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Abstract

Foundation species such as redwoods, seagrasses and corals are ofiesda@amgl
clonal. Genets may consist of hundreds of members (ramets) and originated hundreds t
thousands of years ago. As climate change and other stressors exert selectionqorepaaies
the demography of populatisthangeYet, because size does not indicateiaggonal
organismg, demographic models are missing data necessary to predict the resitiearog of
foundation species. Here, we correlate somatic mutations wittt gge of coraland provide
the first, preliminary estimates of genet age in a colonial aniv@lobserved somatic mutations
at 5 microsatellite loci in range wide sampbéshe endangered cor&{¢ropora palmata
(n=3352)."Colanies harbored 342 unique mutations in 147 genets. Genet age ranged from 30-838
years old y/e)rassuming a mutation rate of 1.18%ocus* year' based on colony growth rates
and 236-6500 y/o assuming a mutation rate of 1°5#us’ year* based on sea level changes
to habitat availability. Longived A. palmata genets imply a large capacity to tolerate past
environmental change and yetent mass mortality eventsAnpalmata suggest that capacity is

now being frequentlgxceeded
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I ntroduction

The population dynamics of a species degarmhrton the longevity of each individual.
However, in colonial organisms such as corals neitinelividual” nor “age’ are easy to define,
making longeuvity the least accessible demographic traitudyfor these organism£oral
colonies consist of genetically identical polyps that each fulfill the functi@m afdividual
(reproduction;‘growth, defense), yet it is the collection of polyps in a colony praseat the
ecologically'significantnit (Santelices 1999)Hence, studies of coral population dynamics
often track the fate of colonies rather than that of individual polyps. The verg mwdtilne
clonality ofscorals allowcolonies to survive partial mortaliffHughes & Jackson 1980),
propagate ‘asexually through fragmentation (Highsmith 1982), and partake in clonal fiskion a
fusion (Hughes & Jackson 1980). The resiihdependent colonies (ramets)t connected by
live tissuethat share the same genotype (clonemates of the same genet). Coral species where
clonemates _constitute a significant proportion of local populations are fountkastnine coral
genera (Supplementary Table 1). Ramets are produced throughout the lifetime oktrenge
hence they:can be of different chronological age and size although their genetie.daje {ime
since meiesis and zygote formation) remains the same. Taken together these processes have the
net effect.of'decoupling size oframetfrom its age(Hughes & Jackson 1980).

In non-colonial multicellular organisms, size is often a good proxy of genet &ige un
adult size'is attained. After adult size is reached, age determination becomes more challenging
but the incorporation of emanmental signals into tissues (Prosetyl. 2011), the shortening of
telomeres with‘increasing numbers of cell divisions (Baetedit 2013) decreasing reproductive
output, and phenotypic changes (Caspari & Lee 2684 e quantified as indicators of age in a
wide range of multicellular organismdany of these approachase not useful in plants and
colonial invertebratefRadiocarbon or teries datingRadtkeet al. 2003)is an alternative to
using size or.phenotypic changes as a proxy for genetic age, however this requires the
identificationr@and continued existence of the oldest portion of a genet because, as such,
environmental signals reflecdmet age, not genet affegginset al. 2005). This may be
possible in some clonal plant species in which ramet attachment persists and the center, typically
the oldest portion of a genet, can be identified (Vasek 1880)perhaps for coral species not
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prone to fragmentation (Table Suypplementary Table)1Furthermorereproduction is tied to

colony size so recently fragmented ramets belonging to previously fecund colonies might not
produce gametes themsel{@kuboet al. 2007) and phenotypic changes are not obvious
becausagenetically old but small coral colony is not visually distinguishable from a genetically
young and small colony.

A possible method for determining genet age is to use mutation accumulation tit soma
tissuedo estimate longevityDespite their asexual origin, clonemates are not always exactly
genetically‘identical. The concept is based the ‘somatic mutation theory of clonality”
(Klekowski T997)which reasons that continuous division of mitotic cells in a clonal organism
will lead to the accoulation of somatic mutations over time. Somatic mutations convert a
genetically"hemogenous individual into a mosaic with divergent cell lineages ¢msasaiDue
to the stochastic nature of somatic mutations, the incidence of genetic mosaicism would be
expected to increase with increasing longevity of the organism and also with a higia¢emce
of asexual reproduction; gain in ramet number or size increases the total wfichveling cells
available for'mutatiofOrive 2001) Thus, t should be possible to relate the accumulation of
somatic:mutations to genet age.

Utilizing genetic divergence generated by somatic mutations is a novel approach for
calculating lifespans in clonal organisiieinze & Fussi 2008). The use of neutral
microsatellites is ideal for divergence estimates due to their high mutation rates that range from
102 to 10° per sexual generation (Shimoetal. 1999; Ellegren 2000; Peeeyal. 2012).

Genetic divergence in microsatellite loci has besed to model clonal agetine aspen tree
Populus tremuleides (Ally et al. 2008)and the water fleBaphnia magna (Robinsonret al.
2012).

Limitations of life span estimates based on genetic divergence include the necessity of
clonality, the low frequency or absence of mutations in some sgeaieser & Connor 2001,
Cloutieret al. 2002)and difficulties in measuring mutational rates that are often variable among
loci (Chakrabortyet al. 1997; Schugt al. 1998).It can also be challgmg to distinguish
somatic mutations from allelic variatighleinze & Fussi 2008) if the species under

consideration is inbred.
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113 Furthermore, the rate of somatic mutational divergence not only differs betweesspe
114  (Klekowski & Godfrey 1989), butalsoamong individual§HaagLiautardet al. 2007; Conrackt

115  al. 2011)with intraspecies variation partly due to varying exposure to environmental (skeess
116  Witte & Stécklin 2010) Genetic homogeneity can be restored from a mosate through

117  sexual reproduction, but also through parallel back mutations or lineageose(tekowski &

118  Kazarinova-Fukshansky 1984hich would lead to underestimates of mutational load and thus
119  clonal age. Despite the limitations, genetic divergence estimates are the most promising
120  techniqueso estimate genet age in colonial marine invertebrates.

121 To demonstrate the potentialuging somact divergence estimates to estimate genet
122  longevity,'\we used genetic divergence in 5 microsatellite loci to calculate tloé @geenets of
123  the elkhormreoralAcropora palmata. A. palmata is an ideal species for determining genet age
124  based onsematic mattonsbecausehis species relies heavily on fragmentation for local

125  population maintenandgélighsmith 1982; Baumet al. 2006a; Williams & Miller 2012and

126  some genets have > 30 memb@aumset al. 2014). The process of fragmentation and re-

127  growth ofcolonies from fragments has been documented photographically via quarterg surve
128  over theypast-decade or (@upplemental Figure 1, Williams & Miller 201ahd fragments

129  match donor.eolony genotypes. Furtiere in a previous range-wide study of population

130  genetic structure iA. palmata we noticed the occasional occurrence of three alleles per locus in
131  this otherwise diploid speciéBaumset al. 200%). A. palmata is a sefincompatible

132  hermaphrodite (Szmant 1986a; Baughal. 2005a) and population genetic data show that the
133  species is genetically diverse and outhiigaumset al. 2005b).Here, we investigate whether

134  third allelesinsAupalmata arose from somatic mutations and then use somatic mutations to

135 estimatesgenet-age in this species

136 Methods

137  Study System
138 Acroporaipalmata is a fastgrowing, branching coral that once dominated coral reefs in
139 the Caribbean and Nortfvest Atlantic. Adult colonies release eggerm bundles once a year

140  after the August full moon during a synchronized mass-spawning €&zmtsint 1986b). Egg-
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sperm bundles float tine surface where they break apart. Successful fertilization requires the
union of egg and sperm from different genets A.gaalmata is a selfincompatible
hermaphroditédBaumset al. 2005a). Gametes develop into non-feeding planula larvae during a 3
day — 2 weekplanktonic period. Mature larvae sefochutable habitat and metamorphose into
primary polypsduring a process generally referred to as settleffémtl). Once the primary
palyp is_established, it will bucepeatedly, a type of asexual reproduction, and eventually form a
colony of genetically identical polyps. In some cases, two genetically distincrgrpolyps
(recently settled larvaepn fuse, resultig in colonies with mixtures of polyps of different
genotypegchimerisn, Barkiet al. 2002; Puill-Stephast al. 2009; Worket al. 2011). Signals
and resources are shared aerthe colony. There is also division of labor to a degree with some
polyps primarily engaged with defense, reproductiogrowth (Soong & Lang 1992Because
of this integration, the colony is usually considered as the ecologically significintVe refer
to an assemblage of genetically identical colonies that are descendants of a single zygote as a
“genet’(Harper, 1977; Hughes 1989; Carvalho 1994). Physiologically distinct colonies, formed
from fragmentation, that can function and survive on their own but belong to the samegenet a
termed ‘ramets(Kays & Harper 1974).

