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ABSTRACT: Coral reefs have recently suffered severe environmental perturbations. Genetic vari-
ability and structure in coral populations is important in determining their survival and adaptation
and can be influenced by larval settlement/recruitment. Here, we assess the genetic heterogeneity of
Agaricia agaricites coral recruits at 3 spatial scales on the East Flower Garden Bank, Gulf of Mexico.
Racks with settlement plates were placed at each of 3 sites, at 23 m depth, arranged in a circular pat-
tern, 10s of meters apart. Three racks were placed within each site, several meters from each other.
Each rack held 5 terracotta settling plates, several centimeters apart. Highly polymorphic markers for
amplified fragment length polymorphisms (AFLP) were used to assess genetic structure among
recruits: among sites, racks, and plates. Four sets of AFLP primers yielded 164 polymorphic markers.
The assignment-based statistical programs AFLPOP and STRUCTURE assigned coral spat back to
their original sites (home populations) at levels of between 63.3 and 99.8 %. Recruit populations
exhibited clear, consistent genetic heterogeneity at a scale of 10s of meters. The levels of assignment
back to rack home populations were broader, ranging from 32.5 to 96.5%. Highest rates of self-
assignment/identification of distinct/separate populations occurred at the smallest spatial scale, i.e.
the plates (53.7 to 96.5%). Genetic relatedness among recruits was highest and patchy at a scale of
10s of centimeters, more variable at a scale of meters, and still detectable at a scale of 10s of meters.
Genetic variability in these recruits was high. Recruitment was probably local, from corals in the
immediate vicinity, and with limited mixing.
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INTRODUCTION

Scleractinian corals, like many marine invertebrates,
are sessile with motile planktonic larvae that settle,
metamorphose, and live most of their lives at a single
point on the substrate. Dispersal is effected via primar-
ily passive larvae and is, therefore, determined by cur-
rents, larval longevity, competence to settle, larval
behavior, and the availability and suitability of new
habitats. Thus, for many sessile marine invertebrates,
pre-settlement factors often determine the abundance
and genetic structure of adult populations (Lasker et
al. 1998). Survival during environmental perturba-
tions, such as temperature changes and bleaching, is
also partially dependent upon population size, and
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adult populations often play an important role in local
recruitment, vyielding positive density-dependent
recruitment relationships between adult densities and
recruitment pools (Hughes & Tanner 2000, Vermeij &
Sandin 2008).

The genetic structure and variability within a popu-
lation determines, in part, its ability to adapt to a
changing environment. If the recruitment pool is
largely derived from local adult populations, local ge-
netic variability will be low; recruits, however, may be
very well-adapted to the local conditions and have a
high survival rate—as long as environmental condi-
tions remain unchanged. If the conditions change,
however, and a sufficient number of individuals do not
survive, the population could locally or globally be-
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come extinct (Boyce 1992). Conversely, if genetic vari-
ability is high, some members of the population may
survive the perturbation and the population as a whole
may become better adapted to withstand future per-
turbations (Knowlton & Jackson 1993). Environmental
changes can occur across a large variety of spatial
scales, from global (e.g. increasing seawater tempera-
tures inducing bleaching, affecting an entire reef) to
intermediate (the dragging of an anchor across a reef,
causing damage on scales 10s of meters to meters),
down to the micro-scale (e.g. micro-competitive inter-
actions between a patchily distributed invasive species
and a native coral, affecting corals at scales of centime-
ters to 10s of centimeters) (Connell et al. 1997, Hughes
et al. 1999). The degree and structure of genetic vari-
ability within a population at a given scale can deter-
mine its probability of survivorship in response to the
scale of the perturbation (Mace & Lande 1991, Fahrig
2002).

Genetic studies have indicated that coral recruit-
ment for many species is often local (Ayre & Hughes
2000, Tioho et al. 2001, Brazeau et al. 2005). In addi-
tion, many studies indicate that significant genetic het-
erogeneity and heterozygote deficiencies are common
among populations (Watts et al. 1990, Smith et al. 2004,
Veliz et al. 2006). Factors such as limited larval move-
ment, nearby matings, and limited larval mixing may
be common in many marine invertebrate species. Even
for species with larvae capable of long-distance disper-
sal, data suggest that larval mixing during the plank-
tonic stage may be limited (Taylor & Hellberg 2003,
Cowen et al. 2006, Severance & Karl 2006), often re-
sulting in populations with chaotic patchiness (Moberg
& Burton 2000, Veliz et al. 2006). Larval mixing can
also be limited by oceanographic features that retain
larvae near their source population, slowing the forces
of diffusion and advection through eddying and en-
trainment of larvae (e.g. Sammarco & Andrews 1988,
Sammarco 2004, Pineda et al. 2007). The reduction of
larval dispersal can contribute to the isolation of popu-
lations, potentially further reducing the probability of
survival of a population undergoing environmental
stress.

The question of larval movement in sessile marine
invertebrates defines the ability of a relatively remote
population to be able to regenerate in the event of an
environmental perturbation that might otherwise
cause near or complete local extinction in that popula-
tion. Such communities are almost entirely dependent
upon recruitment from distant populations. This is par-
ticularly the case for corals. Adult population structure,
dynamics, and genetics are largely determined by fac-
tors affecting larval dispersal, settlement, and recruit-
ment. The genetic structure of recruits within a habitat
is indicative of the relative contributions of external

versus local sources of larvae and provides insight into
levels of larval mixing in the water column prior to set-
tlement. Settlement and recruitment can, of course, be
highly variable through time with respect to numbers
and sources of larvae (Lecchini & Galzin 2003, Brunel
& Boucher 2006).

