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Ecological connectivity (i.e population connectivity oveecological rather than
evolutionary timescales) in the marine eowmment, including coral reefs, is poorly
understood as few studies haspecifically estimated coemnporary dispersal. This
limits our ability to evaluatéhe design and potential béite of novel conservation and
resource management strategies. Most populajenetic studies oreef corals have
estimated population connectivity over evolafioy time scales (i.e., over thousands of
generations) using conventional statisticathonds (F-statistics), as statistical methods

to estimate connectivity on ecological time scales from genetic data have only recently
been developed. Further to advances in statistical methods, a novel and promising
approach to understanding eagiltal connectivity is to geetically characterise newly
settled recruits and identify potential soeipopulations by genetic assignments. This
approach also overcomes the confounding effects of analysing multiple cohorts
simultaneously, and addresses the potentigbteah stochasticity of recruitment, which

is largely unquantified for reef corals.

Taking advantage of methodological improvense | assess popuiaih connectivity on
ecological as well as evolutionary timessalof the model brooding coral species
Pocillopora damicornidfrom microsatellite genotype data, and | compare estimates of
ecological connectivity with thaif the closely related cor8leriatopora hystrixFirst, |
present a novel genetic technique to relialblgntify species and recently described

lineages within the pocilloporid family, whia@mables population genetinalyses to be



focused on genetically (and presumably biologically) meaningiitd of observation. |
then infer recent and historic larval eaclge between populations of the two most
common lineages d?. damicornig(Type . and ) from population gerte patterns of
adult coral colonies from 28 sites on tl&eat Barrier Reef (GBR). And finally |
estimate larval dispersal and retentiover contemporary timescales by genetically
assigning newly settled recruits Bf damicornisType . and , as well as o8. hystrix,

to potential source populations.

| found both high genetic similarities ovéarge spatial scales and high genetic
differentiation at local spafi@cales among populations Bf damicornis Type. and .

| explain the high genetic similarity amg populations separated by hundreds of
kilometres by the potential of brooded lartaéhave long pelagic larval duration (PLD)
combined with strong longshore currents aldhg GBR. Further, | hypothesise that
genetic differentiation among polations over small spatiacales is asignature of

more recent single recruitment events from genetically distinct sources combined with
the spatially and temporally stochastic matof recruitment. | found no evidence for
predominantly clonal reproduction withipopulations, despmt the large energy
allocation of this species to asexuallpguced brooded larvae, further undermining the

paradigm that brooded larvae settle clospai@nt colonies shtly after release.

Genetic assignment of recruits to poiainsource populations confirmed that larval
dispersal and retention is sipecific for both lineages d?. damicornisstudied, as
well as forS. hystrix,in accordance with the capacity of brooded coral larvae to both
settle immediately upon release, and stathawater column for extended periods of

time, and the spatial and temporal differences in current regimes between locales.



Strongly self-recruiting populations &. damicornis Type. were found at exposed
sites in the Palm Islands, while predominantly self-recruiting population®. of
damicornis Type andS. hystrixwere located on sheltered sites in the Palm Islands,
and at the NE exposed site of Lizard Islaatiier populations were found to be largely
dependent on exogenous larval replenishimBifferences in habitat preference and
dispersal characteristics betwe®n damicornis Type .and support the recent
delineation of lineages within the morphosgsciand demonstrate the timeliness of re-
evaluating the biology of several coral speaising units of obseation identified by

techniques of molecular taxonomy.

My results suggest thats a consequence of their cdexpreproductive strategies and
dispersal capacities, pocilloporid species studied here ylikirm resilient
metapopulations on the GBR. Because difierbabitat types sustain reproductive
hotspots of these closely reldtspecies, it is reasonabledioggest that whole reefs are
included in MPAs, rather thaparts of reefs. Genetic connectivity estimates from my
study, coupled with ®@distic high-resolution water m@ulation models may provide
guidelines for suitable spacing of protectedaarin inshore, midshelf and outer reef
environments of the GBR, that ensueeologically and demographically relevant

connectivity between populations$ brooding coral species.
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Table 2.1. Location and phylogenetic identitiesRaicillopora damicornissamples 15
from Schmidt-Roach et al. (2012a). Allnsples were correctly identified by the

RFLP PCR assay as Type Type or “other Pocillopora “Type . LHI”
specimens (indicated with an *) were identified as “othetillopord’ by the assay.

Table 2.2. Characteristics of the newly developed microsatellite primers. 20

Table 2.3. Multiplex groups for microsatellite genotyping. A universal TET-labeled 20
M13-F was added to groups M1 and M2.

Table 3.1. Sampling sites and sample sizes. Final sample sizes, after removing29
sympatric clone mates are shown in brackets. Typepulations that were omitted

from population-based analyses are indicated with *. Location of reefs indicated by

I= inshore, M = midshelf, and O = outer redflabitat type indicated by E = exposed
windward, S = sheltered leeward, L = lagoon

Table 3.2 Multiplex groups for microsatellitgenotyping. A universal TET-labelled 30
M13-F was added to groups M1 and M2.

Table 3.3 Genetic diversity estimates of Typdga) and Type (a) populations. AR 39
= allelic richness, LD = number of locpsirs in significant linkage disequilibrium,

HWE = number of loci in HWE; = inbreeding coefficient, P < 0.01 are in bold;

H. = mean expected heterozygosity over all logi=Hnean observed heterozygosity

over all loci, HD = exact P-values by théarkov chain method for heterozygote
deficiency; HE = exact P-values by tihdarkov chain method for heterozygote
excess; HR = Wilcoxon test one-tailed P value for normalized heterozygote
deficiency; HE = Wilcoxon test one-tailed P value for normalized heterozygote
excess, P < 0.01 are in bold.

Table 3.4. Estimation of Isolation by Distance by Mantel tesfg.vRlues indicate 44
the correlation coefficient between genetic difference and linear, as well as log
transformed geographical distances between populations/samples of the total dataset
and various subsets. Minimum and maximum linear geographic distances between
compared sites/samples are shown in kilometres. Significant R values (p<=0.01) are
shown in bold, and p values in italics.

Supplementary Table 3.1.Descriptive statistics for the 9 microsatellite loci at 25 63
collection sites of Type (a) and at 10 collection sites of Typé€b) individuals. N =

number of samples, A = number of alleles, # observed heterozygosity,e %
expected heterozygosity;s&G inbreeding coefficiensignificant values in bold.

Supplementary Table 3.2.Values of pairwise genetic differentiation of Type 67
populations (below diagonal). Values higher than 0.1 are in red, between 0.5 and 0.1
are in orange font. Where P values wereuated, they are shown above diagonal.

P values < 0.01 are in italic font, and stataly non-significant (p>0.01) values of
genetic differentiation are grayed out. (a) pairwisgs Dalues, (b) pairwise
uncorrected k values, (c) pairwise jFvalues calculated with ENA correction in
FreeNA, (d) pairwise standardisedgFcalculated in GenoDive with Meirmans’
correction



Supplementary Table 3.3.Values of pairwise genetic differentiation of Type 71
populations (below diagonal). Values higher than 0.1 are in red, between 0.5 and 0.1
are in orange font. Where P values wereuwated, they are shown above diagonal.

P values < 0.01 are in italic font, and stitely non-significant (p>0.01) values of
genetic differentiation are grayed out. (a) pairwisey Dalues, (b) pairwise
uncorrected k values, (c) pairwise sFvalues calculated with ENA correction in
FreeNA, (d) pairwise standardisedgFcalculated in GenoDive with Meirmans’
correction

Table 4.1. Names and locations of sampling sites. Location of reefs indicated by I= 89
inshore, M = midshelf, and O = outer reefs. Habitat type indicated by E = exposed
windward, S = sheltered leeward, L = lagoon

Table 4.2. Number of recruits for two lineages (Typand Type ) of Pocillopora 92
damicornis at each of the sampling sites in the central (Palm Is.) and northern
(Lizard Is.) GBR, in each sampling period.

Table 4.3. Settlement sites and times of clonal recruits of Pocillopora damicornis 98
Type . (@) and (b) lineages. Euclidean distances from their adult clone mates are
shown in meters.

Table 4.4. Potential origin of recruits based on assignment / exclusion test resultsl02
Exclusion threshold from a populationasy set to 0.1 assignment probability.
Recruits not excluded from the local populations are termed “local”. “Short-distance
migrants” are recruits that were excludeoim the local adult population, but were
assigned to another adjacent reference pdpuolatithin 10 km. Recruits that were
excluded from all reference populations withid km of the collection site, but were
assigned to distant populations are called “long-distance migrants”. Recruits
excluded from all known populatioase termed “unknown source”.

Table 5.1. Names and locations of sampling siteS.dfystrixadult colonies. Habitat 123
type indicated by E = exposed windward, S = sheltered leeward, L = lagoon

Table 5.2. Multiplex groups of primers from Underwood et al. (2006) used for 126
microsatellite genotyping @&. hystrixrecruits (a) and adults (b).

Table 5.3. Number and source of recruits at each of the sampling sites, in eacth29
sampling period. SDM = short-distance migrant, LDM = long-distance migrant,
Unknown = source unknown, N/A = no genotype data
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Fig. 2.1.Schematic overview of the diagnostic mitochondrial putative control region. 17
The primer pair Pdam -F and -R amplifies a region that contains two type-specific
deletions: a 6-bp deletion in the mtDNA of Typeapecimens, and an 8-bp deletion

in Type . specimens. The amplicon, when subjected\ltdl restriction digestion,

gives unique and readily recognizable fragment sizes for Typeype and all
otherPocilloporaspecies and lineage types. Scissors indicate iledgnition sites,
numbers show the size of the corresponding fragments in bp.

Fig. 2.2. Image of 4% TBE agarose gel of the PCR RFLP assay products. A 100 bp19
ladder is run in the left-hand side lane.

Fig. 2.3. STRUCTURE plot (K=3) of 32%ocillopora damicornigsensu Veron and 21
Pichon, 1976) specimens from Lizard hada Genetic lineage was determined by the
PCR RFLP assay.

Fig. 2.4. Results of the Factorial Correspondence Analysis on RBa8llopora 22
damicornis(sensu Veron and Pichon, 1976)rmsatellite genotypes. The first two
coordinates explain 100% of the varialyiliGenetic lineage was determined by the

PCR RFLP assay.

Fig. 3.1.Map of the study area. Site codes are given in Table 3.1. 28

Fig. 3.2.Estimated density of Typeand Pocillopora damicornisolonies around 35
Lizard Island and the Palm Islands. Colatgnsity was estimated by dividing the
number of colonies recorded at each sien(ded by black dots) by the length of the
collectors’ tracklog (see Methods), and interpolated between sampling sites using the
“spline with barrier” method in ArcGIS 10 (ESRI).

Fig. 3.3 Cumulative number of clone pairs as a function of distance of clones. Type 37
. = blue dots, Type = red boxes.

Fig. 3.4.Greyscale matrix of [;values of Type. populations. Exposed populations 41
are indicated with an asterisk (*). Aetuvalues are shown in Supplementary Table
3.2a.

Fig. 3.5.Results of the spatially explicit Bayesian model-based cluster analysis, as 43
implemented in Geneland, on the Typdataset — relative meratship proportion of
populations to each genetic cluster. Modglety and number of clusters are indicated

on the right hand side of the graphs (&ggriori spatial information, NSp= no a

priori spatial information, C= corrdled allele frequencies, NC= non-correlated
allele frequencies). The corresponding numbé clusters is indicated with K.
Exposed populations are indicated with an asterisk (*).

Fig. 3.6.Greyscale matrix of [;values of Type populations. Exposed populations 45
are indicated with an asterisk (*). Aetuvalues are shown in Supplementary Table
3.
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Fig. 3.7.Results of the spatially explicit Bayesian model-based cluster analysis, as 46
implemented in Geneland, on the TypgA) and Type (B) dataset — relative
membership proportion of populations éach genetic cluster. Model types and
number of clusters are indicated on the right hand side of the graphs (Sp=a priori
spatial information, NSp= no a priori &l information, C= correlated allele
frequencies, NC= non-correlated alleleginencies). The corresponding number of
clusters is indicated with K. Exposed pagidns are indicated with an asterisk (*).

Fig. 3.8. Greyscale matrix of [ values of the pooled database of Typand 48
populations.
Fig. 3.9. Assignment probabilities of 84 Typga) and 52 Type (b) putative first 49

generation migrants (in rows, indicated by the collection sites’ code, see Table 3.1)
to potential source populations (in columns). The red scale indicates assignment
probabilities, and the highest assignment probability for each individual is indicated

by a black dot.

Fig. 3.10. Examples of simulations of passive particle dispersal with Connie2. 51
Dispersal time 50 days, depth 5 m.

Supplementary Fig. 3.1.Photographs of “typicalP. damicornisType . (A), (B) 73
and “otherPocillopord’ (C). Morphology of the lineages often overlaps.

Supplementary Fig. 3.2 Principal coordinate aatysis of pairwise B values (a), k 74
values without correction (b)sfvalues with ENA correction (c), and;Falues with
Meirmans’ correction (d) for Type populations. The first two coordinates only
represent 58.15 %, 56.77 %, 55.38 %, and 61.20 % of the variation of data,for D
non-corrected & ENA corrected E and Meirmans-corrected o F values,
respectively, and hence fail to reveal egtapart of the relationships. Black dots =
northern GBR, red squares = central GBR, blue triangles = Southern GBR

Supplementary Fig. 3.3 Principal coordinate aatysis of pairwise B values (a), k 76
values without correction (b)sfvalues with ENA correction (c), and;Falues with
Meirmans’ correction (d) for Type populations. The first two coordinates only
represent 70.75 %, 70.38 %, 70.36 %, an®@®26 of the variation of data for.[p
non-corrected & ENA corrected E and Meirmans-corrected oF values,
respectively, and hence fail to reveal egtapart of the relationships. Black dots =
northern GBR, red squares = central GBR.

Supplementary Fig. 3.4.STRUCTURE plot of Type. individuals. Each column 78
represents an individual, with the colours showing proportional cluster membership.

a) K=3 identified by the Evanno method, b) K=20 identified by the NSp-C model in
Geneland. Exposed populations are indicated with an asterisk (*).

Supplementary Fig. 3.5.Significant but weak relationship between pairwise genetic 79
distance and log transformed geographic distance in kms of Tygeand (b) P.
damicornisspecimens. Large and small genetic distances can be observed at both
large and small distances. The slope of the regression lines and their significance are
driven by the relatively lower numbers of large within-site (i.e. approximately less
than 100 m) genetic differences.

Supplementary Fig. 3.6.STRUCTURE plot of Type individuals. Each column 80
represents an individual, with the colours showing proportional cluster membership.

a) K=3 identified by the Evanno method, b) K=10 identified by the NSp-C model in
Geneland. Exposed populations are indicated with an asterisk (*).
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Fig. 4.1.Map showing sampling sites in the northern and central Great Barrier Reef 87
(GBR) for the adult and juvenile populati genetic studies. Black squares indicate
collection sites of adult colony sampleghite circles in black squares denote sites
where settlement tiles have also beeplalged. See Table 4.1 for site names.

Fig. 4.2. Correlations between recruit numbers and density estimates of adult 94
colonies ofPaocillopora damicornisType .and at Lizard Island and the Palm
Islands. The method used to estimate pdjmradensities is denoted as either Q for

the quadrat-method or T for the tracklog-method (see Methods). Site names are
abbreviated as per Table 4.1.

Fig. 4.3.Number and source of Typeand recruits of Pocillopora damicornigie 95
diagrams) in relation to population density maps around Lizard Island and the Palm
Islands. Colony density was estimateddiyiding the number of colonies recorded

at each site (denoted by black dots)tbg length of the collectors’ tracklog (see
Methods), and interpolated between sampling sites using the “spline with barrier”
method in ArcGIS 10 (ESRI). Pie charts show the proportion of recruits from four
source categories. Sizes of the pie chargsproportional to the numbers of recruits
sampled at the corresponding site thraughthe study period (also shown in
brackets below the site names).

Fig. 4.4. Size distribution of Type (black bars) and (white bars) recruits on year- 96
round tiles, measured by the number ofypel per recruit (on x axis). Dashed line
indicates maximum number of recruits observed on regularly sampled tiles at Palm
Islands (max 2 mo old recruits).

Fig. 4.5. Probability of assignment and proportional membershi@ iposteriori 100
genetic clusters of recruits &focillopora damicornisType . (a) and Type (b)

lineages. The gray scale matrix shows thegassent probabilities of each recruit (in

rows) to each adult reference population (in columns, names as per Table 4.1). Non-
exclusion from the surrounding reference population is indicated with a red dot. The
annotation and color codes to the left-hand side show the site, the year and the period
of collection. Identical MLGs are color coded in the “Clones” column. To the right-
hand side, proportional cluster membership posteriorigenetic clusters of recruits

is shown on a barplot (STRUCTUREop), at K=2, 5 and 25 for Type, and K=2,

10 and 23 for Type recruits.

Fig. 4.6. Proportional membership im posteriori genetic clusters of adult 103
(reference) samples. Genetic clusters espond to those in Fig. 4.5. Adult clone
mates of recruits are indicated by coloredtangledo the left of each cotan and

color coded as per Fig. 4.5. Population names as per Table 4.1.

Fig. 4.7. Stacked bar charts comparing recruitment rate3oafllopora damicornis 106
Type . (@) and (b) lineages at leeward (left charts) and windward (right charts)
sites through time. For each site, thexis represents the normalized number of
recruits per day per 100%nwhile n in brackets behind each site name shows the
actual number of recruits collected during the sampling period. Dispersal classes
were identified by genetic assignment tgstee Methods). Self-recruiters could not

be identified among Type recruits at NE Pelorus, NE Orpheus and SW Lizard
Island because of insufficient numbers of adult colonies for assignment tests.
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Fig. 5.1. Map of the study area. White squares indicate collection sites of colony124
samples, black dots indicate recruit sampling sites. The pie charts show the
proportion of recruits from four source cgteies plus those without genotype data.

The sizes of pie charts are proportional within a region to the numbers of recruits
(shown in brackets) sampled at the corresponding site throughout the study period
(May 2009 — May 2010 around Lizard Island; May 2009 — May 2011 around the
Palm Islands). Recruits were only sampdNW Pelorus and NW Orpheus in 2011,
therefore data from this year is shown on separate pie charts left of the main pies to
make inter-habitat comparisons easier. Note that local recruits were not identified at
NE Pelorus, due to the lack of local reference population.

Fig. 5.2. Schematic figure of banding patterofsproducts of the expanded genetic 125
assay from Chapter 2 after electrophoresis on an agarose gel. Numbers show
fragment sizes in bp.

Fig. 5.3. Correlation between the density of adBlthystrixcolonies and recruits at 128
sites around Lizard Island (red squares) ardRalm Islands (blue dots). Site codes

are 1 — NE Lizard, 2 — SE Lizard, 3 — NW Lizard, 4 — SW Lizard, 5 — NE Pelorus, 6

— NE Orpheus, 7 — W Pelorus, 8 — NW Orpheus.

Fig. 5.4. Size distribution ofSeriatopora hystrixecruits on year-round tiles in the 131
May 2009 — May 2010 period (dark greyr®aand the May 2010 — May 2011 period

(light grey bars). Recruit size is shown on the x axis by the number of polyps per
recruit, and the number of recruits within each size-class is shown on the y axis. The
dashed line indicates maximum number of recruits observed on regularly sampled
tiles at Palm Islands, and therefore represents the maximum estimated size of two-
months-old recruits.

Fig.5.5. Reverse cumulative number of clones as a function of Euclidean distanc&33
between clone mates on a logarithmic scale (a) and on a linear scale (b). Red lines
show logarithmic and green lines exponerfiteéd curves, with respective functions

and R values similarly colour-coded.

Fig. 5.6. Stacked bar chart of recruitment rate at each sampling site, dispersal35
distance category, and time-window. For each site, Y axis shows normalized mean
number of recruits per day per 10C.rPotential dispersal distance classes were
identified by genetic assignment tests. The actual numbers of recruits collected
during the sampling period (n) are shown in brackets.

Fig. 5.7. Variation in recruitment rate between corresponding time-windows in 136
consecutive years at sheltered sitesttef Palm Islands. Y axis shows changes
between the number of recruits in each time-window in a given year, compared to
the previous year. Significance of the change in recruitment rates was tested by
paired t-tests. Significant values are indicated by filled markers, non-significant
values by hollow markers. Change could not be calculated for NW Orpheus in Aug-
Sep 2010 vs. 2009 because the denominator was zero.

Fig. 5.8. Mean estimated log probability of the Bayesian clustering results of 137
Seriatoporahystrix recruits. The curve reaches a plateau at K=7.

Fig. 5.9. Structure plots 08. hystrixrecruits and adults at K=7. Bayesian clustering 139
was run on the merged genotype database of adults and recruits, therefore clusters
(colours) of the two plots are identicale@&uits are grouped hierarchically by site,

year, and season of settlement. Estimated o&a@in of each recruit is shown by a
colour-code consistent with Figs. 5.1 and 5.6. AdudicBpens are grouped by site

and genetic lineage identity, as identifigy P. Warner (unpublished thesis).
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Chapterl 2

1.1 Connectivity and conservation of coral reefs

Tropical coral reefs are mosaiof seemingly disconnected habitat patches at almost all
spatial scales (Veron, 2000; Hellberg, 200Wwever, local populains of the species
that inhabit these highly productive andefise ecosystems oftéorm metapopulations
(Kritzer and Sale, 2006). Maiapulations are regional groups$ spatially separated,
but demographically interconnected subpopaoie, with a dynamic system-behaviour
that gives resilience to the network (Hainsk999). On a genetic level, benefits of
connectivity among subpopulatis include: (1) individual of connected populations
are more likely to carry bher intra-individual geneti diversity (heterozygosity;
Frankham, 2006), which is thought to reswmittheir increased fitness (reviewed in
Hansson and Westerberg, 2002); (2) intenemted populations are likely to have
higher inter-individual genetidiversity, which fuels naturaelection (Frankham et al.,
2002); and (3) connectivity increases loeéfkective population g, thereby reducing
the risk of genetic erosion through drifréiRkham et al., 2002). On an ecological level,
demographic links between local populagso may reinforce locally depleted
populations from external sources, aimdextreme cases, can maintain a dynamic
equilibrium between local extirpationsiéh new colonization events (Hanski, 1999).
Recognition that Aristotle’s classic theory of holism, i.e. “the whole is greater than the
sum of its parts”, holds also for metapagtidn viability, has led to acknowledgement
of the importance of creating networks obfarcted areas to sustastrong connectivity
among subpopulations (e.g. Benn2&99; Crooks and Sanjayan, 2006).

In the marine realm, designation of maripmtected areas (MPAs) has become the
most widely adopted strategy for managing and protecting biodiversity (Gubbay, 1995),
with an exponentially increasing trend in their numi{&dgar et al., 2007). Indeed, in
tropical coral reef ecosystemdPAs have been shown not ority increase fish stocks
within their boundaries (Williamson et al., 2004)daspillover of target fish species to
surrounding areas (Harrison et al., 201B)t also to significantly enhance coral
recruitment through a cascade of ecologresiponses of the ecosystem to decreased
anthropogenic pressures (Mumby et al., 2008) maximize benefits of these complex
ecosystem responses and increase resiliehamlitary MPAs in the current era of
increasing anthropogenic disturbances, inclgdipid changes in climate, it has been
proposed that marine reserves should be spaced in a way that accommodates routine
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inter-reef dispersal adpecies that have a key roledreating or maintaining the coral
reef habitat (Palumbi, 2001; Botsford et @009; McCook et al2009; Steneck et al.,
2009; Almany et al., 2009). Yet in practice, uglbn of aspects of connectivity in the
design of marine ecological networks Hasen hindered by substantial gaps in our
knowledge of the metapopulation dynamics, including source-sink dynamics and
demographically significant dispersal @distes, of many coral eé organisms. For
example, the world’s largest marine regenetwork on the iconic Great Barrier Reef
(GBR) was created using extremely sophistidaind complex site-selection algorithms

(Lewis et al., 2003), whicHid not include connectivity.

1.2 Assessing population connectivity in corals

Studying population connectivity of tropicatoral reef species is particularly
challenging, because the adult life-stage of most reef-dwelling organisms is sessile or
sedentary on the spatial scale of reef patcaed,thus connections between nodes of
their metapopulations are largely maintainea dispersal of plan&nic larvae (Pineda

et al., 2007; Cowen and Sponaugle, 2009). Wlaevaee are released simultaneously
and form large aggregated slicks, their ditestking provides rougbstimates of larval
dispersal (Willis and Oliver1988, 1990). However, since larvaiemost reef species do

not form conspicuous slicks, and the direatking of small and numerous larvae in a
vast and complex fluid environment poststhnical difficulties, empirical larval
dispersal studies have mainly been based on indirect technigues (for an exception, see
Carlon and Olson (1993)) . The developmentpefmanent skeletal structures in an
early phase of ontogenesis of fishes permits estimation of larval origins and dispersal
tracks from the chemical composition of otoliths (Thorrold et al., 2007). Experimental
manipulation of otolith chemistry of fish larvae via injecting rare isotopes of alkaline
earth metals into the mother fish prior to spawning (transgenerational isotope labelling)
enables further refinement of the med and the application of mark-recapture
techniques (Thorrold et al., 2006; Woodcatkal., 2011). However, because of the
lack of structures in coral larvae that can be tagged, the application of these chemistry-
based techniques to coral larvae is impossible, which limits empirical dispersal studies

to the analysis of genetsignatures (Hellberg et al., 2003n Oppen and Gates, 2006).
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1.2.1 The genetic approach

The genetic composition (allele and genotypuencies) obiological populations
reflects processes of sdien, random drift, mutation, inbreeding and migration (Hartl

et al.,, 1997). By using neutral genetic n@&as in genetic analyses, the effect of
selection is eliminated, and genetic differentiation of populations, as well as intra-
population levels of genetic diversity witlarry the signature of present and past
population connectivity and effective popudat sizes (Waples and Gaggiotti, 2006).
Most early population genetgtudies on connectivity of scleractinian corals were based
on allozymes (e.g. Stoddart, 1984; Ayre &ebing, 1986; Ayre and Willis, 1988; Ayre
and Dufty, 1994; Stobart argenzie, 1994; Hellberg, 1994; Beezt al., 1995; Ayre et

al., 1997; Ayre and Hughes, 2000, 20(Ridgway et al., 2001; Ridgway, 2005;
Whitaker, 2006), because DNA markers proddticult to develop in corals (reviewed

in van Oppen and Gates, 2006). Howevee, tieutrality of allozymes is sometimes
dubious (summarized in Hey, 1999). Therefore, making use of advances in DNA
techniques, subsequent population genetic studies have used nuclear DNA
microsatellite markers (e.g. Magalonatt, 2004, 2005; Underwood et al., 2007, 2009;
van Oppen et al., 2008), as well as the palgphic ITS (internakranscribed spacer)
region of the ribosomal DNA (Takabayashiagt 2003; Zvuloni et al., 2008), although
this latter has beegriticized because theuclear ITS region haglatively low mutation
rates, and in many instances high levelstf-individual varidion, and therefore has
limited use for population genetic appohes (Van Oppen and Gates, 2006 and

references therein).

In corals, larval dispersal and hence popatatonnectivity occursver a continuum of
spatial and temporal scales (Paris, 2011), and the different scales have different
implications for the metapopulation. Awemigrants per gemation are enough to
genetically homogenise populations (Wrigh®31), but are unlikely to have immediate
demographic impact over ecologically signifitaimescales (over the course of a few
generations). Such low intensity conneityiv(i.e. evolutionay connectivity) is
therefore more important for speciation gmwcesses that determine species ranges
over evolutionary timescales (i.e. over tleise of thousands of generations) than for

prompt restoration of degled populations, although tleis potential for a few
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colonisers to establish new populations rerestablish extincpopulations (Hanski,
1991). However, demographically signifitamumbers of migras have to be
exchanged between populations over ecologiceascales (i.e. ecological connectivity)
for larval dispersal to be significant asreliable path to recovery after an acute

disturbance.

Separating genetic signaes of contemporargcological connectivitfrom those of
evolutionary connectivitys particularly challenging ircorals, because of a range of
biological and statisticalissues (Palumbi, 2003; van Oppen and Gates, 2006).
Traditional population genetic statisticalethods are based on equilibrium models,
such as F-statistics (Weir and Cockerham, 1984), which are relatively insensitive to
changes in gene flow over contemporairpescales (Manel et al., 2005) and have
unrealistic assumptions for most natuypabpulations (Whitlockand McCauley, 1999).
Significant improvements to the originalskatistics (Hedrick, 2005; Meirmans, 2006;
Jost, 2008) now provide powerful tools to measure genetic differentiation of
populations and infer populati@monnectivity over evolutionary timescales. At the same
time, new individual-based statistical appcbes have been developed that describe
sub-population genetic structur@itchard et al., 2000; Falugt al., 2007)and enable
researchers to genetically agsindividuals to potentialagirce populations or to detect
first-generation migrants (Rannala akduntain, 1997; Cornuet et al., 1999; Wilson
and Rannala, 2003; Piry et al., 2004). Wlilese improvements in statistics now allow
researchers to make reliable inferendes both evolutionary and contemporary
immigration rates (reviewed in Manel et &Q05), biological characteristics of corals
create further challenges for assessment of ecologicalecovity. Namely, the
lifespan of genotypes in corat&in be extremely long due tbeir high potential for
asexual reproduction (Hughes and Jack&®80; Highsmith, 1982), which may create
misleading patterns of genetic structureadult populations (Botsford et al., 2009). To
overcome this difficulty, it is possible to metically characterise juveniles or newly
settled recruits and make comparisons between genetic structures of the adult
populations and cohorts of reits (Zvuloni et al., 2008), however this approach has not

been explored in detail until recently.
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A fundamentally different indidual-based genetic approahto identify parents of
specimens within a population by matchihgir genotypes (Jones and Ardren, 2003).
Indeed, parentage analysis has been successfully used in coral reef fishes to directly
assess dispersal of larvae from parentsggdan al., 2005; Planes al., 2009; Harrison

et al., 2012), but its applicat in coral larval dispersal alysis is problematic, due to
sampling requirements that are hard tos$atiFor reliable parent assignments, this
technique requires that almost all potenfarents are sampled (H. Harrison, pers.
comm.; Jones et al., 2010), however coral gametes are spawned into the water column
and may disperse substantially, thus pheential pool of parents may be widely

scattered spatially.

1.2.2 The modeling approach

Because coral larvae are transported by oceamnts, the development of increasingly
realistic water circulation models (e.Gowen et al., 2000; Condie et al., 2005;
Lambrechts et al., 2008), combined withproved understanding of the behavioural
and physiological characterisiof coral larvae (e.g. Haet al., 2002; Harrison, 2006;
Graham et al., 2008) now enable modelofgtheir dispersale.g. the Connectivity
Modeling System, https://www.rsmas.miagaiu/users/cparis/cms/description.html).
The major benefits of modelirmpmpared to empirical approashis that models can be

run on larger spatial and temporal scaleg.(&ool et al., 2011); they can be used to
simulate historical, present, and future dispersal events, and can accommodate changes
in climate (Munday et al., 2009), as weals variability inthe geomorphology of
coastlines or topography of reefs (Pagisal., 2002). To assess the credibility and
increase the accuracy of models, their predictions need to be cross-validated with
results of empirical studies (Galindo et, &010). Modelled gene flow showed a very
good match to observed genetic patterns malqeopulations in the Caribbean (Baums

et al., 2006; Galindo et al., 200Bpol et al., 2010; Fostest al., 2012), encouraging

similar interdisciplinary approaches to tested in other reef systems around the world.
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1.3 Reproductive strategies and connectivity in corals

Scleractinian corals have suit of reproductive strategiethat typically result in
different dispersal capabilities (Hawis and Wallace, 1990). €htwo fundamentally
different modes of sexual reproduction arer@l@asing gametes intbe water column

for external fertilization and larval development (“broadcast spawning”), and (2)
brooding planulae within corgbolyps following internalfertilization (“brooding”;
Harrison and Wallace, 1990). Typically, larvidmat develop externally from spawned
gametes have an obligatory A5days of pelagic devgiment before they become
competent to settle (Babcock and Hayd; 1986; Miller andMundy, 2003; Harrison,

2006) and may have competency periods of up to 240 days (Graham et al., 2008). In
contrast, brooded planulae are competensdtile immediately when released, and
maintain their competency for over 100 days (Richmond, 1987; Harii et al., 2002).
Consequently, externally developed coral larvae are thought to provide the most
common mechanism for long distance dispéamong coral populations, and indeed
several comparative studies have found that gene flow is higher among broadcast
spawning species than brondispecies (e.g. Nishikawaat, 2003; Underwood et al.,
2009). However, both modeling (Black, 19®anco-Martin, 2000; Figueiredo et al.,
2012; Andutta et al., 2012) dmgenetic studies (e.g. Ay and Hughes, 2000, 2004; van
Oppen et al.,, 2008, 2011b) have shown tiiapersal does not always follow these
predicted patterns, because waticulation features can override larval capacities in
the final outcome of dispersal.

Further to differences in dispersal, different reproductive methods will have different
genetic consequences on the progeny (Table 1.1.). Braagbeasning typically results

in genetically recombined offspring, howessif-fertilisation mg occur (e.g. Stoddart

et al., 1988). On the other hand, brooding pamduce asexual offspring, as well as
genetically recombined larvae, but brooded larvae can also rises@&lbfertilized eggs

(e.g. Sherman, 2008). And finally, fragmentatgroduces clones ttfie parent colony,
however non-lethal somatic mutations ma@pear and create genetic diversity between

fragments (e.g. van Oppen et al., 2011c).

