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ABSTRACT: The population structures of the zooxanthellate corals Acropora palmata and A. cervi-
cornis were used as a proxy to estimate genetic connectivity between reefs of Puerto Rico. Sequences
of the mitochondrial control region were recovered from geographically adjacent and distant reefs
inhabited by A. palmata (n = 220) and A. cervicornis (n = 124). Both species exhibited low levels of
mitochondrial nucleotide diversity, a common observation for scleractinian corals. Analysis of molec-
ular variance based on coral colonies collected from 26 reefs of 6 localities suggested that significant
population structure exists even between neighboring reefs (A. palmata, ®sr = 0.0863, p < 0.00098;
A. cervicornis, ®st = 0.1237, p < 0.00587). When all samples from Puerto Rico were combined and
compared to samples from Lee Stocking Island, Bahamas, the pairwise genetic distances were also
significant. Evidence for population structure in A. cervicornis was much stronger when introgressed
and native alleles were used in combination rather than alone: A. cervicornis from Mona Island was
significantly different compared to La Parguera and the Bahamas, but not to Desecheo Island. Recov-
ery of Acropora in ecological time might rely on the survival and sexual reproduction of local popu-
lations rather than replenishment from distant reefs because of the population subdivision observed

at fine geographic scales.
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INTRODUCTION

There has been an unprecedented decline in coral
reef cover worldwide over the last 3 decades (Gardner
et al. 2003, Bruno & Selig 2007). About 20 % of coral
reefs have vanished and 16 % are severely damaged,
while an additional 26 % are under threat of a long-
term decline (Gardner et al. 2003, Wilkinson 2006).
Among the most impacted areas is the Caribbean
region (Gardner et al. 2003, Aronson & Precht 2006,
Carpenter et al. 2008, Wilkinson & Souter 2008), where
the dominant reef-building coral species of the last
500000 yr have been rapidly disappearing (Gilmore &
Hall 1976, Miller et al. 2002). Some of the most rapidly
declining corals belong to the genus Acropora, which
includes 115 species worldwide, the vast majority
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being distributed in the Pacific (Wallace 1999, Bruno et
al. 2007). In the Caribbean, the genus is represented
solely by Acropora palmata and A. cervicornis and the
hybrid A. prolifera.

Acropora cervicornis, also known as staghorn coral,
is a branching hermatypic coral found mostly in patch
and barrier reefs around the Caribbean, normally at
depths ranging from 3 to 30 m in high-energy areas
where fragmentation, due to the coral's thin fragile
branches, plays an important role in asexual spreading
(Bottjer 1980, Tunnicliffe 1981, Neigel & Avise 1983).
A. cervicornis is a fast-growing (12 cm yr}) reef-build-
ing species, which provides habitat for a wealth of
marine diversity (Tunnicliffe 1981, Bruckner 2002,
Precht et al. 2004). A. palmata is also a fast-growing
coral (5 to 9.5 cm yr!), but unlike A. cervicornis, it is
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thicker and stronger with branches greater than 0.5 m
in length and a light tan to brown coloration (Schuh-
macher & Plewka 1981). A. palmata is normally found
at shallow depths ranging from 0 to 15 m (Schuh-
macher & Plewka 1981) along the reef crest where
wave energy is high, but is also found deeper than
20 m (Zimmer & Precht 2006).

These 2 acroporid species are important not only
because they have been the most ecologically and geo-
logically dominant reef-builders, but also because they
provide habitat for many reef fishes and invertebrates
(Rogers et al. 1982, Vega-Zepeda et al. 2007). How-
ever, the deterioration of natural populations of the 2
species is so alarming that both species were listed
under the US Endangered Species Act in 2006 (Miller
et al. 2002, Precht et al. 2004). The dramatic decline of
Caribbean acroporids over the past 3 decades has been
attributed to disease, storms, corallivory, hyperthermic
stress and pollution (Bruckner 2002, Gardner et al.
2003, Weil 2004, Bruno et al. 2007, Lesser 2007). De-
spite the Caribbean-wide collapse of acroporids, there
is evidence of some recent recovery of Acropora pal-
mata at the local scale (Macintyre & Toscano 2007,
Zubillaga et al. 2008).

The threatened status of acroporids has generated
several studies focusing on the genetic diversity har-
bored by these species. Van Oppen et al. (2000) exam-
ined the species boundaries among Acropora cervicor-
nis, A. palmata and A. prolifera by sequencing portions
of the ITS-1, 5.8S, and PaxC gene regions. Van Oppen
et al. (2001) and Vollmer & Palumbi (2002) studied the
genetic footprint of hybridization between these spe-
cies using nuclear intronic regions and the mitochon-
drial control region. Baums et al. (2005a) reported high
levels of clonality in A. palmata in 3 reefs of Key
Largo, Florida, whereas in Caribbean-wide studies, A.
palmata (Baums et al. 2005b, 2006a) and A. cervicornis
(Galindo et al. 2006, Vollmer & Palumbi 2007) exhib-
ited little or no recent genetic exchange between the
western and eastern Caribbean.

The purpose of the present study was to estimate the
genetic variability and the population structure of
Acropora palmata and A. cervicornis in the coastal
reefs of Puerto Rico. We examined the patterns of vari-
ation in the mitochondrial control region as a neutral
genetic marker. Our sampling regime emphasized
southwest and west Puerto Rico, because the targeted
area includes the highest number and largest total
area of Marine Protected Areas in Puerto Rico (Aguilar-
Perera et al. 2006, their Fig. 1). Information on the
levels of population connectivity can be particularly
useful in determining the chances of recolonization of
reefs by larvae from other populations (Cowen et al.
2006, Hellberg et al. 2002, Zubillaga et al. 2008) and
improving the design of marine reserves (Palumbi

2003). Inclusion of geographically separated popula-
tions that are connected genetically should be favored
in a marine park network such as the one present in
Puerto Rico instead of populations with restricted gene
flow relying exclusively on self-replenishment. Because
of the geographic proximity of sampling areas, we
hypothesized that high levels of connectivity would be
uncovered. An additional reason for the dense sam-
pling of the area was Puerto Rico's proximity to Mona
Passage, a suggested biogeographic barrier to marine
fauna (Colin 2003). We hypothesized that the islands
of Mona and Desecheo will harbor genetically discon-
nected populations from the main island of Puerto Rico.