Genetic assignment tests have proven quite useful in
obtaining answers to ecological questions about
genetic affinities among individuals and populations
(Manel et al. 2005). These recently developed tests
have yielded results that more directly estimate num-
bers of migrants among populations (IN,,; Paetkau et al.
2004) than earlier traditional numerical parameters,
like estimates of genetic distance among individuals or
populations. Assignment tests are most powerful for,
and particularly sensitive to, identifying members of
different populations when each individual can be
characterized by numerous genetic markers; such tests
provide a measure of genetic heterogeneity and struc-
ture, but indirectly. Assignment tests represent an
alternative approach to traditional genetic tests (Fst)
and markers, which provide good estimates of genetic
structure, but sub-optimal estimates of individual
movements and connectedness. Statistical population
assignment tests work particularly well with molecular
genetic techniques capable of generating numerous
markers, such as amplified fragment length polymor-
phisms (AFLPs; Campbell et al. 2003). He et al. (2004)
have remarked that assignment tests for individuals
based on highly polymorphic genetic markers are
among the most promising methods available to esti-
mate contemporary long-distance dispersal. The 2 sta-
tistical assignment techniques we used here are
AFLPOP v. 1.1 (Duchesne & Bernatchez 2002), a statis-
tical analytical procedure designed particularly to ana-
lyze data generated by AFLPs, and STRUCTURE v. 2.0
(Pritchard et al. 2000). We previously reported on the
development of these techniques and their application
to the analysis of coral spat in a Caribbean coral
(Brazeau et al. 2005). We have now expanded our use
of these techniques and applied them at a much higher
resolution to investigate fine genetic structure at spa-
tial scales that have not been examined before.

In the present study, we examine the level of genetic
homogeneity (or affinity) among coral recruits that
have settled onto experimental settlement substrata at
a number of spatial scales over the course of a single
year. The purpose of this is to provide greater insight
into the degree of genetic patchiness that might occur
among neighboring recruits. As our target organism,
we used Agaricia agaricites, a brooding coral that is a
dominant pioneer species in natural, healthy Carib-
bean coral reef communities and which recruits in high
numbers (Sammarco 1980, 1987, 2004, Riegl et al.
2003). Itis also well represented in the adult coral com-
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munity of our study region —the NOAA Flower Gar-
den Banks (FGB) National Marine Sanctuary, northern
Gulf of Mexico (Baggett & Bright 1985, Brazeau et al.
2005, Shearer & Coffroth 2006). We examined the
genetic structure of coral recruits at 3 levels of spatial
resolution — 10s of meters, meters, and centimeters.
We used AFLP markers to investigate the genetic
relatedness of coral spat that settled onto terracotta
settling plates deployed at these spatial scales on the
East FGB (Brazeau et al. 2005; see also Tioho et al.
2001, Gilmour 2002). Our analysis is based upon re-
cruit samples only; adult colonies were not sampled in
the present study. An earlier study (Brazeau et al.
2005) had shown that recruits in this area were not
genetically distinguishable from local adult colonies.
Unfortunately, we cannot directly combine the adult
data from the earlier study with the present data, since
the band-scoring methods used are not the same and
the adult samples are no longer available.

MATERIALS AND METHODS

Study site. The study was conducted on the East FGB
(27°54'32.8" N, 93°35'35.55" W) at Buoy #2, at a
depth of 23 m. This area has a high species diversity of
corals, generally with a high percentage of live cover
(>50%; Pattengill-Semmens & Gittings 2003, Aronson
et al. 2005). The FGB is separated by 2640 km of open
ocean from other well-developed coral reefs (Hagman
et al. 1998, Sammarco et al. 2004), with the closest reef
system being Lobos-Tuxpan, located
13 km off Cabo Rojo, Mexico.

Experimental design. The experi-
ment followed a Model II, 2-level,
nested orthogonal design. The first ex-
perimental factor was the specific area
where coral spat were to be collected, R1
which we shall refer to as ‘sites’. Three
sites (A, B, and C) were chosen around \
the mooring for Buoy #2, at a distance
of about 10 m from the buoy and dis-
tributed in a radial fashion at approxi-
mately equal distances (~23 m) from
each other (Fig. 1). The second factor
was 'racks’. Three racks (1, 2 and 3)
were deployed at distances of approxi-
mately 1 to 2 m from each other within
a site. The third factor was the replicate
‘plates’, which were mounted on and
nested within racks, at a distance of
2 cm from each other. Each rack held 5
plates, mounted on pins.

Settlement plates were made of ter-
racotta tiles 15 x 15 x 1.3 cm in size.