The pocilloporid family harbours the most common brooding corals on the GBR
(Veron, 2000), but substantialt@n-specific differences in Bf history strategies within
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this family predict a variety of connedtiy patterns. The poddporid needle coral
Seriatopora hystrixDana, 1846) releases its sexygiiroduced planulae (Ayre and
Resing, 1986) several times a year (reviewed in Fal|all883), therefore it takes
advantage of a range of different environmeotaditions that likely affect its dispersal

and development, such as differentrrent regimes and water temperatures.
Accordingly, estimates of connectiyjtdispersal and larval retention $ hystrixare
complex and often contradictory. Predomithaself-seeding populains were reported

from the GBR (Ayre and Dufty, 1994; Ayre and Hughes, 2000) and the Red Sea (Maier
et al., 2005), with limited larval dispersal on scales of a few hundred meters to a few
tens of kilometres. In contrast, panmixia ove8 km was later described from the same
region in the Red Sea (Maier et al., 20@9d evidence for occasional long-distance
dispersal was reported from NW Australieeefs (Underwood et al., 2007) and from
the GBR (Van Oppen et al., 2008).

Pocillopora damicornis(Linnaeus, 1758) is a peculigrocilloporid coral species,
because its life history strategy encompasses both brooding and spawning reproductive
modes; however the implicatis of this mixed strategy f@onnectivity hae generally

not been considered. This species is reported to release thiandee throughout the

year, with seasonal peaks in planulatioat thary geographicallye.g. Harrigan, 1972,
Harriott, 1983; Richmond and Jokiel, 1984illanueva et al., 2008). Planulae were
found to be exclusively asexually produced/atious sites around Atralia (Stoddart,

1983; Ayre and Miller, 2004; Schmidt-Roadt al., 2012), creating highly clonal
populations, particularly in south-wegsterAustralia (Stoddart, 1984). Conversely,
populations of P. damicornare primarily sexually maintained on the GBR, a paradox
that has taunted researchers for over a de@ade et al., 1997; Ayre and Miller, 2004;
Sherman et al., 2005). Clonal populations waiso found in Kenya (Souter et al.,
2009) and Southern Taiwan (Yeoh and Dall®Q however in this latter location, 26 %

and 6 % of larvae in two single broods, edpvely, were found to be of sexual origin
(Yeoh and Dai, 2010). Conversely, population®oflamicornisare primarily sexually
maintained on the GBR, a paradox that has taunted researchers for over a decade (Ayre
et al., 1997; Ayre and Miller, 2004; Shenmet al., 2005). Until recently, spawning has

only been inferred from the sudden disappeee of mature gametes in histological
samples oP. damicornis (Stoddart and Black, 19&&5ynn et al., 1991; Ward, 1992).
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A recent observation of spawning has ulege that eggs are negatively buoyant
(Schmidt-Roach et al., 2012b), which suggésis dispersal capabilities of externally
produced larvae. Further to the complexity of its reproductive strategies, the nomical
speciesP. damicornishas been found to have very higltraspecific diversity (Flot et

al., 2008a; Souter, 2010; SchmidtdRb et al., 2012a), with fivdistinct lineages on the

GBR that potentially represent cryptic species (Schmidt-Roach et al., 2012a). Therefore
it is reasonable to suspect tlegtrlier studies @t described strongenetic subdivision

on small spatial scales populations of P. damicornis on the GBR and remarkable
genetic similarity at the s@bf hundreds of kilometres (Bag et al., 1995; Ayre et al.,
1997; Ayre and Hughes, 2000, 2004), have hmmriounded by the inclusion of several
potential cryptic species in analyses. Because there have been substantial advances in
DNA techniques applicable to coral genetic studies, statistical methods of population
genetics, and molecular taxonomy since lHs assessment of population connectivity

in P. damicornis, it is timely to re-visit thissge and provide conservation managers
with much needed information on ecologi@@nnectivity in lineages of this model

coral species.

1.4 Aims of the thesis

The overarching aim of this thesis is to improve current utaetedsg of population
connectivity in corals and ultimately cortute to refining the design of MPA networks
in the tropical coral reef environment. Inrpeular, my goal is taobtain estimates of
ecological connectivity and its spatiertiporal stochasticity for two common
pocilloporid coral species on the GB&eriatopora hystrixandPocillopora damicornis,
taking advantage of recent improvement®MA techniques applicable to coral genetic

studies and statistical methods, as welliasoveries in molecular coral taxonomy.

In Chapter 2, | present a novel genetic agbay quickly and cost-efficiently identifies
the two most common lineages of thedamicornis nominal species on the GBR. This
study provides the tool to focus connectivitggarch in the subsequent two chapters on

genetically meaningfulnits of observation.
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In Chapter 3, | describe population ngéic patterns and subpopulation genetic
structures in adult populations tife two most common lineages Bf damicornis on
the GBR, and make inferences about etiohary and ecological connectivity. Results
of this chapter are comparable to previguslies, because they describe connectivity
from population genetic patterns of adulesimens, but are novel in the techniques

used and in that | differentiate among lineages of the P. damicornis morphospecies.

In Chapter 4, | genetically charagze newly settled recruits d?. damicornis, and
determine their potential natal source popataby assigning them to adult reference
populations from Chapter 3. From thesstimates, | draw conclusions about
contemporary connectivity, as well as spatiad g&amporal variability of recruitment in

this species.

In Chapter 5, | first present a modificationtbé genetic assay desxed in Chapter 2,
which allows identification 08. hystrixrecruits from among othgocilloporid recruits.
Armed with this new assay, | repeat thetmoelology applied in Chapter 4, this time on
newly settledS. hystrixrecruits. This chapter is a result of a collaboration with the
parallel Ph.D. project of P. Warner, aneé tleference adult genotype dataset was kindly

provided by the collaborator.

In Chapter 6, | synthesize key findings frahe preceding chapters into a cohesive
discussion, with an emphasis on the potemipglication and implideons of the results
in further studies and in practical conseima management. | also identify topics for
future research that callpossibly unveil some of ¢hremaining grey areas of

connectivity in the study species.

1.5 Nomenclature

Throughout this thesis | useetiterm “lineage” to refer to the intraspecific genetic
diversity in the P. damicornisnorphospecies (Souter, 2010; Schmidt-Roach et al.,
2012a). While new species have not been described within P. damicornis formally yet,
Schmidt-Roach et al. (d2a) have shown that BamicornisTypes . and are true
evolutionary or phylogenetic lineages andoagvolutionarily ginificant units (ESUS),

as these two taxa show reciprocabmaphyly in mtDNA and significant genetic
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differentiation in nDNA. In addition therare significant biological differences between
the two types (personal observation, Schmidt-Roach et al. unpublished). By using the

term “lineage” my thesis is also consi#tevith the literature on the subject.
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This chapter is inserteditivout Acknowledgements as press in PLoS ONE: Torda G,
Schmidt-Roach S, Peplow LM, Lundgren\Rn Oppen MJH (2012) A rapid genetic
assay for the identification of the most commBocillopora damicornis genetic
lineages on the Great Barrier ReeE.oS ONHKin press)

All the data was collected and analysedGayTorda, who also wrote the chapter and

manuscript after intellectual contributions from all co-authors.
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Abstract

Pocillopora damicornis(Linnaeus, 1758; Scleractinia, Pogjlbridae) has recegtlbeen found to
comprise at least five distinct genetic lineages in Eastern Australia, some of which likely represent
cryptic species. Due to similar and plastic gross morphology of these lineages, field identification is often
difficult. Here we present a quick, cost effectigenetic assay as well as three novel microsatellite
markers that distinguish the two most common lineages found on the Great Barrier Reef. The assay is
based on PCR amplification of two regions withia thitochondrial putative control region, which show
consistent and easily identifiable fragment siiferences for the two genetic lineages afédul

restriction enzyme digestion of the amplicons.
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2.1. Introduction

Many scleractinian coral spes show high morphological wability that has been
related to differing environmental conditiorBeciprocal transplant experiments have
demonstrated that the same genet maybéxdifferent growth forms in response to
light and water movement intensities (Willis, 1985; Bruno and Edmunds, 1997).
However, some putative eco-morphs withsiimgle species reprededistinct genetic
lineages (Stobart and Benzie, 1994; dita et al., 1999; Carlon and Budd, 2002;
Combosch et al., 2008; Flot et al., 2008&nes et al., 2008; Feman et al., 2009;
Souter, 2010).

Pocillopora damicornis(Linnaeus, 1758) is a key mddscleractiniancoral species
displaying a wide spectrumf morphotypes throughout itenge (Veron and Pichon,
1976), some of which occur in sympatry.eThiology of this spees, especially its
reproductive modes, seasonality and lunaropicity have often been found to be
unexplainably variable, sometes contradicting, among ameden within studies (e.g.
Harriott, 1983; Richmond and Jokiel, 1988toddart and Black, 1985; Ward, 1992;
Tanner, 1996). Recently, four independstiidies have discovered sympatric, but
seemingly reproductively isolated genetimeages within the morphospecids
damicornis: Flot et al. (2008b) repdite distinct mitochondrial lineages from Hawaii,
Pinzén and LaJeunesse (2011) found three gedietiges in the Tropical East Pacific,
Souter (2010) identified two from the asis of Tanzania and Kenya, and Schmidt-
Roach et al. (2012a) describe five lineafresn the coast of Eastern Australia. The
latter study showed that the genetic lineagd’.afamicornigsensu Veron and Pichon,
1976) differ in their mode of reproduction, aslivas in seasonal and lunar reproductive
peaks. In light of these new resultee complex biology of the morphospecies
damicornis should be re-visited, using the newly identified genetic lineages as the units
of observation. Although the gdielineages seem to kassociated with phenotypic
characteristics, phenotypic plasticitynda cryptic appearance complicate confident
identification, especially for the untrainedeeyCurrently, the only practical technique to
differentiate among these genetic lineags sequencing mitochondrial regions
characteristic for each lineage (Schmid@aRBo et al., 2012a). However, the relatively
high costs and time-consuming nature of fiigcedure make their routine application

to large sample sets unrealistic.
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This paper presents a quick and relatively-tost genetic assay to reliably identify the
two most common, and best resolved genetic lineagBs dédmicornis from the Great
Barrier Reef (GBR), Types and (2012a). Our assay targets the mtDNA putative
control region (as described in Flot andlier, 2007) by RFLP analysis of PCR
amplicons. We tested the performance efdlssay by comparing its results against two
datasets: (i) 145 coral samplegh known lineage identitpased on a multi-locus (both
nuclear and mtDNA) sequence analysis (201Pable 1), and (i) 329 samples PBf
damicornis (identified morphologically senséeron and Pichon, 1976), collected
around Lizard Island, central GBR, dancharacterised by nine polymorphic

microsatellite loci, three of which we developed as part of this study.

Table 2.1. Location and phylogenetic identities Ricillopora damicornis samples from
Schmidt-Roach et al. (2012a). All samples weserectly identified bythe RFLP PCR assay as
Type ., Type or “other Pocillopord “Type . LHI” specimens (indicated with an *) were
identified as “othePocillopord’ by the assay.

°o 2 I 2 s £ 2 4
§ % 8 ¥ g2 8 B B
Location -g B - < §§ = *
GreatDetachedRed 3 1 1 1 6
GreatKeppellsland 19 19
LongRed 3 1 2 6
LordHowelsland 1+4* 5
Myrmidon Red 1 2
NightRed 3 6
Orpheus/Pelorussland 3 19 4 10 36
OneTreelsland 6
RibRed 2 3 1
Solitarylslands 3
TydemarRed 3 3
WallacelsletRed 21 3 24
Wilkie Red 2 16 2 20

Total 1 61 54 9 16 3 1 145
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2.2. Materials and methods

2.2.1. Ethics Statement

All necessary permits were obtained for the described field studies. Specimens for this
study were collected under permitminers G08/28215.1 and G09/30237.1, issued by
the Australian Government’'s Great BarriReef Marine Park Authority. The locations

of sample collection are not privately-owtheand no endangered protected species

were collected.

2.2.2. Assay development

We searched the genome of pocilloporid sgeéor conserved lineage-specific indels.
Following unsuccessful trialen nuclear genomes, wdigmed the putative control
region (i.e., the region between thgp8 and coxhenes (Flot and Tillier, 2007) of the
mitochondrial genome) of pocilloporid speci@ssluding the newly identified genetic
lineages that are present on the GBR. The alignment of GenBank sequences
NC_009797.1, NC_009798.1, NC_010244.2, NC_010245.2, NC_011162.1,
NC_011160.1, JX624790 — JX625114 in BioEdit v7.0.1 (Hall, 1999) using ClustalW
Multiple Alignment (Thompson et al., 1994) showed that an eight-bp deletion is
characteristic fol?. damicornisType .and a six-bp deletion is unique for Type
sensuSchmidt-Roach et al. (2012a). The desigrprimers that directly bind to these
lineage-specific indels was unsuccessfukréifiore, using # web-based program
Primer3 (Rozen and Skaletsky, 2000) wesedeped primers thatarget the region
containing both indels, with a total length of 70%pe .), 707 (Type ), and 713 bp

(all otherPocilloporaspp. and genetic lineages, hereafter “ofPecillopord’). Primer
sequences are Pdam-F 5’-AAG AAG ATT GGCT CGT TT-3' and Pdam-R 5’-CGC
CTC CTC TAC CAA GAC AG-3'. These primesequences do noteur in the mtDNA
genome of the pocilloporid gene&eriatoporaand Stylophora The detection of such
small amplicon size differences is challengihberefore, to facilitate rapid and reliable
identification, i.e. to enable the use of simple agarose gels with reasonable
electrophoresis time without compromisindentification accuracy, we included a
digestion step withAlul. This restriction enzyme dige generates a unique banding
pattern for Type. (84, 116 and 389 bp fragments), Typ€92, 110, 116 and 389 bp
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fragments) ad “otherPocillopora” (92, 116and 389 b fragmens; Fig. 2.}, that is

recognisableon a highdensity ageose gel.

Type Is=SpeCiC Uerenc T wuy Type a-specitic deletion (8 bo)
Pdam-F _Z J, Pdam-R

P ikl ~ 110bp B 116bp 389 bp [ 92bp
Type 8 ks Lt
P.damicomis | 116bp . 16bp 389bp 84bp
T pea ) Kl =

Be

other . 1ebp ,  N6bp 389bp 92bp.

spp. :nd

and'fineages

Fig. 2.1. Schmatic oveview of the diagnosticmitochondial putative control region. The
primer pair Rlam -F andR amplifiesa region tlat containswo type-speific deletions: a 6-bp
deletion in the mtDNA of Type specimens, ad an 8bp deletion in Type . specimens. The
amplicon, wren subjectd to Alul retriction digestion, givesunique andeadily reognizable
fragment size for Type ., Type ard all other Rcillopora species and tieage typesScissors
indicateAlul recognitionsites, numbes showthesize of the orrespondig fragmentsn bp.

2.2.3. Testing the assay

The assay s first testd on the 45 DNA samples thatwvere usedn the phybgenetic
study of Sdimidt-Road et al. (D12a; Tabé 2.1). PR reactionswere runin 10 |

volumes ugig a Qiage Multiplex PCR Kit (Qiagen®),following the manuécturer’s
protocol, wih 2 pmol @& both primers, and pproximatey 40 ng ofthe templée DNA.
Thermal cyting protool was 15min at 95°C 30x (30 sat 95°C; @ s at 60°Cand 60 s
at 72°C) aml 10 min at60°C. PQR productswere subjeted to Alulrestrictionenzyme
digestion wihout purification for1 hour at 3°C, using5 ul of PCR productwith 0.25
pl (2.5 U) of Alul ereyme and 1ul of 10x NE Buffer 4 (BioLabs Inc.) ina 10 pl
reaction. Fiwe pl of thedigested poducts wee run on 4% TBE agaose gels (& x 20.5
cm in size) or 4 hrs atl50 Volts.Banding paerns werescored maunally. Theresulting
lineage idaetities of samples were compared to the publshed phybgenetic
membership (SchmidtRoach et al 2012a).

We also copared tle assay’'sperformane to an irdependent329 P. damicornis
(identified morphologtally sensuVeron am Pichon, B76) multiocus micosatellite
genotypes.These sampk were cliected at lizard Islanl, northernGBR, andstored in
absolute ethnol, until extracting DNA by a modified protocol of he salt preipitation
methad descibed in Wison et al. 2002). Miagosatelliteprimers deeloped byMagalon
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et al. (2004) and Starger et al. (2008) wiasted for amplification and polymorphism
on a random subset of 50 samples. One araifom Magalon eal. (2004) and five
from Starger et al. (2008) were found togmdymorphic in our samples. To increase the
discriminative power of genotyping, we demgéd additional microsatellite markers, as
follows. TwelveP. damicornis colonies were collected at Orpheus Island, central GBR,
and were transferred into aquaria at the Australian Institute of Marine Science. After an
acclimatization time of four daysplonies were bleached with 1 I of the herbicide
diuron (Negri et al., 2005) ovéwo weeks to remove moSymbiodiniuncells from the
coral tissue. Bleached fragments of each colony were preserved in absolute ethanol.
DNA was extracted using the QiageDNEasy Tissue Kit and checked for
Symbiodiniuncontamination by amplification of the ITS region, according to Coleman
et al. (1994). None of the twelgamples showed amplification f8ymbiodiniumand
were used for microsatellite isolationlléaving Glenn and Schide (2005). After the
creation of an enriched muasatellite library, primers for 15 microsatellites were
designed using Primer3, and these loci wexsged for polymorphism. Three marker
sets were identified to amplify polymorphic microsatellite regions (Table 2), and were
pooled with the selected markdrom Magalon et al. (2004nd Starger et al. (2008) in
three multiplex and one simplex PCR reactions (Table 3).

All 329 P. damicornis DNA samples were genotypedhat nine microatellite loci,
following the Qiagen Multiplex PCR Kit (Qiagen®) protocol, using 0.5 pmol of the
M13-tailed F primers, and 2 pmols of alhet primers (Table 3). Thermal cycling was
similar to the assay’s protocol, adjusting thnnealing temperaes as per Table 3.
PCR products were separated onMegaBACE 1000 DNA Analysis System.
Electropherograms were analyzed ngsi MegaBACE Fragment Profiler v1.2
(Amersham Biosciences). All autotitascoring was checked manually.

The Bayesian clustering method implemente STRUCTURE v2.3.3 (Pritchard et al.,
2000) was run on the multilocus genotype ddtiseKk=3 to test whether the genotypes
cluster according to their age identity, using the admixe model without locprior,

and independent allele frequencies withimitial population infemation, with a burn-

in of 100,000 and 100,000 MCMC replicatioafter the burn-in. Additionally, a
Factorial Correspondence Analky$FCA) was carried out ienetix 4.05.2 (Belkhir et

al., 1996) on the multilocus genotypes. The twg coordinates werglotted for visual
analysis. The PCR RFLP assay was on the same 329 DNA samples.
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2.3. Results an d Discus sion

Consistentwith our e)ectations,three eaty distingushable bading pattens were
seen on theagarose gel after ruming the asay on anyPocillopora DNA sanple (Fig.
2.2).

1‘
f

i
o

Fig. 2.2.Image of 4% BE agaroseael of the R RFLP asay product. A 100 bpladder is
run in the lef-hand sidedne.

The assay arrectly identified all GBR sampés from thestudy of $hmidt-Raach et al.
(2012a) aseither Type ., or “other Pocilopora”, and classifiel the Tyg . LHI

samples as“other Pocillopora” (Table 1). The taxamomic statis of Type . LHI

specimens iuncertain,but someevidence sbws that hey represet a disting genetic
lineage (Scmidt-Road et al., 202a), therefre the asay correcty identifiedthese as
“otherPocillopora”. Since the GEBR sampleoriginate flom 10 different reefsgpanning
more than 2° of latitude, these milts provie high cafidence ofthe appropateness
of the assays an idetification tool for thewhole of he GBR. Testing theassay on
populationsoutside theEast coasof Austrlia was bgond the sope of ths study,
therefore werecommed sequencig a repreantative number of speimens inany non-
GBR populdion to deéermine wtether the type-specificdeletionsare presentprior to

adopting thepresentedssay as ardentification tool.
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The PCR FLP assayidentified 205 Type r 93 Type , and 31“otherPocilopora”
specimens mong the 29 sample from Lizard Island.The Bayesan modelclustered
specimens ecording totheir mtDNA lineageidentity (Fgure 3). Siilarly, the FCA of
the multiloaus microstellite genadypes shwed threewell distinguished clugers that
correspondto the gemtic lineage identity, assignedby the asay (Figure 4). The
congruence between he nuclear microsatdite and mtDNA data strendtens the

hypothesisttiat these livages areapeticallyand henceeaproductivdy isolated.

0%
80%
80%
8%
0%
0% ;-

Typea e B | vother

Fig. 2.3. SRUCTURE pot (K=3) of 329 Pocillopora damcornis (sens Veron aml Pichon,
1976) specimns from Lizard IslandGenetic linege was detenined by tle PCR RFP assay.

The geneticassay preseted hereprovides a snple meas to ensug that futue studies
avoid sampé misidentfication in P. damiornis. Furhermore, vhile the reruits of
pocilloporid species & readily dstinguishe from therecruits ofother scleactinian
families by their chaacteristic &eletal stuctures (Bbcock etal., 2003), species
identification of recruis merely ty morpholay is veryunreliable.The primes of this
assay weredesigned toonly ampify Pocillopora spp.DNA, and not the DNA from

other pocillgporid genea. The assy is therebre also sitable to rahbly identfy Type

rand Type P. damiornis from among podioporid recuits, which will opendoors to

genetic linege-specificrecruitmen studies.
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Fig. 2.4. Redlts of the Factorial rrespondece Analysison 329 Pacillopora damicornis
(sensu Veronand Pichao, 1976) mcrosatellitegenotypes.The first two coordinate explain
100% of the variability. Genetic line@e was detenined by tle PCR RFLPassay.
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Abstract

Understanding levels of connectivity among scleractinian coral populations on various
temporal and spatial scales is critical not only for the management of coral populations
themselves, but also for that thle entire coral reef ecosysteRuocillopora damicornis

is one of the most widespread and comrhermatypic corals in the Indo-Pacific, but
connectivity of its populations is not welhderstood, mainly because its reproductive
biology and taxonomy have been unresolwedil recently. In this chapter | use
multilocus microsatellite genotypes to assehe spatial genetic structure of two
putative cryptic species (Type and lineages) ofP. damicornis that have been
described recently from the GBR, and infates of connectivity at various spatial
scales and among habitat types spanning 3 latitudinal sectore GBR. Similar to
previous studies, | found both high genetic similarities over large spatial scales and
strong genetic differentiation &cal scales in both lineagelntra-population genetic
structures and evidence for recent immignatsuggest that genetic differentiation over
small spatial scales is likely a consequenicstochastic re-seeding of populations from
different genetic pools. | explain high genetic similaramong populations over
hundreds of kilometres by life history chatextstics of these corals, namely long
competency periods of brooded planulae amdtiple planulation events each year,
combined with strong longshore currentattigovern larval dispersal along the GBR.
High geneflow over the scale of hundreafskm on the GBR suggests that the two
lineages ofP. damicornis are likely to be able to maintain high levels of genetic
diversity, especially on outer alfi reefs. Similarly to previgs studies on populations of

P. damicornis on the GBR, | found no evidence in the genetic composition of adult
populations for predominantly clonal repration, further undermining the paradigm
that brooded (asexually-producedjvae settle close to patecolonies shortly after

release.
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3.1. Introduction

Tropical coral reefs are inherently patchy ®aiems, thus sessile marine organisms
like corals rely on a dispersive larval stdg maintain connectivity among populations.
Genetic tools have been widely and successfully applied to infer the extent of
connectivity between reefs rfanany marine species (reviewed in Hedgecock et al.,
2007; Weersing and Toonen, 2009), but there len comparatively few studies of
population connectivity based on genetic masKer corals. The physical structure and
most of the primary productn of coral reef ecosystemseasupplied by scleractinian
corals (e.g. Hatcher, 199()ence, understanding levels of connectivity among coral
populations is important, not only for the magement of coral populations themselves,
but also for that of the myriad of vertetea and invertebrates that rely on them for

shelter, food and habitat.

Pocillopora damicornis(Linnaeus, 1758) is a widegad and common scleractinian
coral on the Great Barrier Reef (GBR)gpén, 2000), but despite it being one of the
most extensively studied @ species, its reproductive biology, population genetic
structure, and the extent and direction of inter-reef connectwyot well understood.

The species is thought to have a mixegroductive strategy, involving both the
monthly release of broodddrvae (e.g. Harrigan, 1972) that are asexually produced
(Stoddart, 1983), as well as the release ofigas for external fertilization at unknown
periods of time (Stoddart and Black, 1988ard, 1992; Schmidt-Roach et al., 2012b).
Release of brooded larvae is typically synchronised to a specific lunar phase, but the
lunar phase differs among reef regidqirarrigan, 1972; Muir, 1984; Richmond and
Jokiel, 1984; Tanner, 1996; Fan et al., 200®utB-western Austradin populations of

P. damicornis were found to be predominantly clqi&toddart, 1984), consistent with

a high allocation of engy into brooded clonal larvaena in line with predictions of

the “strawberry-coral model” (Williams, 18Y. This model posits that species with
both sexual and asexual reproduction typically ssxual events to maintain high levels

of genetic diversity and disperse over Bgpatial scales, and asexual reproduction to
colonise and exploit local habitats where the adult ggeohas been successful. In
contrast to the clonal popuian structures found on SW Aualian reefs, the majority

of populations studied on ti@BR are of sexual origin, dpite larvae being asexually
produced (summarized in Ayre and Miller, 2004; Sherman et al., 2005). This raises
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questions about why an organism woulivast in asexual, brooded larvae, an
energetically expensive mode of reproductishen there is littleevidence tht such
offspring contribute significantly to the xtegeneration (Ayrerad Miller, 2004). Due to
strong genetic subdivision on smgilatial scales ipopulations oP. damicornison the
GBR, distant reefs often show greater gengtiglarity than adjacent sites within a reef
(Benzie et al., 1995; Ayret al., 1997; Ayre and Hughes, 2000, 2004) — a pattern
difficult to interpret.

Recent evidence thaP. damicornis comprises several sympatric, but genetically
isolated lineages (Flot et al., 2008a; Sou2&1,0; Schmidt-Roach et al., 2012a), raises
concerns about whether earlier findingsgeinetically subdivided reefs (Ayre et al.,
1997; Ayre and Hughes, 2000) were misintetpd because seveaotential cryptic
species were unknowingly included in populatsamples. Following the description of
five lineages ofP. damicornis on the GBR (Schmidt-&dh et al., 2012a) and the
subsequent development of a rapid genetsay capable of disiguishing the two most
common lineages (Chapter 2), it is now possible to focus reseffiocts on genetically
more meaningful units. In combinationgrdradictory population genetic structures,
emerging evidence of cryptic speotati within the current morphospecieB.
damicornis,and advances in DNA techniques apahble to coral genetic studies make
it timely to revisit the connectivity rl population genetic puzzle of this model

scleractinian coral species.

Less than a decade ago, difficulties in depig highly polymorphic microsatellites
markers for corals limited population genetiadsés to the use of allozymes (Stoddart,
1984; Ayre and Resing, 1986; Ayre andllig/ 1988; Ayre and Dufty, 1994; Stobart
and Benzie, 1994; Hellberg, 1994; Benzieakt 1995; Ayre et al., 1997; Ayre and
Hughes, 2000, 2004; Ridgway et al., 2001; Carlon and Budd, 2002; Ridgway, 2005;
Whitaker, 2006). Because there is doubt alvduether all allozymes are truly neutral
markers (e.g. summarized in Hey, 1999), theeatl of microsatellite development for

coral species enables and warrants furgixforation of coral population connectivity.
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Here | use multilocus microsatellite genotypes to assess the spatial genetic structure of
the two most common lineages Bf damicornis on the GBR. My nested sampling
design and comprehensive analyses enabigpadsons of genetistructure for these

two lineages across various spatial scales and among habitat types spanning 3

latitudinal sectors of the GBR.

3.2. Materials and Methods

3.2.1. Sample collection

One fragment approximately 2 cm long was collected from each of 1040 coloRies of
damicornis (sensu Veron, 2000) at &&s in the northern, ceal and southern GBR,
spanning from Lizard Island in the nortl4-6°) to Chinaman Reef (-22.0°) in the
south (Fig. 3.1). Each colony was photograpaed, based on thegitial time stamp for
each photograph, the software Robogeo 5.6.11 (Pretek Inc.) was used to extract each
colony’s coordinates from thadiver’s track log. The traclog was obtained by towing a
handheld Garmin Etrex GPS unit in a wategs container on the surface. Between 6
and 99 individuals were sampled per siféable 3.1). Collections were made
haphazardly on the upper reef slope alonggaagj transect approximately 200 m long,
between 2 m and 10 m of depth. Colonighin one m of a colony already sampled
were avoided. Coral branches were fixedalssolute ethanol. This sampling design
allowed analyses at four 4 scales: within sites (100 meters), between adjacent
sites (a few km), between distant sites withisector (10s of km), and between sectors
(100s of km). It also enabled comparisonsMeen different habitand reef types, such
as exposed front and sheltered back reseid, inshore, mid-shelf and outer-shelf reefs
(Fig. 3.1).
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Fig. 3.1. Map of the study area. Site codes are given in Table 3.1.
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3.2.2. DNA extraction and microsatellite genotyping

DNA was extracted using a slidyr modified protocol ofthe salt precipitation method
described in Wilson et a(2002). Samples were genotypesing nine microsatellite
markers (Table 3.2), following the multiplexogips, primers and protocols described in
Chapter 2. Samples from four sites, DIBH, EC and FR, were not genotyped for
marker Pd4.

To determine the lineage identity of easéimple (Supplementary Fig. 3.1), a rapid
genetic assay (see Chapter 2) was used. The vast majority of samples (72%; n=745)
were identified as Type, 228 (22%) as Type (sensu Schmidt-Roach et al., 2012a), 56
(5%) as “otherPocilloporda’, and 11 (1%) did not give relble results (Table 3.1). All
subsequent analyses mgecarried out on Type and Type samples separately,
omitting “other Pocillopord’ and unidentified samples which potentially include the
poorly resolved lineage Type and P. verrucosgSchmidt-Roach et al., 2012a). For
ease of reading, | refer to poptibns of these lineages by)(and () following the
populations’ respective codes (e.g. ONE@enotes the. lineage at the NE Orpheus

site).

Table 3.2. Multiplex groups for microsatelligenotyping. A universal TET-labeled M13-F was
added to groups M1 and M2.

Group Locus 5'MOD Meansize runningTm  Source
Pd3_004 TET(M13) 180 Stargeret al. 2008
M1 53°C
PV7 HEX 220 Magalonet al. 2004
Pd4 TET(M13) 148 Chapter2
M2 Pd11 FAM 157 60°C Chapter2
Pd3_002 HEX 200 Stargeret al. 2008
Pd13 HEX 153 Chapter2
M3 Pd3_008 TET 180 60°C Stargeret al. 2008
Pd2_007 FAM 250 Stargeret al. 2008

S Pd3_009 FAM 350 52°C Stargeret al. 2008
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The densities of adult coral colonies arounziakd and the Palm Islands were estimated
using the software package GPS Tieker (Geo Studio Technology Ltd.), by
dividing the number of coloaes at each sampling location by the length of the divers’
corresponding GPS tracklogs (henceforth “tracklog-method”). Since the effective
search radius of the divers varied fraite to site depending on visibility, | did not
attempt to determine the area that the @ivaovered, hence actual density units (e.g.
colonies/m2) are not represented by this metric. | interpolated density values of
surveyed sites in ArcGIS 10 (Environmdrigstems Resource Institute) by the “Spline
with barriers” method. This method used mglacontours as barriers for the reef area
around the Lizard Island group and for threehaf Palm Islands: Pelorus, Orpheus and

Fantome Islands.

3.2.3. Data analyses

To assess the discriminative pemof sets of loci, GenotygpProbability (GP) for each
sample and each locus was calculatessEnALEX 6.4 (Peakall and Smouse, 2006).
Repeated multilocus genotypes (MLG) wedentified in the dataset, and were
considered to be clone mates if the product of GP for all locus combinations was <
0.001. Allopatric clone mates (for this studiefined as originating from different
sampling sites) were kept, while all but one copy of sympatric clone mates were

removed before subsequent analyses.

For population-based genetic analyses,ohsidered the sampling sites as putative
populations, and | refer to them hereafter as “populations”. Ten Typepulations
with a sample size lower than six were omitted, leaving ten populations for these

analyses (Table 3.1).

Deviations of populations from Hardy—Wiblerg Equilibrium (HWE) and genotypic
linkage disequilibrium (LD) were tested Genepop web version 4.0.10 (Raymond and
Rousset, 1995; Rousset, 2008) using thg likelihood ratio statistic (G-test).
Descriptive statistics were obtained @ENALEX. The K analogue ¢ values were
calculated in GenoDive (Meirmans and Van Tienderen, 2004). Allelic richness was
calculated in FSTAT v2.9.3.2 (Goudet, 2001) for each locus and population.
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Populations that lacked datar a locus (DIP, CH, EC and FR for locus Pd4) were
excluded from analyses based alh nine microsatellite loci, and instead analysed
separately for the eight loci for which data were available. Allelic richness was
compared between populations with Kruskal-Watists in the statisal software R (R
Development Core Team 2011). Expectedildmrium gene diversity was computed
from the observed number of alleles under assumption of aonstant-size population
(Luikart et al., 1998) for each populationdafor each locus in the software package
Bottleneck 1.2.02 (Cornuet and Laik, 1996; Piry et al., 1999) and tested for relative
heterozygosity excess and deficit using ttwo-phased model of mutation (TPM).
Allele frequency distributions were graed and compared to a normal L-shaped

distribution, as expected undautation-drift equilibrium.