MATERIALS AND METHODS

Study area and sampling locations. A total of 220
Acropora palmata and 124 A. cervicornis colonies were
sampled from 26 reefs at 6 localities in Puerto Rico
during 2005 and 2006 and 3 reefs from Lee Stocking
Island, Bahamas during 2005 (Figs. 1 & 2, Table 1).
Sample locations included Enrique, Laurel, San Crist6-
bal, Media Luna, Turrumote, Atravesado, El Palo and
Margarita reefs in La Parguera Natural Reserve on the
southwest coast of Puerto Rico (Table 1). For reference
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Fig. 1. Sampling localities including La Parguera, Gudnica,
Tres Palmas, Desecheo Island, Mona Island, Culebra and
Vieques from Puerto Rico, and Lee Stocking Island, Bahamas
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Table 1. Sample localities of Acropora spp. PR: Puerto Rico; BH: Bahamas. ‘Circle’ and ‘Random’ represent the 2 sampling methods.
na: no samples were processed

Locality Reef Latitude Longitude No. of samples
Circle Random
A. palmata
La Parguera, PR Laurel 17°56'39"N  67° 03" 22" W 12 6
Turrumote 17°56' 05" N 67°01' 03" W 11 7
Media Luna 17° 56' 29" N 67° 02' 25" W 16 8
Margarita 17° 55" 12" N 67°05' 59" W 13 13
El Palo 17°56' 02" N 67° 06' 02" W na 12
Enrique 17° 57' 18" N 67° 02' 37" W 17 7
Mona Island, PR Reef 1 18°4' 29" N 67°51' 10" W na 5
Reef 2 18°4' 11" N 67°51' 21" W na 5
Reef 3 18°3' 57" N 67°51' 23" W na 2
Reef 4 18°5" 20" N 67°56' 21" W na 3
Desecheo Island, PR Reef 1 18°22' 52" N 67° 29" 10" W na 4
Culebra, PR Reserva Canal Luis Pena 18°19' 14" N 65°19' 23" W na 2
Vieques, PR 18°06' 27" N 65°34' 20" W na 2
Tres Palmas, PR 18°21' 01" N 67° 15' 56" W 32 9
Guaénica, PR 17°56' 26" N 66° 52' 07" W 9 na
Lee Stocking Island, BH Reef 1 23°46' 51" N 76°06' 13" W na 4
Reef 2 23°47' 23" N 76°08' 16" W na 4
Reef 3 23°53' 53" N 76° 15' 37" W na 5
A. cervicornis
La Parguera, PR Media Luna 17°56' 19" N 67° 03' 03" W 23 15
San Cristébal 17° 56" 39" N 67°04' 38" W 22 8
Atravesado 17°56' 21" N 67°05' 12" W 12 1
Laurel 17° 56' 39" N 67° 03' 20" W 2 8
Mona Island, PR Reef 1 18°04' 15" N 67° 51" 11" W na 1
Reef 2 18°03' 57" N 67°51' 22" W na 2
Reef 3 18°02' 56" N 67°52' 21" W na 5
Reef 4 18°04' 37" N 67°56' 31" W na 2
Reef 5 18°06' 12" N 67° 56' 47" W na 2
Reef 6 18°06' 12" N 67° 56' 47" W na 3
Reef 7 18°06' 12" N 67° 56' 47" W na 1
Reef 8 18°03' 18" N 67°51' 38" W na 1
Desecheo Island, PR Reef 1 18°22' 52" N 67°29' 10" W na 4
Reef 2 18°22' 42" N 67°29' 04" W na 2
Reef 3 18°22' 52" N 67° 29" 10" W na 1
Culebra, PR Reserva Canal Luis Pena 18°19' 14" N 65°19' 23" W na 1
Lee Stocking Island, BH Reef 1 23°46' 51" N 76° 06' 13" W na 2
Reef 2 23°47' 23" N 76°08' 16" W na 2
Reef 3 23°53' 53" N 76° 15' 37" W na 2
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samples we used Acropora tissue from 6 other Puerto
Rico locations: Guanica, Tres Palmas Marine Reserve
in Rincén, Mona and Desecheo Islands on the west
coast and Culebra and Vieques Islands on the east
coast. No samples of A. cervicornis were collected from
Tres Palmas Marine Reserve in Rincén, Gudnica or
Vieques.

Two sampling methods were used. (1) Circle method.
We sampled each available colony using the con-
centric circle design with a 5 m radius for Acropora
palmata (Baums et al. 2005a) and a ~10 m radius for A.
cervicornis, since patches of the latter species were
more distantly separated. We restricted our circles to 5
and 10 m because circles of a larger radius do not fur-
ther contribute to the genotypic variation (Baums et al.
2005a). At least 2 circles were sampled at most reefs
(Table 2). (2) Random method. From each reef, we ran-
domly collected tissue from at least 15 colonies of each
species at least 5 m apart in order to reduce the proba-
bility of collecting clones. Each circle was marked with
a GPS coordinate, and the randomly collected colonies
were collected far from where the circle method was
implemented to avoid sampling colonies twice.

Tissue collection and DNA extraction. Tissue was
collected by divers using either snorkels or SCUBA.
Using a pair of tweezers, a small piece with 3 or 4 indi-
vidual polyps, along with the epitheca, was collected
from each Acropora cervicornis and A. palmata colony.
The polyps were then suctioned up by a 5 ml plastic
pipette and secured with a rubber band, or put directly
into a 1.5 ml centrifuge tube whenever feasible. DNA
was extracted from freshly collected and ethanol-
preserved specimens using a Puregene DNA Purifica-
tion Kit (Gentra Systems), following the protocol for
DNA purification from 5 to 10 mg of solid tissue fixed in
ethanol or formalin.