Samplesof A. palmata were collected from Florida and the Caribb€2®01 to 2012,
n=3352,Fig 2, Table 2)The time range of sample collection lendsaor rate of +/12 years
to the age.calculations. Previous population genetic evid&azenset al. 2005b) dividedA.
palmata samples into two largely isolated populations, the eastern CaribbeanitigdBahaire,
Curacao, St Vincent and the Grenadines, the US Virgin Islands) and the westbbe&nh
(including thesBthamagsBelize, Cubg Dominican Republic, Florida, Mexico, Mona,Navassa
andPanama=Samples from Puerto Rieeere assigned to the eastern Caribbean but show some
degree of.iadmixture between the east and the Westbset of the total dataset (n = 48m 14
reefs in the Bahamas, Bonaire, Curacao, Florida, Panama, the US Virgin Islands and Navassa)
were sampled.using a stratified, random sampling approach, as descilaeniniset al.
(2006a).:Most colonies within our collection were only sampled once, however 11 colomes fr
Florida were resampled in 2011 and 2@12-8 locations within the colony (Supplementalble
1).
Microsatellite scoring.
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All samples wergenotyped afive (166, 181, 182, 192, and 207) previously published,
polymorphic microsatellite loci with Mendelian inheritance as shown by expeafr@osses
(Baumset al. 2005b).All 5 microsatellite loci are AAT trinucleotide repealsvo 10 pl
multiplex"'PCRreactions (Mand Ml) were performed per sample.-Mconsisted of 0.2 pul
each of pfimer pairs 16BET (5 pM), 1926FAM (5 uM) and 18INED (5 uM), 1 ul 10x PCR
Reacton Buffer (Promega), 0.8 pl of MgCI2 (25 mM), 0.2 pl of dNTPs (10 mM)u0&E Tag
Polymerase (5 U ui, Storage Buffer B, Promega) and fl1H20. Ml consisted of 0.2 pl each
of primer pairs20RET (5 uM) and 18BFAM (5 uM), 1 ul Promega 10x PCR Reaction
Buffer, 1.2 p¥of MgClI2 (25 mM), 0.2 ul of dNTPs (10 mM), 0.2 ul of Ramjymerase (5 U gl
1) and 6 pl H20Q. DNA (100 to 200 ng, 1 ul) was added to each reaction. Thermal cycling was
carried outwithEppendorf Mastercyclers with an initial denaturatistep at 95°C for 5 min
followed by=35°cycles of 95°C for 20 s, 50°C for 20 s, 72°C for 30 s. A final extension of 30 min
at 72°C ensured that the majority of amplicons wergBiwnsteinet al. 1996). PCR products
were visualized.using an ABI 3730. An internal size standard (Gene Scaiz58@plied
Biosystems)was used for accurate sizing. Electropherograms were analyzed with GeneMapper
Software=5:0-(Applied Biosystems).

Unique-clonal IDs for a genetereassigned taoralsthat have exact matching
multilocus gentypes or have exact matching multilocus genotypkare all the same diploid
state ancestral alleleahdhave aradditional allelés). Theexceptiosto this rule werel% of
mutationsthat wereeither afull mutation(e.g.ancestral state 166/11® 166/178, or aloss of
heterozygosity (e.g. to 166/16Bable3), butatthe other 4oci all alleleswere shared with other
members ofithe genétee Supplementary Tallfor an example genet).

ltocithads=an average of 19.6 alleles (StDev + 2.3). This level of polymorphism teaihslat
into a high power of distinguishing closely related (i.e. inbred) multilocus genotypeG$M
from those that were the product of asexual reproduction (i.e. clonenvae®) theprobability
of identity = 10°(Baumset al. 2005b) (See Supplementary Figure 2). When considering only
genotypes with 2 alleles per locus (n=2643, i.e. those without somatic mutations)régea
probability of encountering a genotype more than once by clipseg) wa®.23°" (MLGsim
2.0, http://www.rug.nl/research/gelifes/tres/software), indicating that identical genotypes were
the result of asexual reproducti@dnceasexually produced, identidslLGs are removed from
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the datasetjo heterozygote deficits are detec{ed. all loci adhere to HardWweinberg
expectationgBaumset al. 2005a))ard thusA. palmata shows no sign of inbreedir{blalkettet
al. 2005).

Mutation Step"Analysis

Forall-genets with at least two ramets each novel mutation was reported (referred to as a
unigue mutationUM). A total of 342 unique mutations were found in 147 genets with 1387
ramety(Table 2 Fig 3) In order to discriminate between a mutated allele and a PCR error, a
singleplex PCR was performed for ailique mutatios. Following a stepvise mutation model
(Kimura & Ohta 1978}jhe smallest possible mutational step that could havéiedso the new
allele was used to determine which of the two ancestral alleles mutated and the size of the
mutation step (in repeat units). Mutations were excluded if there were no other samples within
the genet that=were bilelic at that locus making impossible to determine the mutation step.
However, semetimes a genet had only two ramets and both ramets had different muttitens a
same locus. In‘that case the ancestral allele state was determined to consist of the two alleles
found in both ramets (Table 2). The mutatiosi@p analysis contained a reduced sample size of
n=1387 (Table 3).

Clustering analysis

Todetermine whetheéhe samples with three alleles could be attribtwezsbmatic
mutations orehimerism, we appli a Bayesian clusteriragalysis using the program
STRUCTUREZ.3.4(Pritchardet al. 2000)to all genets with at least 5 rametgefas= 90, Table 2).
We forced @diploid state byepladng the ancestral allele with thé*allele mutationThere was
no missing genotype data. We assumed that ramets should only diverge feorodsizal
genotype in one or twioci or alleles if somaticnutations were the cause, following previous
studieq(Puill-Stepharet al. 2009; Maieret al. 2011) Alternatively,colonieswere defined as
chimera if genotypes differed byore than 60% in their majatuster assignment probability
from othermembers of their genet as defined by Schweinsbarg2015). SRUCTURE2.3.4
(Pritchardet al. 2000)was runwith a burnin period of 100,000 and 1,0@0@0 MCMC repeats
with 3 iterations per Kwithout aprior (Fig 4). Because of their large numbé&torida genets

were run in two separate groups each containing 22 genet¥&wéth The eastern Caribbean
This article is protected by copyright. All rights reserved



230 sampleq23 genetsk=23) and all othewestern Caribbean sampl&3 genets, K=28were run
231 in two additional groupsRResults of the three ruper groupwvere merged witiCLUMPAK
232 (Kopelmanet al. 2015).

233  Clonal Richmessyys. Mosaicism

234 We evaluated whether somatic mutations were found more often on reefs where little
235 sexualrecruitment was evident (and thus were presumably inhabited by older individuals) by
236 tallying all mutations in all samples and comparing the number of mutationsedietéth the

237 number of.genets preseitihis wasexpressed as clonal richness. We did démiglysis on two

238 datasets. We compared the proportion of nwsaic samples to clonal richness on reefs with
239  >10 samples, with no limitations placed on the genet size (Table 2). Therefore, clonal and non-
240 clonal samples were included in this analysis @llegenotype samples n=3352, TabjeThen,

241  we only compared reefs that were sampled with similar sampling.€feet Table 1 iBaumset
242  al. (2006a)Fhexclonal richness R calculated as the number of genets G relatithemumber
243  of analyzed ramets N with theoalification byDorken and Eckert (2001):

R G-l
T N-—-1

244

245 A monoclonal stand has a clonal richness of R=0 whereas the maximum clonal richness

246  of R=1is reached when all samples from a reef are of a different MLG. We chose clonal richness
247  as an indicator for clonal diversity because otheasares assume a constant ploidy level (most

248  often diplaidy e.g. G'Ge) and were not designed for samples with somatic mutations.

249  Estimates @f Genet Age using Genetic Divergence
250 The methods focalculation clonal age utilizingenetic divergence are describedAtly
251 et al. 2008)=Inbrief, thee are twastatistics, mx and &, thatdescribe genetic divergence within

252  a clone(Slatkin®1996) We calculated the average number of pairwise differences per locus for

253  the kth clohe: m,= % Dl X AP

254  where n is the number of sampled rameiss she number of genetic differences between ramet
255 iand javeraged across loci, an@ is the total number of pairwise differendédly et al.
256  2008) We chose mx to measure the level of genetic divergence because it has been shown to be
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more robust to deviations from a stée phylogeny than S(the observed proportion of
polymorphic loci)(Ally et al. 2008).Two demographic modslwere contrasteadne of constant
ramet population size (as in the classic Wrgigher model), while the second demographic

model is"ane of population growthhe ramet population growth model was determined by
plotting both mx ¥s.Sk/ Z{‘;f(%) , which should exhibit a 1:1 slope if a population has been

constantin'size;and nx vs. 2Sk/n in which a 1:1 slope would be predicted for a clonal growth
model. The'fit'of the models was determined by regression analysis obtained iplSidiiaa.
Further restrictionsto the sample setjere applied for clonal age estimates, with ramet
size of 5 zesulting in n=90 genets used in this analysis (Table 2) While most colonies were
sampled onceywe captured the allelic variation withinretiey restricting age calculations to
those genets with at least 5 ramets. We still may have missed some somatic mutations at these
loci leading to an underestimation of the minimum genetldgee that ametdacking mutations
but belonging to a gen#tat had other ramets with mutais (ramet number 5 or greategre
included (Fable'2). If the genet had at least 5 ramets but no ramets had mutations the
microsatellite:divergencand therefore age could not be calculated.
There are currently no direestimates for microsatellite mutation rateg\ipal mata.
We assumedhe same mutation rate fall samples, but wevereuncertain about that rate.
Hence, we used range by settingrmaximum and a minimum. The upper bound for the
mutation rate (relatively fast mutation ratejplies that a shorter amount of time has passed to
accumulatesthe observed variation relative to the lower bound of the estiehatiggly slow
mutation rate)Genet P1028 from Elbow reef in Florida had the smallest microsatellite
divergence rate. This genet had 55 ramets, among which the largest single colony was 270 x 170
x 70 cm (L X W x H). Théoranch extension rate was measured directly on three ramets of this
genet (P1028) during Jan-July 2006. A small beaded cable tie was deployed on each of three
branches of each ramet as a benchmark. The length of the branch tip from this benclsmark wa
measured._ingsitu over this simonth period, averaged over branches and ramets, and converted
to an annualized rate bitearbranch extension equal to 4.441 (+ 2.64 cm Stde/year. The
annual increment in colony diameter was assumed to be twice the branch extensg&882ate

cm/year.The maximum measured diameter of a ramet of this genet was 270 cm then the colony
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must have been growing for at least 30.4 years. This results in a maximunomette of
1.195% per locus per year.