Various methods for estimating genetitifferentiation among populations were
compared. These included (i) uncorrected pairwisev&lues by the “weighted"
analysis of variance nmieod (Cockerham, 1973; Weir and Cockerham, 1984), as
implemented in Genepop; (ijhe standardised pairwise s’ estimated using an
AMOVA (Meirmans, 2006) in GeoDive; (iii) pairwise k values corrected for null
alleles (ENA correction), computed indeNA (Chapuis and Estoup, 2007); (iv) and
Jost’s actual measure génetic differentiation B; (Jost, 2008), calculated in SMOGD
1.2.5 (Crawford, 2010). To account for unbalansadhple sizes, the significance of
uncorrected k values was assessed by a Fighact test (Goudet, 1995) in Genepop
with the default Markov chain parameters. Significance levels &f ialues were
determined by a permutation test, randongzalleles over all compared populations,
using R code from Alberto et.gR011). | have also tested genetic differentiation in the
pooled dataset of Type and specimens by R:in order to obtain results that are
comparable to those of previous studies tadred the existence of lineages in khe
damicornis morphospecies (e.g. Benzie et al., 1995; Ayre et al., 1997; Ayre and
Hughes, 2000).

To test for isolation by distance (IBD)neasures of genetic differentiation were
correlated against linear and logarithngeographic distance between sites using
Mantel tests with 99%andom permutations IGENALEX. Complementary to this

conventional population-based method, IBD wa® aésted using paise genetic and
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geographic distances betweimdividual samples, in Alles in Space (Miller, 2005),

with 1,000 permutations.

To detect putative first generation migrants, the probability that each individual belongs
to each reference population was compute@emeClass2 (Piry et al., 2004) using the
criteria and probability computation algémib of Rannala and Mountain (1997), with
10,000 simulated genotypes. | followed the tstep analysis described by the authors

of the software, excluding an individual frate reference population if the probability

of exclusion was gmater than 0.99 .€=0.01), and nominating another reference
population as a potential source foretlexcluded individuawhere assignment

probabilities were greater than 0.1.

Furthermore, to describe the genetic structuring within all samples, multilocus
genotypes were clustered by the spatiadixplicit Bayesian clustering method
implemented in Geneland 3.3.0 (Guillot at, 2005), with 100,000 iterations and a
thinning rate of 100. This modalith a priori spéal information (Sp) enforces spatial
genetic integrity of individualghat are close together in space, and hence yields rather
homogeneous cluster memberships for sampling sites, when samples are collected in a
highly aggregated, nested fashion, as in stugly. Therefore this analysis provides an
easy-to-interpret visualisatn of the dominant genetic structuring of populations over
the study area. When a priori spatial infotima is not provided to the analysis (NSp),

this spatial integrity is not enforced, and sampling sites show complex, heterogeneous
composition. These maps are harder to inténgseially, but give more spatial-genetic
resolution, and a more realistic cluster-composition of @djmus. Additionally, when

a correlated allele frequencies model (Cused, subtle local genetic deviations are
enhanced, and more clusters are created than the non-corra@latedfrequencies
model (NC). The use of all four combir@is of models (Sp-C, Sp-NC, NSp-NC and
NSp-C) to explore the dataset provides @asing complexity of results and facilitates

the detection of differing leV® of genetic structure, frorie spatially and genetically

most dominant structure those that are distinguishegl only subtle differences.

For comparison, the widely used fully Bayesian model-based clustering method
implemented in STRUCTURE v2.3.3 (Pritchard et al., 2000) was run without
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population information, under the admixture model and correlated allele frequencies,
with a burn-in of 100,000 and another 100,000 NMMC replications akr the burn-in.

Five independent chains were runr feach K from K = 1 to K = 26. | used
STRUCTURE HARVESTER (Earl and vonHo]dt012) to find the uppermost level of
structure by plottinglK calculated astK = m|L {K)|/s[L(K)], over each value of K
(Evanno et al., 2005).

To assist in the interpretation of the results of the genetic analyses by simulating
potential dispersal capacity of brooded larwadpal Lagrangian pécle transport was
modelled in the 0.025° x 0.025°-cell circudet model of the GBR in Connie 2.0
(CSIRO Connectivity Interfacenttp://www.csiro.au/connie2/). Collection sites were
selected as both sources and sinks for dispersal of passive paatieledepth of 5 m

over a dispersal period of 1, 15, 50 and 100 days. The assumption of absolute passivity
of particles and the use ofbérary release dates make the results indicative of the
transport capacity of water currents, and do not reflect actual dispersal of recruits to and

from the study populations.
3.3. Results

3.3.1. Density of Type .and colonies

Adult colonies ofP. damicornisType . were an order of magnde more abundant on

the exposed sides ofdliPalm Islands than on leewarides (Fig. 3.2). At Lizard Island,
there was no evidence of a windward-leeward abundance pattern. Instead, high
abundance of Type adult colonies was found at bhothe exposed NNE Lizard Island

site and the relatively sheltered SW Lizasthnd site, while both the exposed SE and
sheltered NW sides of the island had comparably low densities (Fig. 3.2).

In contrast to the pattern found for Typgopulations in the Palm Islands, densities of
Type colonies were substantially higher leeward sides than on windward sides of
the Palm Islands (Fig. 3.2). As for Type abundances of Type colonies did not
follow a windward-leeward patn around Lizard Island, but veegreatest at NW and
NNE sites, (Fig. 3.2).
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Fig. 3.2. Estimated density of Typeand Pocillopora damicorniscolonies around Lizard
Island and the Palm Islands. Colony density was estimated by dividing the number of colonies
recorded at each site (denoted by black dbysthe length of the collectors’ tracklog (see
Methods), and interpolated between sampliibgssusing the “spline with barrier” method in
ArcGIS 10 (ESRI).
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3.3.2. Genotype probab ility and clone mates

Type .
In total, 102 repeated MLGs wereeittified within populéion samples of the lineage

(13.7 % of all . samples) with genotype probatyil (GP) less tan 0.001, without
apparent spatial aggregationtivin any sampling site or s®r. Clone mates were found

to be separated by distanceattranged from less than thecuracy of the GPS (~ 5 m)

to 444 km (Fig. 3.3). Five pairs of aflatric clone mate@PNE-YON, LSSW-LSW,
PNE-PSE, LNE-LSSW, PNE-PSE), and one allopatric clone triplet (OE-PNE-PSE)
were detected. Allopatric MLG clones were kept, while all but ooy of sympatric

clone mates were removed before subsequent analyses, reducing the sample size to 693

coral fragments (Table 3.1), that belong to 681 unique MLG.

Type

Thirteen identical MLGs (5.7 %) were tdeted within popul&n samples of the
lineage, all having GP values less than 0.001afb9 microsatellitdoci. All but one

pair occurred sympatricallin lagoonal or sheltered s#teat Lizard Island, within a
maximum distance of 230 meters (Fig. 3.3). After removing all but one copy of these
sympatric clone mates, 220 samples were left in the dataset. However, due to low
sample sizes (< 6 samples) remainingsome cases, 10 sites were excluded from
further analyses, leaving a total of 191 skwplistributed over 10 sites in the dataset
for the lineage (Table 3.1), that belong to 191 unique MLG.
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3.3.3. Genetic div ersity

Type .
All loci were polymophic in all Type . populations & P. damicaenis (DIP, CH, EC

and FR sarples werenot genotyjed for Pd4) Numberof alleles @r locus (A ranged
from 2 to 15 and gpected kterozygodsy (He) ranged fron 0.043 © 0.818
(Supplemenrdry Table 31a).

Allelic richness (AR)was not sigificantly different anong . popuations, wien 9 loci
were analyad for 21 populations excludirg the DIP,CH, EC ad FR pg@ulations
(Kruskal-Wallis test p=0.8919), © when 8 bci were aalysed forall 25 pgulations
(p=0.9824).MAR, LE, LS, YON and PSEpopulationswere inHWE for al 9 loci,
while the bwest nunber of loci in HWE was 5 inthe LSE,PW, PNE and DIP
populations.Mean Gs over all lod was signiiicantly different fromzero in 9out of 25
populations(Table 3.3% Significant (p < 001) LD waspresent ir25 out of 27 valid
locus pair omparisong3.4 %) (Table 3.3a).No locus @ir was in sgnificantLD in all
populations.Cases whe data weg missingfor a locusor where o contingeicy table

was produce due to lav sample nmbers wee considerd non-vald comparisas.
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All but one population had a normal L-shapaltle frequency distribution, consistent

with mutation—drift equilibrium. The sampkze of one population showing deviation
from the L-shaped distribution, MYR, wasot low (N=6) for this analysis to give a
reliable result. At p < 01, no populations had a sige#int heterozygote excess, but
ONW, PW, PNE, DIP, CH, EC, and FR pogtibns showed significant heterozygote
deficiency. Under the assumption of mutation-drift equilibrium, none of the populations
showed significant heterozygote excess tnetato the respeéive allele numbers
(Wilcoxon sign-rank one-tailed test prdidity 0.367 < p < 0.999), indicating the
absence of recent population bottleneck events at any site. PNE and ONE populations

showed significant relativieeterozygote deficiency (0.01) (Table 3.3a).

Type

Similarly, all loci werepolymorphic in all 10 Type populations, with 20 11 alleles,
giving 0.07 to 0.84 He per locus (Supplementbable 3.1b). The m@nmum number of
loci in HWE was 7 (LL and FW populationsand the lowest was 4 (LNNE, OSW and
PW populations). When estimated fdt ci combined, all but two populations
departed significantly from HWE (Tab&3b). Allelic richness was not significantly
different between populations (p=0.4277).

Significant LD was present in 16 out 285 (5.6 %) valid comparisons, but no locus
pair was in LD in all populations. The salmize of the only population that showed
deviation from the normal L-shaped alldlequency distributions, LL, was too low
(N=7) for this test to be reliable. @nthe FW population showed significant
heterozygote excess, and all but the B™WI OSW populations showed significant
heterozygote deficiency. Under the mutatdift equilibrium assumption and relative
to the allelic richness, none of the pagidns had significant heterozygote excess
(0.180 < p < 0.990) nor deficien (0.014 < p < 0.850), suggesithe lack of recent
population bottlenecks or admixtures (Table 3.3b).
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Table 3.3. Genetic diversity estimates of Typéa).and Type (a) populations. AR = allelic
richness, LD = number of locus pairs in significant linkage disequilibrium, HWE = number of
loci in HWE; Gs = inbreeding coefficient, P < 0.01 are in bold; H mean expected
heterozygosity over all loci; 4= mean observed heterozygosity over all loci, HD = exact P-
values by the Markov chain method for hetegte deficiency; HE = exact P-values by the
Markov chain method for heterozygote excess;, HDWilcoxon test one-tailed P value for
normalized heterozygote deficiency; HE Wilcoxon test one-tailed P value for normalized
heterozygote excess, P < 0.01 are in bold.

a
@ AR LD HWE G H H, HD HE  HD, HE,
MAR 25 0 9 0.124 0435 0510 0.914 0.086 0.500 0.545
EYR 2.4 0 8 0.028 0.368 0.366 0.206 0.794 0.014 0.990
LSSW 25 0 8 0.076 0436 0479 0.250 0.750 0.019 0.986
LSW 2.4 3 8 0.054 0427 0455 0.761 0.239 0.125 0.898
LNW 2.5 2 7 0.171 0443 0527 0.955 0.046 0.500 0.545
LNNE 2.9 3 7 0.027 0.495 0487 0.037 0.963 0.019 0.986
LNE 2.7 1 6 0.023 0416 0441 0.034 0.966 0.014 0.990
LE 2.5 0 9 0.114 0418 0475 0.311 0.689 0.180 0.850
LSE 2.6 0 5 0071 0451 0501 0450 0.550 0.213 0.820
LS 2.6 1 9 0.128 0445 0519 0.537 0.463 0.285 0.752
MAC 2.4 0 8 0.055 0.880 0.411 0411 0589 0.102 0.918
YON 2.3 0 9 0.168 0403 0.509 0.804 0.201 0.545 0.500
ONW 3.1 0 8 0242 0531 0430 0001 1.000 0545 0.500
PW 3.2 1 5 0237 0551 0441 0.000 1.000 0410 0.633
PNE 2.6 4 5 0.056 0.472 0.449 0.000 1.000 0.003 0.998
PSE 2.2 1 9 0.026 0.884 0.401 0.534 0.466 0.180 0.850
ONE 2.5 3 7 0.003 0.426 0431 0232 0.768 0.002 0.999
OE 2.3 0 8 0.165 0.887 0.457 0.984 0.016 0.019 0.986
TR1 2.5 1 7 0.019 0.458 0.467 0.097 0.903 0.150 0.875
TR2 2.5 2 6 0.182 0475 0.567 0.638 0.362 0.367 0.674
DIP 2.7 0 5 0.019 0.462 0461 0.000 1.000 0.037 0.973
MYR 2.7 0 8 0.111 0#465 0567 0.759 0.241 0.213 0.820
CH 2.7 2 6 0.157 0.424 0363 0.001 1.000 0.037 0.973
EC 2.7 0 6 0.144 0431 0377 0.002 0999 0.191 0.844
FR 2.5 1 6 0226 0.421 0333 0.000 1.000 0.191 0.844
(b)

AR LD HWE G He Ho HD HE  HD, HE,
LNW 4 4 5 0.157 0590 0504 0.000 1.000 0213 0.820
LNNE 3.9 1 4 037 0584 0.38 0.000 1.000 0.082 0.936
LE 3.8 0 5 0216 0535 0449 0.001 0.999 0.014 0.990
LSE 3.7 1 6 0214 0530 0437 0.000 1.000 0410 0.633
LL 35 0 7 0252 0532 0439 0001 0999 0410 0.633
YON 4.1 0 6 0.136 0567 0507 0.002 0.999 0.014 0.990
FW 2.8 0 7 0.315 0.508 0.690 0.995 0.005 0.850 0.180
oW 3.1 1 4 0.048 0627 0577 0.023 0.977 0.752 0.285
ONW 3.6 7 5 0225 0562 0451 0.000 1.000 0.545 0.500
PW 3.8 2 4 0.192 0596 0492 0.000 1.000 0213 0.820
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3.3.4. Genetic structure

The four measures of genetic differentiatiog, ENA corrected & Meirmans’ Fg and
Jost’s RQs) showed good correlation (Type 0.90 < R < 0.99 and Type 0.83 <R <

0.99 at p < 0.001) and gave very similar overall patterns of genetic structuring
(Supplementary Figs. 3.2 and 3.3, Supplementary Tables 3.2 and 3.3). Begaisse D
not sensitive to genetic divélys and is based on the finitsland model (Jost, 2008),
and hence accounts for both migration and trartarates, | describe the magnitude of
population differentiation by this paramet@igs. 3.4 and 3.6, Supplementary Tables
3.2a and 3.3a). Its interprétan is also more straightforward than that of other
measures of genetic differentiation becaitsgives the mean proportion of pairwise-

private alleles ireach population.

Type .

In general, Type. populations in the Northern GBRere genetically less divergent
from each other than populations in the Ca&nGBR. Thirty-eight out of 66 pairwise

comparisons (58%) among populations of Mwethern GBR were non-significant (Fig.

3.4, Supplementary Table 3.2). The majordf the significant differences were

attributable to four populations (LNE, LES and YON), three of which were exposed
habitats. All significant values were lbev 0.05 (Fig. 3.4, Supplementary Table 3.2),

showing weak to moderate genetic differentiation.

Greater genetic structuring was detectethiwithe Central GBRwhere only eight out

of 45 (18%) pairwise comparisons were non-significant (Fig. 3.4, Supplementary Table
3.2). Most notably, gene flow seemed to be highly restricted between leeward and
windward sites (Fig. 3.3, Supplementary ®aBl2). In fact, the leeward site PW was
strongly divergent from all other sitesoept ONW, including northern and southern
GBR sites as well. Genetic different@ti among the windward sites (PNE, PSE, ONE
and OE) was either non-significant or sfgrant but low. The midshelf reef
populations TR1 and TR2 were weaklyveligent from windward inshore reef
populations, highly differentfrom leeward inshorereef populations, and not
significantly different from each other. &te was no significant genetic differentiation
between the outer reef poputets DIP and MYR, and the latter also showed no
differentiation from the exposed inshore @&d midshelf TR1 populations. Other than
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the substantial genetic differentiatiohthe leeward sites, all pairwisedvalues in the

central GBR were below 0.05 (Fig. 3.4, Supplementary Table 3.2).

The three southern GBR populations ranged fo@mg similar to moderately divergent

(Fig. 3.4, Supplementary Table 3.2).

Genetic differentiation was often less across sectogs,between some Northern,
Central and Southern GBR populations, than among adjacent populations within a
sector. The populations that showed higmedie similarity withn their respective
sectors were usually also siam among sectors, e.g. windwiaPalm Island sites to the
least divergent Lizard Islarsltes (Fig. 3.4, Supplementafgable 3.2). Non-significant
pairwise values were found betweertesi separated by > 1100 km (Fig. 3.4,

Supplementary Table 3.2).

Fig. 3.4. Greyscale matrix of ;[ values of Type. populations. Exposed populations are
indicated with an asterisk (*). Actual luas are shown in Supplementary Table 3.2a.
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Results of the spatially explicit Bayesialustering confirmed # above patterns, and
revealed further layers of genetic structuree spatial, non-correlated allele frequency
model (Sp-NC) gave 3 clusters that dentiaied a fundamental divide between the
southern GBR (plus the outer reefs of temtral GBR) and the northern and central
GBR (Fig. 3.5). It also highlighted the @itig deviation of ONW and PW from all other
populations. The spatial, correlated frequemeodel revealed the divergence of the
most deviant sites, such &8INE, LNE and LE in the mthern GBR, or CH in the
southern GBR, and clearly demonstrated aicést cross-shelf geneflow in the central
GBR, as well as between expdsand sheltered sites ofgbeus and Pelorus Islands.
According to the non-spatial, non-correlat@tele frequency model (NSp-NC), there
are signs of genetic similarities betweetes of the Northern and Central GBR (Fig.
3.5). The most complex pattern was detectsitig the non-spatial, uncorrelated allele
frequencies model (NSp-C) (Fig. 3.&imilar to patterns found for.Rvalues, genetic
deviation was detected between some populafrems adjacent sites, while substantial
similarities were detected tveeen other populations at distaites. The majority of the
20 genetic clusters had members from diffiergeographic zones, and reef types (Fig.
3.5).

The Evanno method (Evanno et al., 2005)tlo@ fully Bayesian cister analysis in
STRUCTURE gave three clusters as the niigsly level of K, and showed similar
patterns of genetic struce as the NSp-C model Splementary fig. 3.4a).
Furthermore, it demonstrated that most individuals had highly mixed origins, and that
the most divergent sites hosted individualst thelonged to geneticlustersunique to

that site, or very rare attwr sites (Supplementary fig. 3.4b).

A Mantel test of pairwise £; values and linear and lagmic geographic distances
amongpopulationsrevealed significant Isolatioby Distance (IBD) only among outer
reef sites (Table 3.4). Cotation of the pairwise getie and geographic distances
betweenindividuals showed significant, but wedBD over the whole study area, as
well as in the Central GBRand among outer reef sampldhere was also weak, but
significant IBD in the total dataset antl megional subsets when geographic distance
was log-transformed, except the Northern GBRard Island and inshore reef subsets

(Table 3.4, Supplementary fig. 3.5).
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Fig. 3.5. Reults of the spatially explicit Bayesian mdel-based tuster analgis, as
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Table 3.4. Estimation of Isolation by Distance by Mantel tests. Rlues indicate the
correlation coefficient between genetic difference and linear, as well as log transformed
geographical distances between populations/sangléise total dataset and various subsets.
Minimum and maximum linear geographic distances between compared sites/samples are
shown in kilometres. Significant R values (p<=0.01) are shown in bold, and p values in italics.

Type r linear distance logdistance Minimum  Maximum
Ry P Ry P linear distancékm)
Total dataset 0.016 0.235 0.105 0.138 1.0 1116.1
Northern populations 0.433 0.030 0.351 0.052 1.0 33.5
Central populations 0.082 0.246 0.047 0.319 15 104.6
Lizard Islandpopulations 0.023 0.435 0.071 0.255 1.0 6.9
_g Palms Islandpopulations 0.016 0.415 0.015 0.540 15 6.6
% Inshorereef populations 0.195 0.064 r 0.206 0.117 15 449.2
§ Midshelf reefpopulations 0.418 0.060 0.422 0.031 1.0 435.0
§ Outer reef populations 0.562 0.009 0.494 0.015 18.4 1105.6
2
@
Type t linear distance log distance Minimum  Maximum
Ry P Ry P linear distancékm)
Total dataset 0.478 0.001 0.493 0.001 15 460.2
Northern populations 0.076 0.311 0.042 0.348 15 19.3
Lizard Islandpopulations 0.296 0.140 r 0.241 0.253 15 4.9
Palms Islandpopulations 0.852 0.072 0.850 0.086 35 15.2
Type r linear distance logdistance Minimum  Maximum
Ry P Ry P linear distancékm)
Total dataset 0.262 0.001 0.222 0.001 0 1116.4
Northern regionindividuals 0.004 0.640 0.002 0.467 0 33.6
Central regionindividuals 0.279 0.001 0.215 0.001 0 104.8
Lizard Islandindividuals 0.004 0.621 0r002 0.465 0 7.0
1% Palms Islandindividuals 0.034 0.089 0.080 0.004 0 7.4
g Inshorereef individuals 0.046 0.847 01002 0.448 0 449.6
% Midshelf reefindividuals 0.078 0.011 0.073 0.001 0 435.5
'% Outer reefindividuals 0.103 0.003 0.131 0.001 0 1105.7
%
m Type t linear distance logdistance Minimum  Maximum
Ry P Ry P linear distancém)
Total dataset 0.206 0.001 0.217 0.001 0 461.1
Northern regionindividuals 0.022 0.313 0.046 0.071 0 33.6
Lizard Islandindividuals 0.010 0.386 0.036 0.130 0 6.3
Palms Islandindividuals 0.164 0.001 0.201 0.001 0 17.1
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Type

The overall pattern of genetic structure in Typgeopulations was very similar to that of
Type . populations. Both high genetic similyg and strong divergence could be
observed on scales of a few km to > 40@ Among populations of the Northern GBR,
nine out of 15 pairwise comparisons (60%gre non-significantrad all other values
were below 0.05 (Fig. 3.6, Supplementary T&hR). In this sector, the most divergent
sites were LE and LNNE, accounting for fivet @ six significant comparisons in this
sector. In the Central GBR, only one aitsix pairwise comparisons (17%) was non-
significant (PW-ONW). FW ad OSW were genetically d¢iily divergent from all
populations, including each otheas well as populationsf the Northern GBR. Both
ONW and PW showed less differentiationrfr populations of the Northern GBR and
from the adjacent FW and OSW popuwat (Fig. 3.6, Supplementary Table 3.3).

Fig. 3.6. Greyscale matrix of [ values of Type populations. Exposed populations are
indicated with an asterisk (*). Actual lues are shown in Supplementary Table 3.
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The Sp-NCmodel clugser analyss showed adivide anong the Mrthern andCentral
GBR, however the NSpNC modé showed tht the diffeentiation s not absalte, with
some degre of admixure (Fig.3.7). Clusteing with the SP-Cmodel identfied the
most divergnt populatons, FWand OSW.Results 6 the NSpE€ model ¢ustering
showed a ery comple picture,with the sane differentiation patern as oberved by
pairwise D.g. Howeve, the highsimilarity that wasdetected beveen LEand PW
populationsfrom pairwse D.s; values was at obviousfrom the tuster merberships
(Fig. 3.7).
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Fig. 3.7. Resilts of the sptially explicit Bayesiamrmodel-basel cluster anbysis, as imemented
in Genelandpn the Ty . (A) andType (B) dataset —dlative menbership proprtion of
populations © each gené& cluster.Model typesand numbe of clustersare indicagd on the
right hand gsie of the graphs (Spa priori sptial information, NSp= no a prioi spatial
information, C= correlaed allele fequencies,NC= non-caorelated allée frequenes). The
correspondig number ofclusters isndicated wih K. Expogd populatioms are indieted with
an asterisk (*)
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The Evanno-method identified three genetic chssées the most likely value of K, with
clusters membership shared between and within sectors, except for the marked
divergence of FW and OSW populations frathmer populations (Supplementary Fig.
3.6). The STRUCTURE plot also shows thatlividuals had aghixed genotypes at

K=3, and that populations within a sectbmd more similar compositions than

populations between secsafSupplementary Fig. 3.6).

Significant Qsrbased IBD was found in the total Typedataset, but not in any subset
of the data (Table 3.5). Individual-basééantel tests gave weaker correlation of
pairwise genetic and geographic distanceedér and log-transformed) over the whole
dataset. Individuals from the Palm Islaradso showed significant, but weak IBD over

both linear and log transformedaggaphical distances (Table 3.5).

Pooled dataset of Type. and

Generic patterns of genetic diffetextion in the pooleddataset of Type. and
samples were very similar to those of Typand Type specimens separately, in the
sense that high genetic similarity andaty divergence could be observed on all spatial
scales (Fig 3.7). However, whilbe overall pattern is similar, the actual pairwise values
of genetic differentiation of populations aoften substantially different than values
calculated in analyses of the separated Wehreages. For example, when pooled, the
highest genetic differentiation is detectetilmen FR and FW, as well as FR and OSW.
This is because the FR popudatis made up of only Type specimens, while the FW
and OSW populations are TypdTable 3.1).
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Fig. 3.8. Greyscale matrix of.Rvalues of the pooled database of Typmnd populations.

3.3.5. First generation migrants

Exclusion tests identified 84 putative figeneration migrants in populations of P.
damicornisType ., and 52 in Type populations, corresponding to ~12 % and 27 % of
corals sampled, respectivelyigF3.9). Out of the 84 Type putative F1 migrants, 58
could not be assigned to any reference paipmn with the threshold probability for
assignment set at 0.1. The vast majorityhafse non-assigned mamts were collected
at PW, PNE and ONE sites. The individuthiat exceeded the 0.1 probability threshold
were usually simultaneously assigned teesal potential sourcpopulations with high
probabilities (Fig. 3.9a), conadaint with expectations of low genetic differentiation

among the related reference populations.



Chapter3 49

Among the52 Type putative F1migrants,17 were ot assignedo potental source
populations(Fig. 3.9b).Almost al collectionsites had ne or moresuch noressigned
individuals. Peak assigment prolabilities were found or Lizard Idand popudtions in
all but threecases (Fig3.9b).
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Fig. 3.9. Asginment prabilities of84 Type . (a) and 52 Tpe (b) puative first gneration
migrants (inrows, indicded by thecollection stes’ code, ee Table 3.} to potentdl source
populations {n columns) The red eale indicaés assignmat probabilties, and tb highest
assignment pobability for each indivilual is indi@ted by a blak dot.
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Figure 3.9. cotinued

3.3.6. Passive par ticle disp ersal mo delling

Model runsin Connie2.0 showedhat, on tle arbitraryrelease das and wih passive
larval behavour, 50 d&s was longenough fo particles fom the Lzard Islandgroup to
drift as far south as lie Swainsgroup of the Southen GBR ig. 3.10). Reverse
dispersal rodelling stowed thatreefs in he Northen Sectorof the GBR could
potentially receive partiles from & Papua Mw Guineawithin 50 days. Dispesal from
the Palm Ishnds showd substatial tempogl variability. Currens retainedparticles
around the BIm Islandgroup, or tansportediem a fewtens of kmnorth or sath from
the releaseite, but ket them irshore, at rost releasedates. Hwever, ocesionally
particles wae conveyd to the stonger soutkeasterly arrents flaving along he outer
shelf reefs & the GBRand transpaded for humreds of kn (Fig. 3.10.
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Fig. 3.10. Examples of simulations of passivdipke dispersal with Connie2. Dispersal time 50

days, depth 5 m.
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3.4. Discussion

This study shows that the population génstructures ofwo lineages oP. damicornis

on the GBR are spatially uncorrelateddapatterns of connectivity are scale-
independent across distancesgiag from metres up to ~1Q&km. Estimates of genetic
differentiation revealed that some adjacentydaions (<10 km apart) are moderately

to highly distinct, while other adjacent popidas show low genetic differentiation or

are genetically indistinct. Stronger genetiustures over small spatial scales occurred
most frequently among inshore reefs oé t@entral GBR. Similarly, at large spatial
scales (from hundreds of km up to ~ 1100 keajges of both high getn@similarity and
strong genetic divergence were obsdrvbetween pairs of populations. Such
inconsistency in patterns of connectivity among populations is not unprecedented for
species of pocilloporid corals. Ayre et &997) and Adjeroud and Tsuchiya (1999)
both reported less genetidfdrentiation betweenlistant reefs thabetween collection

sites within reef complees for populations oP. damicornison the GBR and Japan,
respectively. For th pocilloporid coral Stylophora pistillatd akabayashi et a{2003)
reported panmixia among populations separated by thousands of kilometres in the
Western Pacific, wéreas Zvuloni et al(2008) found significant genetic differences
among populations of this species over ~10iknthe Red Sea. The recent discovery
that P. damicornis comprises several lineagé&dot et al., 2008a; Souter, 2010;
Schmidt-Roach et al., 2012a) has raisedceons about whether results of earlier
genetic studies on both this species amgopocilloporid species, were confounded by
the inclusion of potential cryptic speci@s the analyses. | focused on molecular
operational taxonomic units (Blaxter et al., 2P0bthis study, buhevertheless, | also
found that population genetic structures encassppatterns of genetic similarity and
genetic divergence at multiple a@l scales in two lineages d?. damicornis,
confirming the variable patterns of popudat connectivity reported in other studies
(Benzie et al., 1995; Ayre et al., 1997; Ayre and Hughes, 2000, 2004). When the
lineage identity of the specimens was ignored, genetic differentiation of the pooled
“populations” showed the sanwmerall patterns as when Typeand lineages were
analysed separately. This is possible because the lineages are represented in the pooled
“populations” with variableproportions, therefore “populans” with predominantly
Type . samples show more genetic similarityeach other than to populations where
Type samples dominated, regardless of thgdographic position. The fact that
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previous studies on genetic differentiation amhnectivity of P. damicornis on the

GBR (Benzie et al., 1995; Ayre et al., 1997; Ayre and Hughes, 2000, 2004) obtained
similar results to the ones of this study might be due to the above described bias.
Alternatively, it is possible that these amith sampled specimens predominantly from

one single genetic lineage if study sites were similar in habitat characteristics, because
the genetic lineages seem to have differing habitat preferences (see abundance maps,
Fig 3.2).

Weak values for Isolation by Distance (IBBgtrics for populationand individuals of
both lineages oP. damicornisfurther support my conclusn that distant populations
can be closely connected, and spatiatiipse populations can be genetically
differentiated. While an increig number of studies point to the inappropriateness of
Euclidean distances to explain populati@mmectivity in marine organisms (e.g. White
et al., 2010; Alberto et al., 2011; Andrew et al., 2012), and promote the replacement of
IBD analyses with Isolation by Resistan@BR), when carefully interpreted, IBD is
still a valid analysis. For sessile organismthva pelagic larval pdse, such as corals,
dispersal is mainly driven by ocean currehBD is therefore expected to occur among
populations where dominant, year-round eots form genetic barriers between
populations, or where the geographic distanbetween sites are so vast that they
cannot be sufficiently bridged even by strongrents. The veracity of this metric for
corals is supported by the sificant IBD values that | dected in the central GBR
among inner- and mid-shelf populations, whishconsistent witHimited cross-shelf
geneflow as a consequence of predomindaotigshore current patterns in the sector, as
demonstrated by particle dispersal simulationshis study (Fig. 3.8) and by Dight et
al. (1990). The lack of significant IBamong populations in the northern GBR
corresponds to differences in current regs between the two sectors. Here the
longshore currents during the Trade wind saa@larch — September) are interrupted
by frequent current reversals and crelsif water motion during the October —
February non-Trade wind season (Frith et #086). Overall, IBD in the total dataset,
particularly among outer reef sites, albaignificant, is veryweak, especially

considering the vast distances thaparate some of these sites.
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Correlation plots clearly demonate that pairwise genetic distances have similar ranges
on all spatial scales, indicating that complaechanisms underlie gene flow in this
species. The apparent paradox of genetalaiity over large gegraphic scales but
substantial differentiation over a few kmatso supported by results of the Bayesian
cluster analyses. Highly mixed and lasgedonsistent proportional membership of
genetic clusters for most individuals in bdineages suggests that relatively high gene
flow on the scale of the GBR is the norm.pBlations that showed moderate or high
differentiation from most othiepopulations are stark dedions from the norm, and
some or most of theirndividuals comprise unique ootherwise less frequently
occurring genetic clusters. These pattagaise important questions about how strong
genetic breaks form and persist such small spatial scales, why they do not form at all
locales, and how gene flow concurrently ascover scales greater than 1000 km in this

morphospecies.

3.4.1. Larval characteristics and water circulation patterns explain

high connectivity over large spatial scales

Pocillopora damicornis is one of the few coral species known to have mixed modes of
reproduction (i.e. broadcast spawning anabling), which has important implications

for its patterns of dispersal and popuwaticonnectivity. This gries releases vast
numbers of brooded larvae every lunayrcle (e.g. Harrigan, 1972; Muir, 1984,
Richmond and Jokiel, 1984; Tanner, 1996), and has been suggested to spawn gametes
for external fertilization at unknown frequees in Western Australia (Stoddart and
Black, 1985; Ward, 1992). However, in Tainiahas been found to release asexual and
sexual larvae within single broods (YeatdaDai, 2010). Schmidt-Roach et al. (2012a)
showed that both lineages studied herelbamomders of asexudhrvae. Such brooded
coral larvae are competent and prone ttilesemmediately or shortly after release
(Atoda, 1947; Harrigan, 1972; Hieet al., 2002), and concoratly, genetic evidence of
short dispersal distances of broodedvda exists for natural populations &f.
damicornis in south-western Australia (Stoddart, 1984). At the same time, brooded
larvae of P. damicornisalso maintain their capacitio successfully metamorphose,
settle and establish themselves after spgndixtended periods of time in the pelagic

larval phase. Richmond (1987) found that ®larvae survived and 3% were still
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competent to settle @ 103 d, and Harii et a{2002) kept 50% ofarvae alive for 100
d, 21.3% of which settled successfully. Traudbstantial proportions of brooded larvae
also have the capacity for long-distancegmation, highlighting mechanisms for both
dispersal and retewt of brooded larvae.