PCR and sequencing conditions. The PCR mix for
the control region was identical for Acropora cervicor-

Table 2. Acropora spp. Summary of the concentric circle col-
lection method. Number of colonies (n) and number of haplo-
types (h) per circle for each species

Species Location Circle 1 Circle 2 Circle 3
n h n h n h
A. palmata Tres Palmas 14 5 11 4 7 3
Laurel 7 3 5 2
Margarita 9 5 4 4
Turrumote 4 1 7 2
Enrique 6 5 11 3
Media Luna 8 4 8 2
Guadnica 5 2 4 1
A. cervicornis San Cristébal 11 2° 10 1
Media Luna 9 3 14 3
“Two haplotypes were recovered from the same colony

nis and A. palmata, and contained 1.0 pl of each primer
(10 pM pl™Y), 5.0 ul of MgCl, (Promega 25 mM), 0.5 pl
of deoxynucleoside triphosphates (dNTPs, 25 mM),
5.0 pl of 10x PCR Buffer (Promega), 1 unit of Taq and
36.2 pl of double distilled H,O (ddH,O) in each tube.
Reactions were run using 1.0 to 2.0 pl of DNA tem-
plate, which was balanced out by adding or subtract-
ing ddH,O in order to reach a final volume of 50 pl in
each PCR tube. The PCR amplicons were subjected to
electrophoresis in a 1% agarose gel and catalogued
digitally. PCR reactions were then cleaned from excess
dNTPs, primers and other impurities by the enzymatic
treatment ExoSap.

The PCR conditions were identical for Acropora cer-
vicornis and A. palmata: initial denaturation at 94°C
for 3 min, then 35 cycles at 94°C for 15 s, annealing at
46°C for 30 s, extension at 72°C for 45 s and the final
extension at 72°C for 5 min. Sequencing reactions
were prepared using a DYEnamic ET Terminator Cycle
Sequencing Kit (GE) and loaded into a MEGABase 96
lane sequencer for capillary electrophoresis. DNA se-
quencing trace files were processed using the Phrap/
Phred/Consed programs (Ewing & Green 1998, Ewing
etal. 1998, Gordon 2003) for base calling, quality assess-
ment, contig assembly and visualization. Edited DNA
sequences were imported into MacClade (Maddison &
Maddison 2000) to derive a homologous alignment.

Genetic analyses. The genetic divergences within
and among reefs and within and among localities were
calculated using Arlequin v. 3.11 (Excoffier et al. 2005).
Analysis of molecular variance (AMOVA) was used to
examine the partition of variance within and between
samples (Excoffier et al. 1992). AMOVAs were carried
out separately for samples collected using the concen-
tric circle and random methods to compare the effects
of the different sampling methods. In some cases, some
reefs were sampled by only one collection method and,
thus, excluded from analysis. For AMOVA, we did not
include sequences from other studies. Acropora cervi-
cornis samples from Culebra were left out of the
AMOVA analysis because only 1 colony was success-
fully sequenced. Nuclear diversity indices (r and 6)
and haplotype diversity (hy) were estimated using the
program DnaSP v. 4.10 (Rozas et al. 2003). In order to
evaluate the differences in genetic diversity between
the 2 collection methods, the diversity indices were
calculated separately for each method. However, to
capture all of the variation in a population, diversity
indices were also calculated combining the 2 collection
methods, since in some instances the circle method
displayed higher diversity than the random method.

Haplotypes from each species were imported into
PAUP* v. 4.0b10 (Swofford 2002) to construct maxi-
mum likelihood genealogies with estimated model
parameters and 500 bootstrap replicates using the fast
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step-wise search. The most suitable model of sequence
evolution for each species was derived using the
hierarchical likelihood ratio tests in ModelTest v. 3.06
(Posada & Crandall 1998). Haplotype networks for each
species were constructed using the statistical parsi-
mony function in TCS v. 1.21 (Templeton et al. 1992,
Clement et al. 2000). For the construction of haplotype
networks, alignment gaps were considered as a fifth
state.

RESULTS
Haplotype diversity

The amplified control region after quality verifica-
tion and trimming was approximately 959bp in length
for Acropora palmata and 1062 bp for A. cervicornis.
There were 7 and 12 transitions and 3 and 8 transver-
sions in A. palmata and A. cervicornis, respectively.

We identified 25 haplotypes for Acropora palmata in
Puerto Rico and 2 in the Bahamas (GenBank accession
nos. GQ421854-GQ421864; GQ421867-GQ421880).
The highest number of haplotypes (n = 10) were found
at Margarita reef followed by Enrique, Laurel, and
Tres Palmas (n = 9) (Table S1 in the Supplement at
www.int-res.com/articles/suppl/b010p069_supp.pdf).
The smallest number of haplotypes was recovered
at reefs with the smallest number of samples (e.g.
Guaénica, Vieques). Out of 117 colonies of A. cervicor-
nis, we identified 24 haplotypes for Puerto Rico and 4
for the Bahamas (GenBank accession nos. GQ421881-
GQ421893, GQ421896-GQ421908), twice as many as
previously identified for Puerto Rico (Vollmer &
Palumbi 2007). In addition to the present data, DNA
sequences from Puerto Rico specimens published
in Vollmer & Palumbi (2007) (AF507194-AF507196,
AF507202-AF507207 and AF507290-AF507309 for A.
cervicornis; and AF507220-AF507238, and AF507253—
AF507255 for A. palmata) were included in the con-
struction of the haplotype networks and maximum
likelihood genealogies.