We turned to the geological record to establish a minimum mutation rate. @s4rdat
cores takenat'Looe Key Florida put the staiip of A. palmata reef growth at the base of
preseriday shallow spur & reef zone at around 6,500 {igz et al. 1985. Our clone with the
highest x value Is fromLooe Key inFlorida(Supplemental Table 2), thus assumed to be the
oldest, and.the minimum mutation rate can be calculated by setting this clonexathamage
of 6,500 yearsThis results in a minimum mutation rate of 1°5@ér locus per yeafhis is
likely a maximalestimate because reef growth may not have been continuous at Looe Key.

Results

Identification@fgmutation type (somatic vs. chimera)

There.were three samples in two genets (2 samples in genet P2445 from Looe Key,
Florida and 1 sample in genet P2151 friglmlasses Reef, Florida) out of 90 genets with at least
5 ramets (comprising 1294 samples), that differed by more than 60% in their major cluster
assignmentfrom other ramets of the genet ([rig Hlerefore, the majority of samples (98%)
showingsthree alles were determined to be the result of somatic mutations rather than
chimerism (Fig4).

Somatic Mutations

Genets with at least two rametere included in the mutational step analySisthe
3352 samples genotyped, 1387 ramets of 147 geagsdied this requirementross the
Caribbean and*Florida. We found 342 unique mutational changes across the 5 micrdeatellite
(Table 3)."Of the 342 somatic mutations, 305 involved asteygincrease (150) or decrease
(155), with an additional 14 one-step mutations in which direction could not be determined due
to the mutatedsallele size being equidistant from each parental &dieézdmple 163/169
parental'genotype with mutated allele 166). This results in 93% of the mutations Hesng ei
onestep increase or decredsether supporting the explanation of somatic mutation for the 3
alleles The remaining 22 mutations were the result of either rstépp changes or, in one case,

involved the loss of heterozygosity.
This article is protected by copyright. All rights reserved



315 An important factor contrilting to a microsatellite mutation rate is the repeat length; the
316  more repeat units, the greater the opportunity for replication slippage. Thedivséd here had
317  repeat lengths from 10 to 28 trinucleotide repégitg 3A). As expected, with increasimgpeat

318 length the Aumber of unique mutatiastsserved at a locus increased linearly (slope =6.465 +/
319  0.473 SE/E3=186.633, p<0.001, adjusted (adj3=R.979,Fig 3A). [This result has also been

320 confirmed in experiments with trinucleotides in humans where the mutaticior&®-31 repeat
321 lengths was more than 4 times that seen for 20-22 repeat lengths é&hhari®94).] When

322  considering allloci together, and designating allele 1 as the smaller al&iandividual and

323 allele 2 as the'larger, there are more mutations found in allele 2 (213) than allele 1 (8B) (Fig
324  excludingthe 14 mutations in which the mutated allele could not be determined, 1 dmsutati
325 homozygotesyand the 1 mutation determined to be a loss of heterozygosity).

326 Mostreolonies within our collection were only sampled once, however 11 colonies from
327  Florida were resampled in 2011 and 2@12-8locations within the colon{these samples were
328 notincluded in any other analysis, Supplementary TablEh&re werdive colonies from Sand
329 Island and Molasses reefs in Florida thatl no mutations when initially sampled from 2005-
330 2009 and-wre=analysis in 2011 and 2014 also showed no mut@tierage n=4.6 samples per

331  colony). One.colony from Sand Island had multiple alleles at locus 166 of 149/173/176 bp in
332 2007. The same three alleles were found in the additional sampling throughout the colony (n=4)
333 in 2011.In.two colonies, multiple alleles were not recovered when resampled (n=8). In three
334  colonies intracolonial variation was observed: in one case a mutation was found inlfothlg ha
335 samples from one colony. In the other two colepngenew mutation was recovered in some

336 samples, withsthe original mutation(s) varying throughout replicate samples (Sepfdeyn

337 Table2sSupplementary Fig 4). Thus, sampling a colony once may cause an underestimation of

338 mutational load due to intracoliahvariation in some colonies (Supplementary Tale

339 Clonal Richnessfvs. Mosaicism

340 Clenal richness ranged from O to 1 and is directly proportional to the number of sexual
341  recruits The preportion of non-mosaic genotypes (i.e. those with ordylddie loci) increased

342  with increasing genotypic diversity of tihe palmata stand (Fig. B) considering a total sample
343  size ¢ 3352 from 13 regions. However, we were concerned that this result may be due to a
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greater power of detection in genets with more ramets. Therefore, we limitenbdygisato
colonies that were sampled on three spatial scales (5, 10, andatlt)rasing a random
sampling procedur@Baumset al. 2006a) to detect both common and rare genets, resulting in
486 total'samples from 7 regions. Again the proportion ofmosaic genotypes increased with
increasing genotypic diversity when only considering reefs sampledgwwitlar samplingeffort
(Fig. 5B). Thereforemosaicism appears to be more common on reefs dominated by asexual
reproduction than those dominated by sexual recruitment.

A previous study showed that genotypic richness was greater and more homogeneous
(mean Ng/N=0.64+ 0.17) in the easted§(Virgin Islands, & Vincent and the Grenadines,
Bonaire, and Curacao) than the western province (Florida, Bahamas, Panamaxianyl Wik
the exclusionof NavasgBaumset al. 2006b). When comparing the proportion of noasaic
genotypesperreef between western (also including Belize, the DomiregaibliR, Mona, and
Navassa) and easterapulations, the east had significantly more meosaic genets than the
west (ManAWhitney U-Test, eash=38, west n=48, p<0.001).

Growth Models
The regressionf my vs. Sk/ Yt G) (Fig 6A) for the westerpopulation had slope of
1.027 +-0:1087 SH16=98.088, p<0.0001, adj.’R0.594) and was not significanitfferent

from the value expected.:1 relationship oftx vs. Sk/ Y1 G) ) if genet size were
approximatelysconstant over time with continuous ramet turn@®COVA, p=0.468).
Whereasthe. regression afy vs 2&/n (Fig 6B) for the western population had a slope of 1.194
+/- 0.222 SE (F65=29.059, p<0.0001, adj.?R0.295) and was significantly different from the
value expectedl:1 relationship oftk vs 2&/n) if the genet had been spatially expanding
continuously since larval settlement (ANCOVA, p<0.0001)

The regression afy vs 2S/n (Fig 6C) for the eastern population had a slope of 1.069 +/-

0.109 SE (£14=95.471, p<0.0001, adj.’R0.863)and was significantly differeritom the value
expected 11 relationship ofix vs. Sk/ Yt G) ) (Fig 6D) if genet size were approximately
constant over time with continuous ramet turndfpNCOVA, p<0.01). The regression of Vvs.
Sk/ 2{1;11(%) for the eastern population had a slope of 0.818 +/- 0.111 SE=g4.372,
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372  p<0.0001, adj. B0.781)and was not significantly different from the value expe¢tetl
373 relationship oftk vs 2S/n) if the genet had been spatially expanding continuously since larval
374  settlement (ANCOVA, p=0.17).

375  Microsatel |[it€"®iver gence Estimate of Age

376 Estimated-age calculations in the western Caribbean reefs ranged f&88y3€ars old
377  (y/o) fromi¢he maximum mutation rate and 236-6500 y/o from the minimum mutatio cdie
378 the youngest genet and the oldgstet were from reefs in Florigglbow and Looe KeyTable
379  4). Genetsin the eastern Caribbean were frot6Z76y/o to 590-4865 y/0. An age comparison
380 between the/eastern and western populations, including only genets with somatiicn®({tvest
381 n=61, east n=15) yielded no significant differences (Krus¥allis Test, p>0.05).