Site C

Settling substratum of this size is appropriate for coral
larvae, since they are coarse-grained organisms
(Levins 1968); that is, they cannot perceive the envi-
ronment further away from themselves for more than
perhaps one body length or less (as opposed to fine-
grained organisms, which sense their environment as
multi-faceted over greater distances and are able to
perceive larger scale variation in it). Thus, their sphere
of perception is most likely several millimeters. It is not
the purpose of the present paper to consider the
advantages and disadvantages of various settling sub-
strates or to review the extensive literature in this area.
The suitability of these tiles for settlement in the field
and in the laboratory has been demonstrated experi-
mentally in numerous earlier studies in both the
Caribbean (Quinn & Kojis 2005) and the Indo-Pacific
(e.g. Harriott & Banks 1995, Atrigenio & Alino 1996,
Maida et al. 2001). McGuire (1998) found that survival
and growth of coral spat was higher on ceramic tiles
than on other artificial substrata (e.g. glass, PVC, con-
crete, coral/limestone blocks). This effect, however,
has not been reported in other studies; at least one
other experiment has shown that this is not necessarily
always the case (Adjeroud et al. 2007). We have, how-
ever, found that this substrate is suitable for our pur-
poses (P. W. Sammarco unpubl.). In addition, if en-
hancement of settlement was occuring, the effect was
distributed uniformly within and between all plates, in
all treatments.

The plates were drilled in the center to accommodate
mounted marine-grade stainless steel all-thread pins.

R?’x Rack 1 (R1)
R2 Site A
10m
10m R2
_ L ]
10m

Fig. 1. Schematic of the placement of

coral settlement racks on the East

Flower Garden Bank. Three sites were R2

chosen ~10 m from the marker Buoy #2, R3

distributed radially from each other. x

Three settlement racks were implanted

within each site, within 1 to 2 m of each

other. Five terracotta plates were 3

mounted on each rack, 2 cm apart.

Plates were identified by site, rack, and

plate, e.g. A11 is a sample from Site A,

Rack 1, and Plate 1. Note: diagram is
not to scale

Site B

4
Plates 5 R1
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Thus, the plates could be held off the benthic substra-
tum. The plates were secured to the pins with 2 sets of
Teflon washers, flat steel washers, lockwashers, and
steel nuts. Teflon washers were placed as insulators
between the flat washers and plates.

Racks holding the pins and plates were constructed
of galvanized steel angle iron, 1 m in length. Holes
(1.5 cm in diameter) were drilled into the ends of the
racks to accommodate 1.25 cm diameter steel rein-
forcement bars, which were driven 1 m into the reef
substratum to secure them (similar to the deployment
techniques used in Sammarco 1991). The rack was
held in place by stainless steel hose clamps at each
end, clamping the rack down and securing it to the
bars. The orientation of the rack provided a plate angle
45° from a horizontal position, known in some cases to
be preferred for settlement by coral larvae (Carleton &
Sammarco 1987). Plates were mounted with the corru-
gated side downward.

Racks were deployed on 7 and 8 July 1997 and re-
trieved on 23 June 1998. Plates were detached,
labeled, placed in labeled freezer bags with a high
salt DNA preservation buffer, and placed in a ship-
board freezer. They were then returned to the labora-
tory and stored at —20°C. Plates were examined for
coral recruits visually using a Wild-Heerburg dissect-
ing microscope. Small tissue samples were taken from
each coral recruit, as small as 40 pm in diameter, for
molecular genetic analysis and processed as described
below.

AFLPs. For each plate with 10 or more recruits, at
least 10 recruits were randomly chosen for analysis.
High-molecular-weight genomic DNA was isolated
from each individual recruit using the Wizard SV
Genomic DNA Purification System, as per manufac-
turer's protocol (Promega) for animal tissues. Prior to
DNA isolation, samples were macerated lightly in SED
buffer and spun at 16 000 g for 5 min to pellet the zoox-
anthellae and debris from the homogenate. Prior to
AFLP analysis, all samples were checked for zooxan-
thellar DNA contamination using stringent PCR tech-
niques (Brazeau et al. 2005, see also Amar et al. 2008).

Samples were processed in large, random lots con-
taining members from all blocks, to uniformly distrib-
ute any error in an unbiased fashion that may have
been introduced by reaction conditions between popu-
lations. In addition, all PCR reactions were done using
a single machine and the same thermal cycling pro-
files. Finally, the final selective PCR step was repeated
3 times for each sample. A band was scored as present
only if it appeared in 2 or more of the 3 replicates.
AFLPs, like other multi-locus techniques, generate
many bands, a portion of which may appear as a func-
tion of specific reaction conditions. Here, we exercised
extra caution in processing samples through all steps

of the procedure in order to maximize repeatability of
results.

AFLP analysis was performed following protocols
based upon Vos et al. (1995), with modifications for
working with minute DNA samples. Briefly, DNA was
digested and ligated to the adapters (EcorRIL: 5'-CTC
GTA GAC TGC GTA CC-3', 3'-CAT CTG ACG CAT
GGT TAA-5"; Msel: 5'-GAC GAT GAG TCC TGA G-
3', 3'-TA CTC AGG ACT CAT-5") for 1 h at room tem-
perature and then at 16°C overnight with 1 U of Msel
(New England Biolabs), 5 U EcoRI (Promega Corp),
and 1 WeissU T, DNA ligase in 1x ligase buffer
(0.1 mM ATP) with 0.5 M NaCl. Digested/ligated DNA
fragments were diluted 20-fold for the first PCR ampli-
fication. Primers used in the ‘pre-selective amplifica-
tion' were complementary to the adapters, with the ad-
dition of a single nucleotide—an ‘A’ for the EcoRI
adapters and a ‘C' for the Msel adapters. Five micro-
liters of the diluted restriction-ligation reaction was
added to 15 pl of the PCR mix (200 pM each deoxyribo-
nucleotide triphospate [dNTP], 1x PCR buffer, 3 mM
MgCl,, 0.275 pM each primer, and 0.5 U MasterTaq
(Eppendorf). The pre-selective amplification program
consisted of an initial cycle of 72°C for 2 min (to com-
plete the ligation of the synthetic adapters), followed
by 20 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for
2 min, with a final extension of 72°C for 2 min and 60°C
for 30 min (final incubation). The pre-selective PCR
products were diluted 10-fold for use in the final ‘selec-
tive amplifications'.