One-way gene flow between Acropora cervicornis
and A. palmata in the past has caused the introgression
of partial A. palmata sequences in A. cervicornis
(Vollmer & Palumbi 2007). Alleles that did not incorpo-
rate A. palmata sequences were referred to as native
alleles and those that did were referred to as intro-
gressed alleles. The highest number of haplotypes (n =
8) were found at Media Luna reef followed by Atra-
vesado (n = 7) and Mona Island (n = 6; Table S2 in the
Supplement). The smallest number of Acropora cervi-
cornis haplotypes was found at San Cristébal (n = 3),
despite the large number of surveyed colonies (n = 30).
In La Parguera, one additional haplotype of A. palmata

was observed at Media Luna and Guadnica and 6 more
haplotypes of A. cervicornis were observed at Media
Luna and 2 less at San Cristébal compared to those
reported by Vollmer & Palumbi (2002). The circle col-
lection method resulted in highly variable numbers of
haplotypes; the lowest numbers of haplotypes were
recorded at San Cristébal (same A. cervicornis haplo-
type in all colonies) (Table 2). In A. palmata, there were
instances where almost all colonies had different hap-
lotypes (e.g. Margarita, Enrique). In contrast, the circle
method at Turrumote yielded few haplotypes (Table 2).

mtDNA diversity indices

The haplotypic diversity of Acropora palmata from
Puerto Rico was relatively high (hy = 0.333) and the
nucleotide diversity low (r = 0.00075). The overall
genetic diversity for A. palmata in La Parguera was
low (m = 0.00071). Samples from 117 colonies of A. cer-
vicornis around Puerto Rico resulted in a slightly
higher haplotype diversity (hy = 0.853) and slightly
lower nucleotide diversity (m = 0.0050) than those
reported previously from a Caribbean-wide study (276
colonies, hy = 0.847 and © = 0.0057; Vollmer & Palumbi
2007). Similarly low values were detected in A. cervi-
cornis (introgressed and native alleles, = = 0.00512;
native alleles, © = 0.0012). When reefs in La Parguera
were compared, the highest values of ® and 6 in A.
palmata were from samples collected at Enrique, and
the lowest were from El Palo (Table 3). For comparison,
the present values of nucleotide diversity at Media
Luna (mr = 0.00055) are higher than those previously
reported (r = 0.00026; Vollmer & Palumbi 2002); how-
ever, 3 times more colonies were sampled in the pre-
sent study (Table 3). When all regions were compared
for A. palmata, the Bahamas showed the highest
nucleotide diversity, followed by Mona Island and La
Parguera (Table 3). The highest values of T and 0 in A.
cervicornis were found at Laurel and the lowest at San
Cristébal (Table 3). Even though twice as many
colonies were sampled from San Cristébal compared
to those sampled from the same reef in Vollmer &
Palumbi (2002), much lower values of nucleotide diver-
sity were recovered in the present study, regardless of
whether the calculations were based on introgressed
and native alleles combined or solely on native alleles
(Table 3). The lowest number of colonies with intro-
gressed alleles was observed at San Cristébal (0 of 30)
and the highest at Atravesado (12 of 13) and Media
Luna (31 of 38). More than half of the A. cervicornis in
La Parguera (48 of 90) carried the introgressed alleles.
We found 2 colonies with introgressed alleles at Mona
and Desecheo Islands. A. cervicornis showed the high-
est nucleotide diversity in La Parguera followed by
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Table 3. Acropora spp. DNA summary statistics of the control region. Gaps were included in the determination of haplo-
types. V&P: control region sequences from Vollmer & Palumbi (2002). S: segregating sites; h: number of haplotypes; n: average
no., and 0: expected no., of differences between pairs of sequences in the sample

Location No. S h T 0 Location No. S h T 0
colonies colonies
A. palmata A. cervicornis (introgressed and native alleles combined)
Tres Palmas Circle 32 3 8 0.00082 0.00079 San Cristébal  Circle 22 0 2 0 0
Random 9 1 6 0.00047 0.00041 Random 8 1 2 0.00024 0.00037
All 41 3 9 0.00075 0.00075 ' All D el
Laurel Circle 12 2 4 000027 0.00078 Media Luna Circle 23 15 6 0.00486 0.00386
Random 15 5 3 0.00074 0.00146
Random 6 1 5 0.00035 0.00046 All 38 15 8 000468 0.00339
_ A?l 183 9 000048 0.00096 Laurel All 10 11 4 0.00574 0.00369
Margarita g“cée g g 3 8'883% 8-88(1)2‘;’ Atravesado All 13 16 76 0.00485 0.00491
Al e 3 {0 0.0006 000085 LaParguera  Random® 31 16 8 0.00461 0.00381
_ : : Random® 44 18 14 0.00525 0.00394
Turrumote Circle 1 0 2 0 0 Circle 59 18 13  0.005 0.00366
Random 7 3 6 0.00160 0.00143 All 90 18 19 0.00512 0.00337
All 18 3 6 0.00061 0.00093 Mona Island 17 14 6 0.00281 0.00393
Enrique Circle 17 3 6 0.00083 0.00096 Desecheo Island 7 8 5 0.0038 0.0031
Random 7 1 4  0.0002 0.00057 Bahamas 6 10 4 0.00373 0.00415
All 24 3 9 0.00105 0.00086 V&P All 19 13 6 0.0029 0.00353
Media Luna Circle 16 2 5 0.00069 0.00063 MediaLuna 4 2 2 0.00095 0.00104
Random 8 1 3 0.0003 0.00046 San Cristébal 15 12 4 0.00303 0.0035
All 24 2 6 0.00055 0.00057 A. cervicornis (native alleles only)*©
El Palo Random 12 1 5 0.0004 0.00036 San Cristébal ~ Circle 22 0 2 0 0
LaParguera  Random 53 4 12 0.0005 0.00094 iéﬁnd"m B o
Circle 69 5 16 0.00085 0.0011 ) . : :
Guénica Cirde 9 1 3 000012 0.0005 Laurel Random 5 0 1 0 0
Mona Island 15 2 6 0.0096 0.00064 Atravesado Lo 1 0 0
ona lsian : : LaParguera  Random® 13 2 3 0.00063 0.00061
Desecheo Island 4 1 2 0.00053 0.00057 Circle 29 6 4 0.00145 0.00145
Bahamas 13 4 6 0.00124 0.00136 All 42 6 6 0.00121 0.00132
V&P All 22 1 2 000018 0.00029 Mona Island 15 6 4 0.00128 0.00175
Media Luna 8 1 2 0.00026 0.00041 Desecheo Island 5 3 4 0.00133 0.00137
Guadnica 7 0o 1 0 0 Bahamas 1 0o 1 0 0
San Cristébal 4 0 1 0 0 V&P All 17 3 4 0.0013 0.00084
MediaLuna 4 2 2 0.00095 0.00104
San Cristébal 13 2 2 0.00097 0.00061
aWithout Atravesado; Pwith Atravesado; °no. of colonies includes only those colonies with native alleles

Desecheo Island, the Bahamas and Mona Island
(Table 3). When using native mtDNA, Desecheo Island
displayed the highest genetic diversity, followed by
Mona Island and La Parguera (Table 3). None of the
neutrality tests in A. palmata and A. cervicornis were
significantly different from equilibrium, except at Lau-
rel for A. cervicornis (Tajima's D = -2.48296, p < 0.05),
indicative of a past population expansion.