382 Discussion

383 Determination of genet age distribution in coral populations is important for

384 understanding demographic changes in response to environmental perturbation andyuitimate
385 understandingsthe evolutionary potential of these foundation spAcgmata, the now

386 endangered but previously dominant shallow reef-builder in the Caribbean, lends itself

387  somatic mutation analyses because of the importance of asexual reproduction via fragmentation
388 resulting in genets with many membdiere, we show thatomeA. palmata genets are

389 apparerly of substantial agéTable 4) This was surprising, as previously only celdter corals
390 were found to be >1000 y(dable 1)

391 The.Quaternary fossil record Af palmata assemblages suggests that their habitat

392 tolerancesangreferences have remained relatively constant through time and(§maeau

393  1959; Shinn"1963; Gischler 2015). Consequently, the distributiénpzi mata on shallow-

394  water reefs hapersisted through repted glacialinterglacial cycles. Thus, at scales from

395 decades to millennia, the persistencé&.gfalmata and the assemblages they comprise has been
396 met through the capacity of those corals incrementally to track favorable enuntsrtivegt have
397 shifted patially over timgPrecht and Aronsopersonal corresponder)c&hese geological data
398 point to the possibility of potentially millenialge (or older) genets within modern-day

399 populations ofA. palmata.
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We stress that absolute genet ages derived from somatic mutations as presented here have
to be interpreted cautiouslBecause direct measurements of microsatellite mutation rates in
corals are not available and probably will not be for some time, we used other ewtmenc
bracket miRimtm and maximum mutation ratde assigned thieighest mutation rate to the
genet withhe smallest microsatellite divergence rate among clone members and méssured
growth rate of théargestcolony. Gowth rates ofA. palmata can vary with season, latitude and
reef locationand he measuretinear extensiomate of4.44cm/yearof this colonywas
somewhat’'slower thgoublished growth rate measuremenit$ — 9 cm/year from Florida and
across the CaribbedGladfelteret al. 1978; Lirman 2000; Bakt al. 2009).We set the
minimummutation rate to the genet with the largest microsatellite divergercamaing clone
members andwasked how long this genet could have existed in this location (Looe Key).Florida
By turningterthe published fossil record, we ascertainedAthadl mata coloniesat this location
could not have been more than 6,5@@rsold (Lidz et al. 1985).While it is perhaps unlikely
that this genet is 6,500 years old becaligmlmata presence at this location may not have been
continuous over this time frame, it is a maximal estiniBite. resultingnutation rate$1.195% -
1.542% perlocus per yeafjll within reported microsatellite mutation rafesm 10? to 10° per
sexual generatio(Kruglyak et al. 1998; Shimodat al. 1999; Ellegren 2000; Hoekesttal.

2002; O'Connell & Ritland 2004; Peesyal. 2012) wheradjustedo generational timesf
aaoporids,(4-8 years, Wallace 1985An analysis of environmental markers in extéant

palmata skeletonsould substantiatgenet age estimatéisowever the oldest portion of the genet
may no longer exist).

Degspitesthe uncertainties surrounding absolute genet age determination, gelaévage
comparisens=across the rangedopalmata should still be valid and are presented here for the

first time.

Range edgespepulations and dominance of asexual reproduction
Sessile organisms capable of asexual reproduction are often largely clonal at the edge of
the species’ range, both in terrestrial and marine ecosygkarkeart 2002; Baums 2008).
Populations at the range margins of the marine angiospastera marina had clonal richness
values of less than 0.2 and sexual reproduction was rare or Reanath & Bostrom 2011).
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429  The marginaA. palmata population of Florida averaged 3.7 unique mutatpersnultilocus

430 genotypewhereas eastertower latitude populatiasuch as Bonaire, Curacao and USVI ranged
431 from 1.2-1.3UMs per MLG, n=1387 (Table 3). This would mehat the Floridagyenets are

432 older. Nevertheless, when considering only the large clonal stands theeagest significantly
433 different between the eastern and western populafiaide 4)suggesting a more or less similar
434  historical presence @&. palmata in both populations but a higher frequency of sexual renewal in
435 the East.

436  Mosaicismidue t0 somatic Copy Number Variations

437 At first glance, the appearance of three alleles per locAspa mata multilocus

438 genotypes is puzzling. One explanation is gene or genome duplifMamyet al. 2009;

439 Richards & Oppen 2012 owever several lines of evidence argue against this interpretation.
440  Preliminarysassembly of 2 lanes of genomic sequencing data (lllumina) showed mxeotle

441  genome duplication.Baums pers. observ). Additionally, a chromosomal spread analyis of
442  palmata larvae revealed a count of n=24 (supplemental Fig. d&iplaid state The basic

443  scleractinian chromosome numbex=14 and x=12 (Kenyon 1997). Inherited, duplicated

444  genomic regiens are also unlikely. In the latter case, all 5 microsatellite loci would have to be
445 locatal in"duplicated regions as all five loci showalielic genotypesalbeit usually only one

446  locuswasmutated in any given sample: for genets with ramets,15.56% had 0 mutatddci,

447  58.89% had-k-mutated locus, 20% had 2 mutated loci, and 5.56% had 3 rhaeiatenlr of the
448 five loci amplifyia similar range of allele sizes in the Caribbean sister spéciesvicornis.

449  Fossil records date back 6.6 (Budd & Johnson 1999) and 2(648Meill et al. 1997)million

450 years, respectively fok. cervicornisandA. palmata. Thus, the duplicatioaveris would have to
451  have occurred before the speciation event bectdallelic genotypes werlund in both

452  species acrossithe entire Caribbean range. Such duplicated genomic regions would have been
453  mutating separately for several million years making it unlikely that the majority of mutations
454  are just.one mutation step away as observed here.

455 Genaniesinstability is amechanism of aging with somatic copy number variations (CNV)
456  prevalent in many human cancers (Shlien & Malkin 2@0®)somaic CNVsincrease with age
457  in human blood cell genoméBSorsberget al. 2012) We posit tha#. palmata genomes
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458 accumulate somatic duplications with age, resulting in multiple copige microsatellite loci
459 available for replication slippad€ig 7). Thisled tosome ramets having up to 4 alleles at a
460 single locus.

461 Recorery of tri-allelic genotypes waobust tarepeated DNA extractions, and repeated
462 PCR reactions, and has been observed in other coral sf#@ieget al. 2009) and the marine
463 angiospernzostera marina (Reusch & Bostrom 2011Baums et al(2005a) foundriploid

464 larvae in seme experimental crosses, ranging from 7 to 36% of the larvae genotypezidicarva
465  survive to/90 hours post fertilization but it is unknown if they would settle and grow into
466  reproductiveradults. The most likely explanation for the triploid status was hawecgrds

467  maternal allele, either due to retention of a polar body feslfization or mitotic

468 parthenogenesidiultiple alleles (35) were detected in 15 Pacific Acroporidsat a single

469 locusdue toinherited gene duplication; in this study, alleles in theexample chromatogram
470 were greater than a one mutation step differgd&9, 140, 150, 162 bp, €iards & Oppen

471 2012).Interestingly predominately sexually reproducing coral speoiethe Great Barrier Reef
472  show somatic mutation in the form of tvadleles per locu§presumably generated by a single
473  slippage-eventwithowuplication)rather tharthreealleles(Schweinsbergt al. 2015).This

474  leads us to hypothesize that highly fragmenting coral species sAcpaisata accumulate

475 somaticCNVs over the long lifetime of the gen&tdependent evidence for or against somatic
476  CNV would have to come from Flourescent In Situ Hylzatlon (FISH, Langersafeet al.

477  1982) or through controlled crosses of gametes fromadlétic genetand a genet without

478  mutations within the 5 microsatellite lodi there isnot a sequestered germling triploid (or

479 tretraploid)sstate at a microsatellite locus could also stem fromdietion of cells that are able
480 to proliferatepsuch as stelike cells(ReyesBermudez & Miller 2009)resulting in two (or

481  more) diploid cell lineages found throughout the colony.

482  Mosaicismaversds Chimerism

483 Genetic diversity within a colony could stem fréine fusion of two or more larvae or

484  juvenile coralspproducing a chimera (Fig Such fusion in early life stages has been observed in
485  scleractinian corals and is generally attributed to an immature immune system that is not yet able
486  to distinguish between self and nsel (Franket al. 1997; Permata & Hidaka 2005; Puill-
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Stepharet al. 2009) However, the prevalence of chimerism in adult colonies in the genus
Acropora is generally low(2-5%, Schweinsbergt al. 2015). Retrieval of gengpes that vary at
several locamongbranchegrom one colony may indicate chimerism (Fig 7). A colony was
classified'as"achimera ifdiffered by more than 60% iits majorcluster assignment probability
from other members afs genetas defined byschweinsbergt al. (2015). Only 0.2% of samples
from the 90 genets (n=1296) were classified as possible chimeras, thus makaigism the

more likely,explanation fomost of theobserved intracolony genetic variation

Evolutionaky and’ecological consequences of genet longevity

The presence of large, potentially centennial-aged genets within a population begs
guestions with regard to their history as well as their adaptive potential over the coming decades
of rapid environmental change. It is likely that the environmental conditions insimalghw
coastal habitats over the lifespan of these very old genets were quitendliifene today, which
implies thatthese old genetsdbssess a great degree of plasticity enabling them to persist
throughout these environmentakiaions (Barshigt al. 2013) and/or 2) that they have in fact
‘migrated’ among nearby coastal habitats over the centuries. For examppmgsilsle that our
current observation of a very old clone is in didet location from where it originally recruited
with fragments ‘migrating’ upslope in tracking slow holocene sea level chang@&l@sigo15).

Alternatively, the GenerdPurpose Genotype mod@aker 1965explains the ubiquity
of clonal arganisms by their ability to retain the most competent genotypesnogefavoring
the absence of sexual reproduction once an optimal genotype is found. For eféample,
Donincket al."2002) showed much higher ecological tolerances of a ubiquitous asexual ostracod
in comparison with additional species that were asexual and narrowly distributed! leedh
mixed reproductive modes. A palmata genets have persisted over hundreds to thousands of
years, it implies persistence through substantial environmental changes, any gosssithope
that they cansurvive additional anticipated climate change. The overall recent dedfines of
palmata.including declines of certain moderatiged clones in padular (Bankset al. 2010)
suggest therevis a limit to this toleranadich may be exceedesbon.

