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Abstract: The isolated Isla del Coco experiences periodic, extreme disturbances which devastate coral reefs
surrounding the island. Scleractinian corals build the physical structure of the reef therefore ecosystem recovery
relies on coral species recovery. Coral recruits can be of sexual or asexual origin, and the relative success of the
two recruit types influences the speed and spread of recovery processes. Here we focus on the massive coral,
Porites lobata, because it is the main reef-builder around Isla del Coco to describe the relative contribution of
asexual and sexual recruits to population maintenance. P. lobata samples were collected using a spatially explicit
random sampling design in three plots at Isla del Coco: Punta Ulloa (n=17), Bahia Weston (n=20) and Punta
Maria (n=20) and samples were genotyped with 11 microsatellite markers. Additional sampling was conducted
at three “coastal” sites near the Costa Rican mainland (Isla del Cafio Biological Reserve): Cailol (n=8), Cafio2
(n=10), Cafio5 (n=11) to compare the contributions of asexual and sexual recruits at Isla del Coco sites to coastal
sites. Isla del Coco sites were characterized by small colony size (>60% of colonies <0.5m?) and high sexual
reproduction. Sites were either mostly or entirely sexual,consisting of only unique genotypes (N/N= 0.90-1.00;
G/G=0.83-1.00; D=0.99-1.00). Although there were no significant differences in genetic diversity (number
of alleles per locus, number of private alleles) or colony size between Isla del Coco and the coastal sites, the
coastal sites exhibited a greater range of genotypic diversity from moderately asexual (N;/N=0.5; G,/G=0.36;
D=0.8) to purely sexual (N;/N=1.0; G,/G=1.0; D=1.0). The mode of asexual reproduction in P. lobata is likely
fragmentation of adult colonies rather than asexual larval production because ramets of P. lobata occurred close
together and asexually produced larvae have not been reported in gonochoric broadcast spawners like P. lobata.
Frequent sexual reproduction at Isla del Coco National Park might represent a resource for rapid recovery
following extreme El Niflo-Southern Oscillation (ENSO) disturbance events. In contrast, larger, asexually-
produced fragments rather than smaller, sexually-produced larvae appear to have the advantage at some coastal
sites. The high frequency of sexual reproduction at Isla del Coco indicates that not only are sexual partners avail-
able but also current conditions are favorable for the delivery of larvae and the rate of predation on small larval
recruits must be moderate. Citation: Boulay, J.N., J. Cortés, J. Nivia-Ruiz & .B. Baums. 2012. High genotypic
diversity of the reef-building coral Porites lobata (Scleractinia: Poritidae) in Isla del Coco National Park, Costa
Rica. Rev. Biol. Trop. 60 (Suppl. 3): 279-292. Epub 2012 Dec 01.

Key words: Genotypic diversity, Porites lobata, Eastern Tropical Pacific, Scleractinian coral, fragmentation,
Isla del Coco, Costa Rica.

Corals build the three-dimensional habitat

of the reef ecosystem and thus act as foundation
fauna (Bruno & Bertness 2001). Scleractinian
corals often have large geographic distributions
and encounter steep environmental gradients
across their ranges (Maina et al. 2011). For
example, marginal environments at the edges
of coral species’ ranges are characterized by

low species diversity and adverse environmen-
tal conditions (Veron 2000, Maina ef al. 2011,
Polidoro et al. 2012) yet, coral populations
persist. In the Eastern Tropical Pacific (ETP),
coral species diversity is lower than in the
central, Indo-West Pacific region (Wells 1988,
Glynn & Ault 2000) and environmental condi-
tions are suboptimal for reef growth because of
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the limited shallow water habitat, fluctuating
seawater temperatures due to seasonal upwell-
ing, high sedimentation rates and low aragonite
saturation state (Cortés 1997, Glynn & Ault
2000, Maina et al. 2011, Polidoro et al. 2012).
Further, a 5000-8000km deep water barrier
(Dana 1975, Grigg & Hey 1992) now separates
tropical eastern Pacific biotas from the Indo-
West Pacific region. Darwin (1880) regarded
this eastern Pacific barrier as “impassable”, and
Ekman (1953) concluded that it is the world’s
most potent marine barrier to larval dispersal.
The combination of suboptimal environmental
conditions and isolation has raised interest to
understand how these reefs face adverse condi-
tions. Because climate change is expected to
increase environmental variability and decrease
species diversity in more central locations
(Hughes et al. 2003, Hoegh-Guldberg et al.
2007), investigating how coral populations
persist in marginal habitats provides insights
for the future of reefs.