AMOVA for both collection methods, combined and
separately

Both collection methods displayed significant popu-
lation differentiation, but the random method was
more robust in detecting differentiation between
more than 2 reefs. Sampling colonies at least 5 m
apart decreased the chances of sampling genetic

clones, ensuring a better estimate of the genetic vari-
ability present in a reef. In Acropora palmata, the
overall ®gr (0.0863) was significant (p < 0.00098) for
Puerto Rico (Mona Island, Desecheo Island, La Par-
guera, Tres Palmas and Gudnica) when samples from
both collection methods were combined (Appendix 1).
Significant population structure was also observed
with either of the methods (random, ®gy = 0.1156, p <
0.002; circle, ®sr = 0.0957, p < 0.0001) (Appendix 1). A
comparison among reefs in La Parguera showed sig-
nificant population differentiation with both the ran-
dom (dPgr = 0.1558, p < 0.0225) and circle method (Pst
= 0.3806, p < 0.0001) (Appendix 1). Pairwise compar-
isons among all reefs in La Parguera for A. palmata
showed significant differentiation, except those col-
onies of Laurel vs. Media Luna and vs. Margarita col-
lected with the circle method (Table 4). The smallest
distance between reefs was 1.10 km (Margarita and
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Table 4. Acropora palmata. Pairwise comparisons (a) between reefs in La Parguera, Puerto Rico (concentric circle collection
method) and (b) between regions (random collection method). Values were generated with the Kimura 2-P model of substitution.
na: location not sampled with that particular collection method; *p < 0.05, **p < 0.001

(b) Between regions

(a) Between reefs in La Parguera, PR Laurel Turrumote Enrique Media Luna Margarita El Palo
Laurel - 0.7717** 0.3285** -0.1331 0.1202 na
Turrumote 0.3749* - 0.6795** 0.4272** 0.2774* na
Enrique 0.365* 0.2867* - 0.3530** 0.425** na
Media Luna 0.1828 0.2792** -0.1139 - -0.0146 na
Margarita 0.0677 0.3027** -0.0549 -0.0902 - na
El Palo 0.3437* 0.2432 -0.1965 -0.0302 0.027 -

Mona Island Desecheo Island

La Parguera Tres Palmas  Gudanica Bahamas

Mona Island

- na na na na
Desecheo Island 0.1404 - na na na na
La Parguera 0.1056* 0.5529** - 0.02926 0.0038 na
Tres Palmas 0.0508 0.581* -0.0494 - -0.0599 na
Guaénica na na na - na
Bahamas -0.04371 0.03254 0.10593* 0.02709 na -

Table 5. Acropora palmata. Corrected (Kimura 2-P model)

pairwise comparisons between reefs around Puerto Rico. La

Parguera All includes samples collected using both collection
methods. *p <0.05, **p<0.001

Mona Desecheo La Par- Tres
Island Island  guera All Palmas
Mona Island
Desecheo Island 0.1404
La Parguera All  0.1166* 0.4832**
Tres Palmas 0.0976* 0.4519** 0.0007
Guénica 0.0108 0.7234* -0.0254 -0.0751

El Palo) and the greatest distance was 8.5 km (Mar-
garita and Turrumote). The most genetically discon-
nected reefs were Turrumote and Laurel. Pairwise
comparisons among regions showed significant differ-
entiation in A. palmata between Mona Island and
most other Puerto Rico locations and between La Par-

guera and the Bahamas (Table 4). When both collec-
tion methods were combined for A. palmata in La Par-
guera, significant pairwise differences were detected
between western/southwestern Puerto Rico (Tres
Palmas and La Parguera) and Desecheo and Mona
Islands in western Puerto Rico (Table 5). When all
samples from Puerto Rico were combined and com-
pared to samples from Lee Stocking Island, Bahamas,
for A. palmata, the overall ®sr was also significant
(0.0726, p < 0.04492) (Appendix 1). The significantly
high ®gr values indicate that there is restriction of
gene flow both among reefs within La Parguera, a
small natural reserve in southwestern Puerto Rico
(Fig. 2), and among sampled regions separated by
several hundred kilometers (Fig. 1), agreeing with
results from previous studies at some of the same reefs
(Vollmer & Palumbi 2002, 2007).

The AMOVA results for Acropora cervicornis sug-
gested population trends similar to those of A. palmata.

Table 6. Acropora cervicornis. Pairwise comparisons (a) between reefs in La Parguera, Puerto Rico (concentric circle collection

method) and (b) between regions (random collection method), using introgressed and native alleles combined/native alleles

alone. Values were generated with the Kimura 2-P model of substitution. na: location not sampled with that particular collection
method. *p <0.05, **p <0.001

La Parguera 0.2688**/0.0353

0.1422*/0.1899*

(a) Between reefs in La Parguera, PR Media Luna San Cristébal Atravesado Laurel
Media Luna - 0.5302**/0.8438** 0.0950/0.6083** na

San Cristébal 0.9278**/na - 0.8055**/1.000* na
Atravesado 0.5114**/na 0.6831**/0.9395 - na
Laurel 0.7381**/na 0.3076**/0.8615** 0.4580**/1.0000 -

(b) Between regions Mona Island Desecheo Island Bahamas La Parguera
Mona Island - na na na
Desecheo Island 0.0067/-0.051 - na na
Bahamas 0.5375**/0.417 0.3899*/0.417 na