Primers used in the selective PCR had the same se-
quences as the pre-selective primers, with the addition
of 2 additional nucleotides at the 3'-end and a fluores-
cent moiety (FAM) tag at the 5'-end. Five microliters of
the diluted pre-selective PCR reaction products were
added to 15 pl of the PCR mix (200 pM of each dNTP,
1x PCR buffer with 3 mM MgCl,, 0.275 puM EcoRI
primer, 0.275 pM Msel primer, and 0.5 U MasterTaq).
The selective amplification program consisted of an
initial cycle of 94°C for 2 min, 94°C for 20 s, 66°C for
30 s, and 72°C for 2 min. This was followed by 9 cycles
of 94°C for 20 s, 66°C for 30 s (decreasing 1°C cycle™}),
and 72°C for 2 min. The treatments to follow were
another 20 cycles of 94°C for 20 s, 56°C for 30 s, and
72°C for 2 min, with 72°C for 2 min, with a final incu-
bation step at 60°C for 30 min. Products for the selec-
tive PCR were run on an Amersham MegaBACE 1000
96 capillary sequencer. Resulting electropherograms
were analyzed wusing SoftGenetics GeneMarker
(v. 1.51) for bands ranging from 50 to 500 bp in size.

Statistical analyses and procedures. Two assignment-
based analyses were used to assess the genetic related-
ness of the recruits collected from the settlement
plates, AFLPOP (v. 1.0; Duchesne & Bernatchez 2002)
and STRUCTURE (v. 2.2; Paetkau et al. 2004), since
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both programs are in common use and use different
algorithms for population assignment. AFLPOP exa-
mines the AFLP banding patterns—presence/absence
data, calculating log-likelihood values for any individ-
ual's membership in a reference population. The pro-
gram allocates each individual to the population with
the highest likelihood given the individual's genotype
(Duchesne & Bernatchez 2002, He et al. 2004). We
used the ‘simulation-many iterations' procedure of
AFLPOP to assign individual recruits to populations
based upon marker frequencies calculated from the
entire data set (without that individual; commonly
referred to as the ‘leave-one-out’ procedure). The pro-
gram then outputs the likelihoods and allocation deci-
sion for that spat. This procedure was repeated for
every individual spat. The threshold within the pro-
gram for assigning the individual to a population was
set to a log-likelihood value of 1.0. This is a stringent
and conservative threshold, i.e. assignment of a sam-
ple to a population was not made unless the probabil-
ity of the given assignment was 10 times more likely
than the next most probable assignment. If this thresh-
old was not met, the individual was not assigned to any
population and was designated as a case of ‘criteria not
met' (CNM). Assigning a spat to the CNM category
does not necessarily imply that it was not derived from,
or does not belong to, a local population. It merely
denotes that there are 2 or more populations with sim-
ilar probabilities of assignment (i.e. a <10-fold differ-
ence between itself and a population). One interpreta-
tion of the CNM category would be that all individuals
assigned to CNM were not derived from the same pop-
ulation that gave rise to most of the recruits. This
would certainly over-estimate the number of recruits
that are not genetically homogeneous. Using these
data, it would be difficult to determine whether an
individual is derived from a non-local population. This
would require setting an arbitrary frequency against
which to consider the allocation level for a given indi-
vidual. Such would also require the availability of
banding data from all adults in the population. Thus,
we did not attempt to make this distinction in the pre-
sent study.

STRUCTURE uses Bayesian techniques and Monte
Carlo simulations to assign samples to populations. Un-
like AFLPOP, in which assignment is based solely upon
marker frequencies, STRUCTURE makes assignments
that minimize deviations from the Hardy-Weinberg
(H-W) equilibrium, which assumes that the population
giving rise to the recruits constitutes a large, randomly
mating population. Using this approach, the program
calculates probabilities of individual assignment, esti-
mates of Fgsr, and probable relationships of paternity,
grand-paternity, etc. The program can accommodate
dominant marker data, such as those generated by

our AFLP technique. The entire data set was subjected
to several preliminary runs in order to evaluate para-
meter estimates used by Markov chain—-Monte Carlo
(MCMC) iterations for stability. STRUCTURE also
called for definition of the parameter MIGPRIOR before
running. This parameter was the prior probability of a
spat being identified as coming from an external
source. It was run at 2 levels, for comparative purposes,
0.05 and 0.50, taking into account different potential es-
timated migration rates. Once these parameters were
set, data were analyzed using a burn-in period of
500000 iterations, followed by another 100 000 MCMC
repetitions.

Statistical analyses were performed on the recruit
populations at several different spatial scales. That is,
all samples were first run and assigned to the 3 exper-
imental sites. Then, data were compared between
racks within sites, and, after that, between plates
within a rack.