Typically, larvae that devep externally from broadcaspawning are thought to
provide the most common mechanisnr floang distance dispersal among coral
populations, given the obligatory 2-5 days of pelagic development required before such
larvae become competent $ettle (Babcock and Heyard, 1986; Miller and Mundy,
2003; Harrison, 2006) and their comparativielgg competency periods, which range
from 23 days (Harrison et al., 1984) to 2dys (Graham et al2008). Direct tracking
studies indicate that larvae of spawning corals can disperse over tens of km (Willis and
Oliver, 1988, 1990), and potentially evearther (Wilson and Harrison, 1998).
However, spawned larvae can also be rethilocally, depending on larval behaviour,
timing of peak larval settlement, and localteracirculation patterngWolanski et al.,

1989; Miller and Mundy, 2003; Andutta et,a?012). In addition, observations that
spawned eggs of P. damicornis are negatively buoyant provide another mechanism that
would limit dispersal distancesf developing larvae (Sahdt-Roach et al., 2012b).
Thus, in the case oP. damicornis broadcast spawning is more likely to produce
retained larvae than vagabonds.

Modelling studies of larvaldispersal have demonstrated that local circulation
phenomena may play a large role in the fmaticome of dispersal events (e.g. Siegel et
al., 2008). A pilot study of hydrodynamic curtenn Orpheus Island’s Pioneer Bay,
near one of the collection sstén my study, demonstrated that local currents are able to
retain floating satellite transmitters withwell-defined spatial boundaries over the
course of several weeks (V. Lukoschek pers. comm.). Such local circulation patterns
undoubtedly contribute to the strong genétieaks | observed on small spatial scales,
such as the genetic differentiation foundween leeward and windward Palm Island
sites. However, although locairculation patterns may fditate larval retention in
some cases (see also Andutta et al., 20m2pther circumstances, local circulation
patterns may disperse locafhtal cohorts away from a site, enabling prevailing currents
to transport larvae over significant distan¢eg. Willis and Oliver, 1988; Treml et al.,
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2007). Given that colonies @&f. damicornisrelease larvae monthland that current
regimes are variable throughotlte year, it is unlikely it any one current pattern
would prevail consistentlyral with similar efficiency over every single reproductive
event. Considering that a few migtanper generation carobscure genetic
differentiation between populations (e.g. One Migrant Per Generation Rule
(OMPG),Wright, 1931), circulation patternsdatarval characteristics may explain the
weak genetic differentiatiofound among some populations Bf damicornis e.g.
among populations of the northern GBRydaprovide a plausibl explanation for
genetic similarities over hundreds of km. Mg results of passive particle dispersal
simulations to and from the sites sampled in this study clearly demonstrate that
dispersal over hundreds of ki® feasible within 50 days, for example, between SE
Papua New Guinea and Lizard Island, as wsllfrom Lizard Island to the Swains
Group in the southern GBR. The long conamety periods of lae and the existence

of such blue highways themt explain the low geneticftirentiation between some
Northern, Central and Southern GBR sites in this study. They also provide a potential
explanation for the high numbef putative first generatiomigrants with unidentified
origins; such migrants couldave arrived from very diffent genetic pools, e.g. from

south Papua New Guinea.

3.4.2. Lack of clonal population structure su ggests that brooded

larvae are not retain ed locally on the GBR

Strong evidence that brooded larvae Raf damicornison the GBR are asexually
produced (Stoddart, 1983; Ward, 1992; Agred Miller, 2004; Schmidt-Roach et al.,
2012a), combined with predictions that thddaour of brooded larvae results in the
majority being locally retairgg suggest that population genetic structures of this species
should be highly clonal. While such clorabpulations weredund in south-western
Australia (Stoddart, 1984), previous studies population genetic structures &f.
damicornis on the GBR (Benzie et al., 1995; Agtal., 1997; Ayre and Hughes, 2000;
Ayre and Miller, 2004; Sherman et al., 200&)d south of the GBR at Lord Howe
Island (Miller and Ayre, 2004) have nabund signatures of pdominantly asexual
reproduction. The proportions of clonesifid in the presentwsly (13.7 % and 5.7 %
for Type . and , respectively) are in line with thekster results. However, it must be
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noted that the true proportions of clenén my study populaans are slightly
underestimated, because a smalinber of colonies withirrl m of colonies sampled
were excluded from collections tov@d clones by fragmentation. Although asexual
reproduction through fragmentation may bepartant in the formation of local
populations under specific conditions (Adjeroud and Tsuchiya, 1999), my study

focussed on mechanisms of population conwvigécthrough dispersie larval stages.

Discrepancies between the predicted conserpse of asexual, brooded larvae and the
generally aclonal populatiostructures found suggestaththe brooded larvae d1.
damicornis do not play a major rolelimcal recruitment, despiteir intrinsic potential

to do so and their high output. Such pattesunggest that asexual larvae are not retained
locally, but they are also consistent wihveral other alternative explanations. As
hypothesised by Ayre and Mill§2004), diverse post-settlemt selection and intense
competition among clonal juveniles may take place on sub-reef scales. However, the
authors themselves considered it unlikely that these processes alone could maintain
such uniformly high levels afiversity across a wide range sifes and sectors. Another
potential explanation is that the water cotuis likely to contain several cohorts of
recruits from many different reefs andpreductive events, which would provide a
diverse source of larval recruits to a site. If broodedakarare largely dispersed away
from their natal site by currents, diffec®s in reef density between sectors could
explain the clonal populatiorfeund on south-western Australian reefs but not on the
GBR and its satellite reefsebause the chances of receiviagruits from other reefs on

the west coast are much lower than on thet eaast. Accordingly, the low density of
reefs in western Australia aligely to yield a low density and diversity of coral recruits

in the water column, and @portionally increase the impance of the few locally

settling recruits to build are-build a population followig major disturbance events.

Considering the vast numbers of clonal larvae that are produced every month by
populations oP. damicornisthe low contribution of asexual larvae to local recruitment

is poorly explained by potential dispergArough local currents alone. Given the
likelihood that currents may be weakereaxen absent during peoductive events in
some years or at some sites, brooded lam@dd be expected to settle in high numbers

around parent colonies. It ipossible that higHocal larval predation could also
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contribute to the low clohgpopulation structures observed. Although synchronous
release of large numbers of larvae is likébysatiate predators and increase overall
chances for larval survivgHarrison et al., 1984; Jokiel et al., 1985), this strategy may
fail if the size of the predator population dssproportionately large compared to the
number of larae released. Pocillopora damicorigsone of only a few brooding corals
that release larvae throughout the year, tingspotential to swamp predators is low,
especially where thegpulation density is below a crifit threshold. Small-sized or
juvenile reef fish associated with damicornis, such as Chromasid Dascyllusspp.,

are potential predators thare locally abundant. In sumary, the lack of clonal
structure found for populations &. damicornis in my study suggests that retention
rates of asexual larvae are low, and rafsether questions about how genetic breaks

can occur on small spatial scales.

3.4.3. Explanations for strong genetic structure on small spatial

scales

The low values found for the majority of significant pairwisg; Bstimates suggest that
small or moderate genetic differenitsn is common among populations of both
lineages of P. damicornis. At the same time, some sites were highly distinct, either from
all others (PW(), FW( )) or from most others (ONWJ). The individuals collected

from the most divergent sites form uniqueotinerwise very infrguent genetic clusters
according to the Bayesian cluster analyses. While larval behaviour and water circulation
patterns may explain the widespread coexistence of weakly diverged populations, they
fail to explain the strong getie breaks found in these cases. It is improbable that
physical factors retaining larvae and/gametes act consistently over several
generations and reproductive events, and és@mumbers of migrants per generation

would break down such genetic barriers (Wright, 1931).

Post-settlement salBon, as suggested by Zvuloni et. 42008) for the related
pocilloporid coral Stylophora pistillata does not conform withthe theory that
microsatellites are generally neutral genetarkers. Furthermore, in my study, as well
as that of Ayre et a(1997), environmental and habitdtaracteristics are very similar

between highly diverged adjacent sites, while sometimes being quite different among



Chapter3 59

spatially separated, but genetically similar sites. Accordingly, | discuss two alternative
explanations for the existence of &tayenetic breaks among the populationsPof
damicornis | studied: (i) stochasticity of regitment events and re-seeding from
different genetic pools following mass maittg and (ii) reprodutive isolation or

hybridization.

Both modelling (Siegel et al., 2008) afidld studies (Willis and Oliver, 1988, 1990)
have shown that local water circulatiozatures, such as eddies, boundary mixing and
fronts between water parcels, may sweepwly released larvae together into
“packets,” which can tavel vast distances and stigether throughout their pelagic
life stage. It is therefore pob#e that sections of the sameef, separated by as little as
a few km, receive different “packets” ofcreits following mass mortality, and recover
from genetically very distinct sources. Al of my study sites have been impacted by
major disturbance events, including sevérermal bleaching and cyclones, over the
past decades (Sweatman et al., 2011), stacha&struitment pulses may contribute to
the patterns observed. Sharp populationides, followed by re-colonisation from a
limited number of larvae couldn theory, reduce both the number of alleles (allelic
richness, AR) and gene diversity (e.g. expected heterozygogjtyHbwever, theP.
damicornis populations examined showed no ssighs of population bottlenecks or
founder events. Complex life history traitsymaovide this species, as well as corals
in general, with the capacity to creatsd maintain genetic diversity in their
populations. Such traits include overlagp generations, indeterminate genotypic
lifespans, potentially immortal genotyp@$ughes and Jackson, 1980; Highsmith, 1982;
Botsford et al., 2009), hybridization (Kgon, 1994; van Oppen et al., 2002; Willis et
al., 2006; Combosch et al., 2008) and frequsomatic mutations (van Oppen et al
2011). Recovery from surviving remnants of trginal colonies at a site (Diaz-Pulido
et al. 2009; van Oppen et. #011) combined with genetiba distinct “packets” of
recruits arriving stochasatly could explain the strong genetic breaks observed
between some adjacent sites, as well agdlaive heterozygote deficiency that was
detected in several polations in this study. In thBalm Islands, where strong, small
scale genetic breaks were found, the conipleand temporal variability of water
circulation patterns (Luick et al., 2007; Steerg, 2007; Hogan et.aP010) is likely to
facilitate stochastic recruitment pulses.e$é sites were also heavily impacted by a
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severe bleaching event in 1998, whichswallowed by extensive coral mortality
(Marshall and Baird, 2000; Berkelmansa&t 2004). This area has been known to host
genetically very disnct populations of other coral species as well. Souter. €2@10)
and van Oppen et.g2011b) found strong genetic stru@siover small spatial scales in
Acropora spp. and reached similar conclusidmsua the origin of the observed genetic
patterns. Another pocilloporid cord@griatopora hystrixwas found to have genetically
highly distinct populations iIONW (Van Oppen et al., 2008)pwever since it was the
only population sampled in the area in that study, it is unclear whiéghdistinctness

is due to spatial isolation from the othgopulations sampled, as suggested by the

authors, or a result of random recruitment following major perturbations.

Another potential explanation for the istence of a uniquegenetic cluster of
individuals within a matrixof otherwise well interconnected populations is the
possibility that individuals irthese clusters successfully hybridized with other closely
relatedPocillopora species olP. damicornislineages and their offspring proliferated
locally. Hybridization is desdoed from a wide range of scétinian coral species, and
is considered to play a major role in thdiversification (Williset al., 2006). If the
morphology of such hybrids fits the descriptionFofdamicornis (sensu Veron, 2000),
they could have been collected for this stuayd if the lineage-sp#ic recognition site

of the mitochondrial DNA (Chapter 2) remathintact following hybridization due to
maternal inheritance of mitochondria, they would have slipped thrthegfilter that |
applied to ensure the genetic purity of umifsobservation in thistudy. However, to
test these hypotheses, thorough sequence/smsalincluding nuclear loci would be
needed, which is beyond the scope of this study.

3.5. Conclusions

My study reveals spatially corgx genetic structure in populations of the two most
common lineages oP. damicornison the GBR. High genetic similarity among
populations over hundreds of kilometres carekplained by life higiry characteristics
of these corals combined with hydrodynarsicculation patterns that govern larval
dispersal. Conversely, genetic differentiat among populations over small spatial

scales can be explained by the spatially temaporally stochastic nature of successful



Chapter3 61

recruitment events, mainly driven by abgs of disturbance (Connell, 1978) and
turbulent water flow(Siegel et al., 2008)l found no evidence for predominantly clonal
reproduction, despite the large energy allacabf this species in asexually produced

brooded larvae, further undermining the paraditpat brooded larvae settle close to

parent colonies shortly after release.

| argue that strong genetic breaks obedrizetween some adjacent populations cannot

be adequately explained by local retentidrbrooded larvae, because water circulation
patterns would need to act consisgnthroughout the yearand over several
consecutive years or even decades, considering the monthly recruitment events (e.g.
Harrigan, 1972; Richmond and Jokiel, 1984) amdrlapping generains characteristic

of this species. As alteative hypotheses, | propose-geeding of populations from
different genetic pools due tihe stochastic nature ofamitment, and hybridization

coupled with local proliferation of hybrids.

Although measures of genetic differetiva are often low among populations of
lineages within thé. damicorniscomplex over large geogrhic domains of the GBR,

in both this and previous studies, one stoekercise caution when interpreting such
measures as indicating high contemporarigration rates. A serious limitation of
population genetic investgions on adult coratolonies is that # ages of genotypes
studied are impossible to determine, andreguge from a few years to decades, or even
centuries — in fact, coral genotypes may baugily immortal due to their high potential

for asexual reproduction (Hughes and Jack&080; Highsmith, 1982; Botsford et al.,
2009). The contemporary population structurettefse organisms is an accumulated
result of connectivity pro@ses, perturbations and re-colonisation events that have
occurred over undetermined periods of time. Nevertheless, evidence of high
connectivity at the majority ofites suggests that dispdraad disturbance events on
ecological timescales even out to createnatrix of well interconnected populations
over multiple generations, and since MPAeg areated to conserve populations (and
metapopulations) of species over long timescastimates of connectivity from this
and similar studies should be incorporat#d conservation planning. The variability of

population genetic structures among geogm@pégions and among habitat types within
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regions indicates that dispersal mechanisrasatso spatially highly variable, a fact that

should be reflected in MPA design.

In my study, high gene flow over the ssalf hundreds of km on the GBR maintains
high genetic diversity and fditates the spread of adaptive mutations in the two
lineages ofP. damicornis, suggesting that they have good potential for adaptation to
climatic change and other anthropogenicesdors. This is especially true for
populations of outer shelf reefshich are well connected Istrong longshelf currents.
However, to better understandgplersal distances of ecolodlgasignificant numbers of
larvae, | suggest that traditional population genetic studies are complemented by genetic
studies on recent recruitment and by Lagrangemnticle dispersal modelling using fine-

scale circulation models.
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3.6. Supplementary material

Supplementary Table 3.1. Descriptive statisticglierd microsatellite loci at 25 collection sites
of Type .(a) and at 10 collection sites of Typdb) individuals. N = number of samples, A =
number of alleles, k= observed heterozygosity, H expected heterozygosity;s& inbreeding
coefficient, significant values in bold.

(@)
Population Pdil Pd13 Pd2007 Pd3002 Pd3004 Pd3008 Pd3009Pd4 PV7
MAR N 8 12 11 12 11 11 10 12 12
A 3 2 6 3 2 3 2 3 4
H, 0.500 0.583 0.545 0.833 0.727 0.364 0.200 0.167 0.667
He 0.398 0.413 0.636 0.559 0.463 0.475 0.180 0.156 0.635
Gs ©0.191 0376 0.189 0457 0538 0.279 0.059 0.023r 0.006
EYR N 26 26 25 24 26 25 23 26 26
A 4 3 9 3 2 3 5 3 4
H, 0.385 0.154 0.680 0.292 0.346 0.360 0.304 0.154 0.615
He 0.527 0.208 0.625 0.258 0.286 0.333 0.274 0.145 0.661
Gs 0.289 0.278 0.068r 0.11 0.19 0.061 0.088 0.042r 0.088
LSSW N 20 26 26 19 22 26 26 25 25
A 6 4 7 4 2 4 6 4 4
H, 0.750 0.231 0.654 0.579 0.727 0.500 0.269 0.120 0.480
He 0.553 0.323 0.619 0.454 0.463 0.447 0.308 0.115 0.646
Gs 0335 0304 0.037r 0.249 0556 0.098 0.144 0.021r 0.275
LSw N 44 48 39 43 49 48 48 45 47
A 5 2 8 3 3 4 4 4 4
H, 0523 0.250 0.718 0.395 0.551 0.417 0.271 0.267 0.702
He 0535 0.249 0.701 0.368 0.439 0.415 0.244 0.238 0.655
Gs 0.035 0.007 0.011r 0.063 0.246 0.006 0.101 0.108r 0.062
LNW N 26 27 25 25 27 27 24 27 26
A 6 2 7 4 2 2 3 3 4
H, 0.538 0.444 0.760 0.600 0.741 0.333 0.333 0.259 0.731
He 0473 0.346 0.705 0.450 0.466 0.366 0.284 0.233 0.661
Gs 0.118 0.268 0.058r 0.314 0.576 0.107 0.154 0.096r 0.087
LNNE N 50 47 43 46 49 46 51 50 50
A 8 5 14 4 4 4 4 4 5
H, 0.680 0.191 0.767 0.587 0.592 0.391 0.392 0.260 0.520
He 0.606 0.230 0.776 0.506 0.531 0.382 0.467 0.234 0.724
Gs ©0.113 0.176 0.023 0.149 0.103 0.014 0.169 0.101r 0.291
LNE N 15 15 15 12 11 15 14 15 15
A 6 3 7 4 3 2 4 2 4
H, 0400 0.200 0.533 0.500 0.818 0.067 0.786 0.067 0.600
He 0478 0.184 0.662 0.406 0.574 0.064 0.610 0.064 0.704
Gs 0196 0.05 r0.228 0.189 0.385 0 0.254 0 0.182
LE N 19 23 23 16 23 23 22 23 22
A 4 2 6 4 2 4 4 3 4
H, 0.579 0.043 0.652 0.688 0.870 0.130 0.545 0.087 0.682
He 0438 0.043 0.716 0.518 0.491 0.268 0.485 0.084 0.716
Gs 0.298 0 0.111  0.299 0.76 0.53 0.103 0.011r 0.071
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Supplementary Table 3.1 continued
Population Pd1l1 Pd13 Pd2007 Pd3002 Pd3004 Pd3008 Pd3009Pd4 PV7
LSE N 13 14 11 9 14 14 14 14 14
A 5 3 7 2 2 3 3 3 3
H, 0.615 0.500 0.727 0.667 0.357 0.429 0.286 0.286 0.643
H. 0515 0.426 0.719 0.444 0.293 0.349 0.357 0.304 0.651
Gs 0.157 0.138 0.036 0.455 0.182 0.191 0.235 0.096 0.049
LS N 14 14 14 9 14 14 12 14 14
A 5 2 6 3 2 3 4 3 3
H, 0571 0.071 0.500 0.889 0.429 0.286 0.500 0.500 0.929
H. 0.605 0.069 0.699 0.586 0.337 0.255 0.406 0.401 0.651
Gs 0.092 0.404 0.08 0.471 0.238 0.125 0.189 0.213r 0.397
MAC N 21 21 19 21 21 20 21 19 20
A 5 3 7 3 2 2 3 2 3
H, 0.381 0.286 0.579 0.381 0.429 0.150 0.429 0.263 0.800
H. 0.485 0.251 0.666 0.325 0.337 0.139 0.357 0.229 0.634
Gs 0.238 0.116 0.157 0.147 0.25 0.056 0.176 0.125r 0.238B
YON N 6 6 4 4 6 6 6 6 6
A 3 2 3 3 2 2 2 2 3
H, 0.667 0.167 1.000 0.750 0.500 0.167 0.667 0.167 0.500
H. 0569 0.153 0.594 0.531 0.486 0.153 0.444 0.153 0.542
Gs 0.081 0 0.6 0.286 0.063 0 0.429 0 0.167
ONW N 10 13 8 9 12 13 10 11 11
A 8 2 6 4 2 3 2 4 5
H, 0.400 0.231 0.375 0.333 0.583 0.462 0.300 0.636 0.545
H. 0.770 0.204 0.758 0.741 0.413 0.370 0.255 0.533 0.731
Gs 052 0.091 0.553 0.59 0.375 0.21 0.125 0.148r 0.298
PwW N 11 17 16 10 12 17 16 13 15
A 6 3 9 4 4 3 5 3 4
H, 0.273 0.059 0.438 0.800 0.500 0.235 0.438 0.692 0.533
H. 0.764 0.164 0.809 0.615 0.653 0.213 0.416 0.601 0.720
Gs 0.67 0.66 0.484 0.252 0.275 0.076 0.019 0.113r 0.291
PNE N 66 73 68 69 75 70 65 68 75
A 12 5 15 9 5 6 9 6 3
H, 0515 0.301 0.588 0.319 0.573 0.371 0.323 0.559 0.493
H. 0598 0.341 0.692 0.484 0.441 0.329 0.316 0.470 0.578
Gs 0.147 0.123 0.157 0.348 0.295 0.122 0.016 0.181r 0.153
PSE N 28 28 26 26 28 27 25 25 28
A 3 4 5 3 2 3 4 3 3
H, 0.464 0.286 0.462 0.654 0.393 0.333 0.160 0.360 0.500
H. 0.493 0.311 0.527 0.471 0.357 0.393 0.151 0.306 0.448
Gs 0.076 0.098 0.144 0.371 0.084 0.17 0.038 0.155r 0.097
ONE N 32 33 32 29 33 32 36 30 36
A 7 5 13 3 4 4 6 5 4
H, 0.313 0.242 0.875 0.345 0.545 0.313 0.333 0.467 0.444
H. 0517 0.342 0.702 0.300 0.452 0.319 0.292 0.387 0.520
Gs 0.408 0.305 0.232 0.131 0.193 0.036 0.126 0.191r 0.159
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Supplementary Table 3.1. continued

Population Pdil Pd13 Pd2007 Pd3002 Pd3004 Pd3008 Pd3009Pd4 PV7
OE N 32 33 33 29 32 32 30 34 33
A 3 4 7 3 4 5 5 3 4
H, 0438 0.273 0.576 0.552 0.906 0.250 0.333 0.118 0.667
He 0372 0.242 0.575 0.428 0.526 0.252 0.337 0.164 0.586
Gs ©0.162 0.11r 0014 0273 0.716 0.024 0.027 0.298 0.122
TR1 N 13 14 14 12 11 14 13 14 14
A 5 3 6 4 2 2 5 3 3
H, 0.538 0.357 0.571 0.417 1.000 0.214 0.462 0.357 0.286
He 0.642 0.390 0.536 0.354 0.500 0.477 0.438 0.304 0.482
Gs 02 0122 0.03 r0.134 a 0576 0.014 0.14 r0.438
TR2 N 43 46 42 37 42 46 40 43 46
A 6 5 8 4 2 3 4 3 4
H, 0.581 0.239 0.690 0.865 0.857 0.630 0.375 0.233 0.630
H. 0539 0.218 0.681 0.523 0.490 0.511 0.430 0.208 0.673
Gs 0.067 0.084 0.003r 0.645 0.745 0.224 0.141 0.107 0.074
DIP N 33 35 32 31 33 33 24 0 33
A 7 3 7 4 2 5 5 0 5
H, 0455 0400 0.313 0.548 1.000 0.606 0.375 0.000 0.455
He 0.488 0.333 0.579 0.479 0.500 0.641 0.579 0.000 0.561
Gs 0.083 0.186¢ 0472 0.128 a 0.07 0.371 NA  0.205
MYR N 6 6 5 6 6 6 4 4 6
A 3 2 4 3 2 3 4 2 3
H, 0.500 0.333 0.600 0.167 1.000 0.667 0.500 0.500 0.833
He 0.403 0.278 0.640 0.403 0.500 0.486 0.563 0.375 0.542
Gs 0.154 0.114 0.172 0.643 a 0.29 0.25 0.2 0471r
CH N 38 42 39 35 42 41 41 0 42
A 8 6 9 6 4 4 7 0 4
H, 0474 0.286 0.692 0.514 0.476 0.268 0.244 0.000 0.310
He 0475 0.277 0.797 0.462 0.573 0.450 0.247 0.000 0.533
Gs 0016 0.02 r0.144 0.099 0.181 0.414 0.023 NA  0.429
EC N 30 30 24 22 29 28 30 1 30
A 5 4 8 5 3 4 3 1 4
H, 0.200 0.367 0.750 0.500 0.448 0.429 0.300 0.000 0.400
Ho 0.318 0.364 0.818 0.539 0.474 0.436 0.263 0.000 0.671
Gs 0.385 0.009 0.104 0.096 0.071 0.034 0.125 NA 0418
FR N 30 30 25 26 29 29 23 0 30
A 6 4 6 4 3 4 5 0 4
H, 0.267 0.167 0.440 0.538 0.621 0.414 0.087 0.000 0.467
H. 0321 0.157 0.709 0.532 0.511 0.353 0.526 0.000 0.676
Gs 0.186 0.04¢ 0.397 0.007 0.197 0.157 0.841 NA  0.325
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Supplementary Table 3.1. continued

(b)
Population Pdil Pd13 Pd2007 Pd3002 Pd3004 Pd3008 Pd3009d4 PVv7
LNW N 37 40 39 34 37 40 35 39 40
A 10 8 8 7 5 4 8 5 4
H, 0459 0.700 0.538 0.412 0.432 0.550 0.914 0.359 0.175
He 0.842 0.722 0.771 0.475 0.386 0.460 0.827 0.620 0.204
Gs 0465 0.043 0.314 0.148 0.108 0.184 0.091 0.431 0.156
LNNE N 13 16 16 15 16 16 15 16 16
A 6 6 9 5 4 4 7 4 3
H, 0.154 0.625 0.563 0.267 0.438 0.313 0.800 0.125 0.188
He 0.775 0.723 0.775 0.584 0.510 0.363 0.713 0.590 0.225
Gs 0815 0.167 0.304 0568 0.173 0.172 0.087 0.800 0.196
LE N 8 10 10 9 10 10 8 10 10
A 6 4 6 6 2 5 5 4 4
H, 0375 0.400 0.300 0.667 0.600 0.600 0.500 0.300 0.300
He 0.750 0.410 0.730 0.642 0.480 0.480 0.5000.345 0.475
Gs 0.548 0.500 0.029r 0.020 0.200 0.143 0.067 0.182 0.413
LSE N 12 14 14 10 14 14 13 13 14
A 6 5 7 4 4 3 8 4 2
H, 0417 0643 0.714 0.300 0.357 0.143 0.692 0.385 0.286
He 0.778 0.679 0.783 0.345 0.411 0.135 0.802 0.595 0.245
Gs 0498 0.089 0.125 0.182 0.167 0.020 0.176 0.388 0.130
LL N 6 7 6 7 7 7 7 7 7
A 3 3 4 5 3 3 5 3 3
H, 0.000 0.286 0.667 0.143 0.571 0.571 0.857 0.571 0.286
He 0500 0.357 0.694 0.684 0.520 0.439 0.765 0.571 0.255
Gs 1 0.273 0.13 0.818 0.021 0.231 0.043 0.077 0.043
YON N 16 17 17 16 18 18 18 17 18
A 8 7 8 7 4 4 7 4 3
H, 0.188 0.706 0.588 0.438 0.333 0.556 0.944 0.588 0.222
He 0.820 0.694 0.623 0.613 0.292 0.519 0.779 0.471 0.290
Gs 0.784 0.013 0.086 0316 0.115 0.043 0.184 0.221r 0.261
FW N 13 14 11 9 14 14 10 6 14
A 6 3 4 4 2 2 4 3 2
H, 0.769 1.000 0.636 0.222 0.571 0.929 0.800 1.000 0.071
He 0.757 0.561 0.678 0.512 0.408 0.497 0.675 0.569 0.069
Gs 0.024 0767 0.61 0.605 0.368 0.857 0.134 0.714r 0.000
Oosw N 13 13 11 12 13 13 11 6 13
A 6 5 5 2 3 2 4 3 2
H, 0385 0.769 0.182 0.000 1.000 1.000 0.818 0.500 0.538
He 0.657 0.672 0.599 0.278 0.536 0.500 0.707 0.403 0.393
Gs 0447 0.106 0.720 1.000 0.857 4.000 0.111 0.154r 0.338
ONW N 16 22 15 17 22 23 17 20 23
A 8 5 5 4 3 4 6 4 4
H, 0.500 0.636 0.200 0.412 0.864 0.565 0.412 0.300 0.174
He 0.844 0.608 0.749 0.590 0.515 0.451 0.727 0.409 0.164
Gs 0434 0.023 0.749 0.329 0.663 0.233 0.458 0.290 0.041
PW N 26 31 22 30 35 36 29 23 36
A 11 6 7 5 2 4 8 4 6
H, 0500 0.613 0.455 0.200 0.800 0.528 0.655 0.261 0.417
He 0.808 0.670 0.787 0.599 0.480 0.413 0.722 0.428 0.453
Gs 0.398 0.102 0.441 0.676 0.659 0.265 0.11 0.409 0.095



67

Chapter3

i oniquuoy) ul

4 Pa1oaulooun asimired (q) ‘sanpeqa*dsivured () '1no paAelb ate uonenuatayip oadujo sanjen (T0'0<d) weodiubis-uou Ajjeansnels
pue ‘JuouDEaR TO'0 > SaN[eA d ‘[euobeip anoge umoys ate Ayl pEnggmem sanfeA d alayp ‘luoj abuelo ul ale T°Q pue G0 usamiaq

‘pas ul ase T°0 ueyy Jaybiy sanjep (reuobelp mojaq) suonendodadA] Jo uonenualayip onauab asedio sanjeA "z € a|qel Areuswa|ddng

POJENIIV[EY MPIPIEPUES ISIVUIEU (P) YNI9IH Ul

S00'0 <c¢eo0 | €100 Pvc00 €EVO0 V.00 9200 8200 0SO0 VEOO OETO0 €500 7500 9200 SE€0'0 0€E00 8200 €EVOO0 ¢cCo00 6700 6T00 8100 €200 T200 H4
S10°0 ¢000 | ¢00'0 8TO'0 SC00 9800 vIO0 ¥I0O0 8200 6TO0 6210 ¢¥00 9¢0'0 TT0O'0 €T0°0 9000 6T00 LEOO 9100 7000 S00°0  S00°0 1100 9000 23
0000 8¥0°0 8000 <¢€00 €c00 S000 LTOO <CTO0 9200 STOO0 <¢eT0 1900 G€0°'0 TTO'0 8200 9T00 9T00 SEO0 €100 ¢T0'0 6000 9000 020’0 0T00 HD
v100 ¢¥T'0 0v00 1000 0€00 €100 <¢I00 TCo0 900 €e00 PPT'O  I800 9¢00 STI00 6I00 G200 1200 | ZTOO <200 9100 <¢100 000 ¥20'0 | 0200 HAN
0000 0000 0000 |8TC0 ¢r0'0  T€00 9T00 TC00 800 6E00 6STO  SOTO €600 9500 <2500 6500 6T00 LEOO SEOO G200  8E00 9200 ¥70'0 9100 dia
0000 0000 0000 |TOO'O 0000 ¥00'0 €200 G200 ¥E00 T200 6STO  TSO0 9T0'0 €700 <¢T00 6000 +200 8I00 V100 ¢100 ¥T00 6000 9200 TT00 241
0000 0000 TEOO |0E00 0000 ¥EO0 ¢r0'0  v¥100 6T00 €I00 P¥STO0 /200 €200 €700 €00 O0I00 G200 T200 8T00 8000 €T00 €000 2200 | 000 7L
000'0 0000 0000 |6TO0 0000 0000 €000 ¢00'0 €000 TI00 TETO 1900 ¢c0'0 8000 STO'O0 8000 STO0O 6000 OT00 0000 0TO'0 9000 00’0 0000 30
0000 0000 TOOO |[€000 0000 0000 TOO0 S90°0 ¢00'0 0000 c¢cTr0 9v00 G¢0'0 €000 STO0 €000 €100 €co0 L0000 T000 <2000 <¢000 1000 0000 3INO
000’0 0000 0000 |0000C 0000 0000 0000 €€00 SSO0 S000 ¥PT'0  SS00 €700 6000 O0TO0  ¥00'0 6200 LEOO LT0O 2000 8000 9000 €00°0 0000 3Sd
0000 0000 0000 |2000 0000 0000 0000 0000 8YT'O €000 ccro 00 8000 000 O0TO0 ¢000 +IOO0 8200 <CI00 ¢00'0 €000 ¥00°0 ¥00'0 0000 3INd
0000 0000 0000 [0000C 0000 0000 000 0000 0000 0000 0000 €00 9IT0 T€T0 LITO €€T0 0210 vvT'0 OTTO0 LZT°0  €ET0 OET0 TETO0 €E€TO Md
0000 0000 0000 | 0000 0000 0000 0000 0000 0000 000 0000 0000 G20'0 /€00  TIO0 2200 8S00 0900 ¥20°0 00 €v0'0 SO0 9€0'0  ¥€0'0 | AANO
0000 €000 TOOO |0OTOO 0000 TTOO TIOO SO0 6000 0000 6¥00 0000 6000 6200 TOO'0 SE0'0 9000 8000 OTOO ¥20'0 S200 S200 9700 €€00 NOA
0000 0000 <2000 |TTOO 0000 0000 +000 ¥0OO'0O 8EO0 SO000 GIOO 0000 0000 €00°0 T00O'0 0000 9100 ¥I00 ¥T00 G000 2000 TOO'O 0000 S00°0 JVIN
0000 TOO'0O 0000 |8000 0000 TOOD 0000 2000 <2000 OO0 TOOO 0000 STIOO 6€C°0 08T0 0000 ¥I00 9T00 +00°0 2000 S000 €000 G000 ¥00°0 ST
0000 0200 <¢000 |Z000 0000 9000 8000 6000 G900 €VO'0O 0L00 0000 €000 €000 0650 8690 /100 | 6000 0000 0000 0000 0000 0000 0000 3S7
0000 0000 0000 |[OTO'O 0000 0000 TOO'O 0000 0000 0000 000G 0000 0000 900 TO0'0 €000 TOOO 2000 2000 ¥100 0100 6000 20’0  S100 =
0000 0000 0000 |[TTOO 0000 0000 0000 9000 0000 0000 0000 0000 0000 0G0'0 <2000 €000 8000 6000 S00°0 €100 €e00 6¢00 1200 1200 3N
0000 0000 0000 |¥000 0000 0000 TOOO 0000 <2OO0 000 0000 0000 0000 0€0'0 0000 LEO00 0.0 ¥000 <CI00 ¢00'0 8000  ¥00°0 €700 1 2000 [INNT
0000 6T00 TOO0 |€TO0 0000 0000 <CIOO0 ZLTO <2800 SPO'O 6200 0000 0000 L000 2¢¢0'0 €TI00 9TL0 0000 TOOO 0900 0000 0000 0000 0000 | AANTT
0000 8000 0000 |¥200 0000 0000 €000 0000 9S00 0000 <ZIO0 0000 0000 ¥00'0 0L0'0 G200 <Z8E'0 0000 0000 0000 8620 0000 0000 TOO'O MS1
0000 ¢T0O'0 STOO | TSO'0O 0000 0000 TLZ00 6000 +90°0 6000 €TI00 0000 0000 ¥00'0 €8T'0 8500 OVS0 SO00 0000 6T00 G/€0 S660 2¢00'0 0000 IAASST
0000 €000 0000 | €000 0000 0000 0000 TcOO 6VT0 €EVOO <CcO0 0000 0000 0000 S9€'0 Tc00 00€0 0000 0000 0000 ¢1¢’0 88T0 G800 0000 A3
TO00 8E0'0 9000 |€TO0 <2000 TOOO 9200 <2650 /LPE'D 1920 €0C0 0000 TOOO €000 O0¥0'0 SS00 ¥€S'0 TOOO 0000 G800 ¢/6'0 €8T0 <2650 0€C0 HVYIN