0.0671/0.5440*
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Population structure was detected among Puerto Rico
locations (Mona Island, Desecheo Island, La Parguera;
Ogr = 0.1237, p < 0.0059) (Appendix 1). A comparison
in the mtDNA (combined introgressed and native alle-
les) of A. cervicornis among reefs in La Parguera
(Media Luna, San Cristébal, Atravesado and Laurel)
displayed significant population structure (random,
®gr = 0.6665, p < 0.0001; circle, gt = 0.5098, p <
0.0001) (Appendix 1). Genetic differentiation was also
observed in La Parguera when using the native alleles
(Appendix 1). Almost all pairwise comparisons of ran-
domly collected A. cervicornis in La Parguera were
significant, using the introgressed and native alleles
combined (Table 6). When using only the samples
collected by the circle method, differences were ob-
served between all sampled La Parguera reefs (except
Media Luna vs. Atravesado) with both the introgressed
and native alleles combined and native alleles alone
(Table 6). Pairwise comparisons in A. cervicornis showed
significant differentiation between reefs separated by
a few kilometers in La Parguera (Table 6). The smallest
geographic distance between reefs was 1.21 km (Lau-

rel and San Cristébal) and the greatest distance was
4.37 km (Atravesado and Media Luna). As expected,
the random collection method was more efficient in
revealing significant population structure.

When Acropora cervicornis samples from both collec-
tion methods were pooled in La Parguera, significant
pairwise population differences were detected between
Mona Island and La Parguera (introgressed and native
alleles combined, ®st = 0.1598, p < 0.05) and between
Desecheo and La Parguera (native alleles only, ®gr =
0.148, p < 0.05). The comparison among regions (La Par-
guera, Mona Island, Desecheo Island and the Bahamas)
in the mtDNA also reflected significant population struc-
ture (random, ®gr = 0.2284, p < 0.0001; circle, &gt =
0.1678, p < 0.00098) (Appendix 1). Differentiation was
detected between populations of A. cervicornis in pooled
Puerto Rico samples versus Lee Stocking Island, Ba-
hamas (st = 0.1840, p < 0.0244) (Appendix 1). Addi-
tional pairwise population comparisons revealed sig-
nificant differentiation between Mona Island and the
Bahamas, Mona Island and La Parguera, and Desecheo
Island and the Bahamas (Table 6).

EID Media Luna

[]]]] Laurel

El Palo

D Turrumote
Margarita
Enrique

== V&P Media Luna
V&P San Cristébal
D Guanica

ﬁ V&P Guanica
I]]]] Tres Palmas

E Mona

- Vieques
Desecheo
E Culebra

B vap san Juan
B2 Bundle

“ Bahamas

Fig. 3. Acropora palmata. Statistical parsimony network of haplo-
types. The boxed haplotypes are identified by the TCS program as
the root of each network. The size of the circle is proportional to the
number of sequences for that corresponding haplotype. The mini-
mum number of mutational steps is represented by the small open
circles between each haplotype. Closed loops represent homoplasy
as inferred by TCS. Hap 3, 13 and 21 were connected to the main-
network, when allowing 20 mutational steps, but the divergence
exceeded the pre-set 95% limit for connections. V&P: data from
Vollmer & Palumbi (2007)
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Meanwhile, the native mtDNA in Acropora cervicor-
nis displayed significant population structure among
adjacent reefs but not among regions (Appendix 1),
which is counterintuitive. Comparisons among reefs
(Laurel, San Cristébal and Atravesado) demonstrated
significant population structure (random, ®gsr = 0.919,
p < 0.0001; circle, dgt = 0.8564, p < 0.0001). Native
mtDNA showed significant differentiation in La Par-
guera versus Desecheo Island and La Parguera versus
the Bahamas only when the colonies were randomly
sampled (Table 6).

Gene genealogies

Gene genealogies were constructed in PAUP using
maximum likelihood with models Hasegawa-Kishino-
Yano (HKY) and K81uf+I+I" (Kimuras' 1981 model with

Hap_n1

Hap_n

. Hap_n7
Media Luna

Laurel

San Cristobal
Atravezado

V&P San Cristébal
V&P Media Luna
Hap_n4

Desecheo

Mona

=
&
N
[
|
]
=
[

Culebra Hap_n6

B Bahamas

Hap_i14

I\

Hap_i12

S

Hap_i8

Hap_i10

unequal base frequencies + proportion of invariable
sites + Gamma distribution) as the most suitable models
of substitution for Acropora palmata and A. cervicornis,
respectively. The HKY model was implemented with
unequal base frequencies (0.2411, 0.1618, 0.2701,
0.3270) for A. palmata and the K81uf+I+I' model was
implemented with unequal base frequencies (0.3328,
0.2651, 0.1749, 0.2272, I = 0.9730, I" = 41.6402) for A.
cervicornis. The resolution of the maximum likelihood
tree for A. palmata was low and the topology was
not informative (data not shown). Parsimony networks
were constructed for A. palmata (Fig. 3) and A. cervi-
cornis (Fig. 4). Hap_1 (20%), Hap_7 (20 %) and Hap_4
(11 %) are the most widespread and numerous of all
haplotypes found in A. palmata. These 3 haplotypes
were found in almost every reef and region sampled
(Fig. 3). The maximum likelihood tree (data not shown)
and parsimony network analysis reflected the presence

Hap_i15

Hap_n10

Hap_ni1

Hap_i17

Hap_n8

>

Fig. 4. Acropora cervicornis. Statistical parsimony network of haplotypes. The boxed haplotypes are identified by the TCS pro-
gram as the root of each network. n: native alleles; i: introgressed alleles. The size of the circle is proportional to the number of se-
quences for that corresponding haplotype. The minimum number of mutational steps is represented by the small open circles be-
tween each haplotype. All haplotypes were joined by using the 95 % connection limit. V&P: data from Vollmer & Palumbi (2007)
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of native and introgressed alleles in A. cervicornis
(Fig. 4). The native and introgressed alleles formed 2
well-supported monophyletic clades (Fig. 4). Hap_n3
(26 %), Hap_nl1 (13%) and Hap_n2 (10%) were the
most common native haplotypes, while Hap_il (14 %)
and Hap_i5 (12 %) were the most common introgressed
haplotypes in the sampling area.