However A. palmata is not entirely asexual and there is also the possibility that a

preponderance of large, old genetsasmecessarily adaptiveotts (1984) suggested that
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because of corals’ extreme longevity, many species (or populations) have not had the
opportunity, since current coastal habitats became habitable, to complete adequate sexual
generations to reach evolutionary equilibrium. Because fecundity of coraasesrwith genet

size (senescence notwithstanding), there may be a tendency for large old clones to dominate the
gene pool and diminish the chanéasnewer genets, possibly even those better-adapted to

current environmental conditions, to expanfithis is true, it implies that the presence of large

old clones (possibly of General Purpose Genotypes) may impair the rapid adapdien foe
persistenceé under climate change.

Theoccurrence of somatic mutations raiffes question of whether they can be the target
of selection and rapid adaptation. Mosaicism is thought to be favored in plaats®dooffers
an advantagesin the Red Queen ragainst pests and parasites by increasing the standing genetic
diversity thatprevents the evolution of specific metabolic pathways that coukktdo
overcome the defenses of the pl@rdlen 1974; Gillet al. 1995) Mutations in the soma are
available for immediate selection pressure from the environment as they compete with other
wild-type and mutated lineages within the organism. The selection of somatic cell lineages,
termed jintraorganismal selection (also called somatic, diplontic, orlcedhge selection; see
(Buss 1983; Hughes 1989; Otto & Hastings 1998; Clarke 2011)) may have the potential for rapid
evolutionary change in a modular organism by allowing within-organism gene frequency
changes within a single generation (Klekowskk&zarinovaFukshansky 1984). Through the
displacement of the wiltype lineage, the mutation of regenerating cells can be considered
evolution since they are potentially heritable in clonal Cnidaria through both seradexual
routes. Alternativelythe coexistence of multiples lineages within an organism may result in
intra-organismal competition or cell parasitism leading to the decrease of overall (ihelssd
& Roze 1999; Pineda-Krch & Lehtila 2004). A theoretical population model suggested that
strong negative selection against intra-individual mutations keeps changeteofredjuencies
due to somatic.amutations very low (Orive 2001).

Currently, empirical confirmation of somatic selection has been limited. However, there
are many organisms that have been evolving in the absence of sex including(kefers&
Meselson 2000 rtemia (Perezet al. 1994)and salamandeis the genu&\mbystoma (Hedges
et al. 1992) [SeeVan Opperet al. (2011)for a review on somatic mutations as fuel for
This article is protected by copyright. All rights reserved



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

adaptation in invertebrates]. Somatic selection has also been demonstratedestally in
plants(Breeseet al. 1965; Whitham & Slobodchikoff 1981; Monro & Poore 2008pmatic
mutations may be widespread in cor@lsvitanet al. 2011; Schweinsberg al. 2015)and

within mosaicAcropora hyacinthus colonies it was shown that transfer of intercolonial genetic
variation to the mext generation via gametes is posgtaeveinsberget al. 2013)albeit this was
not the case i@rbicella (Barfield et al. 2016).

The,ability ofthe coral hosto respond to a changing environment occurs not only
through genetie adaptation but also through acclimatization by varying phenotypic respbnses
has recently"become apparent that some environmentally induced nongenetic or epigenetic
changes are also heritable through a process known as transgenerational acclimagzration
Oppenet al=2015). Epigenetic changes include histone modificatibhNg\ methylation,
chromatinsremodeling, and gene regulatory mechanisms involving small noncoding RNAs
(Danchinet al. 2011). A recent study in the clonal tree poplar showed the persistent influence of
geographic origin on the ability to respond to stress within a common garden experiment,
showing that the older the clorlerfger clones of the same genet lived in different
environmental-conditions) the more divergent the transcriptomic response wasgbtdmnd the
greater the variation in genome methylation pattéRaget al. 2011). Although not directly
linked to epigenetichanges, the pacific corAtropora hyacinthus (cryptic species E) was able
to acclimatize to new microenvironments by increasing bleaching resistance, as measured
through transcriptomic responses and chlorophyll A changes, without alteringtthedances
of symbiont type (Palumiat al. 2014).This imprinted “memory” of past stress responses could
have profoundsimplications for aseally reproducing corals in that ramets distributed across a
reef could-have:divergent epigenetic “memories” due to varying environmental conslitamns
as water flow, light and pathogen exposure. In addition, epigenetic changes along witth soma
mutatiors have the ability to be passed on to the next generation in orgavithmst segregated
germ lines.

The current paucity of clonal age estimates impairs our understanding of the ecology and
evolution of marine foundation fauna. These estimates are difficult to come by because size and
age are not related in colonial, asexually reproducing organismsfi&gnhasexual colony
reproduction occurs in at least nine coral genera and thus the decoupling of sieaeiratyg is
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a widespread phenomenon in corals (Supplementary Taldtenative method#o estimating

genet age include the use of somatic maratbut without direct mutation rate measurements,

the uncertainty of the age estimates is considerable. Regardless, when applied to a fragmenting
Caribbean‘coral, the results point towards genet ages that rival those of the most ancient
organisms on earth alive today. This raises questions about their adaptivelpmtentapidly

changing climate. Does their past ability to survive environmental change predict future success?
The answer will come from experimental studies combined with demographilcesnmdtical

models.

Acknowledgements

Field caollection in Mexico was funded by the Consejo Nacional de Ciencias y Tecnologia
grant number 153260 (to ATB). Funding was provided by the National Science Foundation grant
OCE 09287640CE-1516763, antdNOAA - National Marine Fisheries Service to IB. Samples
were obtained.under permit numbers AN0O01,US107A, 0385H®R-D10-MEX, 3235,
12US784243lg.

References

Ally D, Ritland K, Otto SP (2008) Can clone size serve as a proxy for clofdagxploration
using microsatellite divergence Ropulus tremuloides. Molecular Ecology 17, 4897-
4911

Bak RPM; Nieuwland G, Meesters EH (2009) Coral growth rates revisited after 31 years: what is
causing lower extension ratesAoropora palmata? Bulletin of Marine Science 84, 287-
294,

Baker HG,(1965) Characteristics and modes of origin of weeds, pp. 147-168 pp. Academic
Press;"New York & London.

Banks SC,ting SD, Johnson C&al. (2010) Genetic structure of a recent climate change

driven range extensioMolecular Ecology 19, 2011-2024.

This article is protected by copyright. All rights reserved



602 Barfield S, Aglyamova GV, Matz MV (2016) Evolutionary origins of germline segregyati

603 Metazoa: evidence for a germ stem cell lineage in the coral Orbicella faveolata (Cnidaria,
604 Anthozoa).Proceedings of the Royal Society of London B: Biological Sciences 283.

605 Barki Y,"Gateno D, Graur D, Rinkevich B (2002) Softral natural chimerism: a window in

606 ontogeny allows the creation of entities comprised of incongruous lptartse Ecology-

607 Progress Series 231, 91-99.

608 Barrett ELB, Burke TA, Hammers M, Komdeur J, Richardson DS (2013) Telomere length a

609 dynamics predict mortality in a wild longitudinal studi§olecular Ecology 22, 249-259.

610 Barshis DJ, TadmelT, Oliver TA et al. (2013) Genomic basis for coral resilience to climate
611 changeProc Natl Acad Sci U SA 110, 1387-1392.

612 Baums IB%(2008) A restoration genetics guide for coral reef conservistabecular Ecology 17,
613 2796=2811.

614  Baums IB, DevlinRDurane MK, LaJeunesse TC (2014) New insights into the dynamics between
615 reef corals and their associated dinoflagellate endosymbionts from populatian genet
616 studies Molecular Ecology 23, 4203-4215.

617 BaumsiByHughes CR, Hellberg MH (2005a) Mendelian microgatéici for the Caribbean

618 coral Aeropora palmata. Marine Ecology - Progress Series 288, 115-127.

619 Baums'IB, Miller MW, Hellberg ME (2005b) Regionally isolated populations of an ikeger

620 Caribbean coralicropora palmata. Molecular Ecology 14, 1377-1390.

621  Baums IB, Miller MW, Hellberg ME (2006a) Geographic variation in clonal structure in a reef
622 building Caribbean coralcropora palmata. Ecological Monographs 76, 503-519.

623 Baums IBgParis CB, Cherubin LM (2006b) A lmoeanographic filter to larval dispersala

624 reefbuilding coral.Limnology and Oceanography 51, 1969-1981.

625 Breese E,Hayward M, Thomas A (1965) Somatic selection in perennial ryddgpesiity 20,

626 367-379:

627  Brownstein MJyCarpten JD, Smith JR (1996) Modulation of teomplated nucleotide adutin

628 by.tag DNA polymerase: Primer modifications that facilitate genoty@ragechniques

629 20, 1004-1010.

630 Budd AF, Johnson KG (1999) Origination preceding extinction during late Cenozoic turnover of
631 Caribbean reefdal eobiology 25, 188-200.

This article is protected by copyright. All rights reserved



632 Buss LW (1983) Evolution, development, and the units of seledraaeeedings of the National
633 Academy of Sciences 80, 1387-1391.

634 Carvalho GR (1994) Genetics of aquatic clonal organism&edmetics and Evolution of Aquatic
635 Organisms. (ed. Beaumont AR), pp. 291-323. Chapman and Hall, London.