There were a large number of markers generated in
the present study by AFLP techniques, and the number
of spat per plate was sometimes small. For this reason,
we first performed an AFLPOP numerical analysis on
the data with the spat (samples) randomly assigned to
sites, racks, and plates. The purpose of this was to
determine whether spurious, misleading patterns of
population subdivision might be generated from the
various combinations of and comparisons between
markers.

RESULTS

A total of 227 coral recruits were collected from 16
plates. Of these, 89% or 203 of the recruits yielded
scorable AFLP bands (Table 1). Twenty-four of the
recruits were discarded due to low DNA vyields result-
ing in PCR failure. Other than this, we experienced no
sample processing problems with tissues from the sam-
pled coral spat.

Tissue from the coral spat was examined using 4 sets
of AFLP primers. This yielded 164 polymorphic markers

Table 1. Agaricia agaricites. Total number of processed sam-

ples from the racks and plates in the present study, and the

resultant number of coral spat used for amplified fragment

length polymorphism analysis. Seven of 9 racks and 16 of

45 plates (35.5 %) had sufficient numbers of recruits (>10) to
allow analysis

Site Racks Plates Recruits
A 2 9 97

B 2 2 22

C 3 5 84
Total 7 16 203




60 Aquat Biol 12: 55-67, 2011

40 -

35 A

30 A

25

20

15

Number of markers

10

10 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Band frequency (%)

Fig. 2. Agaricia agaricites. Distribution of amplified fragment length polymor-
phism (AFLP) band frequencies. Bands ranged from 65 to 405 bp in size. Of the
164 markers in the present study, 83.5 % had frequencies from 10 to 50 %

that could be compared between individual spat. Bands
that occurred in <5 % of the spat were not used in the
analysis (Fig. 2). The overall mean frequency of mark-
ers per individual was 0.28 (SD = 0.11; range = 0.05 to
0.55; mode = 0.37). On average, each individual had 28
markers of the 164 found in the entire population.

The 2 types of analyses used—AFLPOP and
STRUCTURE —generally yielded similar patterns of
genetic affinity, or heterogeneity, between coral spat,
and similar patterns of relationships between spat con-
sidered at the spatial scales of site, rack, and plate. In
general, the STRUCTURE program yielded higher lev-
els of genetic heterogeneity between the spat consid-
ered at all levels than did AFLPOP. In addition, the
level of this heterogeneity increased when the
MIGPRIOR value used in STRUCTURE analysis was
increased from 0.05 to 0.5.

The randomized data set analyzed via AFLPOP did
not reveal any type of population structure (Fig. 3a),
indicating that the patterns observed in the true data
set were not simply due to the spurious outcome of
using large numbers of markers to detect patterns. For
all plates, the most common assignment was to the
CNM category (Table 2), indicating that samples could
not be assigned to any single population with a high
likelihood (i.e. a 10-fold greater probability than the
next best population fit). As one might have expected,
there were few cases of self-assignment, or assignment
of an individual spat back to the plate from which it
was collected, using the randomized data set.

The AFLPOP analysis of the actual (non-randomized)
data set revealed significant genetic structure among
recruits on the plates (Fig. 3b; all plates were used here)
i.e. the recruits collected for the same plate exhibited
significant genetic affinity to each other. An average of

99.8 % of the recruits were assigned by
the analysis back to the plates from
which they were collected, suggesting
considerable genetic homogeneity
within plates and significant hetero-
geneity among plates. Across each run,
only 0.2 % of the recruits were assigned
to the CNM category; (i.e. they could
not be assigned to any plate with a
probability 10-fold greater than the
next most likely plate; Table 2). Thus,
of the 203 recruits assayed, only 1 or 2
could be considered to have come from
outside the population.

Similarly, analysis of the entire data
set using STRUCTURE indicated that
the inferred number of populations (k)
was 1, suggesting that all samples orig-
inated from 1 homogeneous source i.e.
that the recruits were likely derived
from a single source. Most importantly for this analysis,
however, both the AFLPOP and STRUCTURE analyses
indicated that the samples were not distributed homo-
geneously among the settling plates.

Both assignment analyses (AFLPOP and STRUC-
TURE) yielded self-assignments of spat back to their
original settlement site (A, B, or C) at a relatively high
rate, ranging from 69.5 to 97.5% (Fig. 4a & b, respec-
tively). When using STRUCTURE, these relatively high
rates of self-assignment decreased only slightly when
the MIGPRIOR parameter —again, the prior probabil-
ity of a spat being identified as coming from an exter-
nal source —was increased 10-fold from 0.05 (Fig. 4b)
to 0.5 (Fig. 4c) (the default setting is MIGPRIOR is
0.05). Those samples not assigned to their original set-
tled population were assigned by STRUCTURE to pop-
ulations associated with the other 2 sites (areas of rack
deployment) at generally equal frequencies. AFLPOP
indicated that only 4.7% of the spat could not be
assigned to any given site.