Y4 O3 HO ¥AN did c¢dl TdL 0 INO 3Sd 3INd Md MNO NOA OV ST 3ST  I1 aNT INNT MNT MST MSST dAT dviN
ygouiaynos ygaorenusd 9D UIBYLON

499
ulayinos

4d9
fenuad

q49
uIsyuoN

(e)

UUNBUILIUY YN Y pojE|liviey SIllje/ ™{ 9d>Iivuieu J) SJlljen



68

Chapter3

€200 <2800 |[4POO 9S00 €0T'0 8ZT'0 1600 ¢600 6TT0 /800 9ST0 G800 9800 ¥60'0 9200 0800 TZ00 0600 6900 6,00 €800 0L00 8600 1800 y4
6200 9700 | T€E0O0 9€00 0900 900 2S00 ¥¥O'0O 9/00 2¥O0 TSTO 000 0600 O0r0'0 0SO'0 ' 6€00 €900 G000 GEOO TE00 0€E00  €E0°0 Ly00 | Zv0°0 03
0000 000 ¥¢00 ¥/00 L€0'0 [9T00 71900 0L00 SOTO TL00 89T0 9200 1600 Le0O'0 €¥O'0 1 SE00 090 8900 1T¥00 9€0'0 €200  ¥I00 2500 | €v00 HD
¢S0'0 98¢0 9700 6000 6800 G900 ¢800 G900 8¢T'0 G000 0610 [ 9800 ¢60'0 9900 0L0'0 000 ¢800 600 TS00 €900 <¢S00 0S0°0 €600 8.00 HAN
0000 0000 0000 |T8L0 €/000 9800 9900 6¥00 6800 S900 6.T°0 80TO 9800 6800 /600 ¢8O0 6900 <2600 9500 /500 6¥00 6€0°0 8/0'0 0500 dida
0000 0000 0000 | 0000 0000 #¢00 | 8900 T/00 T800 6500 SOCO ¥80°0 6900 9900 9S00 TSO0 2900 /00 9€0°0 00’0 8€00 6200 8900 0¥0'0 24l
000’0 0000 8€T0 |<cO00 0000 L¥O'O /900 €00 <¢O0T'0 0L00 6120 S600 ¢60'0 S¥0'0 /SO0 ¢2e0'0 8800 8900 VKOO GE0'0 | 0E00 9100 G900 | 2r00 TH1L
0000 0000 0000 | 0000 0000 0000 0000 ¢I00 €200 6200 9g¢0 6600 9/00 Lg00 L¥O'O OVOO0 <2900 VOO L200 20000 G200 ¥200 1200 | ¥00°0 30
0000 0000 0000 0000 0000 0000 <2000 ¢6TO 8000 9000 L0C0 S800 6900 T€00 <¢¥0O'0 0€00 T/00 600 €E0O ¢I0'0  9T0°0 ¥20°0 €100 ¢ZT00 3JNO
0000 0000 0000 0000 0000 0000 0000 <000 6S0°0 GI00 S€C0 1600 S0T'0 6500 9500 8€00 ¥OTO 9TIT0 6¥00 8700 S€00 T¥O0 2200 9000 3Sd
000'0 0000 0000 [0000C 0000 0000 0000 0000 6200 9€00 6.T°0 0S00 €800 6200 8200 0200 T900 TLO0 8200 Y100 7T200 <ZE00 2200 | ST00 3INd
0000 0000 0000 | 0000 0000 000C 0000 000G 0000 0000 0000 TS0°0 09T'0 ¢¢c0 09T0 98T°0 ¢6T0 TICO 69T0 T0C0 ¥T2'0 80C0 G€C¢'0  ¥6T0 Md
0000 0000 0000 [200'0 0000 0000 0000 0000 0000 0000 0000 0000 ¢e00 /.00 STOO 8800 €/00 <2600 ¢¥00 ¥90'0 200 8900 7800 1 9¥00 | MANO
T000 6000 TOOO [9800 0000 0000 6I00 0000 9000 0000 6€00 0000 LIOO 0/00 2200 vS0'0 <¢e00  TE00 6T00 9500 €900 TL00 ¥80°0 9200 NOA
0000 0000 0000 0000 0000 0000 <2000 0000 ¥0O'0 0000 0000 0000 0000 2000 17100 0000 ¥SO0 2S00 ¥200 6T00 6000 ¥T0'0 0000 9€00 | DOVIN
000'0 0000 0000 [200'0 0000 0000 TOOO 0000 €000 0000 8000 0000 LEOO L1820 €€00 0000 TIS00 TS00  ¥TO0 G200 ¥20'0 2€00 G200 900 ST
000’0 0000 0000 [000C 0000 0000 OTOO 0000 OTOO LTO0O 600 0000 0000 9100 €8T'0 91¥0 6500 9500 8000 0000 2000 €000 8000 2000 3357
0000 0000 0000 | 0000 0000 000C 0000 000C 0000 0000 000G 0000 0000 6€C2°0 0000 0000 0000 9200 ST00 /¥0'0  S¥0'0  ¥¥0°0 €900 2900 I1
0000 0000 0000 [TOO'O 0000 0000 0000 0000 0000 0000 000G 0000 0000 0800 0000 0000 0000 S000 ST0°0 9¥0'0 €900 0900 ¢/0'0 6900 aN1
0000 0000 0000 0000 0000 0000 TOOO 0000 0000 0000 0000 0000 0000 €700 T000 €200 +0C0 0000 8TO0 9000 LT00 ' €T00 G200 | 2¢I00 (3NN
0000 0000 0000 |0000 0000 0000 G000 TOOO OO0 O0OTOO OO 0000 0000 T000 ¢00'0 0000 80S0 0000 0000 900 TOO'0 0000 Z¢T0'0 0000 MN1
0000 0000 0000 0000 0000 0000 ¥00'0 €000 0000 0000 0000 0000 0000 0000 ¥T0'0 9000 <¢IT'0O 0000 0000 0000 6800 0000 G000 6000 MST
0000 0000 TOOO 0000 0000 0000 €SC0 9€00 0€0'0 TOOO 0000 0000 0000 7000 6200 <¢IO0 86E0 0000 0000 200 SS¥'0 8780 0TO'0 0000 |AASST
000'0 0000 0000 0000 0000 0000 0000 0000 ¥0O'0 €E00 %000 0000 0000 0000 ¥9€'0 0200 TEZO 0000 0000 OO0 0T00 020 6920 81700 A3
0000 0000 0000 |0000 0000 0000 G¢O0O ¥OVO OTCO €VO0 TETO 0000 OT00 ¢00'0 <¢00'0 ¢c0'0 9¥e'0 0000 0000 96T0 LIv’'0 0900 €860 0600 HVIN

¥4 O3 HO AW did 2dl Tdl 3O 3INO 3ISd 3INd Md MNO NOA OV ST 3ST 3T INT INNT MNT MST MSST dAT dvIN
Hg9 uBynos yg9 feausd {99 UIayLoN

d49
uleyinos

d49
[enua)

499
ulayloN

(@



69

Chapter3

g4
o3
HO
HAW
did
cdlL
TdlL
30
3aNO
3Sd
aNd
Md
MNO
NOA
OV
S
s
a
aN1
ANNT
MNT
MST
MSST
dA3
HVIN

GEO'0 6800 (8500 SS00 Z0T0 9€T0 <¢OTO SOTO VETO /800 €9T0 <600 00T'0 90T0 €800 8800 ¥.00 €600 6900 680°0 €600 800 €IT0 8600
¥10'0 | O¥VO'0 9€00 1900 ¥.00 GS00 S¥O0 900 600 <ZPT'O0 ¥900 ¢600 ¥¥O'0O 6V00 V¥PO'O 8SO00 900 2EO0 2e0’0  0€00 €e0’0 0500 900
8200 €900 L€0'0 T200 1900 9900 TOTO /900 €9T0 LL00 9600 ¥€0'0 S¥O'0 <¢¥O0  ¥SO0 TL00 O¥00 9€0'0 €200 9700 G500 TYO0

¥10'0 G800 6900 0800 €L00 ¥ZI'0 ¥.00 96T0 0600 7600 €00 8900 6900 8,00 ¥800 TSO0 T900 €500 <¢S00 00T'0 €L00

8900 9/00 9900 ¢S00 0600 V900 ZLTO LOTO 0600 0600 €600 ¢800 T900 6800 TSOO G500 0500 Ov0'0 7800 €500

¥¢0'0 6900 <¢/00 €800 0900 9020 T600 0,00 /900 9S00 ¢SO0 9S00 L.00 LeOO 0¥0'0  6€0'0 0€0°0 1,00 ¢v00

¥90'0 S90'0 S600 9900 81¢0 6600 7600 800 0900 9€0°0 T800 €00 1TI¥O0 €E0'0  0€0'0  9T00 7900 6€0°0

Y100 €200 6200 9€20 €010 G/00 6€00 S¥O0O OFPOO Y900 2S00 6200 8000 G200 Z200 2e0'0 9000

0T0'0 8000 €0Z20 1800 6900 0€0°'0 0OVO'0O TEOO TL00 2800 €E00 €100 9700 S200 Z¢r0'0  STO00

LT0'0 0¥2'0 8600 SO0T'0 2900 /500 0P0O'0  <¢0T0 22T0 ¢SO0 L1000 S€00 €¥00 ¥20'0 9000

89T°0 ¥¥00 9€0'0 0€00 ¥20'0 0200 0900 €.00 8200 GTI0'0 €200 €€00 920'0 8T00

1500 LLT0 9220 /9T0 €610 0020 2120 L9TO G020 9120 8020 6€2°0 S0C0

9G0'0 0800 ¥¢0'0 0S00 8/00 TOTO S¥00 0,00 v.0'0 TLOO 9800 6S0°0

/900 8200 SS00 9800 SE00  v200 /S0'0 €900 0L00 /800 LL00

0TO'0 0000 8500 SO0 G200 0c0'0 8000 9T00 €000 1T¥00

0000 €500 1S00 STOO 9200 2200 €e00 6200 8€0°0

6500 2S00 6000 0000 ¥000 000 0T0'0  S00°0

1€00 ST00 /¥0'0  ¥¥0'0 0¥V0'0 8900 T900

S10°0 6¥0'0 900 8S0°0 1,00 LL00

8000 6T00 TTO0 1200 9700

T00'0 0000 GT0'0 0000

0000 000 0T00

Z10'0 0000

2co00

¥4 O3 HO ¥AWN did 2dL T1dlL 30 3INO 3ISd 3INd Md MNO NOA OVW ST 3IST 1 3NT ANNT MNT MST MSST AT dviA

g9 wsymnos

dgolenuad

49O UISyuUoN

g9
ulayinos

449
fenuad

q49
uisyuoN

(0)



70

Chapter3

TZ00 GETO 0000 TZ00 2JT0 /610 Ger0 98T0 0810 6610 2920 8600 |0600 ZETO ZOTO GITO 90T0 2er0 ZIT0 €210 82T0 GSOTO 9yl 0 0600 a4
6000 | 0000 TYO'O 2/00 /900 YO0 6200 9800 SPO'0 8EZ0 6E00 | 0000 6TO0 SIO0 0000 SYOO 6500 9200  TIOO0 E€T00 0000  ¥EOO 0000 o3
9000 TTO 500 G000 9800 €600 29T0 80TO 00E0 00TO |20T0 2E00 8YO'0 SEO0 6,00 600 1900 2500 9200 G000  £.00 800 HD
0000 6800 0€00 £/00 9I00 0STO 6900 8220 0000 |0000 ¢SO0 ZTOO TI0OO /500 8v00 G200 2900 200 000  SOTO 6000 | AW
ZITO  2IT0 8800 0900 €ET0 0010 €260 /Z¥T'O |0800 2ET0  92T0 [OT0 8800 TZT'0 9800 2800 /900 OVO'0  OTTO 9E0°0 dia
2100 2600 S600 YITO /800 6VE0 600 |TSO0 6800 T900 6500 SL00 6600 TSO0 €500 8¥00 200 G600 2200 | ZMl
v/00 ¥/00 8ETO €600 0SE0 0600 | /.00 2500 SO0 60000 6600 2900 8O0  L€00 T200 0000  S80°0 €I00 | THl
0000 8T00 €€00 960 TITO |0900 B8E00 €00 +200 9900 6€00 8200 0000 €200 OTO0  S200 0000 30
0000 0000 OS€0 2800 |T200 0200 G200 TO00 €/00 1800 €00 0000 SO00 GOO0 0000 0000 | JNO
TI00 6/€0 6600 |9TT0 700 2S00 G200 €€T°0 9ST0 €900  ¥T00 L€00 8800 6700 0000 | JSd
€260 500 |TO00 200 0200 S000 800 /600 8EO0  TIOO0 2200 €800  TZ00 0000 | INd
0000 |62T°0 €980 8120 G20 9820 9TE0 2IE0 €SE0 9SO 8IE0  Z8E0 1920 Md
0000 700 0000 0000 TSO0 G/00 2€00  S900 900 9¥00  S600 0000 | MANO
£900 0000 0000 0000 0000 0000 2500 9800 200 2600 9100 | NOA
0000 0000 0900 T900 0200 ZTO0 0000 0000 0000 0200 | DVIN
0000 8200 €00 0000 SIO0 OTO0 0000 0200 0000 37
8600 900 0000 0000 0000 0000 0000 0000 | 357
0000 S000 SS00  9Y0'0 8200  SL00  ZKOO 7
0000 €500 200 [bOO 9600 SS00 | TN
0000 ¥I00 0000 9200 0000 |INNT
ZT00 0000 8000 0000 | AANT
_ 0000 0000 0000 | AAST
0000 0000 |MSST
0000 | YAJ
dVIN
a4 o3 HO HAN did ¢dl1 T4l 30 3INO 3ISd 3INd Md MNO NOA OJVIN ST 3s1 37 3INT INNT MNT MST MSST dAT dVIA
dgoulayinos d4g9 [enua)d d99 ulsyuoN

449
ulsyinos

d449
fenuad

449
ulsyuoN

(p)



Chapter3 71

Supplementary Table 3.3. Values of pairwise genetic differentiation of Typepulations
(below diagonal). Values higher than 0.1 are in red, between 0.5 hAradedin orange font.
Where P values were calculated, they are shatove diagonal. P values < 0.01 are in italic
font, and statistically non-significant (p>0.01)lw@s of genetic differentiation are grayed out.
(a) pairwise [ values, (b) pairwise uncorrecteg ¥alues, (c) pairwise Fvalues calculated
with ENA correction in FreeNA, (d) pairwise standardised é&alculated in GenoDive with
Meirmans’ correction

(@)
NorthernGBR CentralGBR
LNW LNNE LE LSE LL YON FW OSW ONW PW
LNW 0.002 0.001 0.261 0.109 0.015| 0.000 0.000 0.000 0.000
- LNNE| 0.017 0.002 0.037 0.049 0.004 | 0.000 0.000 0.000 0.000
E % LE 0.042  0.026 0.008 0.051 0.007 | 0.000 0.000 0.003 0.009
*g O LSE | 0.000 0.009 0.026 0.049 0.014 | 0.000 0.000 0.000 0.000
z LL 0.004 0.010 0.013 0.011 0.011 | 0.000 0.000  0.000 0.008
YON | 0.009 0.020 0023 0.013 0.026 0.000 0.000 0.001 0.000
_ FW 0.111  0.138 0.145 0.126 0.090 0.129 0.000 0.000 0.000
g % OSW /| 0060 0095 0090 0.064 0.098 0.098 | 0.055 0.000 0.000
o O ONW /| 0.040 0.038 0.025 0052 0.045 0.023| 0.100 0.070 0.026
© PW 0.029 0.040 | 0.016 0.040 0.021 0.038 | 0.120 0.051 | 0.007
(b)
NorthernGBR CentralGBR
LNW LNNE LE LSE LL YON FW OSW ONW PW
LNW 0.000 0.002 0.028 0.327 0.000 | 0.000 0.000 0.000 0.000
c LNNE| 0.026 0.169 0.227 0.690 0.002 | 0.000 0.000 0.000 0.000
E % LE 0.055  0.022 0.007 0.205 0.006 | 0.000 0.000 0.001 0.008
‘g O LSE | 0.002 0.009 0.057 0.335 0.368 | 0.000 0.000 0.000 0.000
zZ LL 0.019 0.010 0.016 ' 0.013 0.046 | 0.000 0.000 0.001 0.000
YON | 0.029 0.042 0.058  0.022 0.061 0.000 0.000 0.000 0.000
_ FW 0.104 0139 0.166 0.128 0.144 0.151 0.000 0.000 0.000
LEB % OSW /| 0087 0111 0113 0114 0140 0.124 | 0.082 0.000 0.000
8 O ONW/| 0039 0034 00330042 0051 0.046| 0.118 0.087 0.001
PW 0.029 0.043 0.016 0.035 0.037 0.043| 0.101 0.062 | 0.012
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Supplementary Table 3.3. continued

(©)

NorthernGBR CentralGBR
LNW LNNE LE LSE LL YON FW OSW ONW PW
LNW
c LNNE| 0.026
g % LE 0.058  0.037
5 O LSE 0.005 0.019 0.062
Z LL 0.023 0.015 0.026 0.024

YON | 0032 0051 0064 0.033 0.066

FW | 0109 0141 0165 0128 0.134 0.154
OSW | 0076 0097 0095 0099 0.120 0.108 | 0.083

ONW/ 0038 0033 0037 0042 0047 0055|0113 0.070

PW | 0029 0035 0017 0038 0034 0042|0103 0054 0013

Central
GBR

(d)

NorthernGBR CentralGBR
LNW LNNE LE LSE LL YON FW OSW ONW PW
LNW
c LNNE| 0.040
g % LE 0.091  0.008
5 O LSE | 0.000 0.000 0.060
zZ LL 0.006  0.000 0.000 0.000
YON | 0.047 0073 0089 0.010 0.110
_ FW 0.164 0219 0212 0.127 0.138 0.233
g % OSW | 0150 0194 0151 0.148 0201 0.211 | 0.000
o 0] ONW /| 0.049 0.015 0.000 0.001 0.000 0.036| 0.112 0.070
© PW 0.030  0.035 0.000 0.000 0.000 0.033| 0.081 0.010  0.000
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Supplementary Fig. 3.1. Photographs of “typidal’”damicornisType . (A), (B) and “other
Paocillopord’ (C). Morphology of the lineages often overlaps.
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Supplementary Fig. 3.2. Principabardinate analysis of pairwisecfvalues (a), k values
without correction (b), & values with ENA correction (c), andyFralues with Meirmans’
correction (d) for Type. populations. The first two coordites only represent 58.15 %, 56.77
%, 55.38 %, and 61.20 % of the variation of data fQf Bon-corrected 5 ENA corrected E,

and Meirmans-correctedgfvalues, respectively, and hence fail to reveal a large part of the

relationships. Black dots = northern GBR, red squares = central GBR, blue triangles = Southern
GBR
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%, 70.36 %, and 82.06 % of the variation of data fgg¢ Bon-corrected & ENA corrected

and Meirmans-correctedyfvalues, respectively, and hence fail to reveal a large part of the
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@)

R=0.222

(b)

R=0.217

Supplementary Fig. 3.5. Significant but weaationship between pairwise genetic distance
and log transformed geographic distance in kms of Typ@) and (b) P. damicornis
specimens. Large and small genetic distancedeabserved at both large and small distances.
The slope of the regression lines and their significance are driven by the relatively lower
numbers of large within-site (i.e. approxingatiess than 100 m) genetic differences.
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Abstract

Understanding connectivity of populations @fral species among and within coral
reefs over ecologically significant timescalegssential for developing evidence-based
management strategies, including marine ptetéarea design. In this chapter | present
the first assessment of contemporary connigtof populations of two lineages of the
brooding coralPocillopora damicornis. | used individual-bed genetic assignment
methods to identify philopatric and migtaspecimens among newly settled recruits,
sampled at regular time intervals over 12 rherdt sites around Lizard Island (northern
GBR) and over 24 months at sites arounel Ealms Islands (central GBR). In both
lineages | found evidence for spatially varialéges of self-recruitment as well as
short- and long-distance gration, demonstrating thinportance of local physical
characteristics in driving dispersal processat the same time, differences between
lineages in dispersal patterns indicate thece of biological tréts on the final outcome

of larval dispersal, and, together with observed lineage-specific habitat preferences,
support the recent delineation of lineaggsitative cryptic species) within the.
damicornis morphospecies. The proportion of philopatric specimens among .Type
recruits was 84% at sites around the Palm Islands, but only 48% around Lizard Island,
while among Type recruits it was 39% in both remis. Despite variation in dispersal
patterns, both lineages combine self-recraitthand migration in a ratio that likely
places them among the more resilient cooslshe GBR. However, low survival rates

of recruits during the first months follomg metamorphosis indicate that realised
population replenishment in these coral spe@dikely much lower than suggested by
recruit numbers.

While P. damicornis invests much energy into brooding clonal larvae, | found that only
15% and 7% of Type and Type recruits, respectively, weidones of sampled adult
colonies or other recruits, further dleaging the hypothesishat reproduction is
predominantly asexual in this speciesxplain high rates of self-recruitment and low
rates of clonality in these lineages by spatng that locally retained larvae originate
predominantly from spawned gametes, while brooded larvae are mainly vagabonds.
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4.1. Introduction

Knowledge of population connectivity is fundame to the design aharine protected
area networks in tropical coral reef sysse(®@hanks et al., 2003; Salm et al., 2006;
McLeod et al.,, 2008), but our understargli of ecological connectivity (i.e.,
connectivity over ecological, rather thaevolutionary timescales) among coral
populations is currently limitk Addressing gaps in oent knowledge of coral
population connectivity will increase our atyilto evaluate the design and potential
benefits of novel conservation and resource management strategies, and optimize
resources to conserve viable metapopoitegti(Almany et al., 2009). The exchange of
individuals among reefs contributes to maintaining high legklgenetic diversity and
facilitates the spread of aptive mutations among spatialiispersed populations of
reef organisms, processes that are criticahe resilience of coral populations in the
face of escalating anthropogenic threats. Higklkof connectivity also play a key role
in metapopulation dynamics that maintdiealthy, viable populations, for example

through re-stocking of depletgabpulations (Hanski, 1998).

The recent downfall of coral populations (e.g.dde et al., 2012), which constitute the
cornerstone of the coral reetosystem, highlight the netmlunderstand processes that
drive population recovery (Hughes et a2011). Recovery of coral populations
following major but localized mortality ents may occur through re-growth of
surviving tissue on remnants of local colemi(Diaz-Pulido eal., 2009), or through

larval replenishment from external sources (Hughes and Tanner, 2000; Coles and
Brown, 2007; Starger et al., 2010). As ocearming and acidification escalates, and

the frequency of acute disturbance evemsluding destructiveropical storms and
crown-of-thorn starfish outbreaks increases (Webster et al., 2005; Hoegh-Guldberg et
al., 2007; De’ath et al., 2012), the speedeabrery of coral populations will be the key

to survival of coral metapopulahs, and ultimatelyof the coral reef ecosystem. It is
therefore essential for sciee-based coral conservatimchemes to understand the
processes that driveaevery (Bellwood et al., 2004; Hugh et al., 2010)particularly
patterns of populatioconnectivity (Mumby and Hastings, 2008).

Patterns of connectivity among coral popuwlias can only be assessed indirectly
because the small size and body plan of corahtamean that it isot possible to apply
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conventional tag and recapture or tracking methods (Van Oppen and Gates, 2006).
Indirect techniques includegtiersal modeling (Werner ak, 2007; Treml et al., 2007;
Kool et al., 2011) and inferences made frpapulation geneticral genetic parentage
data (Hellberg et al., 2002; Harrisonadt, 2012), or, ideally, a combination of both
methods (e.g. Galindo et al., 2006; Fostealgt2012). One major criticism of inferring
connectivity from population genetic pattemisadult corals ighat adult populations
represent the culmination abonnectivity processes over an undetermined period of
time (Botsford et al., 2009). Also, sessiteodular organisms like corals exhibit a
number of life history traits that pesproblems for traditional population genetic
statistics, which are based on assumptiohsandom sexual reproduction and non-
overlapping generations. For example, hpgitential for asexual pgoduction in corals
leading to long genotype lifespans aeden “immortal” genotypes (Hughes and
Jackson, 1980; Highsmith, 1982), whidhcrease generation overlap, undermine
conventional genetic statistics. Use of ttiatal equilibrium-based models, such as F-
statistics, for descriptionsf connectivity processes ovecological timescales have
also been criticised because these arsigded to characterize long-term genetic
processes that reach a balance between wmgpesolutionary forces (Manel et al.,
2005). Advances in population mggic statistics now offer a wide range of tools to
better assess contemporary canivity from genetic datdy focusing on individuals,
rather than populations (Cornuet et, al999; Pritchard et al., 2000; Wilson and
Rannala, 2003; Manel et al., 2005, 2007). Theselrapgoaches have been applied in
a small number of studies on reef cor@sg. Baums et al., 2005; Underwood et al.,
2007; van Oppen et al., 2008; Souterakt 2010; Carlon and Lippé, 2011) and the
results are promising for aryaing genetic structures twesen and within populations,
and identifying rates of recent admixture.

Corals have two primary reproductive modesat ttypically result indifferent dispersal
capabilities of larvae and hence differ in their implmas for inter-reefal population
connectivity (e.g. Blanco-Martin, 2000; nderwood et al., 2009). Species with a
broadcast spawning mode @production release gametes into the water column for
external fertilization and larval developmt, while brooding species have internal
fertilization and develop planula larvadthn coral polyps (Harrison and Wallace,
1990). Brooded larvae are capable of settimgnediately after being released, but a
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proportion of some broods hasdmn shown to remain competéa settle for more than
100 days (Richmond, 1987; Hagii al., 2002), while spawnédarvae have an obligatory
pre-competency period of about threegysldBabcock and Heyward, 1986; Harrison,
2006), followed by a competentnmed ranging from 23 days @rison et al., 1984) to
240 days (Graham et al., 2008). Accordinglyydd dispersal isypically thought to be
much greater in spawning species thabrimoding species, but réadd dispersal does

not always follow these predicigatterns (Ayre and Hughes, 2000).

Pocillopora damicornis(Linnaeus, 1758) is one ofdhfew corals whose life history
strategy encompasses both brooding and spawning reproductive modes, but generally,
the implications of this mixed strategy foonnectivity have not been considered. This
species releases brooded lart@®ughout the year, but seasonal paeaKkarval release
vary geographically (e.g. Hagan, 1972; Harriott, 1983Richmond and Jokiel, 1984;
Villanueva et al., 2008). Despite indireevidence of spawning from a number of
studies (Stoddart and Blacl985; Glynn et al., 1991; W& 1992), spawning has only
been observed recently (Schmidt-Roachlgt2012b). Interestingly, brooded larvae are
asexually produced on the GBR (Stoddart, 1983; Ayre and Miller, 2004; Schmidt-
Roach et al., 2012a) and vast numberscloihal larvae are released in multiple
planulation events each year. However, populationB.olamicornisare primarily
sexually maintained on the GBR, a paradbat has taunted searchers for over a
decade (Ayre et al., 1997; Ayre akliller, 2004; Sherman et al., 2005).

In this study, | infer measures of larval dispersal fromraetie study of coral recruits
of the common and widesgad scleractinian cor&l. damicornis. | compare individual-
based population genetic statistics on genotypia fita recently settledoral recruits to
those of adults in the same populatiorot@rcome the issue of cumulative and multi-
generational patterns of cagutivity when solely adult popations are considered. My
study focuses on Great Barrier ReefB@ populations of two lineages d?.
damicornis, Type. and (Schmidt-Roach et al., 2012a}his coral recruit study
complements my study ofdalt population genetics d®. damicornisType .and
lineages on the GBR (Chapter 3), furthenhancing understanding of dispersal
processes in this model species. Resultshif study provide nve insights into the
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paradox of prolific clonal larvae produced laygult populations that appear to be

maintained predominately by sexual reproduction.

4.2. Materials and Methods

4.2.1. Sample collection

Coral recruits were sampled from 20 pre-conditioned, unglazed, terracotta tiles,
deployed as described by Mundp(@®) at each of four sites around Lizdsland in the
Northern Great Barrier Reef (GBR), aralf sites around Orpheus and Pelorus Islands
in the Palm Island group in the Centr@BR (Fig. 4.1). Tiles were scattered
haphazardly over an area approx. 10f) at a depth of three to nine metres, and
represented a total settient surface area of 0.572.rTiles were recovered, sampled
for coral recruits, cleaned and redeployedghly every three months from May 2009
until May 2010 at Lizard Island sitespc every two months until May 2011 at Palm
Island sites. In February 2011, a category five tropical cgcld€ Yasi, hit the Palm
Islands and destroyed the windward site& (@rpheus and NE Pelorus). All tiles at
these exposed sites were lost and thedastpling was therefore carried out in early
December 2010.

To assess survival rate of settled recruits, additional sets of 20 tiles were deployed at
each of the Palm Island sites, and censaselddsampled in May 2010 after roughly one
year of exposure (henceforth referrem as “year-round tiles”). Each census and
sampling of coral spat was done under sselcting microscope by systematically
scanning all sides and edges of each tile.lBpairid recruits were identified visually
according to descriptions by Baird andbBack (2000) and Babcock et al. (2003).
Recruits sampled were photographed, snapgediles using a scalpel and stored in

absolute ethanol in microcentrifuggbes until genetic processing.
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Fig. 4.1. Map showing sampling sites in the northern and central Great Barrier Reef (GBR) for
the adult and juvenile population genetic studBdack squares indicate collection sites of adult
colony samples, white circles idack squares denote sites where settlement tiles have also been
deployed. See Table 4.1 for site names.
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| used 880 samples of adult coloniesPofdamicornigsensu Veron and Pichon, 1976)
from 24 locations in the northern and central GBR that were used in the adult
population genetic study described in Cha@dFig. 4.1; Table 4.1). The densities of
adult coral colonies was estimated as described in Chapter 3. Additionally, colony
density was estimated by sampling everijong in a 10 m x 10 m quadrat around the
settlement tiles (henceforth “quadrat-methodi),all sites excepNE Orpheus Island,
which was destroyed by TC Yasi in February 2011.

4.2.2. DNA extraction and microsatellite genotyping

DNA of coral recruits was extracted followirag adaptation of the protocol described

by Gloor and Engels (1992). Samples were tested with the rapatigassay described

in Chapter 1 to distinguish P. damicornis from other pocilloporid recruits, and to
determine their respective lineage. Samples identifield. akamicornisType .and
(Schmidt-Roach et al., 2012a) were genotypexirad microsatellite markers using the
multiplex groups, primers and protocols described in Chapter 1. Adult genotype data
were from Chapter 3.