636 Caspari R, Lee SH (2004) Older age becomes common late in human evéludgeaedings of
637 the National Academy of Sciences of the United Sates of America 101, 10895-10900.
638 Chakraborty R, Kimmel M, Stivers DN, Davison LJ, Deka R {@)9Relative mutation rates at

639 di- #tri-, and tetranucleotide microsatellitei. Proceedings of the National Academy of
640 Sciences 94, 1041-1046.

641  Clarke E (2011) Plant individuality and multilevel selection thedhg.major transitionsin

642 evolutionrevisited. MIT Press, Cambridge, 227-250.

643 Cloutier DyRioux D, Beaulieu J, Schoen DJ (2002) Low rate of somatic mutation at

644 microsatellite loci in Eastern White Pirféinus strobus.

645 Conrad DF, Keebler JEM, DePristo M& al. (2011) Variation in genomeide mutation rates
646 withiniand between human familiddature 201, 1.

647  DanchimEpCharmantier A, Champagne, E2al. (2011) Beyond DNA: integrating inclusive
648 inheritance into an extended theory of evolutidat Rev Genet 12, 475-486.

649 de Witte LC, Stocklin J (2010) Longevity of clonal plants: why it matters and howasureeit.

650 Annals of Botany 106, 859-870.

651  Dorken ME, Eckert CG (2001) Severely reduced sexual reproduction in northern populations of
652 a clonal plantDecodon verticillatus (Lythraceae)Journal of Ecology 89, 339350.

653  Eckert CG#(2002) The loss of sex in clonal plaBtslutionary Ecology 15, 501-520.

654 Eggins SMypGrin R, McCulloch MEt al. (2005) In situ Useries dating by las@blation multi

655 collector ICPMS: new qospects for Quaternary geochronolo@uaternary Science

656 Reviews 24, 25232538.

657  Ellegren H (2000) Microsatellite mutations in the germline: implications for evolutionary

658 inference.Trendsin Genetics 16, 551-558.

659 Forsberg LA, Rasi C, Razzaghian HRal. (2012) Agerelated somatic structural changes in the
660 nuclear genome of human blood cefserican Journal of Human Genetics 90, 217-

661 228.

This article is protected by copyright. All rights reserved



662 Frank U, Oren U, Loya Y, Rinkevich B (1997) Alloimmune maturation in the Gykdphora

663 pistillata is achieved thragh three distinctive stages, 4 months post-metamorphosis.
664 Proceedings of the Royal Society B-Biological Sciences 264, 99-104.

665 Gill DE, Chao'L, Perkins SL, Wolf JB (1995) Genetic mosaicism in plants and clonzdlani
666 Annual Review of Ecology and Systematics 26, 423-444.

667  Gischler E (2015) Quaternary reef response to sea-level and environmental oithegedstern
668 Atlantic. Sedimentology 62, 429-465.

669 Gladfelter/EH, Monahan RK, Gladfelter WB (1978) Growth rates of fivelvagding corals in
670 the northeastern Caribbedulletin of Marine Science 28, 728-734.

671  Goreau TE (1959) The ecology of Jamaican coral reefs: Species composition and zonation.
672 Ecology40, 67-90.

673 HaagLiautard*C, Dorris M, Maside et al. (2007) Direct estimation of per nucleotide and

674 germmic deleterious mutation ratesDmosophila. Nature 445, 82-85.

675 Halkett F, Simon JC, Balloux F (2005) Tackling the population genetics of clonal andlypartia

676 clonal organismsIrendsin Ecology & Evolution 20, 194-201.
677 Hall-SpencerdyAllain V, Fossa JH (2002) Trawling damage to Northeast Atlantic azarigint
678 reefs.Proceedings of the Royal Society B-Biological Sciences 269, 507-511.

679  Harper JL (1977Population Biology of Plants Academic Press, London.
680 Hedges SB, Bogart JP, Maxson LR (1992) Ancestry of unisexual salamanders.
681 Heinze B, Fussi B (2008) Somatic mutations as a useful tool for studying clonal dymamic
682 trees.Molecular Ecology 17, 4779-4781.
683  Highsmith.RE€+(1982) Reproduction by fragmentation in coM#sine Ecology-Progress Series
684 T9#207=226.
685 Hoekert' WE, Neufeglise H, Schouten AD, Menken SB (2002) Multiple paternity and female
686 biased mutation at a microsatellite locus in the olive ridley sea tLgpedpchelys
687 olivacea)s Heredity (Edinb) 89, 107-113.
688 Hughes RN (1989 functional biology of clonal animals. Chapman and Hall, London and New
689 York.
690 Hughes TP, Jackson JBC (1980) Do corals lie about their age? Some demographic corssequence
691 of partial mortality, fission, and fusioBcience 209, 713-715.

This article is protected by copyright. All rights reserved



692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720

Kays S, Harper JL (1974) The regulation of plant and tiller density in a grass Jowaré of
Ecology 63, 97-105.

Kenyon JC (1997) Models of reticulate evolution in the coral géouspora based on
chromosome numbers: parallels with plailution 51, 756-767.

Kimura M; Ohta T (1978) Stepwise mutation model and distribution of allelic frecpseinca
finite population.Proceedings of the National Academy of Science of the United Sates of
America 75, 2868-2872.

Klekowski“EJ (2997) Somatic mutation theory of clonality.Tihe ecology and evolution of
clonal"growth in plants (eds. de Kroon H, van Groenendael J), pp. 227-241. Backhuys
Publishers, Leiden, The Netherlands.

KlekowskirEdrGodfrey PJ (1989) Ageing and mutation in playasire 340, 389-391.

KlekowskirEdydr., Kazarinova-Fukshansky N (1984) Shoot Apical Meristems and Mutation:
Selective Loss of Disadvantageous Cell Genotypmerican Journal of Botany 71, 28
34.

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose | (2015) Clumpak: a program
foridentifying clustering modes and packaging population structure inferences across K.
Molecular Ecology Resources 15, 1179-1191.

Kruglyak'S, Durrett RT, Schug MD, Aquadro CF (1998) Equilibrium distributions of
microsatellite repeat length resulting from delbae between slippage events and point
mutations Proceedings of the National Academy of Sciences of the United States of
America 95, 10774-10778.

LangersaferPR, Levine M, Ward DC (1982) Immunological method for mapping genes on
Draesophila polytene chrormsomesProceedings of the National Academy of Sciences of
the United Sates of America-Biological Sciences 79, 4381-4385.

Lanner RM, Connor KF (2001) Does bristlecone pine sendsqe®imental Gerontology 36,
675-685;

Levitan'DR, Fogarty ND, Jara J, Lotterhos KE, Knowlton N (2011) Genetic, spatial and
temporal components of precise spawning synchrony in reef building corals of the
Montastraea annularis species complexEvolution 65, 1254-1270.

This article is protected by copyright. All rights reserved



721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749

Lidz BH, Robbin DM, Shinn EA (1985) Holocene carbonate sedimentary petrology and facies
accumulation, Looéey-NationalMarine-Sanctuary, FlorideBulletin of Marine Science
36, 672-700.

Lirman D*(2000) Fragmentation in the branching céxabpora palmata (Lamarck): growth,
survivorship, and reproduction of colonies and fragmeotsnal of Experimental
Marine Biology and Ecology 251, 41-57.

Maier E, Buckenmaier A, Tollrian R, Nurnberger B (2011) Intracolonial genetiatizar in the
scleractinian coral Seriatopora hysti©Goral Reefs 31, 505-517.

McNeill DF,"BuddAF, Borne PF (1997) Earlier (Late Pliocene) first appearance of the
Caribbean reebuilding coralAcropora palmata: Stratigraphic and evolutionary
implications.Geology 25, 891-894.

Michod REyRoze D (1999) Cooperation and conflict in the evolution ofichdality. III.
Transitions in the unit of fitneskectures on Mathematics in the Life Sciences, 47-92.

Monro K, Poore, AG (2009) The Potential for Evolutionary Responses td.iDekge Selection
on 'Growth Form and Its Plasticity in a Red Seaw&hd American Naturalist 173, 151-
163.

O'Connell LMsRitland K (2004) Somatic mutations at microsatellite loci in western redcedar
(Thuja plicata : Cupressaceaejournal of Heredity 95, 172-176.

Okubo N, Motokawa T, Omori M (2007) When fragmented coral spawn? Effect of size and
timing on survivorship and fecundity of fragmentatioronopora formosa. Marine
Biology 151, 353-363.

Orive ME (200%) Somatic mutations in organisms with complex life historiesr etical
Population Biology 59, 235249.

Otto SP, Hastings IM (1998) Mutation and selection within the individieadetica 102, 507-
524.

Palumbi SR, Barshis DJ, Traylor-Knowles N, Bay RA (2014) Mechanisms of reéf cora
resistance to future cliate changeScience 344, 895898.

Peery MZ, Kirby R, Reid BNet al. (2012) Reliability of genetic bottleneck tests for detecting
recent population declinellolecular Ecology 21, 3403-3418.

This article is protected by copyright. All rights reserved



750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778

Perez ML, Valverde JR, BatuecaseBal. (1994) Speciation in thArtemia genus:
mitochondrial DNA analysis of bisexual and parthenogenetic brine shriopsal of
Molecular Evolution 38, 156:168.

Permata™WD;"Hidaka M (2005) Ontogenetic changes in the capacity of th@awaipora
damicornis to originate brancheZoological Science 22, 1197-1203.

Pineda-Krch M, Lehtila K (2004) Costs and benefits of genetic heterogeneity wiglainisms.
Journal of Evolutionary Biology 17, 11671177.