Many coral species can maintain their
populations via both sexual and asexual repro-
duction however, the relative importance of
asexual and sexual reproduction can vary
across coral species ranges (Stoddart 1984a,
Baums et al. 2006) and be influenced by biotic
and abiotic factors (Glynn et al. 1994, Legoft et
al. 2004, Foster et al. 2007). Sexual reproduc-
tion in corals occurs via the release of either
sperm alone (sperm casting) or the release of
eggs and sperm (broadcast spawning) into the
water column. Sexes can be separate (gonocho-
rism) or together (hermaphroditism). Asexual
reproductive modes are just as varied ranging
from the release of asexual larvae, gemmae
and polyps to fragmentation of adult colonies.
Fragmentation is common in branching species
such as Acropora but generally thought to be
rare in massive species, with notable excep-
tions such as Montastraea annularis (Foster et
al. 2007). The amount of sexual versus asexual
recruitment in a population is directly propor-
tional to the genotypic diversity (the number
of distinct genets or clones) of a population.
Thus, the genotypic diversity in a population
gives an indication of the relative importance

of asexual versus sexual reproduction to popu-
lation maintenance.

The relative importance of sexual versus
asexual reproduction to population mainte-
nance has consequences for the resistance
and resilience of populations. While asexual
reproduction of potentially well adapted local
genotypes allows for the persistence of popula-
tions in the absence of sexual partners and/or
favorable conditions for larval recruits, geno-
typically depauperate populations are expected
to be less resilient to abiotic and biotic dis-
turbances (red queen hypothesis, Lively et al.
1990, Reusch et al. 2005). It is thus important
to determine the levels of genotypic (and genet-
ic) diversity of coral populations. Decreased
levels of genotypic diversity in corals have
been described in areas of intermediate and
increased natural and anthropogenic distur-
bances (Hunter 1993, Coffroth & Lasker 1998)
and regions with lower connectivity among
populations of corals (Baums et al. 2006). At
the edge of a species’ range, asexually pro-
duced coral colonies can dominate local popu-
lations of lower density compared to the center
of the range (reviewed in Baums 2008), maybe
due to the rarity of sexual partners. Concor-
dantly, clonal reproduction was more frequent
in marginal than central habitats for at least two
species: Acropora palmata (Baums et al. 2006)
and Pocillopora damicornis (Stoddart 1984a,
1984b, Miller & Ayre 2004). In P. damicornis
(Type 1), an important reef builder in the East-
ern Pacific, there is evidence of both sexual and
asexual reproduction in the northern ETP but
no information exists for the center of the range
(Pinzon et al. 2012). Similarly, the importance
of asexual versus sexual reproduction has not
been determined for Porites lobata Dana, 1846,
despite its prominent role as foundation fauna
on Eastern Pacific sites such as the reefs of
Isla del Coco.

Isla del Coco National Park (5°32°N,
87°04’W) is located approximately 500 km
southwest of the Costa Rican mainland (Fig.
1A). The fringing reefs surrounding the island
have the highest species richness of zooxan-
thellate corals among sites on the Pacific coast
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Fig. 1. Porites lobata was sampled randomly polar plots at oceanic and coastal sites in Costa Rica (A). Three plots each were
sampled at the coastal Isla del Cailo (B) and the oceanic Isla del Coco (C). Polar plots indicate the genotypic identity and size
of P. lobata colonies sampled. Colonies with unique multi-locus genotypes (MLGs) are represented by a solid square. All
other symbols indicate a repeated MLG. Ramets of the same genet are indicated by common symbols (except solid squares).
Scale bar in (A) indicate distance in km. In polar plots (B, C), the radial axis shows distance (m) in 5m increments and
the radial axis shows the angle in degrees in 30° increments. Colony symbols were scaled by estimated colony area (range:
0.0096-4.32m?). Size distribution of colonies sampled from Isla del Coco (black bars, n=57) and coastal sites (white bars,
n=33) is shown in panel (D).
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of Costa Rica (Guzman & Cortés 1992) but are
dominated by few foundation species (Bakus
1975). Most of the reefs were constructed by
Porites lobata but the agariciids and Pavona
spp. are also common (Cortés et al. 2010).
Unlike mainland Costa Rica which is affected
more regularly by anthropogenic disturbances,
the remote location of Isla del Coco and its
National Park status renders it less impacted
by humans (as reviewed in Cortés et al. 2010).
However, natural disturbances in the form of
El Nifio-Southern Oscillation (ENSO) events
are very common in the waters around Isla del
Coco (Cortés 2008, Cortés et al. 2010). As a
result of the 1982-1983 ENSO event live coral
cover was depleted to 2.6 to 3.5% (Guzman
& Cortés 1992). But some recovery has been
observed. In 2000, live coral cover had reached
59% at one Isla del Coco site (Guzman & Cor-
tés 2007) despite punctuation by an additional
severe bleaching event in 1996-1997. Hundreds
of scientific papers have been published on
the marine life at Isla del Coco mostly with
a focus on taxonomy. In contrast, no known
studies have been published on the dynamics
of populations, behavior, or genetic makeup
of any marine species on the island (Cortés
2008). The periodic natural disturbances and
marginal location of Isla del Coco combined
with the dominance of few coral foundation
species increase the importance of examining
the relative importance of sexual versus asex-
ual reproduction to population maintenance of
foundation corals at Isla del Coco. Thus, we
investigated the genetic and genotypic diversity
of a dominant reef builder at Isla del Coco, P,
lobata, at Isla del Coco National Park and con-
trast it with the diversity found at more coastal
sites along the Costa Rican mainland.