Chapterd 89

Table 4.1. Names and locations of sampling sltesation of reefs indicated by I= inshore, M
= midshelf, and O = outer reefs. Habitat typdi¢ated by E = exposed windward, S = sheltered
leeward, L = lagoon

WGS84 coordinates

Sitename Code | gngitude Latitude Location Habitat

Martin Reef MAR 145.353  44.777 I S
EyrieReef EYR 145.388 14.688 I L
SouthSouthwestL izardisland LSSW 145.445 14.697 M S
Southwest_izardlsland LSW 145.443 14.688 M S

.é’ @ NorthwestLizardisland LNW 145.449 04.659 M S
& @ North NortheastLizardlsland LNNE 145.461 14.649 M E
€ S Northeastlizardisland LNE 145.471 14.658 M E
% g EastlLizardlsland LE 145.478 14.672 M E
2 & SoutheasLizardisland LSE 145.470 44.691 M E
= LizardislandLagoon LL 145.456 14.694 M L
SouthLizardisland LS 145.460 04.705 M E
MacGillivrayReef MAC 145.488 i4.651 M S
YongeReef YON 145.617 14.616 @) S
WestFantomelsland FwW 146.510 18.684 I S

é SouthwestOrpheuslsland osw 146.487 18.649 I S
8 NorthwestOrpheusisland ONW 146.481 48.580 I S

S &  WestPelorusisland PW 146.488 18.547 [ S
2 £ NortheastPelorusisland PNE 146.504  0.8.546 | E
% f_.‘f SoutheasPelorusisland PSE 146.502 1.8.560 I E
‘GEJ NortheastOrpheusisland ONE 146.498 18.587 I E
©) EastOrpheusisland OE 146.504 18.603 I E
TrunkReefl TR1 146.765 18.354 M S
TrunkReef2 TR2 146.664 18.125 M L

Dip Reef DIP 147.457 18.418 @] S

4.2.3. Data analyses

To analyse spatial and temporal patterngeafruitment, | normalised the number of
recruits found at each site in each 2-3 month time-window to the exact number of
exposure days of the settlement tiles. To &sservival rate of newly settled recruits, |
compared the number and size (i.e., numifepolyps) of recruits on the year-round
tiles to the number and sioé recruits found on regularlgampled tiles over the same
time period. | compared adult population dgn$o recruit numbers at each site by

Pearson correlation.
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| combined the genotype datasets of recraitgl adults to assess the discriminative
power of the microsatellite markers. Usithg combined dataset, | calculated Genotype
Probability (GP) for each locus and a combination of all lo@HENALEX 6.4 (Peakall
and Smouse, 2006). Repeated multilocus gerstyplLG) were consited to be clone
mates at a GP < 0.001.

Assignment tests were carriedit in GeneClass2 (Pirgt al., 2004), using the adult
genotypes from Chapter 3 as a referenciasdd. The probability that each recruit
belongs to each reference population waspmated using the cetia and probability
computation algorithm of Rannala and Mountain (1997), with 10,000 simulated
genotypes, for Type and samples separately. Retsuwere excluded from a
reference population if the @ability of assignment was 0.1. When a recruit was not
excluded from the local population, it was coesetl to be local, even if it was not

excluded from other population(s).

To assign recruits into getie clusters, the fully Baysan model-based clustering
method implemented in STRUCTURE v2.3.3i{¢hard et al., 2000) was run without
population information, under the admixture model and correlated allele frequencies,
with a burn-in of 100,000 and another 100,000 MAT replications akr the burn-in.

Five independent chains were run for ecfrom K = 1 to 26. To find the uppermost
hierarchical level of structure, | useitie Evanno-method (Evanno et al.,, 2005)
implemented in STRUCTURE HARVESTER (Earl and vonHoldt, 2012). In addition to
running this analysis on Typeand recruit datasets separately, | also combined the
corresponding recruit and dtudatasets in order to obtain comparable cluster

memberships between adult and recruit individuals.



Chapterd 91

4.3. Results

4.3.1. Recruit numbers a nd population densities

Type .

A total of 148 Type. recruits were idedrfied out of the 1149 pokoporid recruits
analysed using the rapid genetic assay (Tald® Thirty-one were collected at Lizard
Island sites and 104 at Palm Island sites ftbensubset of regularlyampled tiles. The
number of recruits at each site corredatgrongly with the density of adult coral
colonies in the immediate vicinity of the tiles, as determined using the quadrat method
for assessing adult density (Fig. 4.2)the Palm Islands, a similarly strong correlation
was found between the number of recruits #reddensity of adult donies in the wider
neighborhood of the tiles, as determined using the tracklog-method, but only a moderate
correlation was evident at Lizatsland (Figs. 4.2 and 4.3).

Type

Ninety-five Type recruits were identified out of the total sample of 1149 pocilloporid
recruits with my assay, 51 of which werellected over 12 monthat Lizard Island
sites, and 41 collected over two years dtrPbsland sites, from the set of regularly
sampled tiles (Table 4.2). Correlatiobgtween recruit nundss and adult colony
densities, as estimated from quadrats arouedtites, were stronge at Palm Island
sites, and lower but still strorag Lizard Island sites. Inootrast, correlations were poor
(near zero) for both regions when adult dies were estimated using the tracklog-
method (Figs.4.2 and 4.3).
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Table 4.2. Number of recruits for two lineages (Typand Type ) of Pocillopora damicornis
at each of the sampling sites in the centralr(P&l.) and northern (Lizard Is.) GBR, in each
sampling period.

Site samplingperiod Type r Type t Total
NWPelorus AprrMay2009 2 2
Jundul2009
AugrSe009
Oct Nov2009 2 2
DecrJar2010 1 1 2
FebMar 2010 1 1
AprrMay2010
Jundul2010 1 1
AugrSef2010
OctNov2010 1 1
May rJur2011 1 1
2009 pO10
Total 4 6 10
NW Orpheus AprrMay2009 1 5 6
Jundul2009 1 1
AugSep2009
Oct Nov2009 2 2 4
DecrJar2010 1 1
FebMar 2010
AprrMay2010 2 8 10
Jundul2010 1 1
AugrSef2010
OctNov2010 3 3
May rJur2011
2009 p0O10 1 1
Total 6 21 27
NEPelorus AprrMay2009
Jundul2009 38 1 39
AugrSef2009 4 4
OctNov2009
DecrJar2010
FebMar 2010 2 2
AprrMay2010 9 9
Jundul2010 16 16
AugrSe010 3 2 5
OctNov2010
MayrJua 2011 NA NA NA
2009 pO10 8 8

Total 80 3 83
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Table 4.2 continued

Site samplingperiod Type r Type t Total
NEOrpheus AprrMay2009 4 4
Jundul2009 11 11
AugrSe2009 3 3
OctNov2009 1 1
DecrJar2010 1 1 2
FebMar 2010 1 1 2
AprrMay2010 1 1 2
Jungdul2010 5 1 6
AugrSef2010 2 2
OctNov2010 1 1
May rJur2011 NA NA NA
2009 2010 4 3 7
Total 27 14 41
Palmlslandstotal 117 44 161
NWLizard JunrAug2009
Sep rNo2009 1 1 2
DecrFel2010
Mar rMay2010 1 3 4
Total 2 4 6
SWoLizard JunrAug2009 4 4
Sep rNo2009 1 1
DecFeb2010
Mar rMay2010 2 2
Total 4 3 7
NNELizard JunrAug2009 6 5 11
Sep rNo2009 7 18 25
DecrFel2010 1 9 10
Mar rMay2010 4 5 9
Total 18 37 55
SH.izard JunrAug2009 3 1 4
Sep rNo2009
DecFeb2010 1 6 7
Mar rMay2010 3 3
Total 7 7 14
Lizardlslandtotal 31 51 82

GrandTotal 148 95 243
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Lizard Island
Type . Type
R=0.96 R=0.69
Q
R=0.47 R=0.07
T
Palm Islands
Type . Type
R=1.00 R=0.88
Q
R=0.99 R=0.02
T

Fig. 4.2. Correlations between recruit numbarsl density estimates of adult colonies of
Pocillopora damicornisType .and at Lizard Island and the Palm Islands. The method used
to estimate population densities is denoteckitser Q for the quadrat-method or T for the
tracklog-method (see Methods). Site manare abbreviated as per Table 4.1.
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Fig. 4.3. Number and source of Typand recruits ofPocillopora damicornigpie diagrams)

in relation to population density maps aroundard Island and the Palm Islands. Colony

density was estimated by dividing the numbercolonies recorded at each site (denoted by
black dots) by the length of the collectotgicklog (see Methods), and interpolated between
sampling sites using the “spline with barrier”thngd in ArcGIS 10 (ESRI). Pie charts show the

proportion of recruits from four source categorfeizes of the pie charts are proportional to the
numbers of recruits sampled at the correspangite throughout the study period (also shown
in brackets below the site names).
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4.3.2. Survival of r ecruits

Thirteen Type . recruis were fomd on yearound tiles (four atNE Orphes, one at
NW Orphes and eightat NE Pebrus) and ltiree Type recruits @l at NE Orpheus).
The numbeof polyps per recruit anged fran one to 25 1hean 6.8 £.2 SD) fa Type .

and one to & (mean 40+2.0 SD)for Type specimengFig. 4.4).In comparson, the
maximum rumber of plyps recoded for reruits from regularly smpled ties in the
Palm Islands was ten, lerefore lassumed tlt recruitsfrom yea-round tileswith less
than ten potps had sdled in the &st two maiths of eyosure. Ony three Ty ., and
none of theType reauits frompermanentt samplediles had nore than te polyps
(Fig. 4.4). Seventy-eght Type . and 30 Tye recruis were cdected onregularly
monitored ties duringthe same 2 months Table 4.2),suggestig ~ 4 % suvival of
Type . recuits in thefirst two nonths aftersettlementaround thePalm Islads. The

estimated swvival of Type recruis in the fist two morths is lesshan 3%.

Numbier af recruits
Rl

£}

e maERAT AT v-.;.urp:,, it“:“[ i‘Eﬂi‘l_J_li,

Fig. 4.4. Sizdistributionof Type .(black bars) ad (white bars) recrus on yearound tiles,
measured bythe numberof polyps per recruit 6n x axis). Dashed lineindicatesmaximum
number of recuits obsered on reguldy samplediles at Palnislands (m& 2 mo old ecruits).

4.3.3. Clones

Type .
A total of Z MLGs were repea&d in the Type . reaquit dataset(Table 4.2), with

Genotype obability (GP) vales ranging between2.1E-06 — 1.5E-04. Overall,
approximatey 15% ofrecruits hd at least oe clone mate. Out ofthese, a dne pair
and a clonesextet hadho knownadult counerparts, whie 15 recrits were geetically
identical toone of the dult colones sampledOne recrit sampledst NW Pebrus was
the clone ofan adult fom NE Qpheus, 13ecruits fran NE Pebrus were tones of

three adult olonies at lhe same sé plus onecolony at & Pelorus, ad one remuit from
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NE Orpheus had two adult clone mates atdhme site. These clonal larvae settled on
the tiles at a variety of time-pointsrttughout the study. The first specimen of a
thirteen-clone clustewas sampled in June - JUA09 and the last one in August -
September 2010, with clone mates showimg at almost all sampling events in
between. Similarly, the clone sextet wasnpied several times over the course of a
year. Two of the 23 clones were found omryeound tiles (Table 4.3and were in an

advanced stage of developmétth and 25 polyps, respectively).

Type

Seven MLGs were repeated in the Typeecruit dataset, with GP values ranging from
2.1E-10 to 7.7E-06, representing roughly 7%rexdruits (Table 4.3b). One clone pair
with an unknown adult counterpart wasngded at each of the NE Orpheus, NNE
Lizard Island and SE Lizard Island sites. Eathhese recruits settled within the same
sampling period as its clone mate (Table 4.3). One clonal offspring of a NW Pelorus
colony settled at NW Orpheus (Table 4.3Db).



Chapterd 98

Table 4.3. Settlement sites and times of clonal recruif3ocfllopora damicornisType . (a)
and (b) lineages. Euclidean distances fromitlagiult clone mates are shown in meters.

(a)
Site Settlementtime No. of recruits Locationof adultclones  Distancgm)
NW Pelorus 2010Jundul 1 NEOrpheus 4433
2009Jundul 1 r
NEPelorus
2010Apr May 1 r
2009Jundul 1 r r
NEPelorus 2010Apr May 2 r r
2010Jundul 3 r r
2009Jundul 6
2009Aug &ep 1 NEPelorus 16
2010Apr May 3 NEPelorus 56
NEPelorus
2010Jundul 1 NEPelorus 98
2010Aug Bep 1 SEPelorus 1551
2009 r 2010 1
NEOrpheus 29
NEOrpheus 2009 r 2010 1
NEOrpheus 148
(b)
Site Settlementtime No. of recruits Locationof adult clones Distance

NWOrpheus 2010Apr May 1 NW Pelorus 3720

NEOrpheus 2010Aug &ep 2

NNELizard 2009SepiNov 2 r r
2

SH.izard 2010Deckeb

r

r
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4.3.4. Exclusions, assignments and clustering

Most recruits were assigndd several reference poptitas, with high likelihood of
membership (Fig. 4.5). However, 113 Typ€76%) and 37 Type (39%) recruits were
not excluded from the population where thélement tiles, to which they recruited,
had been placed (Fig. 4.5, Table 4.4). Thepprtion of philopatridi.e., self-recruiting)
specimens among Typerecruits was 84% at sites around the Palm Islands, but only
48% around Lizard Island, while among Typeecruits it was 39% in both regions
(Fig. 4.3, Table 4.4). Because ddnot find sufficient Type colonies around the tiles
at NE Pelorus, NE Orpheus and SWzdnd Island to makeeliable reference
populations for assignment tests, self-recruiteese not determinedt these sites. It
cannot be ruled out, however, that thevfeolonies present athese sites were
responsible for some of the recruitmenttdptial migrants from neighboring sites (or
short-distance migrants) were defined w eruits that were excluded from the
immediately surrounding adulpopulation, but were aggied to another adjacent
reference population within 10 km. Eight such recruits were found for Typed
eleven for Type and classified as short distancegrants (Table 4.4). Recruits that did
not belong to any of the abowmategories, i.e. those ahwere excluded from all
reference populations within 10n of the collection site, but were assigned to distant
populations with at least Ogdrobability, were categorizeds long-distance migrants.
Four Type . and nine Type long-distance migrants we found (Table 4.4). Twenty-
three Type., and 38 Type recruits were excluded froall known populations. These
recruits are more likely to bleng-distance migrants than either local vésror short
distance migrants, because of the extensested sampling design that was completed
centered around the tiles. Nesignment cases predominantly occurred at Lizard Island

sites, for both lineages.

Recruits or groups of recruiteat had one or more known adult clone mates were never
excluded from reference populations contagnthe correspondingdult clones based

on GeneClass analyses. Reference populations that waractdrized as genetically
highly divergent (Chapter 3), such as Typat the PW site, and Typeat the FW and
OSW sites, had none or very few recrtsigned to them above the 0.1 probability
threshold.
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(@)

Fig. 4.5. Probability of assignment and proportional memberstapwsteriorigenetic clusters

of recruits of Pocillopora damicorni§ype .(a) and Type (b) lineages. The gray scale matrix
shows the assignment probabilities of each recruit (in rows) to each adult reference population
(in columns, names as per Table 4.1). Nockesion from the surrounding reference population

is indicated with a red dot. The annotation anlbrcoodes to the left-hand side show the site,

the year and the period of collection. IdentibHlGs are color coded in the “Clones” column.

To the right-hand side, proportional cluster membership in a posteyeretic clusters of
recruits is shown on a barplot (STRUCTURE plot), at K=2, 5 and 25 for Typed K=2, 10

and 23 for Type recruits.
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(b)

Fig. 4.5. continued

The Evanno-method gave two as the uppermost hierarchical level of structure for
recruits of both lineages. However, | alsxplored genetic patterns at higher numbers
of clusters, corresponding to the plateduhe L(K) curve (K=5 for Type. and K=10

for Type ) and at the second highest peak of theplot (K = 25 for Type. and K =

23 for Type ) (Fig. 4.5).

Clustering at K=2 did not delgate geographically or tgrarally homogeneous groups

of Type . recruits (Fig. 4.5a). With five genetatusters, some recruits at NE Pelorus
were clearly distinct from others (showby predominant turquoise blue cluster
membership on Fig. 4.5). At K=25, the majority of Typeecruits were made up of a
balanced proportion of all gete clusters (Fig. 4.5a). Hie were, however, outliers

that predominantly belonged to one or two genetic clusters, most commonly recruits at

the NE Pelorus site. Most of these outlierere not excluded getically from the
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surrounding adult population, and were eitblene mates of known adult colonies, or
were genetically linked to a handful of ddoolonies in the proximity (Figs. 4.5 and
4.6). Genetic outliers at Lizaitdland, on the other hand, were mostly excluded from all

known reference populations.

Genetic diversity was propionally higher among Type than Type . recruits.
Similarly to Type ., analysis at K=2 did not yield aamlly or temporally meaningful
grouping. At K=10, most recruits belonged pednantly to one genetic cluster and the
genetic composition of recruibhorts at most sites was very complex. Exceptions were

at the LSE site, where all seven recruits belonged predominantly to the same genetic
cluster, and the PNE site, where low samplenber contributed to the low genetic
diversity of recruitFig. 4.5). Some of the recruits that were excluded from all known
reference populations showed high siniilarin their proportonal genetic cluster
membership to one or a few adult individugighe nearest attypopulation (Figs. 4.5

and 4.6; e.g. in NNE Lizard the “light @t or in NW Orpheus the “turquoise” cluster
dominated recruits). Self-reaters could not be determined SW Lizard, NE Orpheus

and NE Pelorus because of low adult sample sizes and hence absence of reference

populations around the settlement tiles.

Table 4.4. Potential origin of recruits basedl assignment / exclusion test results. Exclusion
threshold from a population was set to 0.1 assa@rtrprobability. Recruits not excluded from
the local populations are termed “local’. “Stdistance migrants” are recruits that were
excluded from the local adult population, buéere assigned to another adjacent reference
population within 10 km. Recruits that wereckxded from all reference populations within 10
km of the collection site, but were assigrteddistant populations are called “long-distance
migrants”. Recruits excluded from all knowopulations are termed “unknown source”.

Shortdistance Longdistance

. . Unknownsource
migrant migrant

Local

TypeA TypeB TypeA TypeB TypeA TypeB TypeA TypeB

NW Pelorus 5 4 1

NWOrpheus 2 12 2 2 3 2 4

NEPelorus 72 1 1 7 2

NEOrpheus 24 1 5 2 2 7

NW Lizard 3 2 1

SWLizard 3 1 1 2

NNELizard 9 16 1 2 2 1 6 18
SH.izard 3 1 2 4 4

Total 113 37 8 11 4 9 23 38
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Type r K25

Fig. 4.6. Proportional membership anposteriorigenetic clusters ofdalt (reference) samples.
Genetic clusters correspond to those in Fig. Adult clone mates of recruits are indicated by
colored rectangles to the left of each column and color coded as pérFi§opulation names

as per Table 4.1.
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Type K=23

Fig. 4.6. continued

4.3.5. Spatio-temporal pa tterns of recruitment

Type .

The distribution of Type. recruits was unbalanced space and time (Fig. 4.7).
Average recruitment rate, calculated froompée numbers on regularly censused tiles
before TC Yasi, was four and eight recruits per day per X0& inzard Island and the

Palm Islands, respectively. With the exceptof SE Lizard Island, windward sites in
general received anaer of magnitude more recruitsan leeward sites (Fig. 4.3, Table

4.2). At the windward sites of the Palm Isiis, recruitment clearly peaked in June —
July in both 2009 and 2010 (Fig. 4.7). Thessks were mainly caused by locally
produced larvae, but a few shoand long-distance migrantgere also detected. Much
smaller and less regular peaks were observed at the leeward sites; in 2009, the peak was
in October — November at both Pelorus and Orpheus sites, but in 2010, recruitment was
highest in June — July and April — MayN¥V Pelorus and Orpheus sites, respectively.
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None of the recruits at NWelorus were assigned to the local adult population, but are
thought to have originated from neighboringplations. There were no recruits on the
tiles after TC Yasi (Fig. 4.7).

At Lizard Island, Type. recruitment was much lower aadl (Fig. 4.3, Table 4.2), and
timing of the reproductive peak was not coteis among sites (Fig. 4.7). On average,
minima in the number of recruits occurréaring the December — February period (Fig.
4.7). Local larvae were found throughout §fear at NNE Lizard Island, but only in
June-August at two other sites. In contrast,locally produced larvae recruited to the
NW Lizard Island site. Recrig from unknown sowe were detecteth all seasons,

except December — February (Fig. 4.7).

Type

On average, Lizard Island received more than two times as many Tgpeuits as the

Palm Islands (seven and three recruits per day per 10@spectively). There were no
clear windward-leeward patterns in the abundance of Tyreruits, either at Lizard
Island or at Palm Island sites, despite tigher density of the adult population on the
sheltered side of the Palm Islands (Figs8 and 4.7). However, recruitment was not
evenly distributed among sites; NW Orpheus received more than 45% of recruits in the
Palm Island region, and NNE Lizard Island mdhan 70% of reaits in the Lizard

Island region.

Consistent seasonal peaks in recruit bera were not observed. Locally produced
larvae were detected throughout §ear at least at one okthizard Islandsites, and in
all sampling periods except August-Septemdnad February-March at least at one of
the Palm Islands sites (Fig. 4.7). The Ipapulation density (Figd.3) and hence small
sample sizes for adult populations at the EMard Island site, as well as at the NE
Pelorus and NE Orpheus sites, precludpthetic assignmento these reference
populations, therefore selécruiting could not be deatmined at these sites.
Consequently, at these sites, some rectiéswere excluded from all known reference
populations could have been locally produdedcruitment did not cease completely at

NW Pelorus following TC Yasi.
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4.4. Discussion

4.4.1. Variability in recruitment patterns

| found clear differences in recruitment insgty and patterns of self-seeding versus
short- and long-distance larval despal between two common lineagesPotillopora
damicornis on the Great Barrier Reef (GB®ge Schmidt-Roach et al., 2012a for
descriptions of lineages). Type recruits were predominantly philopatric (locally
produced), while 61% of Type recruits were migrantwith a known putative source
population or genetically excluded froni &nown populations (@sumed migrants).

This pattern is in agreement with findingé Richmond and Jokiel (1984), that the
brooded planulae of the Hawaiid®. damicornis Type B, which is assumed to
correspond to Type on the GBR (Schmidt-Roach &k, 2012a), usually do not settle
immediately upon release. The observed high number of migrants also explains the
two-fold higher recruitment rate of the Typdineage compared to that of the Type
lineage at Lizard Island, ddasp lower density of Type colonies in this region.
Conversely, the recruitmenate of the Type. lineage was two-fold higher than that of
Type at the Palm Islands (central GBRhdathis was mainly driven by strong self-
seeding of Type. populations on the exposed sides of the islands. This demonstrates
that recruitment patterns do not only diffegtween lineages, but also show regional

and habitat-specific vation within lineages.

Large proportions of long-distance migrants and of recruits from unknown source
populations at Lizard Island are in contrastnwpatterns of strondprval retention at
Palm Island sites, and correspond to differemegsevailing watecirculation patterns
between these two regions. A branch of tbatB-Equatorial Current is likely to deliver
recruits to Lizard Islandites from regions beyond the GBR, particularly from Papua
New Guinea (PNG; Chapter 3), while the P&shands are known to have complex tidal
circulation features (King and WolanskiQ96; Luick et al., 2007Steinberg, 2007) that
may be responsible for highnlal retention and/or resitment stochasticity (Van
Oppen et al., 2011b). My conclusion that saté larval dispersal are higher around
Lizard Island than the Palm Islands is also in accordance with the observed timing of
planula release in previousudies; at Lizard Island, laae are released on the spring
tides (Harriott, 1983), while in the centraB& planulation occurs atither quarter or
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three-quarter moon (Muir, 1984), which corresponds to neap tides. However, it must be
noted that since my estimates of self-réonant were based on genetic exclusion tests,

it is possible that some long-distance migsaremained undetectetie to high genetic
similarity of adult populationglong the GBR. Such undetedtlong-distance migrants

are likely to be more frequent in the camtGBR, where the dominant East Australia
Current arrives after sweeping southwardngl the length of the northern GBR,
whereas at Lizard Island, pate dispersal modeling suggseghat the dominant source

of long-distance migrants is likely from stbeyond the GBR (Chapter 3). At the same
time, in Chapter 3 | have also shown teabng genetic breaks may exist over small
spatial scales in thege damicornis lineages, therefore | cannot rule out the possibility
that some recruits that were excludeom all known source populations originated
from unsampled near-by shoals and reafiches. Furthermore, some rare adult
genotypes may be under-represented in tfeggrce populations, as suggested by some
level of mismatch between results of assignment tests and Bayesian clustering analysis
(Figs. 4.5 and 4.6). Therefore it is possiblattfecruits excludettom a population (or

all known populations) in fact minate from a handful of loc@enetic outlier colonies.

Patterns of dispersal in recruits of Typeand P. damicornis correlate well to the
proportion of putative first generation migtandentified in their adult populations
(12% for Type . and 27% for Type, Chapter 3). While the trend is similar between
adults and recruits, the magnitudes differ by a factor of ~1.5, suggesting higher post-
settlement mortality among migrants than laegruits. This may be due to decreased
energy reserves and overall fitness of s at the point of settlement as they
approach senescence (Graham et al., 20@8h may have a critical impact on the
first and most vulnerable phase of colatgvelopment of the metamorphosed recruit
(Hunt and Scheibling, 1997). In additiomigrants may be maladapted to the

environmental conditions at the site of ignent and therefore suffer higher mortality.

4.4.2. Temporal stochast icity in recruitment

Inconsistent patterns of temporal variability in recruittriiggtween sites and years may
reflect seasonal patterns reproduction (e.g. Harriott,983; Tanner, 1996) that are

modified or masked by stochasticity riecruitment success (Wallace, 1985; Connell et
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al., 1997; Hughes et al., 2000; Smith et2005; Adjeroud et al., 2007), and variability
in PLD before settlement. Seasonakt@ans of recruitment of both Type and
lineages were found to be irregular at Lizard Island sites, in contrast to previously
reported strong reproductive seasonality Fof damicornisfrom the same location
(Harriott, 1983). Thaesolution of this apparent pai@ may be that despite higher
planulation rates in winter months, slower larval metabolism and development rates in
winter, driven by colder water tempearsgs (Hoegh-Guldberg and Pearse, 1995;
Nozawa and Harrison, 2002), and/or strongamrent activity during the Trade wind
season in winter (March — September) (Fathal., 1986) that may sweep larvae away
from local sites, potentially result in deased local settlement success. While it is
difficult to draw parallels between reciment rates observed in this study and
planulation rates describedtime study of Harriott (1983) afizard Island, partly due to
the above mentioned sources of bias, antlyplaecause of the poor temporal resolution
of my data for this region, recruitment ratiethe Palm Islands clearly shows a temporal
pattern not yet described f&. damicornison the GBR. Here two distinct peaks of
recruitment can be observed, one in apprately April-June and one in October-
November. The complete annual pattern miid occur within any one site throughout
the whole study period, which may explaihy the only other modern study that
described reproductive seasonality of thecsgs based on histolagil surveys of gonad
and planula development combined with efstions of planulaelease in aquaria
(Harriott, 1983) may have missed the secpedk. Alternatively, itis plausible that
reproductive seasonality is different in thethern GBR from that in the central GBR,
or that reproduction is synchronizeamong some individuals but not among
populations (Marshall and &thenson, 1933), thus localfyroduced recruits in my
sample-set originated from only a handdail larger colonies (e.g. Hall and Hughes,
1996) that reproduce synchronously to optinitesr reproductive opiut to ideal local

environmental conditions (e.g. Guest et al., 2005).

4.4.3. Low proportions of clones, but high levels of self-recruitment

A central paradox in the reproductis@logy and population genetics Bf damicornis
on the GBR is that brooded larvae are produced asexually daltddult populations

reflect predominately sexual reproductiony(é et al., 1997; Ayrand Miller, 2004;
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Sherman et al., 2005). Based on the growing body of evidence from mating and other
studies that all brooded larvae are cloneshefparent colony (Stoddart, 1983; Ward,
1992; Ayre and Miller, 2004; Schmidt-Roaet al., 2012a; for counter example see
Yeoh and Dai, 2010) and are capableseftling immediately upon release (Atoda,
1947; Harrigan, 1972; Harii et al., 2002), dangial proportionsof populations are
expected to be clones of a limited numbé&genotypes. Such clonal populations were
found in south-western Australia (Stoddat®84), Kenya (Souter et al., 2009), and
Southern Taiwan (Yeoh and Dai, 2010) but not on the GBR (Benzie et al., 1995; Ayre
et al., 1997; Ayre and Hughes, 2000; Agred Miller, 2004; Sherman et al., 2005). My
study helps to explain this digpancy between reedégions by providing an estimate of

the rate of recruitment of asexuallyoguced larvae into newly settled juvenile
populations. My finding that clones werepresented by 15% and 7% of Typeand

Type recruits, respectively, is similar tithe proportion of clones found in adult
populations (14% for Type. and 6% for Type ) (Chapter 3). The remarkable
similarity in the estimated clone frequencies of adults and newly settled recruits
suggests that most clonal larvae disappear from the local popwabonafter release

and prior to settlement.

My estimates of the frequency of occumrenof clones are considerably lower than
expected from our current understanding of ltfeehistory strategy othis coral. It is
important to realize, howeverthat my estimates are not error-free. Firstly, the
proportion of clones in the adult populatidghat originate from broods is likely
underestimated in Chapter 3, because samplingplonies adjacent to those that had
already been sampled was avoided to minimise including clones produced by
fragmentation. This sampling strategy pai@fy missed some clones produced by
asexual brooding. Secondly, clonakruits could only be detted if they originated
from one of the adults that had been si@ahpor if several of the settled larvae had
identical MLGs, both of which would conltite to underestimating rates of occurrence
of clones among recruits. To minimise thisdaterror, all adult colonies were sampled

within a 10 x 10 m quadrat around each settlement tile site.

My finding that clonal larvae oP. damicornisdo not recruit back to their natal reefs
could reflect either prevailing current patterat the time of their release (Ayre and
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Miller, 2004; Chapter 3) or exceptionally high mortality rates in early life history
stages. Graham et al. (2008) have shown that coral larvae follow a combination of Type
| and Type Il mortality curves, i.e. theyvehigh initial rates of mortality, followed by

a lower and approximately constant mortality rate, which ultimately increases sharply
when they reach a semesce threshold. Although their study included only
azooxanthellate larvae from broadcast smag species, it showed substantial inter-
specific variation in the shape of these cur¥@sile it is possible that initial mortality

rates ofP. damicornis broods are high and exceed previous assumptions on the GBR, it
does not provide an evolutionarily tisdactory explanatin, since brooding is
energetically more expensive modereproduction than spawning (Ward, 1995). The
relatively larger sized broods that allgacontain zooxanthallae are well suited for
long-distance migration (Richmond, 1987; Harii et al., 2002, 2007), therefore it is more

reasonable to assume that clonal larvaalemersed away froteir natal population.

In tandem with low numbers of local clonal recruits, results of exclusion tests, as well
as strong correlation between colony abundance and recruit numbers at each site
suggest that a substantiabportion of settlers are philopatyrand are therefore mainly
sexually produced. One possible explanatsothat brooded larvae are not exclusively
clonal. Simultaneous occurrence lwfth clonal and non-ghal larvae inPocillopora

has been shown by Yeoh and Dai (2010). Although, there areppasef sexually
produced brooded planulae in GBR populations of P. damicothés studies that
addressed this question used allozyme alpbworesis and only a few markers, therefore

it is a question that warrants further testing with higher resolution molecular markers.
Another and more likely explanation is thegxually produced larvae are products of
reproduction through broadcast spawning amternal fertilisation. Indirect evidence

for spawning inP. damicornishas been reported from earlier histological studies
(Stoddart and Black, 1985; Ward, 1992, 199%md recently, Schmidt-Roach et al.
(2012b) observed spawning in P. damicornis at One Tree Island in the southern GBR.
Spawned eggs were negatively buoyantjcivhsupports my hypothesis that locally
retained larvae came predominantly fromawped gametes. In agreement with this
hypothesis, strong correlations between the number of Typeruits and the density

of surrounding adults (based on the quadrat-method), buzeeacorrelations with the
densities of neighboring adult populatioftsacklog-method) in both study regions



Chapterd 113

suggest that there are two classes of Typ&arvae. One class of larvae settles
immediately around the parent colony, and haptclass drifts dastantial distances
away from their natareef. In combination, givervidence that spawned eggs are
negatively buoyant (Schmidtech et al., 2012b), and cahesring the lower proportion

of clones in Type populations, | furthe hypothesize that laae retained locally
originate from spawning, while clonal rleae disperse. In combination with
observations of spawning atn@us times during the summer season (Schmidt-Roach et
al., 2012b), the high year-round proportion of non-clonal recfausd in my study
suggests that such spawning events happen several times a year. This hypothesis
explains why previous studies found predominantly sexually produced adult
populations on the GBR (Ayre and Miller, 2Q@herman et al., 2005), but contradicts
classical models that seek to explair ttole of mixed reproductive strategies by
asserting that asexual reproduction itecied for under contions favouring local
dispersal, whereas sexual reproductiosdkected for under conttins favouring long
distance dispersal (Williams, 1975; Maynard-Smith, 1978).