Potts DC (1984) Generation Times and the Quaternary Evolution of Reef-Bulldats.
Paleobiology 10, 48-58.

Pritchard JK; Stephens M, Donnelly P (2000) Inference of population structure ustigomsi|
genotype dataGenetics 155, 945-959.

Prouty NGyRoeark EB, Buster NA, Ross SW (2011) Growth rate and age distribution cfedeep-
black corals in the Gulf of Mexicdarine Ecology Progress Series 423, 101:U121.

Puill-Stephan E, Willis BL, van Herwerden L, van Oppen MJH (2009) Chimerism in Wild Adult
Populations of the Broadcast Spawning Céwbpora millepora on the Great Barrier
Reef:PLoS ONE 4, e7751.

Radtke U, Schellmann G, Scheffersefal. (2003) Electron spin resonance and radiocarbon
dating of coral deposited by Holocene tsunami events on Curacao, Bonaire and Aruba
(Netherlands Antilles)Quaternary Science Reviews 22, 1309-1315.

Raj S, Brautigam K, Hamanishi Eé& al. (2011) Clone history shap@spulus drought
responsesroceedings of the National Academy of Sciences 108, 12521-12526.

Reusch THyBestrom C (2011) Widespread genetic mosaicism mahee angiosperm Zostera
marinasis correlated with clonal reproducti@volutionary Ecology 25, 899-913.

ReyesBermudez A, Miller DJ (2009) In vitro culture of cells derived from larvae oftidughern
coral Acropora millepora. Coral Reefs 28, 859-864.

Richards ZT, Oppen M (2012) Rarity and genetic diversity in IRaa#ic Acropora corals.

Ecoelogy and Evolution 2, 1867-1888.

Richards ZT, Shen C-C, Hobb$&, et al. (2015) New precise dates for the ancient and sacred

coral pyramidal tombs of Leluh (Kosrae, Micronesgjence Advances 1, e1400060.

This article is protected by copyright. All rights reserved



779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

Roark EB, Guilderson TP, Dunbar RB, Fallon SJ, Mucciarone DA (2009) Extreme longevity in
proteinaceous deegea coralsProceedings of the National Academy of Sciences 106,
5204-5208.

Roark EB, Gtilderson TP, Flodélage Set al. (2005) Radiocarbobased ages and growth rates
of bamboo corals from the Gulf of Alaskaeophysical Research Letters 32.

Robinson JD, Haag CR, Hall DW, Pajunen |, Wares JP (2012) Genetic EstimabgsilatiBn
Age.in the Water Fle&)aphnia magna. Journal of Heredity 103, 887-897.

Santelices’B (1999) How many kinds of individual are th&refids in Ecology & Evolution 14,
152-155.

Schug MD, Hutte CM, Wetterstrand KAet al. (1998) The mutation rates of gdiri- and
tetranucleotide repeats rosophila melanogaster. Molecular Biology and Evolution 15,
17521=1760.

Schweinsberg M, Gonzéalez Pech RA, Tollrian R, Lampert KP (2013) Transfer oblotrit
genetic variability through gametesAwropora hyacinthus corals.Coral Reefs, 1-11.

Schweinsberg M, Weiss LC, Striewski S, Tollrian R, Lampert KP (2015) More than one
genotype: how common is intracolonial genetic variability in scleractinian orals
Molecular Ecology 24, 2673-2685.

Shimoda N, Knapik EW, Ziniti, Xt al. (1999) Zebrafish Genetic Map with 2000 Microsatellite
Markers.Genomics 58, 219-232.

Shinn EA (1963) Spur and groove formation on the Florida Reef Datrnal of Sedimentary
Petrology 33.

Shlien A, Malkin D (2009) Copy number variations and car@enome Medicine 1.

Slatkin M=(12996) Gene genealogies within mutant allelic clasda®tics 143, 579-587.

Soong K, Lang JC (1992) Reproductive Integration in Reef CdradBiological Bulletin 183,
418-431.

Szmant AM (1986a) Reproductive ecology of Caribbean reef c@ailal Reefs 5.

Szmant'/AM (1986b) Reproductive ecology of Caribbean reef c@atal Reefs 5, 43-53.

Valen L (1974) Molecular evolution as predicted by natural seleciomnnal of Molecular
Evolution 3, 89-101.

This article is protected by copyright. All rights reserved



808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835

Van Doninck K, Schén |, De Bruyn L, Martens K (2002) A general purpose genotype in an
ancient asexuaDecologia 132, 205-212.

Van Oppen MJ, Souter P, Howells EJ, Heyward A, Berkelmans R (2011) Novel gévetsityl
throgugh 'somatic mutations: fuel for adaptation of reef cofdig& sity 3, 405423.

van Oppen MJH, Oliver JK, Putnam HM, Gates RD (2015) Building coral reef resilience
through assisted evolutioRroceedings of the National Academy of Sciences 112, 2307-
2313.

Vasek FC/(1980) Creosote Bush: Ldnged Clones in the Mojave Desefimerican Journal of
Botany 67, 246-255.

Wallace CC/(1985) Reproduction, recruitment and fragmentation in 9 sympatricsspiettie
coral"genug\cropora. Marine Biology 88, 217-233.

Wang S, Zhang LL, Meyer E, Matz MV (2009) Construction of a m&gwolution genetic linkage
map and comparative genome analysis for thebegding coralAcropora millepora.
Genome Biology 10.

Welch DBM, Meselson M (2000) Evidence for the evolution of bdelloid rotifers withouakexu
neproduction or genetic exchangeience 288, 1211-1215.

Whitham TG,Slobodchikoff C (1981) Evolution by individuals, plaatbivore interactions,
and mosaics of genetic variability: the adaptive significance of somatic mutations in
plants.Oecologia 49, 287-292.

Williams DE, Miller MW (2012) Attributing mortality among drivers of population decline in
Acropora palmata in the Florida Keys (USA)Coral Reefs 31, 369-382.

Work TM, Fersman ZH, Szabd, £t al. (2011) InterSpecific Coral Chimerism: Genetically
Distinet«Multicellular Structures Associated with Tissue Losslamtipora capitata.
PLeSONE 6, €22869.

Zhang L, Leeflang EP, Yu J, Arnheim N (1994) Studying human mutations by sperm typing:
instability of CAG trinucleotide repeats in the human androgen receptorNgtnee
Genetics 7, 531:535.

This article is protected by copyright. All rights reserved



836

837

838

839
840
841
842

843

844

845

Data Accessibility

Multilocus genotypes are available at DRY Afdtp://dx.doi.org/10.5061/dryad.f6600

Author contributions

MD and IB'designed the study and wrote the manuscript with key input from MM and WP. MD

analyzed and interpreted the data. Funding was provided and samples were colldgtaady |

the Caribbear\cropora Research Group.

Tables

Table 1 Published age estimates of caralonies

Species Age Method Region Depth Year Reference
Estimate Collected
(years)

Leiopathes 70-2040 |Cl4 and Gulf of Mexico | 304- Not (Proutyet
growth ring 317m stated al. 2011)
measurements

Gerardia sp==|,300 - 2700 | 513C Hawaii 400- 2004 (Roarket

Leiopathesw=={350 - 4200 500m al. 2009)

Keratoisis, 75-126 Cl4 Gulf of Alaska | 634- 2002 (Roarket

Isidella, or 720m al. 2005)

Acanella sppr

Lophelia 451 + 36 Cl4 West Ireland 840— 1995- (Hall-

pertusa 1300m 1997 Spenceet

al. 2002)

Pocillopora | 3.69 +0.48 | U/Th Kosrae and Lelu| unknown | 2012 (Richards

et al.
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846
847
848
849
850
851
852

853

VErruocsa

3.82+0.55 Island
3.89+0.42

2015)

Table 2 Summary table of\cropora palmata samples used in the various analy$¢sG = multilocus

genotypeUM =Unigue Mutations*Puerto Rico contains admixed palmata genets between the eastern

and westerm€aribbean.

Clonal Mutational Analysis: MLGs witm>2 Genet Age
Richness vs ramets Analysis: MLGs
Non-mosaic with n>5 ramets
samples:
MLGs with
n>1 ramets
Region Samples Samples MLGs UM UM/MLG Samples MLGs
East 'Bonaire 43 8 3 4 1.3 0 0
Curacao 286 73 17 20 1.2 55 7
Puerto Ricd 308 41 12 16 1.3 46 7
SVG 210 33 12 18 15 10 2
usVvi 464 65 9 14 1.6 64 7
West Bahamas 259 134 23 46 2.0 131 17
Belize 152 16 2.0 1
Cuba 2 0 0 NA
Dom. Rep. 49 4 2.0
Florida 1036 892 47 175 3.7 931 44
Mexico 180 33 3 7 2.3
Mona 70 18 11 3.7
Navassa 176 21 12 1.5
Panama 117 49 5 9 1.8 52
TOTAL 3352 1387 147 342 1294 90
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854
855  Table 3 Ancestral alleles could be determined for sgdpalmata genets with only two rameta. =

856  allele size, bp = basepairs.