MATERIALS AND METHODS

Study species: Porites lobata Dana, 1846
(Scleractinia: Poritidae) is a massive, slow-
growing, gonochoric, broadcast-spawning spe-
cies, that also reproduces asexually by partial
mortality or fish-induced fragmentation (Cor-
tés 1997). It has a Pacific-wide distribution and

dominates reefs in lower latitudes of the ETP
and on oceanic islands such as Isla del Coco
(Glynn et al. 1994, Guzman & Cortés 2007).
In Costa Rica, it is the dominant reef-building
coral (Cortés & Guzman 1998) constituting
over 90% of the best developed reefs in the
country, including Isla del Coco (Guzman &
Cortés 1992), Isla del Cafio (Guzman & Cor-
tés 1989), and Punta Islotes in Golfo Dulce
(Cortés 1992).

Study sites: P. lobata colonies were sam-
pled in April 2010 at Punta Ulloa, Bahia Weston
and Punta Maria in Isla del Coco National Park,
Costa Rica (“oceanic sites”). Colonies at Bahia
Weston and Punta Ulloa were located 4-7m
deep. Punta Maria is a deeper site with P. lobata
colonies found 10-12m deep. For comparison,
three inshore Costa Rican sites (“coastal sites”)
were also sampled in Isla del Cafio Biological
Reserve. These sites were designated Cafiol,
Cafio2 and Cafio5.

Sampling method: The sampling design
followed Baums ef al. (2006). Coral fragments
were collected under randomly generated coor-
dinates in 15m radius circular plots (Fig. 1B-C).
One plot was sampled at each site (see Study
Sites) for a total of three plots at Isla del Coco
and three coastal plots. Coordinates had a
precision of 5° of arc and of 0.5m along strike
and were generated using the random number
generation function in Microsoft Excel. Using
a compass and a measuring tape secured to
the center point of the circle, coordinates were
located by a team of SCUBA divers. The cen-
ter of the plot was diver selected to maximize
colony density and therefore sampling feasibil-
ity. The colony (defined as a mounding coral
skeleton covered by continuous tissue growth)
underneath each coordinate was sampled using
a hammer and chisel to break off a small frag-
ment of coral tissue (maximum size lem X
lecm). An underwater photograph was taken
of each colony sampled for future reference,
and each colony’s maximum length, width,
and height was measured to the nearest 10cm.
The same colony was never sampled twice and
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sampling of a plot ceased when 20 colonies
were collected to standardize sampling effort.
However, previously unknown cryptic spe-
cies diversity within morphologically similar
Porites colonies was revealed by genotyping
post-sampling (Boulay et al. in prep) and
reduced the sample sizes of P. lobata in the
Coastal plots and Punta Ulloa (see genotyping
results for further discussion). Fragments were
placed in individual zip-lock bags underwater
and then transferred to vials containing 95%
ethanol. Fragments were stored in a -20°C
freezer until DNA extraction and genetic analy-
sis could be performed.

Genotyping: Genomic DNA was extract-
ed following the manufacturer’s instructions
using the DNeasy 96 Blood and Tissue Kit
(Qiagen, CA). Multi-locus genotypes (MLGs)
were established for each colony using a total
of eleven microsatellite loci (Appendix Table 1)
that have been used in previous studies (Polato
et al. 2010, Baums et al. 2012). Polymerase
chain reactions were run in four multiplex reac-
tions consisting of two to three primer pairs
each and one singleplex reaction. Primer sets
were labeled with NED, VIC, PET, or 6FAM
(Applied Biosystems, CA). PCR conditions
consisted of an initial denaturation step of 95°C
for 5 min, followed by 35 cycles (95°C for 20s;
melting temperature of 52°C-56°C depending

on the microsatellite for 20s; and 72°C for
30s). A final extension of 30 min at 72°C was
used to ensure the addition of a terminal ade-
nine to all products (Brownstein et al. 1996).
PCR products were visualized using an ABI
3730 automated sequencer and internal size
standards (Genescan LIZ-500; Applied Bio-
systems, CA) were used to determine the size
of the products. Alleles were scored based on
amplicon size using Genemapper 4.0 (Applied
Biosystems, CA).

