPL40
PPLA1
PPL42
PPL43
PPL44
PPL45
PPL46
PPL47
PPL48
PPL49
PPL50
PPL51
PPL52
PPL53
PPL54
PPL55
PPL57
PPL58
PPL59
PPL60
PPL61
PPL62
PPL64
PPL65
PPL66
PPL67
PPL68
PPL69

Micl13
133
133
133
133
133
133
133
133
133
133
133
133
135
133
131
133
131
137
131
133
131
131
133
133
133
133
133
133
133
133
133
133
133
133

133
135
133
133
133
133
133
133
133
137
133
133
135
137
133
133
133
137
131
133
133
133
135
137
135
133
133
133
137
133
133
133
133
133

Mic20
200 200
200 262
200 200
200 262
200 200
200 262
200 202
200 200
200 262
200 262
200 200
202 262
200 200
200 202
200 262
200 200
200 200
200 200
200 202
200 200
200 200
200 200
200 200
200 200
200 200
200 202
200 200
200 200
200 262
200 200
200 200
200 200
200 200
200 200

172
162
168
172
172
172
168
168
168
172
168
168
172
168
172
168
168
168
168
172
168
168
172
168
168
168
168
168
168
172
168
168
168
172

Mic22

172
168
168
174
182
172
172
172
172
182
168
168
172
172
172
172
172
168
172
172
172
172
172
168
172
168
172
172
168
172
172
172
172
182

Mic23
103
101
095
095
095
095
101
103
095
101
095
101
095
095
095
095
101
103
103
101
105
105
095
105
095
103
103
103
103
103
095
095
101
103

105
103
103
105
101
103
103
105
103
105
121
103
101
103
105
105
103
107
107
103
123
123
101
107
103
105
105
105
107
107
101
105
105
103

Mic24
181 207
201 225
147 177
177 183
173 219
219 225
177 219
177 219
177 207
219 227
219 221
181 185
173 177
177 219
147 147
173 177
227 229
183 201
169 219
181 231
173 177
173 177
147 169
181 201
169 207
173 221
177 183
177 183
221 221
183 233
147 183
177 181
225 227
221 231

Mic25
131 131
147 147
155 155
147 155
147 147
155 159
155 159
147 147
147 155
159 159
147 147
135 165
000 000
155 155
147 159
147 147
131 147
155 155
147 159
159 159
131 159
131 159
155 155
159 159
147 155
131 155
131 155
131 155
147 147
147 147
147 147
147 147
147 147
159 159

Mic26
158
158
166
182
184
178
166
160
158
180
184
158
176
164
160
164
180
164
160
164
160
160
180
166
164
160
182
182
164
180
160
158
174
158

180
184
184
184
186
186
182
160
180
186
184
174
184
182
184
166
184
180
186
182
180
180
184
166
180
166
184
184
178
182
166
178
180
164

Mic27
377 389
405 405
451 451
435 435
181 181
183 183
187 189
191 191
173 183
389 389
000 000
000 000
181 181
000 000
000 000
191 451
000 000
179 385
173 183
381 405
181 181
181 181
177 181
185 185
177 177
183 183
000 000
000 000
175 175
173 179
000 000
000 000
389 393
181 181

CORA46
209 213
175 201
175 209
195 195
207 207
195 195
175 195
195 209
195 201
195 207
175 201
195 207
195 209
215 219
177 195
201 215
175 195
195 213
177 215
195 213
175 195
175 195
195 207
195 195
195 195
175 209
195 195
000 000
195 195
195 207
195 215
195 209
175 195
177 207
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IND
PPL70
PPL71
PPL72
PPL73
PPL74
PPL75
PPL76
PPL77
PPL78
PPL79
PPL80
PPL81
PPL82
PPL83
PPL84
PPL85
PPL86
PPL87
PPL88
PPL89
PPL90
PPLO1
PPL92
PPL93
PPL94
PPL95
PPL96
PPL97
PPL98
PPL99
PPL100
PPL101
PPL104
PPL106

Micl13
135
133
137
133
133
133
133
135
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133

135
133
137
133
133
135
133
135
135
133
133
133
133
133
135
133
133
133
133
133
137
133
133
133
133
133
137
133
133
133
133
133
133
133

Mic20
200 200
200 200
200 200
200 200
200 202
200 202
200 200
200 200
200 200
200 200
200 200
200 200
200 206
200 200
200 200
200 200
200 200
200 200
200 200
200 200
200 200
200 284
200 200
200 200
200 200
200 200
200 284
200 200
200 200
200 200
200 200
200 200
200 200
200 200

172
168
172
168
172
168
172
172
172
168
168
172
172
168
168
168
168
172
168
168
172
168
168
168
168
168
168
168
172
172
172
168
168
168

Mic22

172
172
172
172
172
172
172
172
172
168
168
172
174
172
172
172
172
172
168
168
172
172
168
172
172
172
172
168
172
172
172
168
168
174

Mic23
095
095
103
101
095
103
101
095
103
103
103
101
105
095
095
103
095
095
107
101
123
101
101
103
101
103
095
095
095
101
103
101
101
095

105
105
103
103
103
103
103
103
105
107
107
105
107
103
105
105
101
105
123
105
123
123
103
105
107
107
101
105
103
105
107
103
103
101

Mic24
177 221
183 225
177 181
147 173
147 221
173 227
173 233
183 221
147 221
177 181
177 181
177 207
181 181
183 219
221 221
173 219
173 179
181 185
169 173
181 225
177 225
227 229
147 201
173 221
173 201
169 173
169 225
181 233
177 181
169 233
181 219
173 181
169 173
183 225

Mic25
147 147
131 147
155 159
131 131
131 131
147 155
000 000
131 155
147 155
155 155
155 155
147 147
155 155
147 147
147 147
131 147
131 131
131 155
131 131
000 000
131 131
167 167
131 147
147 147
131 147
131 131
155 167
147 167
131 173
147 155
147 147
131 131
000 000
147 167

Mic26
160
180
158
166
158
160
158
176
160
158
158
158
160
166
156
166
160
166
166
156
158
158
156
180
156
180
160
160
164
160
166
156
166
174

172
182
174
184
178
174
180
184
166
166
166
166
180
166
184
166
160
166
184
166
166
166
158
186
158
184
186
180
186
184
182
158
182
182

Mic27
181 181
451 451
181 451
181 181
000 000
181 181
181 181
177 177
181 181
181 181
181 181
451 455
175 175
179 179
165 177
181 181
000 000
000 000
000 000
181 181
185 185
000 000
173 193
181 181
197 197
000 000
000 000
157 181
177 183
181 451
000 000
181 183
181 197
177 177

CORA46
195 195
175 195
195 195
195 213
215 215
207 215
209 213
195 195
201 201
195 215
195 215
000 000
175 195
000 000
000 000
195 195
000 000
195 221
205 213
000 000
195 195
000 000
195 207
000 000
201 201
195 209
195 201
195 213
000 000
175 195
195 195
201 213
175 195
195 213
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