Clonal ID ' Database Locus Al(bp) A2(bp) Mutated allele(bp) 2nd mutated allele (bp)

ID
P2635 4597 192 166 175 169
P2635 4602 192 166 175 172 178
P2634 1643 192 166 181 163
P2634 1644 192 166 181 178
P1084 1601 192 160 181 178
P1084 1602 192 160 181 157

857

858

859 Table4 Calculated age okcropora palmata genets from throughout the Caribbean and nodht

860  Atlantic. N is the number of ramets, my iS microsatellite divergence. ClI = confidenoterval. SVG = St.
861  Vincent and the Grenadines. USVI = US Virgin Islands.

Region Reef ClonalID N 7@y Oldest Age Youngest Within a5% CI
(years) Age (years) around growth
model

Bahamas,. BlackBouy P1100 5 0.000 <254 <30 Yes

BockCay P1106 10 0.080 1397 167 Yes

P1110 5 0160 2794 335 Yes

CharliesBeach P1089 15 0.053 0931 112 Yes

Greatlguana P1042 11 0.145 2540 304 Yes

P1043 7 0.267 4657 558 No
HallsPond P1130 6 0.173 3027 363 Yes
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Region Reef Clonal ID N @y Oldest Age Youngest Within a 5% CI
(years) Age (years) around growth
model
LittleDarby P1112 12 0.067 1164 139 Yes
MiddleBeach P1079 9 0.100 1746 209 No
P1080 5 0120 2095 251 Yes
NairnCay P2365 6 0.000 <254 <30 Yes
PerryShallow P1073 7 0.057 998 120 Yes
P1075 6 0.067 1164 139 Yes
P2475 5 0.080 1397 167 Yes
P1148 6 0.293 5122 613 No
P1123 7 0.057 998 120 Yes
P1122 9 0.000 <254 <30 Yes
Belize GSTE12 P2276 5 0.120 2095 251 Yes
Curacao BlueBay P2161 5 0.080 1397 167 Yes
P1200 11 0.036 635 76 Yes
EastPoint P1258 5 0.080 1397 167 Yes
P1244 11 0.073 1270 152 Yes
SeaAquarium P1199 7 0.000 <254 <30 Yes
P1232 5 0000 <254 <30 Yes
P2194 11 0.109 1905 228 Yes
Florida Boomerang P1040 10 0.040 698 84 Yes
Carrysfort P2115 17 0.092 1609 193 No
P2118 41 0.137 2385 286 No
P2121 24 0.049 848 102 Yes
P2591 11 0.102 1778 213 No
Elbow P1028 55 0.015 254 30 Yes
P1029 6 0.067 1164 139 Yes
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Region Reef Clonal ID N @y Oldest Age Youngest Within a 5% CI
(years) Age (years) around growth
model
P1030 7 0.000 <254 <30 Yes
P1033 7 0.152 2661 319 Yes
P1032 30 0.256 4469 535 No
P2122 8 0.136 2370 284 No
P2123 16 0.265 4628 554 No
P2126 27 0.135 2357 282 No
French P2539 6 0.067 1164 139 Yes
P2538 20 0.261 4559 546 No
P2128 54 0.126 2206 264 No
P2564 24 0.178 3113 373 No
GrecianRocks pP2582 19 0.042 735 88 Yes
P1034 14 0.057 998 120 Yes
Horseshoe P1000 25 0.113 1967 236 No
P2559 7 0.114 1996 239 Yes
KeyLargoDR P2132 14 0.202 3531 423 No
P2134 13 0.254 4433 531 No
P2138 14 0.110 1919 230 Yes
P2139 6 0.133 2328 279 No
P2597 5 0.200 3492 418 No
LittleGrecian P1026 5 0.080 1397 167 Yes
P1001 24 0.032 557 67 Yes
LoeeKey P2427 28 0.052 0915 110 Yes
P2429 31 0.401 7000 838 No
P2445 29 0.140 2452 294 No
Marker3 P1039 52 0.046 801 96 Yes
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Region Reef Clonal ID N @y Oldest Age Youngest Within a 5% CI
(years) Age (years) around growth
model
Molasses P2151 25 0.207 3621 434 No
P2146 32 0.150 2619 314 No
RockKey P1018 5 0.080 1397 167 Yes
P1017 16 0.115 2008 241 No
Sandlsland P1007 9 0.044 776 93 Yes
P1002 96 0.094 1641 196 No
P1003 29 0.216 3776 452 No
P1021 5 0.000 <254 <30 Yes
Triangle P2416 38 0.087 1525 183 No
WesternSambo P1012 8 0.044 776 93 Yes
P1011 11 0.108 1881 225 Yes
P1008 8 0.000 <254 <30 Yes
Panama Bastimentosl P1150 16 0.065 1135 136 Yes
BoecasDel Drago P1168 15 0.076 1330 159 Yes
P1167 5 0.220 3842 460 No
TobobeWestl P1183 6 0.107 1863 223 No
Wild Cayne P1177 10 0.040 698 84 Yes
Puerto CayeRon P2286 6 0.173 3027 363 Yes
Rico P2294 5 0.000 <254 <30 Yes
P2301 8 0.000 <254 <30 Yes
La Cordillera P2334 5 0.000 <254 <30 Yes
P2339 5 0000 <254 <30 Yes
SanCristobal P1857 10 0.204 3570 428 Yes
P1878 7 0.000 <254 <30 Yes
SVG Mustique P1667 5 0.080 1397 167 Yes
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Region Reef Clonal ID N @y Oldest Age Youngest Within a 5% CI
(years) Age (years) around growth
model

P1668 5 0300 5239 627 Yes

usvi GroundingVI P1430 5 0.000 <254 <30 Yes

HawksnesBay P1399 30 0.076 1325 159 Yes

P1403 5 0.080 1397 167 Yes

P1402 6 0.120 2095 251 Yes

P1406 6 0.133 2328 279 Yes

SaltPond P1555 5 0.120 2095 251 Yes

TagueBay P2504 7 0.095 1663 199 Yes
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Figures

Figure 1 Diagram depicting (A) the formation of a chimera from the settlement aiwh fok

gametes of different genets. (Bh illustration of asexual reproduction by fragmentation and the
accumulation of mutations with age. See Supplemental Figure 1 for a photo tieseo$eri
fragmentationExample alleles at one locus are given in basepairs (three digit numbers separated

by forward-slashes). Diagram not to scale.

Figure 2 Samples ofcropora palmata were collected throughout Florida and the Caribbean
DR = Dominican Republic, USVI = U.S. Virgin Islands, SVG = St.Vincent and teedsiines.
See(Baumset al. 2005b, 2006a) for sampling location details.

Figure 3 Mutation Step Analysidn panel (A), as the repeat length of a microsatellite locus
increases, the total numberwfiqgue mutationsound within each locus increases linearly (slope
=6.47+ 0.47'SD, F3=186.6328, p=0.0008, adj>80.98). (B) Most mutations were one step
away from the ancestral allele size (i.e- 3/bp) with allele 1 (the smaller of the two alleles)
shoving morerepeat unit losses than gains and the larger allele (allele 2) showing more gains
than losses of repeat units. 29 mutations were excluded from (B). 28 mutationscheted
because the mutation step was equidistant for allele 1 and 2 so that the migigtedwdt not

be determined; 1 mutation was a dropped allele.

Figure4 Assignment of ramets to genets usBayesian clusteringnalysisn A. palmata.
Includedwere all genets with»fi ramets (Table 2). Black lines above graphs indicate samples
that have mutations. An asterisk indicates colonibat have a <40% assignment probability to
the most closely related genet. These coloniep@ssible chiraras. Probability of membership
to a given cluster (¥axis) is plotted for each sample-@xis).Colors indicate cluster
membership for each panel (A3}. Genets from the eastern Caribbean are shown panel A,
genets from the western Caribbean in panelsB Florida was split into two groups (B)

because of the large number of genets from this region.
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Figure 5 The proportion of nomosaic genets per reef as a function of clonal richness at each
reef. A) Total sample size of 3352 colonies from 86 reefs within 13 different regimss dice
Caribbean with R10 colonies reef . Exponential Rise to Maximum, Sing[2 Parameter
equationf =0:8763*(1-exp(-3.9422*x)jadjusted R= 0.6495) B) Including only colonies that
were sampled an three spatial scales (5, 10, andr&8linploty using a random sampling
procedure (described in Baumtsal. 2005a) for a total of 486 total samples from 7 regions.
Exponential Rise to Maximum, Single, 2 Parameter equdtmi:0192*(1-exp(-2.4822*x))
(adjusted B 0%575.

Figure 6 A comparison of two growth models for the western (Panel A,B) and eéBtaral
C,D) Caribbean. The western Caribbean population included Florida, Bahamas, Pathama a
Belize Thereastern Caribbean populatiodluded CuracadJS Virgin Islands, and St. Vincent

and the Grenadines. Panel (A,C): In a constant population model with continuousuramet t
over, the slope of i vs.Sk/ Z{‘;f(%) would exhibit a 1: 1 relationship (dotted line). Panel

(B,D): In a'population that is growing in size, the slope of mx VS 2S/n should exhibit a 1:1
relationship (dotted line). See text &iatistical analysis.

Figure 7 Diagram depicting how duplication of a microsatellite (msat) locus (yellow) leads to
copy number variatioCNV) on chromosomes (blue) in a diploid species. Once a locus is
duplicatedgthe,microsatellite repeédsange/white) may mutate through slippage of the DNA
polymerase.during mitotic replication leading to the detection of three alleles in
electropherograms. With time, alleles on both chromosomes may duplicate atel leading to
detection of four alleleger samples (not shown). Allele sizes are given in basepairs. Diagram

not to scale.
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