Analysis of multi-locus genotype data:
Multi-locus genotypes (MLGs) were deter-
mined in GenAlEx vers 6.4 by requiring com-
plete matches at all loci (Peakall & Smouse
2006) ignoring missing alleles. Potential geno-
typing errors were detected with GenClone 2.0
(Arnaud-Haond & Belkhir 2007) and spuri-
ous allele calls were corrected. Genotypic
and genetic diversity indices were calculated.
Genotypic diversity refers to the number of
unique multi-locus genotypes and varies on the
level of whole organisms. In contrast, genetic
diversity measures allele diversity of individual
loci in a population. Genotypic diversity indi-
ces such as genotypic richness (N/N), geno-
typic diversity (G,/Gp) and genotypic evenness
(Gy/Ng) were calculated (Table 1) for each
site. Genotypic richness is directly proportional
to the frequency of sexual recruitment and is

TABLE 1

Site NI N2 MAX® Ny/N*
Isla del Coco Punta Ulloa 17 16 2 0.94
National Park  Bahia Weston 20 18 2 0.90

Punta Maria 20 20 1 1.00
Total 3 sites 57 54 2 0.95
Cano Island Cafiol 8 8 1 1.00
National Park Cafio2 10 5 4 0.50
Cafio5 11 9 2 0.82

Total 3 sites 29 22 4 0.76

Genotypic diversity in Porites lobata within and between coastal and oceanic sites
(one plot per site) in the Eastern Tropical Pacific

Gy GyG GyNJ DY 1 Pyl
1521 089 095 099 120  2.6x 10
1667 083 093 099 124 86x 100
2000 1.00 100 1.00 130 89 x 10

6.0 x 10

800 100 100 100 090 5.6 100
357 036 071 080 062 4.2x 109
807 073 090 096 093 28107

3.6 % 107

1. N = number of samples. 2. N, = number of genotypes. 3. MAX = maximum ramets per genet. 4. N/N = clonal richness.
5. G, = observed genotypic diversity. 6. G,/G, = genotypic diversity (Stoddart & Taylor 1988). 7. G/N, = evenness
(Stoddart & Taylor 1988). 8. D = Simpson’s diversity . 9. H = Shannon-Weiner diversity. 10. PID = Probability of identity.
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calculated by dividing the number of unique
genotypes (genets; Nj) by the total number
of samples (N). Genotypic diversity is calcu-
lated by dividing the observed (G.) over the
expected (G) genotypic diversity (Stoddart
& Taylor 1988). Microsatellites are highly
polymorphic markers and thus each sample is
expected to be genetically distinct in a sexu-
ally reproducing population. The probability
of identity (P) in this system was expected to
be low based on previous studies of P. lobata
using this marker system. The greatest P, for
any site in this study is 5.6 x 1078 therefore, the
expected number of genotypes (Gy) is equal to
the number of colonies genotyped and does not
have to be estimated (see Baums et al. 2006).
Observed genotypic diversity, G, is calcu-
lated by the inverse of the sum of the square
of n, (the number of individuals of genotype i
found in the total number of samples) divided
by N. If the colonies in the population are
all sexually produced G, will be equal to N.
Therefore, genotypic diversity is maximized
in a solely sexual population (G,/G;=1) and
approaches zero when all colonies are asexu-
ally produced. Lastly, a measure of genotypic
evenness is calculated by dividing observed
genotypic diversity by the number of unique
genotypes (Go/Ng). In contrast to richness,
evenness is more influenced by genet longev-
ity than recruitment. Evenness will approach
zero when the population is dominated by

one genotype but will approach 1 when each
genotype has an equal number of member colo-
nies (ramets). Simpson’s corrected diversity
(D), and Shannon-Wiener corrected diversity
(H), were also calculated for each site using
GenoDive (Meirmans & Van Tienderen 2004).
Simpson’s diversity is independent of sample
size. However, the Shannon-Wiener index is
highly biased by sample size and rarely used
for genetic studies except where sample sizes
are similar. The genetic diversity was estimated
by: the number of alleles (N,), number of
effective alleles (Ap), and number of private
alleles (A,) and average observed (H,) and
expected (Hp) heterozygosity (Table 2). Each
richness, diversity, and evenness index aver-
aged over sites within regions was compared
between regions (Isla del Coco versus Coastal)
using t-tests after checking for equal variance
(Levene test, p>0.05) and normality (Shapiro-
Wilk, p>0.05). Simpson’s diversity (D) vio-
lated the assumptions of normality and equal
variance and thus a non-parametric comparison
was performed (Mann Whitney U test).

Characterization of sites: The relation
between richness and evenness (G,/Gg vs G/
N) characterizes the relative contribution of
sexual recruitment and longevity of colonies to
population structure and was used to classify
each site into three groups (Baums et al. 2006).
The first group was characterized by sexual

TABLE 2
Genetic diversity in Porites lobata within and between coastal and oceanic sites
(one plot per site) in the Eastern Tropical Pacific

Site Ayl A2 Ay
Isla del Coco Punta Ulloa 4.36 2.71 0.18
National Park  Bahja Weston 4.64 2.90 0.27
(oceanic) Punta Maria 500 287  0.73
Total 3 sites
Cario Island Cafiol 3.82 2.64 0.09
National Park  Cafio2 3.64 2.82 0.09
(coastal) Cafio$ 482 317 036
Total 3 sites