4.4.4. Potential for me tapopulation resilience and implications for

conservation

Both Type . and lineages combine Heecruitment with short and long-distance
migration, indicating that metapopulation$ both lineages have good potential for
resilience. According to theoretical consal#ns, self-recruitment is an important
factor in stabilizing dynamics of metapopidas because it enhances local population
viability (Hastings and Botsford, 2006), and enresuthat once a few individuals settle at
a new location, their retained offspring wilifieiently colonise the site. At the same
time, migration provides the first settlersnaw sites and fortifies depleted populations
following major disturbance events, or, intrexne cases, contributes to recolonising
habitats following local extinctions (Harisand Gilpin, 1997). ndeed, Starger et al.
(2010) have demonstrated that populatiasfs pocilloporid corals regained high
abundance and intra-population genetic ditgjjsist decades following their complete
extirpation from Krakatau island, and ctuded that good larvatonnectivity with
distant reefs provided ¢hfirst colonizers, but self-rectment contributed to the bulk of

the population recovery. My data supports lilgpothesis that as a consequence of their
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complex reproductive strategies (Hightm1982; Stoddart, 198Ftoddart and Black,
1985; Ward, 1992; Yeoh and Dai, 2010; Schrdach et al., 2012b) and related broad
dispersal capacities (Rictumd, 1987; Harii et al., 2002; Schmidt-Roach et al., 2012b),
populations of Type. and P. damicornisare likely to be among the more resilient
corals to inhabit the GBR.

Very low rates of recruit survival durinthe first months following metamorphosis,
however, warns that even though dispessgygest good potential for metapopulation
resilience, high early lifestage mortglitmay substantially slow down natural
recruitment rates. Determining the age of recruits/juvenile corals is difficult, due to
variable growth rates under differesdnditions (Raymundo and Maypa, 2004). Baird
and Babcock (2000) describesthorrelation of the age gcilloporid recruits and the
diameter of their basal discs, however, hihweir observations cabe generalized to
environmentally different sites remains unkmoviearly fusion of recruits can further
increase uncertainty in recruit age estimates; ten polyp-coloniésdzEmicorniswere
approximately 16 weeks old in the study of Raymundo and Maypa (2004) when one
recruit built the colony, but were only approximately ¢igleeks old when two recruits
fused. To account for the variability oigting from environmental differences, |
estimated the age of recruis this study from obsertians of polyp numbers of
maximum two-months-old recruits from teame sites where the year-round tiles were
deployed. The size distribution of recruibe the year-round tite show that even
including uncertainty, survival rate duringetfirst two months after settlement on the
artificial substrate was not more than 4% and 3% for Typaed recruits, respectively

(Fig. 4.3). However, because both recr@ti rate (Penin et al., 2010) and post-
settlement mortality (Wilson and Harrison, 20@&higher on artificiasubstrates than
natural substrates, how these estimates reflect true success of natural recruitment

remains unknown.

Dispersal modeling (Chapter 3) and genetssignment of recruits suggest that the
“GBR metapopulations” oP. damicornis lineages may encompass populations of SE
Papua New Guinea, which emphasizes the importance of coordinated conservation
efforts across national bordeBocillopora damicornids one of the most widespread
coral species (Veron, 2000)ith a capacity for long-diance dispersal (Richmond,
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1987; Harii et al., 2002). My results that lodigtance migration occurs over ecological
timescales indicate that the species has gotehtial to form resilient metapopulations,

but also suggest that important metapopulatiodes are likely to bdistributed across

two or more countries. Preservation of such large-scale metapopulation dynamics
requires international coopéi@ (Chester, 2006yvhich is potentially the key to the

conservation of many coral reef organisms with large larval dispersal capacities.

High variability of disperdapatterns among lineages, geographic regions and habitat
types highlight the significancef assessing ecologiceonnectivity separately for each
site and species of conservation interestnvbiesignating networksf protection areas.
The interplay of species-specific life-fosies and dispersal behavior with local
environmental conditions, such as waterumton (Black, 1993; Andutta et al., 2012)

or temperature (O’'Connor et al., 2007) mergate unique connectivity patterns for
different species at the same site, or fa same species at different sites. Temporal
variability adds a further layer of complexity to dispersal patterns, which is very
difficult to include in static managemeptans (Siegel et al2008), however since
marine protected areas (MPAS) are desigghdor many decades, seasonal and annual
fluctuations even out over time, and héegs importance than in fisheries management,
where, for example, annual harvest plannirguages temporally sté&brecruitment, or
incorporates in recruitment stochasticity.

While my results cannot be automatically extrapolated to other reefs or coral taxa due to
the above sources ofnation, the coupling of my genetconnectivity datalus results
from similar studies with high resolutiorealistic water circulation models (e.qg.
Galindo et al., 2006; Foster et al., 2012) nhajp develop management strategies on
large spatial domains.

45. Conclusions

Populations of. damicornisType . and lineages showed spatially variable rates of
self-recruitment, short- and long-distanoggration, demonstrating the importance of
local physical characteristida driving dispershprocesses. | exgin higher rates of
self-seeding in the inshore Palm Island group in the central GBR by complex

circulation patterns, mainly driven by tidfrces (King and Wolanski, 1996; Luick et



Chapterd 116

al., 2007) and larval release at neap tidesi{ML984). Conversely, lower rate of self-
recruitment at Lizard Island is explainég larval release on gpg tides (Harriott,
1983) and prevailing currents that favour thepdrsal of propagules (Frith et al., 1986).
The high frequency by which recruits were excluded from all sampled populations
further support the hypodisis that recruits may arriva Lizard Island from populations
beyond the GBR (Chapter 3), and engha the importance of coordinated

conservation efforts across national borders.

Differences in dispersal patterns between liesagdicate the effecif biological traits
on the final outcome of larval dispersahdatogether with the lineage-specific habitat
preferences observed, support the recentnealion of lineagegputative cryptic
species) within thé®. damicornis morphospecies. Among the two lineages, Type .
showed higher rates stlf-recruitment, especially at exqea sites, in contrast to Type

's preference for sheltered habitats, exsally in the Palm Island group. However,
both lineages combine self-recruitment and migrain a ratio that likely places them
among the more resilient césdo inhabit the GBR.

The low proportion of clones among recrwfsboth lineages challenges the hypothesis
that reproduction is predominantly asexualPindamicornis. Because brooded larvae

are thought to be exclusively clonalt¢8dart, 1983; Ayre and Miller, 2004), and
spawning of sperm and negatively buoyant eggs has been recently reported (Schmidt-
Roach et al., 2012b), | explain high rates of self-recruitment and low rates of clonality
by speculating that locally retained laes originate predominantly from spawned
gametes, while brooded larvae are mainly vagabonds.
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This chapter is a result of a collabooatibetween G. Torda and P. Warner. Coral
colony samples were collected, DNA extracted and genotyped by P. Warner, for a
population genetic study as part of her Ph.&search. G. Torda collected additional
samples, extracted DNA, identified and gemeid coral recruitsand carried out all
analyses that are presented in this chrapféde chapter was written by G. Torda with

intellectual contribution of P. Warner.
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Abstract

The importance of knowledge on contemporary connectivity among populations of hard
corals in developing effectivepatial management strategies for tropical coral reefs is
increasingly recognised, yet there arevfetudies providing empirical data on this
matter. In this chapter | used assignmentho@s on microsatellite genotype data from
newly settled recruits of the common brooding c@atiatopora hystrix, to estimate
rates of self-recruitment and larval immigration in populations around Lizard Island in
the northern GBR and the Palm Islands iae tentral GBR. | found that patterns of
recruitment intensity and aal dispersal are highly viable among sheltered and
exposed sites in the two regions, with @ty philopatric recnitment around the Palm
Islands, and mainly exogenous recruitinearound Lizard Island. A substantial
proportion of genotyped recruifd6% at the Palm Islandmsd 86% at Lizard Island)
were excluded from all sampled adybpulations, and weregenetically highly
dissimilar from any adult specimen. | hypothedizat such recruits originate from deep
populations ofS. hystrixthat are maladapted to the shallow reef environment and hence
selectively removed post settlement. New uésrwere found year-round, with peaks in
September-November and April-June in the central GBR. This is in agreement with
previous studies from this region, and othesf systems. However, biannual peaks of
recruitment were not observed at sites the Northern GBR. In tandem with
seasonality, strong inter-annual variatiomanruit numbers was obrved, especially on
sites where the source of recruitmentswaimarily exogenous. This indicates that
shapshot or short-term recruitment ddtawdd be interpreted carefully. | found that the
proportion of asexually produceeécruits in the sexual brood&:. hystrixare on par

with those of the closely relate asexual brooder/sexual spawner Pocillopora
damicornis, suggesting that the importanceaséxual reproduction may have been

underestimated in the former.
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5.1. Introduction

The decline of tropical coral reef ecosystems in the past decades has been associated
with several direct and indirect antipogenic stressors (e.g. Connell et al., 1997,
Hoegh-Guldberg et al., 2007; De’att al., 2012), and has called for improved
conservation management tools. One proposed improvement is to (re-)design networks
of marine protected areas (MPAS) in armear that maximizes benefits of population
connectivity to increase thesibence of the metapopulationds reef species (Botsford

et al., 2009; McCook et al., 2009; Steneatkal., 2009; Almany et al., 2009). These
improvements require better understawgdiof metapopulation dynamics, including
source-sink dynamics, and demographically significant dispelistances of key
marine organisms (e.g. Crowdet al., 2000; Bode et ak006; Cowen and Sponaugle,
2009). However, knowledge gaps in coctngty over ecological, rather than
evolutionary timescales, among coral populaitiave hindered practical applications

of this information in coral reef conservation.

Obtaining direct estimates of larval retemtiand dispersal in cdsa is exceedingly
difficult due to the size and bogbtan of their larvae, whicimhibits traditional tagging

(Van Oppen and Gates, 2006). Slicks of tepawn have beendrked by drogues over

tens of km (Willis and Oliver, 1988, 1990), but rditcoral larvae aggregate into slicks
during spawning (Willis and Oliver, 1990), ettefore this method does not give
exhaustive information aboutctual dispersal in spawningprals. Furthermore, these
remote sensing techniques arot suitable for tracking doded coral larvae, because
these are released in smaller numbers, llysuzore than once a year (e.g. Harriott,
1983; Tanner, 1996), and do not form conspicuous slicks. Instead, the analysis of
genetic differentiation between populations has been extensivelyaisstimate larval
retention and exchange betwemsefs in various scleractan taxa (e.g. Ayre et al.,
1997; Yu et al., 1999; Ayre and Hughes, 2000, 2004; Nishikawa and Sakai, 2005;
Underwood et al.,, 2007; van Oppen et al., 2008, 2011b; Souter and Grahn, 2008;
Sammarco et al.,, 2012). The population genafiproach is powerful, as long as the
statistical methods applied match the dgoes of the study (Manel et al., 2005). For
example, the widely used F-statistiasssume random sexual reproduction in non-
overlapping generations, while meality, larger coral coloes may contribute more to

next generations than their smaller pdétall and Hughes, 1996), and fragmentation or
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other forms of asexual reproduction may ldadlong genotype lifespans, or even
“immortal” genotypes (Hughes and Jacksb®30; Highsmith, 1982), which potentially
result in largely overlapping generations. Ather limitation of F-statistics is that they

are based on equilibrium models and are therefore not sensitive to changes in gene flow
over contemporary timescales (Mdret al., 2005), especialip long-lived organisms,

and have unrealistic assumptions thatrarely met (Whitlock and McCauley, 1999).

In addition to population genetics, stockcm@tment correlations (Hughes et al., 1999,
2000; Hughes and Tanner, 2000) have dsen used to assess population self-
sustainability. The major limitation of these dteslis that coral recruits can rarely be
identified to the species level by their mpbology, therefore several species and genera
with potentially differing biological chracteristics (including reproductive and
dispersal characteristicsare often pooled in the amgaks. To overcome these
difficulties, | developed a genetic assay tigantifies two lineages of the scleractinian
coral Pocillopora damicornis (Chapter 2). In this chaptextend this assay to include
the closely related speci&eriatopora hystrix. The needle corl, hystrix provides a
useful comparative model . damicornis(Chapters 2 and 3) f@onnectivity studies,
because it exhibits a sexual brooding ogluctive strategy (Ayre and Resing, 1986) in
which planulae are released several timgear (reviewed in Fadlallah, 1983). These
broods may originate from outcrossed gamdiesthe species has a tendency for self-
fertilisation (Sherman, 2008). Boded coral larvae arthought to have a large variance
in dispersal distances, because they agaitlement competenghortly after release
(Harrison and Wallace, 1990), but remain corapeto settle for extended periods of
time enabling long-distance dispers@Richmond, 1987; Harii et al.,, 2002).
Accordingly, existing estimates of connectivity, dispersal and larval retainmeht in
hystrix are complex and often contradictinginfrily self-seeding populations were
found on the GBR (Ayre and Dufty, 1994; leyand Hughes, 2000) and the Red Sea
(Maier et al., 2005) with limited larval dispsal on scales of a few hundred meters to a
few tens of kilometers, but panmixia waseladescribed from the same region in the
Red Sea over ~ 8 km (Maier et al., 2009); while some evidence for occasional long-
distance dispersal has been shown forsreeNW Australia (llderwood et al., 2007)
and by a GBR-wide population genetic stytfan Oppen et al., 2008). Additional to
the horizontal struaring of population,S. hystrix populations seem to form two
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genetically isolated ecotypes that argregated by depth (Bgaerts et al., 2010b,
2011; van Oppen et al., 2011a).

A further peculiarity ofS. hystrixis that its polyps can detach themselves from the
colony if stressed, and float away to edte and form a new colony - a phenomenon
termed “polyp bail-out” (Sammarco, 1982). While this phenomenon has been described
as a stress escape mechanism, its potesdial means of reproduction has yet to be
assessed.

With the present study | aim at resolving some of these mmrgies by analyzing
single-species recruitment patterns d@yddescribing contemporary connectivity in S.
hystrix. To avoid the potential confounding effe¢toverlapping generations, as well
those presented by equilibrium model-baseatisics, | examine geetic characteristics
of newly settled recruits @&. hystrix and identify potential sources of new recruitment
by genetic assignment methods. This chapter complements a similar study on
damicornis (Chapter 4), and provides opportusitier comparison between dispersal
characteristics of the asely related sexual brooder S. hystrand the asexual
brooder/sexual spawnd?. damicornis, hence contributes toderstanding dispersal

mechanisms in brooding corals.

5.2. Materials and Methods

5.2.1. Sample collection

Twenty pre-conditioned, ungled, terracotta tiles, with total surface area of 0.57Z,m

were deployed haphazardly over approximately 180®hreef betwee three to nine
metres of depth following Mundy (2000) aach of eight siteen the Great Barrier
Reef. Four of the sites wel@cated around Lizard Island the Northern GBR, and four
around the Palm Islands (Pelorus and Orphslasds) in the Central GBR (Fig. 5.1).

The tiles were recovered and scanned syatieally under a dissecting microscope for
pocilloporid recruits roughlgvery three months from May 2009 to May 2010 at Lizard
Island, and every two months from May 20@May 2011 at the Palm Islands (see
Chapter 4 for details). An additional set of 20 tiles was deployed at each of the same

Palm Island sites and left exposed foughly one year, from May 2009 to May 2010,
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and from May 2010 to May 2011 (henceforth redd to as “year-rountiles”) to assess
mortality of newly settled cotaecruits. All tiles were lostrom the NE Pelorus and NE

Orpheus sites due to a ogey five tropical cyclon€TC Yasi) in February 2011.

One branch fragment was collectitdm each of 875 colonies &. hystrixat 18 sites
located in the vicinity othe settlement tiles (Fig. 5.1). The track log of divers was
recorded as per Chapter 4 to obtaindberdinates of each colony. Between 23 and 58
specimens were sampled at each site (Taldlgin a depth range of 2 to 10 meters on
the upper reef slope (theredoonly “shallow” ecotypesensuBongaerts et al. (2011)
were sampled), along a haphazard zigzagstretn Colonies within 1 m of a colony
already sampled were avoided to mininesdlection of clone mates by fragmentation.
Coral branches were fixed absolute ethanol.

5.2.2. DNA extraction, genetic identification and microsatellite
genotyping
DNA from coral branch samples was extradtdtbwing a modified protocol of Wilson
et al. (2002) optimized for coral tissueSoral recruit DNA wa extracted by an
adaptation of the method from Gloor abshgels (1992). Thespecies and lineage
identity of pocilloporid recruits was deteined by a modified genetic assay from
Chapter 2. Originally, this assay was designeid¢atify lineages of the closely related
genusPocillopora however in this sty | expanded the agsavith an additional
primer pair, ShMT662F YTT SAG AGAGTG TGT MST WAG G and ShMT960R
CAA CTG CCT CAT CAA KGT T that amplifies a variable region in the
mitochondrial putative antrol region of theSeriatoporagenus, but not in any other
coral taxa (NCBI BLAST, 1 October 2012). The amplicon ofghprimer pair is 272 bp
in S. caliendrumand is dimorphic irs. hystrix giving 248 (Type “S”) or 299 (Type
“L™) bp products Following Alu 1 enzyme digestiothe expanded assay now results in
banding patterns on an agarose gel tbaable the identification of six major
pocilloporid groups, including. damicornis Type and lineages (Schmidt-Roach et
al., 2012a), a pooled group of all othHeocillopora species and lineagesS, hystrix
types “S” and “L”, andS. caliendrum(Fig. 5.2). Following identification, alb. hystrix

samples were genotyped by ten microsigetharkers describeith Underwood et al.
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(2006). PCR amplifications were carried out in 10 L reactions using Qiagen Multiplex
PCR Kits (Qiagen®) and following the manufacturer's protocol. Multiplex groups,
primer concentrations andhi@ealing temperatures are giviem Table 5.2. PCR products
were separated on a MegaBACE 1000 DNAaAmis System. Electropherograms were
analyzed using MegaBACE Fragment Profiler v1.2 (Amersham Biosciences). All

automatic scoring was checked manually.

Table 5.1. Names and locations of sampling site$.ohystrixadult colonies. Habitat type
indicated by E = exposed windward, S = sheltered leeward, L = lagoon

WGS84 coordinates
Sitename Code Samplesize Longitude Latitude Habitat
NWLizardis1 LNW1 50 145.4506 14.6568 S
NWLizardls2 LNW2 50 145.4534 14.6608 S
< SWLizardisl LSwi1 23 145.4409 14.6834 S
é SWLizardls2 LSW2 50 145.4434 14.6875 S
'('ZG LizardisLagoon LL 50 145.4543 14.6860 L
N NELizardis1 LNE1 50 145.4607 14.6492 E
NELizardls2 LNE2 44 145.4632 14.6644 E
SH.izad Is1 LSE1 50 145.4696 14.6917 E
SH.izardIis2 LSE2 50 145.4661 14.6941 E
W Pelorusls1 PW1 50 146.4879 18.5477 S
W Pelorusls 2 PW2 50 146.4884 18.5506 S
o NNWOrpheuss ONNW 50 146.4831 18.5%17 S
§ NWOrpheuss ONW 50 146.4818 18.5800 S
g W Orpheuslsl OW1 50 146.4866 18.6105 S
$ WOrpheusls2 OW2 50 146.4872 18.6091 S
SEPelousls1 PSE1 50 146.5002 18.5635 E
SEPelorusls2 PSE2 50 146.5018 18.5602 E
NEOrpheusls ONE 58 146.4981 18.5910 E

Total 875
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Fig. 5.1. Map of the study area. White squaneticate collection sites of colony samples, black

dots indicate recruit sampling sites. The pie charts show the proportion of recruits from four
source categories plus those without genotype data. The sizes of pie charts are proportional
within a region to the numbers of recruits (shown in brackets) sampled at the corresponding site
throughout the study period (May 2009 — May 2010 around Lizard Island; May 2009 — May
2011 around the Palm Islands). Recruits werg sampled at NW Pelorus and NW Orpheus in
2011, therefore data from this year is shown on separate pie charts left of the main pies to make
inter-habitat comparisons easier. Note that loeetuits were not identified at NE Pelorus, due

to the lack of local reference population.
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5.2.3. Data analys es

Spatial andtemporal patterns 6 recruitmett were aalysed aféer normalsing the
number of ecruits fond at eachsite in eah time-window by he exact nmber of
exposure dgs of the sttlement ties. The poportions ad size digtibutions d recruits
on the year-ound tilesand recruitsfound on egularly sanpled tilesover the ame time

period wereused to esthate a surival rate ofrecently stled recruis (see Chater 4).

To assess amwal variaton of recuitment rag, and the mpact of TC Yasi theeon, the
numbers of recruits per eachtile in coresponding sampling time-windows of
consecutiveyears werecomparedoy two-tailed paired itests, follaving nornalization

to a standat 60-day peod, to acount for diferencesm the lengh of samplhg time-
windows. A W Pelous and NWOrpheus,this compason wascontinuedafter the
cyclone im@ct, but shce the sapling timewindows were simibr but notidentical
pre- and posYasi, canparisons \ere made bBtween thanost simibr pairs of ampling
periods (i.e.,Dec-Jan B10 and De-Feb 2011 Feb-Mar2010 andMar-Apr 2011; Apr-

May 2010 ad May-Jun2011).

Fig. 5.2. Schmatic figue of bandingpatterns ofproducts ofthe expande genetic asay from
Chapter 2 aftr electrophoesis on aragarose gelNumbers sbw fragmentsizes in bp.
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Table 5.2. Multiplex groups of primers fromntlerwood et al. (2006) used for microsatellite
genotyping ofS. hystrixrecruits (a) and adults (b).

(2) Group Running Tm (°C) Locus 5'MOD concentration ( M)
Sh3 003 HEX 0.2
Sh2 006 TET 0.2
M1 54 Sh3 004 FAM 0.2
Sh4 010 HEX 0.2
Sh3 007 HEX 0.2
M2 54 Sh4 001 TET 0.2
Sh3_008 FAM 0.2
Sh2_005 FAM 0.2
M3 54 Sh2_002 HEX 0.2
Sh3_009 TET 2
(b) Group Running Tm (°C) Locus 5'MOD concentration ( M)
Sh4 001 TET 0.2
Sh3_003 HEX 0.2
M1 52 Sh3_004 FAM 0.2
Sh3 009 HEX 0.2
Sh2_002 TET 0.2
M2 54 Sh2 005 FAM 0.2
Sh4 010 HEX 0.2
Sh2 006 HEX 2
M3 54 Sh2 007 TET 0.2
Sh3 008 FAM 0.2

The density of reproductively matuf& hystrixcolonies was estimated by counting
every specimen that was larger than 8 crdiameter (minimum size of adult colonies
sensu Harrison and Wallace, 1990) along thegicates of 20 x 2 m belt transects
crossing each of the recruitment samplirtgssiAdult colony density was correlated by
Pearson correlation with the number of retsrat each site. Only recruits collected
between May 2009 and May 2010 were considiet@ ensure identical sampling effort

between Lizard Island and the Palm Islands.

The discriminative power of the microsHite marker set was assessed by combining
the recruit and adult genotype datasetsadgBgoe Probability (GP) of each sample for
each locus and a combination aif loci was calculated iIGENALEX 6.4 (Peakall and

Smouse, 2006). Repeated multilocus genotypsG) were considered to be clone
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mates at a GP < 0.001. Genetic assignmeméafiuits to potemdl source populations
was carried out in GeneClass2 (Piry et2004), using the adult genotypes as reference
dataset. The probability that each rechtiongs to each reference population was
computed using the criteria and probaypilcomputation algorithm of Rannala and
Mountain (1997), with 10,000 simulated geypms. Recruits werexcluded from a

reference population if the prob#tyi of assignment was < 0.1.

The Bayesian clustering algorithm implemted in STRUCTURK2.3.3 (Pritchard et

al., 2000) was run without pomilon information, undethe admixture model and
correlated allele frequencies, wift90,000 MCMC of burn-in, followed by 100,000
MCMC replications to assign recruits intgenetic clusters. Inorder to obtain
comparable cluster memberships betweentahd recruit specimens, | combined the
recruit and adult datasets, and ran five independent chains for each of K = 1 to 10. To
find the most informative number of clustetslotted the mean of the estimated log
probability of the data (Evanno et aRP05) over the number of clusters using
STRUCTURE HARVESTER (Earl and vonHt] 2012). The lowest K corresponding

to the plateau of the plot was considetteel most meaningful number of clusters.
5.3. Results

5.3.1. Recruit numbers and survivorship

A total of 784S. hystrixspecimens were identifieeimong 1149 pocilloporid recruits
(Table 5.3). One hundred and twenty-eigtdgre collected from sites around Lizard
Island and 656 from sites around the Paltands. The number of recruits varied
greatly among different habitat types. Thkeltered sites oPelorus and Orpheus
received an order of magnitude more recruits (153 recruits per day per?168 m
average) than the exposed sit@2 recruits per day per 106 on average). In contrast,
at Lizard Island recruits at exposed sites outnumbered those at sheltered sites by a factor
of ten (61 and 6 reuits per day per 100 Tron average, respectively). The number of
recruits between May 2009 and May 2010 coreslatrongly with the density of adult
colonies around the settlement tiles in théPslands, but only moderately in Lizard
Island (Fig. 5.3). This latter omlation is weakened by the SE Lizard Island site, where

high numbers of recruits were collected desghe low density of local colonies (Fig.
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5.3). Highest colony density was found on &xposed NE site at Lizard Island, and on

the sheltered sites of tielorus and Orpheus Islands.

Fig. 5.3. Correlation between the density of a8ulhystrixcolonies and recruits at sites around
Lizard Island (red squares) and the Palm Islands (blue dots). Site codes are 1 — NE Lizard, 2 —
SE Lizard, 3 — NW Lizard, 4 — SW Lizard, 5 — NE Pelorus, 6 — NE Orpheus, 7 — W Pelorus, 8 —
NW Orpheus.

Forty-six recruits were found on year-rounddib sites around the Palm Islands; seven
were sampled from tiles at the exposed sites, 25 from tiles at sheltered sites in 2010 and
fourteen from tiles at sheltered sites4011 (Table 5.3). The maximum number of
polyps per recruit was 25 on year-round tiles (mean 4.9 + 5.0 SD), and 14 (mean 4.0 £
2.0 SD) on regularly sampled tiles, thereftlhie estimated maximum size of recruits

two months after settlement was 14 polyps. Only three of the recruits on year-round
tiles had more than 14 polyps (Fig. 5.4), allected in 2010 aWW Pelorus. In the
period May 2009-2010 a total of 418cruits settled on retarly sampled tiles around

the Palm Islands, 182 of which were found at W Pelorus (Table 5.3). The survival of
recruits during the fst two months following settlement in 2009 — 2010 is estimated to
be 1.6% for W Pelorus, or 0.7% for all fosites around the Palm Islands. In the May
2010 — May 2011 period, early life stage suaV was zero, within the limits of

detection.
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Table 5.3. Number and source of recruits at each of the sampling sites, in each sampling period.
SDM = short-distance migrant, LDM = long-distance migrant, Unknown = source unknown,
N/A = no genotype data

Site Year Period Local SDM LDM Unknown N/A Total
2009 JunAug 2 0 1 14 11 28
NELizard SepiNov 6 0 0 19 12 37
(71) DecfFeb 0 0 0 6 0 6
2010 Mar May 0 0 0 0 0 0
2009 JunAug 0 1 0 8 4 13
SH.izard SepiNov 0 2 0 19 1 22
(46) 2010 DecFeb 0 0 0 11 0 11
Mar May 0 0 0 0 0 0
' 2009 JunAug 0 1 0 0 1 2
NW Lizard SepiNov 0 0 0 1 0 1
(6) DecfFeb 0 0 0 3 0 3
2010 Mar May 0 0 0 0 0 0
2009 JunAug 0 0 0 3 0 3
SWLizard SepiNov 0 1 0 0 0 1
(5) DecFeb 0 0 0 1 0 1
2010 Mar May 0 0 0 0 0 0
Apr May 0 0 0 0 0 0
Jundul 0 1 0 7 0 8
2009 Aug &ep 0 0 0 0 0 0
OctNov 0 0 0 1 0 1
Decdan 0 0 0 0 0 0
?g’elor“s FebMar O 0 o 0 0o o0
2010 Apr May 0 1 0 0 0 1
Jundul 0 0 0 0 0 0
Aug &ep 0 1 0 3 0 4
OctNov 0 0 0 1 0 1
year round 20092010 O 2 0 1 0 3
Apr May 0 0 0 0 0 1
Jundul 0 0 0 0 2 3
2009 Aug &ep 0 0 0 1 1 2
OctNov 0 0 0 1 0 1
Decdan 0 0 0 1 0 1
(N?E?rpheus FebMar O 0 o 1 0o 1
2010 Apr May 0 0 0 0 0 0
Jundul 0 0 0 0 0 0
Aug &ep 0 1 0 0 0 1
OctNov 0 9 0 8 1 18
year round 20092010 O 1 0 3 0 4
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Table 5.3. continued

Site Year Period Local SDM LDM Unknown N/A Total
Apr May 3 0 0 5 1 9
Jundul 13 0 0 1 0 14
2009 Aug &ep 3 0 0 3 0 6
OctNov 49 9 0 11 0 69
Decdan 25 0 0 4 0 29
FebMar 14 1 2 0 0 17
W Pelorus 2010 AprMay 30 4 0 4 0 38
(262) Jundul 2 2 0 1 0 5
Aug &ep 4 1 0 3 0 8
OctNov 21 3 0 6 0 30
DecFeb 1 0 0 2 0 3
2011 Mar Apr 3 0 0 1 0 4
May dun 10 2 0 1 0 13
year round 20092010 9 1 0 3 0 13
year round 20102011 2 0 0 2 0 4
Apr May 16 5 0 9 3 33
Jundul 8 1 0 0 0 9
2009 Aug &ep 0 0 0 0 0 0
OctNov 82 4 0 6 1 93
Decdan 39 1 0 2 2 44
FebMar 21 0 0 3 0 24
Apr May 15 0 0 0 1 16
gﬂ;rphe”s 2010 3ungul 6 0 0 1 0 17
Aug &ep 0 0 0 1 1 2
OctNov 39 2 1 1 1 44
DecFeb 9 0 0 1 0 10
2011 Mar Apr 14 0 0 0 0 14
May dun 14 0 0 2 0 16
year round 20092010 9 0 0 3 0 12
year round 20102011 9 1 0 0 0 10
Total 488 58 4 189 43 782
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Fig. 5.4. Sizdlistributionof Seriatora hystrix recruits on year-round ties in the Mg 2009 —
May 2010 peod (dark grey bars) ad the May2010 — May 2011 peiod (light gey bars).
Recruit size § shown onthe x axisby the nunber of polys per recrdj and the omber of
recruits within each sizeslass is shan on they axis. Thedashed lineindicatesmaximum
number of recuits obsered on reguldy samplediles at Pah Islands, ad therefore gpresents
the maximumestimated gie of two-nonths-old reruits.

5.3.2. Spatial — ge netic pat terns of r ecruitme nt

Local recruiment wasthe domimant processdentified in the sarpled coralrecruits;
however, psterns werelso strondy influenced by geogaphy and hbitat. In tdal, 66%
(n=488) of he 739 sucessfully gnotyped ecruits wee not excuded fromthe local
adult populdions and bnce detemined to be‘locally produced” (fenceforth ‘local” or
“philopatric’ recruits; Bble 5.3) Fifty-eight recruits (8% were exalided fromthe local
adult populdion, but rot from neghboring ppulationswithin 10 km (“short-distance
migrants”). Four recruis (1%) wee considezd “long-distance migants” andexcluded
from all neghboring pgulations,but not fran populatioss sampledn the othe region.
And, the renaining 2P0 of recruit (n=189) ould not be‘assigned’'memberstp to any
of the samled adult populations (“recruits with unknown souce” or “unassigned
recruits”; Table 5.3). However, patterns inrecruitment sourceand the nmber of
recruits vared greatlyamong des (Fig. 51). Recruts of unkiown souce were
dominant atal Lizard Island sitesas well asxposed sis in the Phn IslandsOf these
six locations local recuits wereonly deteced at the egosed NNE Lizard Idand site
(11%). In ontrast, thewo shelteed sites bthe Palmisland grop, NW Pebrus and
NW Orphets, were doninated ly local recuitment (2% and 856, respectrely) as

well as prodcing the geatest nmbers of reruits acros all sites n both regons (Fig.
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5.1). Because the adult population was nah@ad at NE Pelorus, | was unable to

discern local recruits for that site.

Fourteen recruits (1.9%) were detectedeoclones of a sampled adult colony, two of
which were identical to theame adult. All clonal recruits were found on sheltered
western sites of the Palm Islands; ninédN&Y Orpheus and five at NW Pelorus. Five
clonal recruits (35.7%)matched adult genotypes within the same site. One recruit
arrived to W Pelorus from W Orpheus (6.8)kmane assumed migrant clone came to
NW Orpheus from W Pelorus (3.6 km), ofiem E Orpheus (3.4 km), and six from
NNW Orpheus (0.9 km). The manum assumed dispersal tHadetected for clones in
this study is therefore 6.8 km, and the Eiean distance between clone mates follows
a logarithmic distribution (= 0.9) (Fig.5.5). Identical MLGs were shared by an
additional ten pairs and twoigtets of recruits (3.5%)Three clone pairs and two
members of a clone triplettled in the same samplingni@d, while other clone mates
were sampled with as much as 18 months iffee. All clone mates settled at the same
site except for one instance in which one mendj a clone pair séed at NW Orpheus
and the other at W Pelorus, 3.6 km from each other, and 10 months difference apart. In
spite of assumed migration, genetic assignirtests did not exatle clonal recruits
from the local adult populations where tresttled, even when the corresponding adult
clone mate was located at a different sitdis contradiction is due to the low genetic
differentiation of populations otine sheltered sites of Pelis and Orpheus Islands (P.
Warner unpublished thesis), and demonstthée genetic exclusion tests may fail to

detect migrants among genetically similar populationsr{Bet al., 2004).
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Fig.5.5. Reverse cumulative number of clones as a function of Euclidean distance between
clone mates on a logarithmic scale (a) and on a linear scale (b). Red lines show logarithmic and
green lines exponential fitted curvesith respective functions and®Ralues similarly color-

coded.