When considering the racks, Site C was used be-
cause only at this site was the sample size (number
of spat) sufficient for analysis. On racks from this
site, the rates of self-assignment of coral recruits
were high (ranging from 57.5 to 100 %; Fig. 5a) when
analyzing via AFLPOP. Once again, this indicated
that genetic heterogeneity among coral recruits was
sufficient to allow high assignment of recruits back
to the racks from which they were collected. This
pattern was mimicked very closely in the STRUC-
TURE analysis (Fig. 5b). Even when setting the prob-
ability that an individual is an immigrant to the pop-
ulation to 50% (i.e. adjusting the MIGPRIOR
parameter), the rates of self-assignment decreased;
however, the overall pattern was retained (Fig. 5c¢).
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AFLPOP Statistical Analysis — Population Assignments
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Fig. 3. Agaricia agaricites. (a) AFLPOP genetic assignment of coral recruits, with
population identifiers. Data randomized to test for anomalies or spurious patterns
derived from analysis. Data shown in percent (%). Correct allocation of coral spat
back to their reference/original populations are indicated by peaks along the di-
agonal. Note the lack of genetic affinity down the diagonal of the matrix, the gen-
eral lack of pattern in assignment throughout the table, and the low frequencies
of assignment, indicating a random assignment of spat to populations. (b)
AFLPOP assignment test as in Panel a, with the actual data set, with coral spat
samples being identified at the spatial scale of settlement plates within racks
within sites (10s of centimeters). See Table 2 for frequencies of samples that could
not be assigned to any population with a probability 10-fold greater than the next
most likely population assignment, designated ‘criteria not met' (CNM)

STRUCTURE indicated that the frequency of assign-
ment of coral spat to populations different from their
own, at the rack level of resolution (plates com-
bined), was relatively low. Those frequencies ranged
from 3.5 to 42.3 %.

Finally, even in considering the ge-
netic structure found among spat on dif-
ferent plates within a site (Site A was
the only site with sample sizes large en-
ough for analyses), differences between
these micro-populations were great.
Heterogeneity was high (Fig. 6a). As-
signments of spat by the program back
to their original settlement populations
on individual plates were highest in the
AFLPOP analysis. The frequencies of
these self-assignments ranged from
99.3 to 100%. There were no assign-
ments from one plate to another plate.
All unassigned coral recruits fell into the
CNM category at the <1.0% level
(Table 3). STRUCTURE vyielded results
that were somewhat more conservative
using a default setting of MIGPRIOR =
0.05 (Fig. 6b) and even more conserva-
tive using a value of 0.50 (Fig. 6¢). Re-
sultant Fst values are shown in Table 4.
Self-assignments of spat to their original
plates were lower, ranging from 53.7 to
96.5%. The assignment of coral recruits
to plates other than their original plate
were, on average, 1.7% and ranged
from 3.5% (Rack 1, Plate 3) to 46.3%
(Rack 1, Plate 4).

DISCUSSION

The principle finding of the present
study was the identification of high lev-
els of genetic heterogeneity in coral
spat settling on the experimental
plates. Heterogeneity was evident even
when considering spat populations at
several different spatial scales—from
10s of centimeters to 10s of meters. It
would appear that, at least for Agaricia
agaricites, larval dispersal is highly
localized, or at least there may be
aggregation of genetically similar lar-
vae in the water column during the dis-
persal process. Based upon the pres-
ence/absence of AFLP bands, both of
the population assignment programs
used here were able to assign recruits

back to their sites, racks, or plates of collection with
very high probabilities and levels of confidence. Thus,
the coral spat populations were clearly heterogeneous
at a scale of 10s of meters. Recruits were correctly as-
signed to sites of collection at a rate of nearly 95% by
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Table 2. Agaricia agaricites. AFLPOP genetic assignment of
coral recruits, with population identifiers, using the same data
set—randomized and non-randomized—to test for anomalies
or spurious patterns resulting from the analysis (see Fig. 3).
Shown are coral spat that could not be assigned to any site
with a probability 10-fold greater than the next most likely
population assignment, designated ‘criteria not met' (CNM).
The minimum log-likelihood difference for this analysis was
set to 1.0. These CNM frequencies were extraordinarily high,
ranging from 30 to 70 %, indicating random assignment of spat
to populations. No obvious pattern resulted. The frequencies
in the second column represent CNM values from the stan-
dard, non-randomized data set. Note the frequencies of as-
signment to this category are 2 orders of magnitude lower, in-
dicating that almost all spat could be assigned to populations

Plate —— CNM (%)———
Randomized Standard
samples samples

Site A
Rack 1 1 40.00 0.18

2 30.00 0.29

3 60.00 0.21

4 50.00 0.33
Rack 2 1 40.00 0.21

2 60.00 0.09

3 50.00 0.63

4 70.00 0.75

5 30.00 0.02
Site B
Rack 3 1 40.00 0.03

2 40.00 0.02
Site C
Rack 2 2 60.00 0.10

3 70.00 0.10
Rack 3 1 50.00 0.06

2 50.00 0.01

4 60.00 0.05

AFLPOP and of 69% by STRUCTURE analysis. Even
when the probability of immigration used in STRUC-
TURE was increased 10-fold, the probability of correct
assignment decreased by only 7 %; from 69 to 63 %.
The fact that AFLPOP yielded values of self-
assignment of spat back to populations on their origi-
nal racks of >96 % indicated that patterns of genetic
heterogeneity were clear at the spatial scale of the
racks (meters). Although STRUCTURE vyielded some-
what lower values, i.e. 76 % (70 % with MIGPRIOR set
to 0.5), they were still significant, indicating strong
population structure at this scale. This population
structure continued to be evident even at the smallest
spatial scale of population subdivision, that of plates,
with AFLPOP correctly assigning recruits back to their
original plates at the remarkable level of 99.5%.
Through these comparative analyses, it became evi-

a AFLPOP Statistical Analysis — Population Assignments
Spatial Scale — Between Sites (10s of m)