Hy! LI Latitude (N) Longitude (W)
0.55 0.60 05°33° 87°02’
0.54 0.62 05°33°08.2” 87°03°03.2”
0.50 0.61 05°32°05.4” 87°05°15”
0.52 0.58 08°42°39” 83°51°54”
0.45 0.57 08°42°43” 83°52°56”
0.56 0.62 08°42°32” 83°52°01”

1. A\ = number of alleles per locus. 2. A, =effective number of alleles per locus. 3. A, = number of private alleles per locus.
4. H, =observed heterozygosity. 5. H, =expected heterozygosity.
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reproduction apparent by the maximization of
both indices. The second group was considered
to reproduce mainly sexually and the third was
dominated by fragmentation as richness and
evenness were low. K-means clustering of sites
was performed using the squared Euclidian dis-
tance of only the uncorrelated (Pearson corre-
lation, corrected p>0.001) diversity estimates:
Gy/Gg, D, and N/N. Selection of the most
likely cluster followed Calinski & Harabasz’
pseudo-F, Akaike Information Criterion, and
Bayesian Information Criterion as calculated in
GenoDive (Meirmans & Van Tienderen 2004).

RESULTS

Size distribution of colonies: Colony size
(m?) was estimated by multiplying length and
width measurements and resulting sizes were
divided into nine uniform 0.5 m? size classes
ranging from 0-4.5 m?. P. lobata colony size
was skewed towards small colonies with few
large colonies over 4m? observed (Fig. 1D). A
significantly larger proportion of colonies was
found in the smallest size class (0—0.5m?) com-
pared to other size classes (one way ANOVA,
post-hoc Tukey test, p<0.001). The propor-
tion of small colonies at Isla del Coco was
66% (SD = 25%). There was no significant
difference (t-test; p>0.05) in the size of colo-
nies between regions (Mean-Size o= 0.63 +
0.85m?; Mean-Size . ,gta; = 0.94 = 1.20m?) or
between unique colonies and those belonging
to a repeated MLG (Mean-SizeUN[QUE=0.64 +
0.85m? Mean-Sizey pp=1.11 £ 1.38m?).

Genotyping: The total number of sam-
ples collected at both sites was comparable
(0coco™38;5 NepasTAL=60)- However, genotyp-
ing revealed that many of these samples were
actually Porites evermanni (Boulay et al. in
prep) particularly at Isla del Cafio where P
evermanni samples composed over half of
the collection (n=31). Because this study was
designed to describe population genetic struc-
ture of Porites on Isla del Coco, and P. lobata is
the dominant Porites on this island, the follow-
ing results focus on P. lobata only. Genotype

assignments were given to all P. lobata samples
collected from Isla del Coco (n=57) and Isla
del Cafio (n=29). Amplification resulted in an
overall average failure of 6% (SD=7%) at Isla
del Coco and 3% (4%) at the coastal/mainland
sites, and a per locus failure rate of <16% for
each locus in the included samples. No individ-
ual was missing data at more than two loci. At
total of 48 of the 86 individuals had complete
multi-locus genotypes at all loci. The prob-
ability of identity (P,y) for 11 microsatellite
loci applied here ranged from 8.9x10 at Punta
Maria to 5.6x10°8 at Cafiol (Table 2). Thus, the
power to distinguish between similar but non-
identical multi-locus genotypes was high. Fur-
ther, the P;; when only 9 loci were considered
was also sufficiently small to justify inclusion
of individuals with missing data (P;y.qc= 6.7
<107 Pipcoasar = 4-3 % 107).

The contribution of fragmentation to
population structure: At Isla del Coco, the
analysis of 57 samples resulted in 54 unique
multi-locus genotypes (genets); indicating that
sexual reproduction is the main reproductive
strategy on this island. The three repeated
MLGs consisted of only two ramets per genet
cach and ramets were always confined to a
single sampling plot. The range of separation
between the clonemates was from 1 to 7 m.
Every colony (n=20) at the deepest of the three
sites, Punta Maria, represented a unique MLG
(Fig. 1C). At Punta Ulloa (n=17), two ramets
were found separated by a distance of less than
0.5 m (Fig. 1C). At Bahia Weston (n=20), frag-
mentation was observed in the largest two colo-
nies in the plot (Fig. 1C); one pair of ramets
was separated by 6.69 m and another pair sepa-
rated by a distance of 2.14 m (Fig. 1C).

At the coastal sites there were 22 unique
genotypes out of the 29 Porites lobata sam-
ples. In repeated MLGs, the number of ramets
per genet ranged from two at Cafio5 (n=11)
to four at Cafo2 (n=10) (Fig. 1B). At Cafiol
(n=8) all colonies were unique (Fig. 1B).
At Cafio5 (Fig. 1B) ramets were separated
by a distance of less than 3m but at Cafo2,
ramets were distributed over distances up to
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15.7m; Fig. 1B). At Cafio5 fragmentation was
observed (Fig. 1B) due to partial mortality or
fission of a large colony; but, at the shallower
Cafo2, some of the smallest colonies were
asexually produced (Fig. 1B) and distributed
over greater distances suggesting propagation
of small rolling fragments.