DISCUSSION
Structure among reefs in La Parguera, Puerto Rico

Tests for the presence of population structure dem-
onstrated that there is significant differentiation, both
between regions and reefs in Acropora palmata and
between reefs in A. cervicornis, regardless of which
collection method was used (Appendix 1). Population
structure was detected in La Parguera for both species,
suggesting restriction of gene flow between some reefs
in close proximity. At small geographic scales compa-
rable to those found in the La Parguera reef system,
larval dispersal may be greatly influenced by the local
oceanographic conditions and the shape and topology
of the reef. The island mass effect, described by Ham-
ner & Hauri (1981), could explain the unexpected pat-
terns of genetic connectivity observed locally since it
takes into consideration many variables that cause the
water flow to vary around islands and reefs. Current
speed, tidal flow, size of islands or reefs, depth and
type of substratum are some variables which may
affect the distribution and abundance of organisms
(Hamner & Hauri 1981, Sammarco & Andrews 1989,
McGehee 1994, Hohenlohe 2004, Baums et al. 2006a).
Coral larvae seem to get trapped in eddies that form
around islands, and studies have shown a noticeable
decline in recruits farther from the center of the eddy
in the Great Barrier Reef (Sammarco & Andrews 1989)
and eddies around the Mona Passage (Baums et al.
2006a). Hydrodynamic forces caused by turbulent
waters can affect recruitment even during the early
phases of larval settlement (Reidenbach et al. 2009).
Water motion varies within and between reefs and
between depths in both the fore- and back-reef in La
Parguera, adding to the complexity of larval transport
(Appeldoorn et al. 1994, Lugo-Fernandez et al. 1994,
McGehee 1994, Mercado-Molina 2008, Williams et al.
2009) and, therefore, influencing patterns and rates of
gene flow. Differences in water speed have been
reported between the back-reef and fore-reef at Media
Luna (0.23 and 1.1 km h™!, respectively) (Williams et
al. 2009). The substrata of back-reefs in La Parguera
vary from seagrass beds to sand to rubble substrate
(Irizarry-Soto 2006), none of which are optimal for
larval settlement (Irizarry-Soto 2006, Szmant & Miller

2005). The genetic population structure of the acrop-
orid species observed between some reefs could have
resulted from differential larval mortality due to the
deflection and entrapment of water in the back-reef.
Meanwhile, the fore-reef, because of the high water
motion, gets flushed faster, which could aid in the
transport of larvae from one reef to another (Hamner &
Hauri 1981, Sammarco & Andrews 1989), explaining
the lack of genetic differentiation among some reefs in
La Parguera.

Twice as many Acropora cervicornis haplotypes were
detected in the present study compared to those previ-
ously reported (Vollmer & Palumbi 2002), except at
San Cristobal reef. While it is possible that we might
have missed other haplotypes in that reef, the differ-
ences could be also attributed to colony losses from
environmental and biological stresses. Sampling in
Vollmer & Palumbi (2002) took place in 2001, and since
then, Puerto Rico reefs have been devastated by the
Caribbean-wide bleaching event of 2005 (NOAA 2005,
Donner et al. 2007, Lesser 2007, Wilkinson & Souter
2008) and suffered minor damages by the passing of
Hurricane Dean in September 2007 (J. Garcia Reyes &
N. V. Schizas pers. obs.). Even though Hurricane Dean
crossed the Caribbean hundreds of kilometers south of
Puerto Rico, the associated surge and waves caused
destruction in coastal reefs of southern Puerto Rico and
several of our localities are presently characterized by
a barren substrate. For example, San Cristébal reef
was once heavily populated with A. cervicornis in the
back-reef, but after the white band disease epizootic
event, predation and these 2 destructive events, an
unprecedented decrease in this species has occurred
(J. Garcia Reyes & N. V. Schizas pers. obs.). There are
alternate explanations for the fine-scale population
structure in the 2 acroporid species. A highly variable
recruitment from exogenous populations could drive
the patterns of genetic connectivity observed at the
local scale. The local population structure of the brood-
ing coral Seriatopora hystrix was significantly influ-
enced by occasional recruits from distant sources
(Underwood et al. 2007). In the same manner, Puerto
Rico represents the mixing zone between western and
eastern Caribbean populations of some coral species
and this process may lead to genetically heteroge-
neous reefs locally.

Structure among populations around Puerto Rico

We detected significant population subdivision for
Acropora cervicornis in southwestern Puerto Rico (Dst
=0.1237, p < 0.0059) when using both native and intro-
gressed alleles combined. Our values were similar to
those of Vollmer & Palumbi (2007), who found signifi-
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cant population structure in the mtDNA (®dgr = 0.130)
and in the native mtDNA (dgt = 0.235) of A. cervicor-
nis. However, contrary to Vollmer & Palumbi (2007),
the present analysis of native alleles did not result
in significant population structure (st = 0.0964, p <
0.08211), suggesting high rates of gene flow between
reefs. The genetic structure observed in A. cervicornis
at local and regional scales was mostly due to the intro-
gressed alleles (Vollmer & Palumbi 2007, present study).
Sample to sample variability and random senescence
of acroporid colonies in La Parguera reefs may have
caused the differences between the studies when
employing the native mtDNA. We also detected signif-
icant population structure (®st = 0.0863, p < 0.00098)
for A. palmata (which has not experienced introgres-
sion like A. cervicornis), reflecting diminished gene
flow around Puerto Rico at a local spatial scale.

There was significant population differentiation in
Acropora cervicornis between Puerto Rico and the Ba-
hamas and between Mona Island and west Puerto Rico
(Table S2 in the Supplement & Table 3), agreeing with
previous reports on the western Caribbean genetic
affinities of the Puerto Rican acroporids. The presence
of genetic population differences between Puerto Rico
and the Bahamas indicates that historically there has
been reduced gene flow between these 2 locations. Re-
stricted gene flow between populations of both species
may have been caused by the Mona Passage, which
separates Puerto Rico from Hispaniola (Baums et al.
2005b, 2006a, Galindo et al. 2006) and has been consid-
ered a marine phylogeographic barrier between the
western and eastern Caribbean (Colin 2003, Taylor &
Hellberg 2003, Baums et al. 2006a,b, Cowen et al. 2006,
Galindo et al. 2006). Geographic models proposed by
Baums et al. (2006a) and Galindo et al. (2006) suggested
that reproductive timing, larval traits and oceano-
graphic features together could inhibit the dispersal of
A. palmata and A. cervicornislarvae between the west-
ern and eastern Caribbean. However, larvae do cross
sporadically into the western Caribbean, creating a
mixing of genetic lineages (Hohenlohe 2004, Baums
et al. 2006a,b, Cowen et al. 2006, Galindo et al. 2006).