80
60
40
20
Genetic
Assignment
Frequency
Site c
b STRUCTURE Analysis — Population Assignments
Spatial Scale — Between Sites (10s of m)
MIGPRIOR = 0.05
60
& 40
0
4 20
Genetic
Assignment B
Frequency

B
Site C

Cc STRUCTURE Analysis — Population Assignments

Spatial Scale — Between Sites (10s of m)
MIGPRIOR = 0.5

A

60
C
& 40
00 \
Genetic & 20

Assignment )0
Frequency ,}o

Site C

Fig. 4. Agaricia agaricites. (a) AFLPOP analyses, with assign-
ments being considered at the spatial scale of sites (10s of me-
ters). Data shown in percent (%). The percent allocation of
coral spat back to their original sites and populations may be
found on the diagonal. The minimum log-likelihood differ-
ence used here was set to 1.0. Samples that could not be as-
signed to any population with a probability 10-fold greater
than the next most likely population assignment were desig-
nated ‘criteria not met’ (CNM). Specific CNM frequencies
were: A =5.2%, B =2.3%, and C = 6.7%. (b) STRUCTURE
analyses, with assignments being considered at the spatial
scale of sites (10s of meters). The MIGPRIOR value used for
the analysis was 0.05. The Fsr values associated with the sites
were: A =0.1058, B =0.0556, and C = 0.2236. (c) Similar to (b)
but here the MIGPRIOR value used for the analysis was 0.5.
Fst values were the same as in (b)
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a AFLPOP Analysis — Population Assignments
Spatial Scale — Between Racks (m), Site C
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Fig. 5. Agaricia agaricites. (a) AFLPOP analyses, with assign-
ments being considered at the spatial scale of racks within
sites (m). Data shown in percent (%). The percent allocation of
coral spat back to their original sites and populations may be
found on the diagonal. The minimum log-likelihood differ-
ence used here was set to 1.0. Specific CNM (‘criteria not
met') frequencies were: Rack 1 = 0.0%, Rack 2 = 4.7%, and
Rack 3 = 4.3%. (b) STRUCTURE analyses, with assignments
being considered at the spatial scale of sites (10s of m). The
MIGPRIOR value used for this analysis was 0.05. Fst values
associated with the racks were: A1 =0.3341, A2 =0.0902, and
A3 =0.0013 (see Fig. 1 for positions). (c) Similar to (b) but here
the MIGPRIOR value used in the analysis was 0.5. Fsr values
were identical to those cited in (b)

d AFLPOP Analysis — Population Assignments
Spatial Scale — Between Plates (10s of cms) 100
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Fig. 6. Agaricia agaricites. AFLPOP analyses, with coral spat
being considered at the spatial scale of plates within racks (1
and 2, within Site A; 10s of cm). Data shown in percent (%). Al-
location of coral spat back to their original sites and populations
are shown on the diagonal. The minimum log-likelihood differ-
ence has been set at 1.0. See Table 3 for frequencies of samples
that could not be assigned to any population with a probability
10-fold greater than the next most likely population assign-
ment, designated ‘criteria not met'. (b) STRUCTURE analyses
of the same data. The MIGPRIOR value used for this analysis
was 0.05. See Table 4 for Fsr values. (c) Analysis of the same
data by STRUCTURE but with the MIGPRIOR value set at 0.5
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Table 3. Agaricia agaricites. AFLPOP analysis, with coral spat
being considered at the spatial scale of plates within racks (1
and 2, within Site A; 10s of cm). Data were run with a minimum
log-likelihood difference of 1.0. Coral spat that could not be as-
signed to any population with a probability 10-fold greater than
the next most likely population assignment were designated
‘criteria not met' (CNM). Frequencies ranged from 0.3 to 1.0 %

Site A Plate CNM (%)

Rack 1 0.30
0.50
0.03

-0.30

0.40
0.30
0.60
1.00
0.00

Rack 2

A W, AWN -

Table 4. Agaricia agaricites. STRUCTURE analyses, with

coral spat being considered at the spatial scale of plates

within racks (1 and 2, within Site A; 10s of cm). The
MIGPRIOR value used for this analysis was 0.05

Site A Plate Fgr

Rack 1 0.0073
0.0001
0.0100

—-0.0341

0.2910
0.0125
0.0217
0.0029
0.4702

Rack 2

A WN R, A WN -

dent that STRUCTURE generally yielded more conser-
vative values, although the average rates of self-
assignment nonetheless reached 86.4% (64% with
MIGPRIOR set to 0.5), and were significant.
STRUCTURE analysis, conducted over the entire
population with no population identifiers, suggested
an inferred population size (k) of 1, suggesting that all
sampled recruits originated from 1 homogeneous
source. We believe this can be explained in that the
recruits largely originated from the local population
and that the structure detected within sites reflected
the offspring from 1 or a few adults from the near vicin-
ity. Without additional spatial information, STRUC-
TURE perceives the entire population sampled as
being relatively homogenous. Once additional smaller
scale spatial information is provided (sites, racks, or
plates), familial structure becomes apparent. These
data suggest that at least in this year's recruitment,
spat were derived locally, with very little mixing in the
water prior to settlement. Extreme short-distance dis-

persal, particularly in brooding corals (Tioho et al.
2001), and resultant fine-scale genetic structure, are
known to occur in other marine invertebrate popula-
tions (Calderon et al. 2007, Yund & O'Neil 2000).