In summary, genotypic diversity at Isla
del Coco sites was high with indices ranging
from 0.83 to 1.0 (Table 1). Variability among
sites was low with one standard deviation
ranging from 1 to 8%. At the coastal sites,
genotypic diversity indices were not on aver-
age different to those observed at Isla del Coco

Mean per site

11

Ne/N Go/Ge GO/Ne

3.5

2.5

Mean per locus per site

Ae Ar

(between 0.36 and 1.0) but variance was higher
(p=0.006, Simpson’s D). Only Shannon-Wein-
er diversity was significantly different between
Isla del Coco and the coastal sites likely due to
its strong dependence on sample size (Fig. 2A).

Genetic diversity: Colonies at Isla del
Coco carried 4.67 = 0.32 alleles per locus
(2.83%0.10 effective alleles) versus 4.09 + 0.64
alleles per locus at the coastal sites (Fig. 2B).
Mean observed heterozygosity across sites was
0.53 + 0.03 (Fig. 2B). Punta Maria exhibited a
relatively high number of private alleles (0.73)
per locus while Punta Ulloa, Bahia Weston and

m Coco
OCoastal

D H

mCoco
OCoastal

A e 0N

Ho He

Fig. 2. Mean (+1 standard error) of genotypic (A) and genetic (B) diversity indices averaged over all loci (where appropriate)
and sites per region (Isla del Coco=black bars; Coastal sites=white bars) in Porites lobata. Genotypic indices (A): clonal
richness (N/N ), genotypic diversity (G,/Gp) (Stoddart & Taylor 1988), evenness (G,/N;) (Stoddart & Taylor 1988),
Simpson’s diversity (D), Shannon-Weiner diversity (H). Genetic indices (B): effective number of alleles per locus (Ap),
number of private alleles per locus (A}), observed heterozygosity (H), expected heterozygosity (Hp). Each statistic was
tested for significant differences between Isla del Coco and the coastal region using t-test. *p<0.05.
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the coastal sites had fewer than 0.36 private
alleles per locus (Table 2). No differences
were observed between the coastal island and
oceanic Isla del Coco for any genetic diversity
index (Fig. 2B).

Characterization of sites: K-means clus-
tering based on the relationship between geno-
typic richness and evenness of sites resulted in
three clusters (Fig. 3). Punta Maria and Cafiol
clustered together as entirely sexual. Bahia
Weston, Punta Ulloa, and Cafo5 formed a
second cluster and are mostly sexual. Cafno2
is distinct from the remaining sites and was
dominated by fragmentation (Fig. 3).

DISCUSSION

The relative contributions of asexual and
sexual recruitment to local population structure
of coral species influences how coral popula-
tions recover from large scale disturbance
events and what consequences such events
have on the genetic diversity of the species.
Recovery from sexual recruits would increase
the genetic and genotypic diversity whereas

recovery from regrowth can only preserve
existing genotypic diversity. Without genetic
markers, it is difficult to distinguish between
these two recovery models because small col-
ony sizes are indicative of sexual recruitment
of coral larvae as well as regrowth from
remnant tissue of colonies that have suffered
partial mortality (Miller et al. 2007). Here,
we demonstrate a high contribution of sexual
reproduction to population maintenance for the
framework building coral, Porites lobata, on
recovering reefs at coastal and oceanic sites.
This result gives a genetic basis to argue that
recovery from recent (1982-83 and 1996-97)
severe disturbance events proceeded chiefly
via sexual recruitment and is concurrent with
data demonstrating high sexual recruitment of
Pocillopora in the ETP (Flot ef al. 2010, Com-
bosch & Vollmer 2011, Pinzén & Lajeunesse
2011). This is encouraging because it implies
adult coral population densities high enough
to generate sexual larvae as well as favorable
conditions for survival of young recruits lead-
ing to the establishment of genetically diverse
and thus more resilient populations.

1.0+ Punta Maria A
Cano 1
Punta Ulloa @
)
% Bahia Weston @
9
a 091 Cafio5 O
[
c
c
[
@
o I Coco
g o8 7 coastal
8 A Sexual
O Mostly sexual
Cafno 2 O Mostly asexual
O
0.7 . . : . : ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Genotypic diversity (Go/Ge)