5.3.3. Temporal patterns of recruitment

The distribution of recruits was also unbaled in time (Fig. 5.6). At exposed sites of
Lizard Island, most recruitment happenedhia September — November period, while
recruitment on sheltered sites was irregular. The few local recruits at NE Lizard were
detected in the June — August and Septemibd¢ovember time widows. Some recruits
were collected in December — Februaryveas!, but no recruitssettled on the tiles

during the March — May period at Lizard Island (Fig. 5.6).
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At sheltered sites of the Palm Islands recruit settlement was most intense in the
October-November period (Fig. 5.6). Recruitment at exposed sites of the Palm Islands
was irregular compared to sheltered sité\ltogether, apart from the October -
November recruitment peak, a second peals also observed in the austral late
autumn, early winter months (April — June) at the Palm Islands, and recruitment did not

stop throughout the year.

Recruitment did not stop after cyclone Yasithe two sheltetesites where sampling
could be continued (W Pelorus and NWpBeus; Fig. 5.6), but was significantly lower

in the sampling period when the cyclone aufed the sites (December — February) than

in the same period in the previous yékig. 5.7). In the twosubsequent sampling
periods, recruitment was significantly lower than in the previous year at W Pelorus, as
well as the two sheltered sites combined, but not at NW Orpheus (Fig. 5.7; note that the
sampling time-windows were similar but ndentical pre- and post-Yasi). However,

the number of recruits isorresponding time-windows showed substantial and often
statistically significant annual variation aach site even before the cyclone impact
(Figs. 5.6 and 5.7). At W Pelorus, for exals recruitment rate was significantly
different from the previous year’s corresponding time-window in all instances, except
for the period August-September 2010 corspato 2009 (Fig. 5.7). Furthermore, a
significant drop in recruitment was obsentszfore the cyclone, in October-November
2010 compared to 2009 at thosheltered sites of the Palm Islands. Therefore
conclusions regarding the impact of cycloviasi on recruitment rate must be drawn
carefully from this dataset. Nevertheless, the magnitude of recruitment decline in the
time-window of the cyclone (77% declire@ NW Orpheus and 90% decline at W
Pelorus) was the greatest throughout the spatiod at both sites, and showed gradual

recovery in subseqaémonths (Fig. 5.7).



Chapter5

135

o P N W M o O N
1

Fig. 5.6. Stacked bar chart of recruitment &tteach sampling site, dispersal distance category,
and time-window. For each site, Y axis showsmmalized mean number of recruits per day per
100 nf. Potential dispersal distance classes were identified by genetic assignment tests. The
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Fig. 5.7. Variation in recruitment rate between corresponding time-windows in consecutive
years at sheltered sites of the Palm Islands. Y axis shows changes between the number of
recruits in each time-window in a given year, canga to the previous year. Significance of the
change in recruitment rates was tested byepatrtests. Significant values are indicated by
filled markers, non-significant values by hollow nkers. Change could not be calculated for

NW Orpheus in Aug-Sep 2010 vs.®because the denominator was zero.

5.3.4. Genetic structure of adults and recruits

The curve of the mean estimated log proligbof the Bayesian clustering results
showed a plateau beginning at K=7 (Fig. 5.8), therefore | describe genetic structures at
this number of clusters. To better intetpitee results of the STRUCTURE analyses, |
grouped adult specimens within each di@sed on delineation of putative cryptic
species by P. Warner (published thesis; Fig 5.9).

The recruits from Lizard Island that were genetically esded from all known
populations mainly clusteretiogether, but were distincfrom any of the adult
populations (greyish-blue ches; Fig. 5.9). Those recruits that were identified as
philopatric by assignment tests, were i&amto “exposed” typeadults from both
northern and central GBR populations. In thénPkslands, recruits at W Pelorus and
NW Orpheus mainly resembled the resfive local adult populations that
predominantly consisted of “shelteredype specimens, with signs of admixture
between the all sheltered sites of thgioa (Fig. 5.9). Approximately half of the

recruits at NE Pelorus, and a few recraitdNE Orpheus belonged to the greyish —blue
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cluster (Fig.5.9) of therecruits ¢ Lizard Isbnd, that dil not havemembersrom the
adult populdions. The est of the ecruits at &posed sitesf the Pai Islands reembled
genetically alult popuktions in tre shelteredsites. In g@eral, the esults of asgnment

tests and Bgesian clusring analyis were inagreement.

Fig. 5.8. Man estimatd log probdility of the Bayesianclustering esults of Sdatopora
hystrix recruis. The curveeaches alpteau at KZ.

5.4. Discussion

5.4.1. Spatially va riable rec ruitment patterns

This study sows that ptterns of ecruitmentintensity ad larval dspersal ofS. hystrix
are highly \ariable amog shelterd and expeed sites irthe northem and centl GBR.

Recruitmentwvas mostrntense atleltered site of the Pain Islands,and at expeed sites
of Lizard Isknd, andhe origin d larvae sdting at these well recuited sitesshowed
remarkablesimilarities to those ® two P. damicornis lineageqChapter 4).Primarily

philopatric recruitmentaround thePalm Islards, and maily exogemus (or ofunknown
source) recuitment aound Lizad Island ae in agreenent with expectatios of an
opportunistt settlementime in rooded coal larvae Richmond,1987; Isonura and
Nishihira, 201; Harii & al., 2002)}combinedwith variade water ciculation onditions
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at these sites (Frith et al., 1986; KingdawWolanski, 1996; Luick et al., 2007; Andutta

et al., 2012) during multiple planulation events.

The fact that sites with relatively low recruitment rates always had low densities of
mature colonies, supports previous conclusions of Underwood et al. (2009) that
philopatric larvae are the primary source @fruitment in this species. Indeed, genetic
assignments showed thatta out of three $es with high dengis of reproductively
mature colonies (W Pelorus and NW Orphess)f-seeding was the dominant source of
recruitment. In contrast, at the third high density site (NE Lizard) most recruits were
excluded from the local adult population,dadespite having the highest density of
mature colonies among all sitegrveyed, it did not have the highest number of recruits,
or the highest rate of self-seeding (but bt 32% of recruits could not be genotyped

at this site). This suggests that locally producedakarare largely washed away from

NE Lizard, but in turn currents bring substantial numbers of migrant larvae,
underpinning the importance of inter-site variability of water movements on larval
dispersal. The importance of larval imporfusther demonstrated at SE Lizard Island,
where despite the low density of matureotés, high numbers of recruits had settled,
almost all of which were geneticallgxcluded from all know adult populations.
Stochasticity of larval disgrsal (e.g. Siegel et al2008) could caus@n unusually
strong recruitment pulse at otherwise wgakeeded sites. However, the almost
continuous year-round inflow of exogenous lart@ghis site suggesthat the cause of

low population density is likely not due to ttexk of larval supply, but rather to high
post-settlement mortality. It is possible thetruits that were genetically excluded from

all populations have travelled vast distanibe®re settlement arepproach senescence
(Graham et al., 2008), and/or originate from very different habitats and are maladapted
to the local environmental conditions, hence have higher than usual mortality rates. In
summary, while self-seeding may be the general form of recruitmé&nthiystrixwhere
strong reproductive stocks are present aader movements favour larval retention
(Andutta et al., 2012), other sites with lawlarval output and/or stronger current

activity may highly depend on exogenous larval replenishment.
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(@) (b)

Fig. 5.9. Structure plots @&. hystrixrecruits (a) and adults (b) Et7. Bayesian clustering was

run on the merged genotype database of adults and recruits, therefore clusters (colours) of the
two plots are identical. Recruits are grouped hierarchically by site, year, and season of
settlement. Estimated natal origin of each ritgasushown by a colour-code consistent with

Figs. 5.1 and 5.6. Adult specimens are groupediteyand putative cryptic species identity, as
identified by P. Warner (unpublished thesis).
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5.4.2. Recruitment from unknown sources

While recruits excluded from all samplpdpulations made up alsstantial proportion

of genotyped recruits (16% at the Palsiands and 86% at Lizard Island), the
STRUCTURE analysis did not detect genetically similar adult specimens in any of the
populations. This makes it unlikely that exdéd recruits originate from a few under-
represented genotypes in my reference datasel suggests thaxclusion from all
sampled populations is not a statistical fade caused by the masking effect of other
dominant genotypes among adults. However, it also raises questidgasvhere these
recruits originate from and show no genaiifiliation to the sampled adult populations.

Given the low genetic differentiation between S. hyspopulations from similar
habitats of Lizard Island and the Palntafgls (P. Warner unpublished thesis), it is
reasonable to assume that the recruitsweae genetically excluded from all sampled
populations, originate from geographigadistant areas. Populations $f hystrixon the

GBR are genetically highly differentiatg/Ayre and Dufty, 1994; Ayre and Hughes,
2000; van Oppen et al., 2008). Given the smathiner of populations used as reference
in genetic assignment tests tims study, it is a valid hyghesis that the unassigned
recruits originate from other reefs on the GBR. Furthermore, a passive particle dispersal
simulation showed that in a period half as long &smtaximum documented pelagic
larval duration (PLD) of brooded larvaef the closely related coral speci€s
damicornis (Richmond, 1987; Harii et al., 2002)stijgées may reach Lizard Island
from Papua New-Guinea (Chapter 3). Since brooded larvae foftrixare comparably

well suited for long planktonic journeys (Isomura and Nishihira, 2001), unassigned

recruits may also originate fropopulations beyond the GBR.

As an alternative hypothesisspeculate that unassignegcruits originate from deep
populations ofS.hystrixthat are maladapted to theaflbw reef environment. This
species is known to occur frothe intertidal zone to mephotic depths (Bridge et al.,
2012), and strong genetic structuring has been observed along the depth gradient
(Bongaerts et al., 2010b; van Oppen et al., 2DWAlthough the fringng reefs of Lizard

Island and the Palm Islands rarely extentbwe20 meters, some deeper shoals and,
especially in the case of Lizard Island, tleatinental shelf in their proximity may host

genetically very distinct populations that have adapted to light and temperature
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conditions that govern greater depths. Eviddoceecruitment of larvae of deep water
origin into shallower habitats was found Scott Reef (WesterAustralia), but not on
the GBR (Van Oppen et al.,, 2011a). Becatlsse authors inferred migration from
genotypic data of adult colonies, and | hypsthe that recruits of deep water origin
have close to 100% mortality rate due tdadaptation to higher light and temperature
levels on shallow reefs, their results dot montradict my hypothesis of vertically
migrant larvae. Survival of such verticadgabonds at Scott Reef but not on the GBR
may reflect differences in the environmdntanditions of shallow reefs of the two
regions, or less stenoeciodgep water lineages &. hystrixin Western Australia.
Assuming that unassigned recruits are of deater origin, the larger number of deep
habitats around Lizard Islandsal explains why such recruits were more common in

this region.

5.4.3. Clonality in S. hystrix

Seriatopora hystrixs known as an exclusive sexual brooder (Ayre and Resing, 1986),
therefore it is unexpected th&t4% of all recruits weréound to be clones of adult
colonies or of other recruits. Clonaaruits were only found at W Pelorus and NW
Orpheus, a result not surprising, considgrthat roughly 95% of all self-seeding and
short-distant migrant recruits were colleceddhese sites, and the chance of sampling
the clone mate of a recruit rapidly dropgh increasing dispersal distance. Narrowing
down the comparison to these two sitédse proportion of clones among recruits
increases to 6.7%, a figure very similar tattfound among recruits and adults of the
closely related asexual broodEr damicornisType (7% and 6%, respectively;
Chapter 4). While it is an unexpechgdiigh ratio for the sexual brood8&r. hystrix this
rate of clonality is surprisingllow for an asexual broodspecies, and is thought to be
the result of a combination of wide dispére&clonal broods andetention of larvae
produced via spawning of gamgtéChapter 4). Clonality its. hystrixmay originate
from several sources. Polyps 8f hystrixcan detach themselves from the colony and
potentially re-settle, a mechanism teenmpolyp bail-out bySammarco (1982) and
popularly assumed to be a stress respor$is phenomenon may be more common
than initially assumed by Sammarco (P. Watranpublished thesis), and may explain a

moderate frequency of clonal propagul@sfurther potential source of clones in S.
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hystrix, as it is for a wide vaty of unrelated taxa, is [y@mbryony, i.e., the splitting

of a sexually produced embryo into two or more (Craig et al., 1997). Yeoh and Dai
(2010) argue that this mechanism created ggnally identical larvae in broods of
sexually derived larva arrays ih damicornis Polyembryony alone, however, can only
explain the presence of genetically idertioecruits within onecohort, and fails to
explain recruit-adult clone mates or ratrelone mates in several cohorts. FinalBy,
hystrix may be able to brood asexuallyrotigh parthenogenesis or pseudogamy,
similarly to the closely relateB. damicornis(Stoddart, 1983; Ayre and Miller, 2004;
Schmidt-Roach et al., 2012a), but this has not yet been documented for S. hystrix

Alternatively, the detection aflones may be biased if outcrossing is not the only way
of sexual reproduction, because traditioizenotype Probability estimates — that
determine whether identical multilocus genotypes shall be considered true clones — are
based on the assumption of randomating (Waits et al., 2001%eriatopora hystrix is
capable of self-fertilizationgspecially in the absence of mates or under sperm-limited
conditions (Sherman, 2008), thereforenegcally similar multilocus genotypes of
sexual origin may slip through the 0.001 Gimpe Probability threshold and create
false positives. This is especially true emha large number of adult colonies are
heterozygous for only a low number of loci. In this study, 0.9 % of samples were
heterozygous at only one out of ten rosgatellite loci, 4.8 % at two, and 19.5% at
three. Therefore it cannot be ruled out tthet observed MLGs are results of sexually

produced, but self-fertilized gametes.

5.4.4. Temporal vari ability of recruitment

The presence of newly settled recruitalhtsampling time-poirgt indicates year-round
reproduction inS. hystrix in agreement with observatis from Palau (Atoda, 1951)

and previous studies from the GBR (Sammarco, 1982; Tanner, 1996; P. Warner
unpublished thesis), but annupatterns in recruitmenintensities are emerging.
According to Sammarco (1982), in the central GBR the “normal period for peak
planulation” of the species November, when hundreds of larvae sskeased per
colony, as opposed to other months when anfigw are released. November is also the
peak of reproduction based on my resultslasf/al settlement iensities on tiles,

however, | have also detected a second péalettlement at the Palm Islands between
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April-June. Tanner (1996) reports planulationSfhystrixduring the austral summer
months from the southern GBR, but tipddnulae were also present in polyps during
February-March. Similar biannual reproduetipeaks were reported from Eniwetok
Atoll (Stimson, 1978). In contrast, the secopdak of recruit settlement was not
obvious around Lizard Island, butrkeerecruits were collecteat trimonthlyintervals,
providing less temporal resolution. Additionalsince most recruits at these sites are
assumed immigrants, variable time lagstween the planula release event and
settlement of larvae may mask seasonal petef planulation; and with increasing
distance between the natal reef and the aitsettlement, recruitment stochasticity
(Wallace, 1985; Connell et al., 1997; Smithakét 2005) is expected to increase. And
finally, planulation time in the assumed soeirpopulations of theecruits that were
genetically excluded from all sampled populasidi.e., deep habitats; see above 5.4.2.
Recruitment from other sources) may be digsino that of the widely studied shallow

reefS. hystrixconfounding seasonal patterns.

Despite annual patterns of reproduction, akcnecruit numbers we highly variable
between the years in corresponding seasodssaes, which hinders the evaluation of
the impact of category five cyclone Yasi mcruitment. Tropical cyclones affect reefs
in a variety of ways, from mechanical destion, through changes in sedimentation, to
decreased salinity (Harmelinkxen, 1994). Coral stocks on the sheltered side of the
Palm Islands were largely spared from tleastation by waves, but were affected by
the consequences of heavy podation in the aftermath dhe cyclone. Accordingly, a
major drop in recruitment rate was obseruedhe affected sampling period, and total
mortality was observed for recruits beyond fiist two months of settlement in this
year. However, recruitment rate seemetdécon a recovery track two months after the
cyclone, and the proportion of self-seeders vs. migrants did not change compared to

pre-cyclone proportions, i.e. these sitemained predominantly self-seeding.

5.4.5. Implications for conservation

Differences in the intensity and origin of recruitment of S. hysteixveen geographic
regions, as well as between habitats of ghme reef system within the same region

suggest that different management strategiesrequired for the effective conservation
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of these populations. While at first sighghirecruit numbers at W Pelorus and NW
Orpheus indicate that these sites are wellesg@dmpared to others, their vulnerability
becomes evident when we assess themnectivity to otherreefs by looking at
recruitment rate from non-local sources. Adin-local categories of recruitment source
combined, these sites received orrage 33 recruits per day per 10§ placing them
behind the exposed Lizard Island siteghiis respect, where average number of non-
local recruits was 43 per day per 108 @Biven the low survival of S. hystriecruits,
these results suggest that if the local paputais extirpated on the sheltered side of
Orpheus and Pelorus, the pagidn would not recover faster from exogenous larval
import than the populations around Lizard melaHowever, despite mass mortality of
S. hystrixat the Palm Islands during the 1998 bleaching event (Marshall and Baird,
2000), the quick recovery of their popubsis underpin the hyplogsis that small
amounts of surviving coral tissue mayopide good basis for stock regeneration
following stress events (Undeowd et al., 2007; Diaz-Pulido ak, 2009); and that high
rates of self-recruitment enhances lopapulation viability (Hasngs and Botsford,
2006). Therefore, because the sheltered populatibtiee Palm Islands seem to be less
connected to other reefs, and are highlif-reeruiting, their persistence is highly
dependent on local broodstock. In contrast, populationseoexosed sites of the Palm
Islands, as well as sites around Lizarkns, proportionally rely more on exogenous
larval replenishment, therefore theionb-term conservation requires safeguarding
upstream populations. A remaining grey areéstrue origin and post-settlement faith
of the genetically unassigderecruits, the resolution ofvhich is required before

drawing more detailed conclusions for conservation management.

5.5. Conclusions

| found that the source and numberSothystrixlarvae settling aéxposed and sheltered
sites of the northern and central GBRe ahnighly variable, and | suggest that
management strategies should follow thesgural patterns. Hedy self-recruiting

populations on the sheltered side of the PHlands likely require local protection,
while sites around Lizard Island, which strongkly on external larval supplement,

would benefit more from an ecologicallyased network of MPAs (i.e. a network of
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MPAs where protected areas are spaced iway that the gap between them is

bridgeable by organisms of conservation interest).

My results that the brood&:. hystrixare on par with those of the closely related asexual
brooder P. damicornis(Chapter 3 and 4), suggestaththe importane of asexual
reproduction may have been underestimatedhis species. Potential mechanisms
behind the production of clonal propaguteay be polyp bail-out (Sammarco, 1982),
parthenogenesis, and polyembryony. Distabeéveen clone mates provided direct

evidence for routine digpsal up to 6.8 km i. hystrix

The annual patterns of recruitment reféettresults of pregus studies on the
seasonality of planulation (Sammarco, 1982; Tanner, 1996), and confirmed the
existence of a suspected secpedk of reproduction in the simal late autumn (Tanner,
1996), additional to the austral late sprirgak. However, in tandem with seasonality,
strong inter-annual variation in recruit numb&vas observed, especially on sites where
the source of recruitment was primarily exoges This calls for caution in interpreting
shapshot or short-term recruitment data. Adoaly, the impact off C Yasi was partly
masked by the “normal” variation in rediment; nevertheless my results suggest that
following this extreme disturbance event, recruitment levels returned to pre-cyclone

levels a few months after the event.

Unveiling the true origin of the large numbeifsrecruits that have been excluded from

all sampled populations calls for more @m®f. Because thesecraits belong to
genetic clusters that are napresented by adult colonjessuggest that their natal
environment may be substantially different from the site of settlement, e.g. deep
habitats, and their disappearance frora #dult populations is the consequence of

extreme mortality due to maladaptation.
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6.1. Major results and conclusions of the thesis

1. A rapid genetic assay has been devalofiat identifies pocilloporid species
and lineages, suitable for the identificat of both coral dults and recruits
(Chapters 2 and 5)

2. Populations ofPocillopora damicornison the GBR are well connected over
evolutionary timescales (Chapter 3)

3. The realized dispersal &. damicornisand Seriatopora hystridarvae varies
from meters to potentig hundreds of kilometre@Chapters 3, 4 and 5)

4. Dispersal patterns are highly site- andedps-specific; in general, larval
retention is characteristic of Palm Isthpopulations, and high larval dispersal is
more common for Lizard Island polations (Chapters 4 and 5)

5. Recruitment in pocilloporid corals is year-round with seasonal peaks, but there
are strong inter-annual vati@ns in the intensity ofecruitment (Chapters 4 and
5)

6. Both P. damicornis and S. hystriare likely to be relatively resilient coral
species on the GBR because substaldraj-distance larval dispersal provides
good population connectivity that is colamented by highly self-recruiting

populations, which enables quick population recovery from local resources.

6.2. General discussion

6.2.1. Species identification of coral recruits — a new era for
recruitment studies

Recruitment studies have been widely usethfer sustainabilityof coral populations
(Hughes et al., 2002 and references therein), but the inability to determine the species
identity of coral recruits has confounded species-specifienpa. The development of

a genetic assay that groups pocilloporid recruits into seven taxonomic categories (1. P.
damicornis Type.; 2. P. damicornisType ; 3. otherPocillopora species and lineages;

4. S. hystrixType S; 5S. hystrixType L; 6.S. caliendrumand 7. non-Pocilloporand
non-Seriatopora pocilloporids; Chapters 2nca 5) opens up new horizons for
recruitment studies of pocilloporid coralBhe importance of species identification in

the analysis of recruitment patterns is vdglimonstrated by the species-specific patterns
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found in the spatial and temporal variabilitiyrecruit numbers in Chapters 4 and 5. For
example, by pooling all pocillopmis in an analysis of ¢himpact of cyclone Yasi on
recruitment around the Palm Islands, oweuld conclude that recruitment of
Pocillopora species did not cease on the shettesele of the islands following the
cyclone. However, species-level analysehow that post-cyclone pocilloporid
recruitment was dominated 8. hystrix and very few P. damicornis larvae recruited
into sheltered populations. Such species-specific differences in recruitment patterns
reflect impacts of the cycloran populations on the exposg&de of the island, the main
source of recruitment of Type P. damicorniswhere all mature coral colonies were
removed by the extreme wave action of the cyclgmers; obg. Similarly, stock-
recruitment relationships (e.g. Hughes et 2000) may be masked by pooling coral
recruits on supra-specific levels. My resuhigghlight that, as molecular resources
advance to include a wider range of taxacsgs-identification genetic assays should be

developed for other scleractinian fansliand applied to coral ecology studies.

6.2.2. Anything is possible — scale-free patterns of genetic

differentiation and connectivit y in pocilloporid corals

Due to their maturity at the time of releakeyae of brooding corals are competent for
immediate metamorphosis (Harrison and \A@l, 1990), and hence have capacities to
settle in the vicinity otheir mother colonies (Richomd, 1997); but they are equally
well suited to maintain their competenfoy extended periods of time, enabling long-
distance dispersal (Richmond, 1987; Hariakt 2002). Metamorphosis and settlement
of coral larvae are influenced by a wide arohgubstratum characteristics, e.g. a range
of chemical cues (dgri et al., 2001; Baird and Mors2004; Gleason et al., 2009; Lee
et al., 2009), turf algal covéBirrell et al., 2005), sedient (Hodgson, 1990; Birrell et
al., 2005), and fine-scale rugosity and irregtyaoit available substratum (Carleton and
Sammarco, 1987). Additionally, water movemeat only affects dispersal distances by
physically retaining or dispersing coral larvhet may also mediate various settlement
cues (e.g. the concentration of attractants),provide a cue intself that induces
settlement behaviour (Abelson abdnny, 1997). Indeed, settlementnnvitro cultures

of coral recruits is usuallinduced by a combination of emical cues and still water
(B.L. Willis, D. Abrego, A. Moyapers. commn). Therefore dispersal of brooded coral
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larvae is expected to happen over a wspatial range, from meters to hundreds of

kilometres, depending on cues anttfiog functions athe natal site.

Accordingly, | have found high levels ajeneflow over evolutionary timescales
(Chapter 3), as well as evidence for gahsal larval immigration and emigration in
certain populations of pocilloporid corals owxological timescalg€hapters 4 and 5),

but predominantly philopatric recruitment athers (Chapters 4 and 5). These findings
are in line with seemingly corddictory results of previous studies on these species. For
S. hystrix strong genetic structures over sneghtial scales (Ayre and Dufty, 1994;
Ayre and Hughes, 2000; Maier et al., 2005; Underwood et al., 2007), occasional long-
distance dispersal (Ayre and Hughes, 2000derwood et al., 200%an Oppen et al.,
2008), and even panmixia over several migres (Maier etal.,, 2009) has been
reported. Similarly, previous studies d?. damicornisreport sufficient gene flow to
maintain panmictic populations among soloeations over the length of the GBR
(Ayre and Hughes, 2000), but significagenetic subdivision among other populations
within reefs (Ayre et al., 1997)t is possible that somef the previously observed
small-scale subdivision related to habitat type an artefact of including different
cryptic species, which were undescribedtts time, in analyses (e.g. in Ayre and
Dufty, 1994; Benzie et al., 1995Nevertheless, the common factor in this growing
body of empirical studies is that, on averathe, dispersal kernel of pocilloporid coral
larvae ranges from the scale of metersteery long tail thaextends to hundreds of
kilometres, following or approximating a powmnction that is expected from their

capacity for both immediate settlemie@nd long-distance dispersal.

6.2.3. Patterns of connectivity in pocilloporid co rals and their

implications for MPA design

There is an increasing body of evidence fqomysiological and genetic studies that the
dispersal curve of pocilloporidorals may follow power laws (see above). Power laws
are emergent general charaisiics of complex systems (8wn et al., 2002), and have
been described from as areas as diffeenstock markets @baix et al., 2003), the
Internet (Adamic and Huberman, 2000), spe&rea relationships (Sizling and Storch,

2003), species extinction risks in responselimate change (Thomas et al., 2004) or
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physiological processes andekpan in birds and mammals (Lindstedt and Calder,
1981). A common feature of phenomena that follow power laveglfssimilarity on
various spatial scales, or a fractal-likeusture (Brown et al 2002). To reflect the
power function distribution of averagesgersal in pocilloporid corals, the ideal
theoretical design of a network of MPA®wWd approximate a fractal-like design, i.e.
MPAs would be represented equally at multiigeels of spatial scales. However, such

a network of MPAs would begery difficult to designate ahmanage in practice, and
furthermore, would only be ideal if the aage dispersal distances are considered, and
regional and inter-habitat differences in firecesses that govedispersal are ignored.
Because Chapters 4 and 5 showed that there are recognizable patterns in the spatial
distribution of dispersal varidlty, namely high rates of larval retention in the inshore
Palm Island group in the central GBR, anddh dispersal around éhmidshelf fringing

reefs of Lizard Island, it is reasonabledon at developing MPA designs that address
local specifics of dispersakather than “one-size-fiall” solutions. For instance,
populations around Lizard Island depend magauily on connections with other reefs,
while populations in the Paldslands are more self-sustaining (Chapters 3, 4 and 5).
Greater self-seeding in the Palm Islands is the consequence of dissimilar inter-reef
connectivity in these two regions, most likalriven by differences in ocean currents
(Chapters 3, 4 and 5), suggesting that larger gaps between MPAs would be acceptable
in the northern midshelf region of the GBR, and a densdrix of MPAs would be
desirable in the central ihere GBR in order to achiev@milar levels of population
connectivity of pocilloporid corals. Nevertheless, such a conclusion needs cross-
validation by complex high-resolution circutat models that inclde tidal forcings

(e.g. Lambrechts et al.,, 2008). Coupling ehpirical geneticdata with modelled
geneflow has proven to be very powerfukstimating connectivity of coral populations

in the Caribbean (Baums et al., 2006; Galird@l., 2006; Kool eal., 2010; Foster et

al., 2012) and will directly assist conservation management. To maximize the benefits
from this thesis for conservation managemensuggest that its results are used to

parameterize larval transport models in the region.
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6.3. Future research

In this thesis, | aimed to characterize genetic structures, larval dispersal distances and
recruitment patterns in pdicporid corals, to better undgand population connectivity

over evolutionary and ecological timescalasthese important reef organisms. The
results have led to several questions and hypotheses that point beyond the scope of this

thesis. The main hypotheses set up by results in this thesis are:

1. Larvae ofS. hystrixrom deep (or otherwise differ® habitats settle in shallow
reefs, but show (near) complete postruitment mortality (Chapter 5)

2. Locally retained larvae d?. damicornis originate predominantly from spawned
gametes, while brooded larvae are mainly vagabonds (Chapter 4)

3. Regional variation in cloidy of populations ofP. damicornis is related to
predation pressure on larvaggs (Chapters 3 and 4)

4. Asexual reproduction is an important part of the life historySefiatopora
hystrix (Chapter 5)

One of the surprising findings of Chap 5 was that a large proportion $f hystrix
larvae, especially at sites around Lizard ndlawere genetically distinct from all
sampled adult colonies, leading to the hypsithéhat these recruits may come from
deep habitats on shoals and the camtial slope. The diverse communities of
mesophotic reefs are relatively poorly stud{&ilidge et al., 2012), but have recently
gained much attention as potential refugia for shallow water reef corals from
temperature-related stress and severe tropical cyclones (Riegl and Piller, 2003;
Bongaerts et al., 2010a; van Oppen et 20]11a). Vertical connectivity betweeh
hystrix populations from shallow and deep katisi has not been confirmed from the
GBR (Van Oppen et al., 2011a). However, these authors inferred larval connectivity
from genetic structures @dult populations, whereas dieep water larvae have near-
zero survival in the shallow environment disemaladaptation, their genetic signature
may be absent from the shallow waterlagopulation. A study that compares genetic
characteristics of deep water populations fregimals and the ctinental slope around
Lizard Island with that of the recruits l@xted in the shallovenvironment would be

able to tease apartrieal connectivity from deep tshallow environments. Additionally,
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an inverse study, where recruits are colledtedh settlement tiles in the mesophotic

zone, could address connectivity through ladigpersal from shallow to deep habitats.

Observing high proportions of self-recruitment, but low proportions of recruits that are
clones of sampled adult colonidshypothesized that clonal broods Bf damicornis
lineages disperse from their natal sitasd sexually producethrvae are retained
locally (Chapter 4). Spawning &f. damicorniscolonies on the GBR has been observed
for the first time only recently, and eggs were found to be negatively buoyant (Schmidt-
Roach et al., 2012b), supportitite hypothesis of high reteati of larvae that develop

from spawned gametes. However, conclusive evidence to accept or reject this
hypothesis will only be provided bystudy that achieves egg fertilizationvitro and
describes physiological andhzevioural characteristics gexually produced larvae.

In contrast to the notion th&. hystrixis an exclusively saial brooder (Ayre and
Resing, 1986), my results show that 1.9%avf/ae are clones adult colonies, and
3.5% of larvae are clones of each other, sstjgg that asexual peoduction may be an
important part of the life history of this speci&hapter 5). This observation calls for
further studies on the reproduction 9f hystrix including explomg the frequency of
polyp bail-out (Sammarco, 1982) and its potential role as a means of regular
reproduction; and re-assessing clonalitybobods, including checking for potential
mosaicism (Van Oppen et al., 2011c) ananarism (Puill-Stephan et al., 2011) in the
parent colonies that may bitse study (Maier et al., 2012).

One hypothesis to explain why. damicornis has highly clonal populations on some
reefs [e.g. Western Australia (Stoddart, 19&#Bgraded reefs of Tanzania and Kenya
(Souter et al., 2009), Southern Taiw@rieoh and Dai, 2010) and Vietnam (S.S.
Windahl pers. comm)], but not in other places g GBR (Ayre and Miller, 2004;
Sherman et al., 2005)], is that predatoegsure may differ between broods and/or
spawned gametes in these locations (Chapters 3 and 4). A study that compares
corallivorous fish abundanceelative to coral cover witlthe rate of clonality irP.
damicornis populations, and quantifies the effeof predation on pre-settlement
mortality of broods and spawned gametesimyitro experiments, could test this
hypothesis.
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Tagging fish larvae in their embryonic stagsing stable isot@s of barium and
magnesium (Thorrold et al., 2006; Woodkoet al., 2011) enables powerful mark-
recapture studies to be used to assess dispersal. Currently, the technology to tag coral
larvae is not developed because corahyplae do not possess stable structures that
could be used for tag recovery. Reseatalgeted at the development of trans-
generational tagging in coralguld provide invaluable befits to studies looking into
dispersal of coral larvae.

And finally, the complete removal of mature colonies of branching corals from the
windward sides of the Palm Islands by TC Yasi (pers.)ghsvides an extraordinary
opportunity to study reef regeneration feliog complete devastation. A long-term
recruitment study that takes advantage ef ibcently developed genetic identification
assays (Chapters 2 and 5) wibbk able to quantify the paoérecovery, and the rate at
which larval replenishment from other reefersus re-growth from surviving tissue and
juveniles (Diaz-Pulido et al2009) contributes to it. Suahstudy could also provide a
comparison to results of Starger et al. (2048) analyse coral reef recovery following
complete devastation on a finer temporadlec Genetic comparison of recruits that
settle on tiles, and the new cohort of corals that grow and reach maturity on natural
substratum could provide interesting gidis into processes of post-settlement
selection. A comparative population genetiady of pre- and posyclone populations

on the exposed side tife islands could assess stabibfypopulation genetic structures
following a major disturbance, and test thygpothesis that pulsesf larval packets
(Siegel et al., 2008) and recruitment stotic#g can create genetic breaks on small
spatial scales (Chapter 3).
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