Agaricia agaricites is a brooder capable of self-
fertilization. In addition, evidence of self-seeding has
been found in this species for the FGB (Brazeau et al.
2005). It is possible that other factors may have influ-
enced our observations of fine-scale genetic structure,
including kin aggregation (Veliz et al. 2006), polyem-
bryony (Pemberton et al. 2007), and selection (Zvuloni
et al. 2008). We cannot rule out any of these explana-
tions; all of them, however, require additional factors
beyond our suggestion of low dispersal with limited
larval mixing to produce the observed patterns. While
our study represents data from a single year's recruit-
ment, and larval mixing and transport in other years
may be greater, it does suggest that self-seeding may
be important for this coral and that the potential for
very fine-scale genetic structure exists. This has impor-
tant implications for this species’ ability to adapt to
local environmental conditions.

Our apparent detection of family structure in this
coral suggests that, for at least some species and per-
haps particularly for brooding scleractinian corals,
cryptic, small-scale genetic structure may be common.
Such micro-spatial genetic structure would only be fur-
ther enhanced if fertilization were successful and more
common among near neighbors than distant ones, as
has been documented to occur in some other species
(Pennington 1985, Levitan et al. 1991, Brazeau &
Lasker 1992). The processes of both low dispersal and
mating and successful fertilization between near
neighbors would facilitate the selection and mainte-
nance of local adaptations.

Little is known about the spatial scale (see Goreau et
al. 1981) and genetic micro-structure of coral settle-
ment in the field. Larvae of some corals have been ob-
served to settle within meters of their parent colonies,
suggesting that local retention and extremely short
dispersal may be common in some species (Carlon &
Olson 1993, Tioho et al. 2001). In fact, Swearer et al.
(2002), in a comprehensive review of many shallow-
water marine species, suggests that self-recruitment
may be common even among species with long devel-
opment times. Here, we have chosen 3 nested levels of
spatial scale to examine for these properties in coral
recruits, spanning 10s of meters through meters to 10s
of centimeters. We have used highly polymorphic
genetic markers to demonstrate very fine-scale genetic
structure or heterogeneity in populations of coral spat
at a variety of spatial scales. These results indicate that
high genetic variability can occur in coral populations,
even if that recruitment is derived from reefs that are
self-seeding (Brazeau et al. 2005). This, in turn, confers
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considerable adaptive ability on the part of the local
populations. Such molecular and statistical techniques
can also be applied to other systems to answer similar
questions regarding genetic variability in populations
of newly settled juveniles.

Implications for adaptability to environmental
perturbations

In considering the survivability of a population with
respect to environmental change, one must consider
both the scale of the perturbation and the scale of the
genetic structure of the population. In a previous study
(Brazeau et al. 2005), using similar DNA molecular
genetic analyses and statistical analyses, we demon-
strated that the adult Agaricia agaricites population at
FGB is completely distinct from the populations on
Conch Reef and Crocker Reef (Florida Keys) and from
the populations off the Family Islands (Bahamas). We
also demonstrated that the coral spat settling on the
FGB exhibited a very high genetic affinity to the adults
on that reef and almost no affinity to those in the
Florida Keys or the Bahamas, indicating that this
brooding species of coral on the FGB is most likely self-
seeded.

In the present study, upon closer examination, we
found that coral spat settling in this area of the West
FGB is highly heterogeneous and structured at all 3
spatial scales considered. What are the implications of
these findings when considered in the context of the
rapidly changing physico-chemical environment of our
world's oceans in the 21st century? At this time, 3
major perturbations are of concern: (1) increasing sea-
water temperatures due to climate change/global
warming and resultant bleaching, causing mass mor-
tality of corals world-wide; (2) increasing incidence of
coral diseases, causing similar mass mortalities and, in
some cases, local extinction and near global extinction
of certain coral species (e.g. Caribbean Acropora spe-
cies); and (3) acidification of the world's oceans caused
by an increase in the concentration of CO, in the
earth's atmosphere, predicted to have a highly detri-
mental effect on the growth and survivorship of corals
dependent upon the precipitation of calcium carbon-
ate. All of these are macro-scale perturbations. Threat
to the survivorship of the community will not be
affected by variance in genetic structure at the scales
considered in the present study. Individuals within this
population on this reef will either survive or not sur-
vive a massive, broad-scale perturbation of this type,
irrespective of the spatial scale of genetic structure
(notwithstanding, perhaps, depth). Differences in the
genetic structure observed between the FGB and the
Florida Keys and the Bahamas, however, suggest that

there may well be sufficient differences between pop-
ulations in these regions to manifest variation in the
response of their coral populations to a macro-scale
environmental perturbation, such as seawater temper-
ature change.

The fine-scale differences in genetic structure ob-
served here would suggest, however, that even small
areas (the FGB for example) may contain considerable
genetic diversity. Thus, large-scale disturbances must
be evaluated, not only in terms of the extent of devas-
tation, but also of the variation in damage among sites.
Should the results we observed here be valid across
years, the data would suggest that for some species
even the small remnant populations left behind may
contain significant genetic diversity to provide some
hope of recovery. Thus, it would appear that, given
highly structured populations like the ones we have
studied here, the nature of large-scale environmental
perturbations may be quite important in determining
the long-term impacts on the population.
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