Fig. 3. Clonal structure of Porites lobata colonies sampled at six sites in Costa Rica. The relation of genotypic evenness G/
Ny to diversity G,/Gg combined with K-means clustering procedure resulted in three groups of sites (indicated on graph by
dlstlnct symbol shapes) The two purely sexual sites, Punta Maria and Cafiol, have overlapping symbols. Fill of symbols
indicate the region to which the sampling sites belong (Isla del Coco=black; coastal sites=white).
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Sexual recruits can be of local or distant
origin. An analysis of population structure in
P lobata across the entire Pacific basin sug-
gests a biophysical barrier restricting gene flow
between central and eastern Pacific popula-
tions. However, no further substructure was
shown among P lobata sampled from ten
ETP locations, including Isla del Coco, Isla
del Cano, mainland Costa Rica and the Gala-
pagos archipelago (Baums et al. 2012). It is
thus likely that the local population at Isla
del Coco is recruiting from other ETP sites
such as the Galapagos Islands, mainland Costa
Rica, or Panama, in addition to local larval
production (Baums et al. 2012). Similarly high
connectivity among populations was evident
in two Pocillopora species within the ETP
(Pinzén & Lajeunesse 2011). ENSO events
in the ETP can cause large-scale disturbances
with wide-spread adult coral mortality but
apparently local populations at coastal and
remote oceanic sites receive larval subsidies
that aid in recovery.

The genetic evidence presented here sug-
gests that fragmentation and reattachment of
fragments occurs at low frequency in P. lobata
at Isla del Coco even in large colonies (>2.5m?).
Evidence of limited asexual reproduction at
Isla del Coco is congruent with findings for
P. lobata populations across the Hawaiian
Archipelago (Polato ez al. 2010) as well as P,
damicornis populations at scales over Sm along
the Panamanian coast (Combosch & Vollmer
2011), Clipperton Atoll (Flot et al. 2010) and
across the ETP (Pinzéon & Lajeunesse 2011).
In the few instances of clonal reproduction
at Bahia Weston and Cano5, large colonies
likely survived the recent ENSO events but
underwent partial mortality and fragmented as
suggested by Guzman and Cortés (2007) and
supported here by genetic evidence.

While average diversity did not differ
between the oceanic and coastal islands, vari-
ability in the prevalence of clonal genotypes
among sites was increased at the more environ-
mentally variable coastal sites compared to the
oceanic sites. Similar high variance in the con-
tribution of asexual reproduction to population

maintenance was observed at coastal sites in
Mexico for Pocillopora Type 1 (Pinzén et al.
2012). In massive corals, the only data for
asexual reproduction comes from analyses of
clonal structure in Montastrea annularis in the
Caribbean. There, we also see variation in the
contribution of asexual reproduction to popula-
tion maintenance with some sites dominated
by clones. However this system differs from
Porites because fragmentation is driven mainly
by abiotic patterns of hurricane frequencies
(Foster et al. in review).

This is in contrast to the mainly biotic
factors controlling fragmentation observed
in the ETP. The curious mode of triggerfish-
induced fragmentation warrants future studies
aimed at comparing the influence of mus-
sels and triggerfish on coral fragmentation
between regions in the ETP. Variation in the
contribution of asexual and sexual recruitment
to population maintenance may be related to
variation in the distributions of the triggerfish
species and the boring mussels on which they
specialize. One ETP endemic triggerfish spe-
cies, which specializes on endolithic bivales
at Isla del Cafo (Guzman & Cortés 1989),
was found in biogeographic surveys at Isla
del Cafio to be at moderate abundance (8.4
individuals/hectare; Guzman 1988) particu-
larly at the base of the reef but, has not been
recorded at the major offshore islands such
as Isla del Coco (Berry & Baldwin 1966). To
understand the mechanisms controlling diver-
sity in this system, further sampling for coral
clonal structure and surveying for abundance
of triggerfish and mussels will be required
across the range of the coral, triggerfish, and
mussels in the ETP and should be augmented
with deployment of settlement plates. This
knowledge of how coral populations persist
in marginal habitats will provide insights for
conservation of the existing diversity and pre-
serving resilience on coral reefs.
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RESUMEN

Los ambientes marinos del Parque Nacional Isla
del Coco experimentan perturbaciones extremas periodi-
camente como por ejemplo El Nifo-Oscilacion del Sur
(ENOS) que han devastado las comunidades coralinas.
La cobertura coralino se redujo drasticamente durante El
Nifio de 1982-83. Los corales escleractinios construyen la
estructura fisica de los arrecifes asi que la recuperacion de
estos ecosistemas depende de que los corales se recuperen.
Los corales pueden reproducirse sexual y asexualmente, y
el éxito relativo de cada forma de reproduccion va a guiar
el proceso de recuperacion con implicaciones potenciales a
la diversidad de las comunidades asociadas. En la mayoria
de los arrecifes alrededor de la Isla del Coco, el coral masi-
vo, Porites lobata, es la especie constructora predominante.
Si la diversidad genotipica (clonal) de esta especie es alta,
la diversidad de individuos va a ser mas alta resultando
en mayor resilencia frente a condiciones ambientales
extremas. Alternativamente, una diversidad genotipica
baja es indicativo de una estrategia reproductiva asexual
posiblemente resultando en el mantenimiento de genotipos
bien adaptados aunque la poblacion decline. Aqui, usamos
11 marcadores microsatélite para investigar la contribucion
relativa de la reproduccion sexual o asexual en la recupe-
racion de los arrecifes en el Parque Nacional Isla del Coco.
En la Isla del Coco se recolectaron muestras en: Punta
Ulloa (n=17), Bahia Weston (n=20) y Punta Maria (n=20),
y para comparar, se recolectaron muestras en localidades
cerca de o en la costa continental de Costa Rica; Reserva
Biologica Isla del Cafio: Cafiol (n=8), Cano2 (n=10) y
Cafio5 (n=11), y Tres Hermanas, Parque Nacional Marino
Ballena (n=4), utilizando un disefio de muestreo espa-
cialmente explicito. Las colonias de la Isla del Coco son
generalmente pequefias (>60% de las colonias <0.5m?) y
se observo poca reproduccion asexual. En la mayoria de
los sitios la reproduccion era mayormente sexual (N;/N=
0.90-0.94; G,/G, =0.63-0.74; D=0.99) o totalmente sexual
(Ng/N= 1.0; G/Gy =1.0; D=1.0), por lo que consiste de
colonias con genotipos Unicos. En contraste, los sitios
costeros tenian un ambito de predominantemente asexual y
genotipicamente pobre (N/N =0.5; G,/G, =0.11; D=0.5)
a totalmente sexual (N;/N= 1.0; G,/G =1.0; D=1.0). No
hubo diferencia en diversidad genética (niimero de alelos
por locus, nimero de alelos privados) o distribucion de
tamafio por region. La alta diversidad genotipica del Parque
Nacional Isla del Coco indica reproduccion sexual frecuen-
te y el potencial para la recuperacion rapida de los arrecifes
después de perturbaciones severas. En los sitios costeros, la

fragmentacion asexual de colonias grandes (>2.5m?) y por
lo tanto, potencialmente colonias bien adaptadas, puede
aumentar las resistencia y resilencia de los sistemas.
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APPENDIX TABLE 1
Microsatellite loci for Porites lobata. The primer sequences are preceded by the name of fluorescent dye used (6FAM,
VIC, NED or PET; Applied Biosystems, CA). The type of repeat and the size of the polymerase chain reaction (PCR)
product is given (in basepairs, bp). Loci were amplified in four multiplex and one singleplex reaction (Plex)

Marker . . Annealing
Reference Name Primer Sequence Repeat Size (bp) Temp (°C)

F: 6FAM-GTTTGCCTCTCTTCTGTTCATT (ATCC)6 ATT (CGTT)

Polato et al. 2010~ PL0340 216-275 52 A

R: AACATTATGGCTAGTTCTTTGAACG 4 TGTT (CATT)3
F: VIC-GCCAGTAGGTGGATACACTGTT

Polato et al. 2010 PLO780 (ATT)4 (GTT)7 136163 52 A
R: CAAGTACGTTGACGTCGTTG
F: NED-GGTCCAAAGTCCACCATCA

Baums ef al. 2012 PL0905 (ATC)9 ACC (ATC)9  126-183 52 A
R: TGGTGGAAATAAGTGGTCGA
F:PET- ATGTCCCTGAAACGGAAGTA

Polato et al. 2010 PLI1357 ACOT-ATCR 5300 52 D
R: GATGATGATGTTGTTGATGGTG ..(ACC)7
F: PET-GCACTGTCTGTAACAAGCGAA

Baums ef al. 2012 PL1370 (GTT)8 189246 54  E

R: CATATTGGAAGGAGGGCTC

F: 6FAM-AAACGTTCCCTATCCCATCC
Baums et al. 2012 PL1483 (GTT)10 143-173 54 E
R: GCAAAGCTGCTACATTTCACTAA

F: PET-TGTTTCTGAGTGGCTGTGCT
Polato et al. 2010 PL1551 (GTT)8 178-196 52 A
R: GGTTGGAAAGGGTCCTTCAT

F: PET-CGTTGACGTAACCTTCACCA
Polato et al. 2010~ PL1556 (ATC)10 153-168 56 B
R: CACAGGGTAACCTTCCTTGC

F: 6FAM-CCTTGGTTAATTTGCCCTTG
Polato et al. 2010 ~ PL1629 (GCT)8 168-180 52 D
R: ACCAGTCCGGAGTCAAGCTA

F: VIC-TAAGCCACAGCAGGTGTACG
Baums et al. 2012 PL1868 (AAC)10 179-206 52 D
R: AAACGTTCCCTATCCCATCC

F: PET-CGCAGTTCCTTTGATTTGGT
Polato et al. 2010~ PL2069 (GTT)8 249-267 52 C
R: GTTTCTTTAGCGGTTGATGGCTTGTTAC

F: NED-ATTAGCGGATGAAGCGAAGA
Polato et al. 2010~ PL2258 (GAT)10 217-250 56 B
R: TCCAATGTAACGCCAAATCA
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