Conservation genetics of acroporids

Contrary to expectations, in 4 out of the 6 reefs,
Acropora palmata displayed higher diversity indices
with the circle collection method than with the random
method. A similar discrepancy was reported by Baums
et al. (2005a), who found that sometimes 2 different
collecting circles within the same reef can yield com-
pletely different results. These observations highlight
the genetic heterogeneity that can be observed in a
single reef and suggest that samples from the fore-reef

and the back-reef may be significantly different. Both
species exhibited low genetic diversity, with A. cervi-
cornis exhibiting higher values than A. palmata. In
previous studies, the amount of genetic diversity in the
ITS-1 region of A. cervicornis ranged from 0 to 13%
(van Oppen et al. 2000) and averaged about 7.6 % in A.
palmata (Vollmer & Palumbi 2004). The low genetic
diversity of A. cervicornis in the present study is not
atypical compared to some other coral species (e.g. A.
cervicornis m© = 0.0057, Siderastrea sp. m= = 0.0034,
Pavona cactus n = 0.0069 and P. decussata t = 0.0079;
Forsman et al. 2005, Pillay et al. 2006, Vollmer &
Palumbi 2007). However, the genetic diversity of A.
palmata was amongst the lowest reported values for
marine invertebrates.

Low levels of mitochondrial diversity in the acrop-
orids may represent past organelle bottleneck events.
Over the last 30 yr, the scleractinian Caribbean acrop-
orids have declined dramatically because of multiple
stressors. The first massive die-off of the acroporids
was observed in the 1980s during the epizootic event
of white band disease (Gladfelter 1982). Another factor
responsible for the decline of the 2 acroporids was
physical damage inflicted by ship groundings (Bruck-
ner & Bruckner 2001). In Fajardo, Puerto Rico, Acrop-
ora palmata colonies were severely affected by Hur-
ricane David in 1979, and almost totally destroyed by
Hurricane Hugo in 1989 (Weil et al. 2002). The north-
ern inshore localities of Puerto Rico have exhibited a
68.4 % decline of A. palmata in the last 20 yr, while a
decrease of 53.3 % has been recorded from the eastern
inshore regions (Weil et al. 2002). A. cervicornis has
suffered a 100% decline in several transects, at both
northern inshore and eastern inshore localities (Weil et
al. 2002).

The presence of high numbers of Acropora cervicor-
nis colonies carrying introgressed alleles in the La Par-
guera reefs of Media Luna and Atravesado emphasize
the importance of hybridization in the evolutionary
ecology of both acroporids and the implications of
management decisions concerning these 2 endan-
gered species. The hybrid colonies are manifested in
several intermediate morphs which may represent
new ecotypes, potentially enriching the evolutionary
potential of the group (Vollmer & Palumbi 2002). The
present study also underscores the spatial variability of
the hybridization frequency, since no introgressed
alleles were recovered in 30 colonies of A. cervicornis
from San Cristébal, a reef located between Media
Luna and Atravesado (Fig. 2).

The population and genetic history of both acroporid
species before the recent die-offs is largely unknown;
therefore, inferences on the long-term survival of the
declining populations should be conservative (Grober-
Dunsmore et al. 2007). Recovery of reefs in southwest-
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ern Puerto Rico and other similar reefs of close spatial
proximity might rely upon the survival and sexual
reproduction of local populations and less on replen-
ishment from distant reefs (Roberts 1997, Vollmer &
Palumbi 2007). Preserving the genetic diversity of
declining scleractinian species will increase the proba-
bility of the long-term survival of the species, thus
underlying the important use of genetic studies. When
genetic methods are coupled with ecological and
oceanographic studies (Baums et al. 2006a, Galindo et
al. 2006, Hellberg 2007, Grober-Dunsmore et al. 2007,
Zubillaga et al. 2008), a more comprehensive manage-
ment plan can be implemented. Management deci-
sions can be further fine-tuned by the inclusion of
genetic information in restoration projects (Baums
2008, Shearer et al. 2009) and by the identification of
disease-resistant genotypes (Vollmer & Kline 2008).
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Appendix 1. Acropora spp. Hierarchical analysis of molecular variance (AMOVA). Values were generated with 10000 permu-
tations using the Kimura 2-P model of nucleotide substitution (Kimura 1980). *p < 0.05; **p <0.001

df SS Variance components % variation Dgr

A. palmata
Between regions
La Parguera Random vs. Desecheo Island vs. Mona Island vs. Bahamas vs. Tres Palmas

Among populations 4 4.768 0.05265 Va 11.55 0.1156*
Within populations 90 36.271 0.40302 Vb 88.45
Total 94 41.039 0.45567

La Parguera Circle vs. Desecheo Island vs. Mona Island vs. Bahamas vs. Guanica vs. Tres Palmas
Among populations 5 7.466 0.05109 Va 9.57 0.0957**
Within populations 137 66.142 0.48279 Vb 90.43
Total 142 73.609 0.53388

Between reefs
La Parguera Random (Margarita vs. Enrique vs. Turrumote vs. Laurel vs. Media Luna vs. El Palo)

Among populations 5 3.095 0.04407 Va 15.58 0.1558*
Within populations 47 11.226 0.23885 Vb 84.42
Total 52 14.321 0.28292

La Parguera Circle (Margarita vs. Enrique vs. Turrumote vs. Laurel vs. Media Luna)
Among populations 4 11.681 0.19276 Va 38.06 0.3806**
Within populations 63 19.766 0.31375 Vb 61.94
Total 67 31.447 0.5065

Puerto Rico (La Parguera All vs. Mona Island vs. Desecheo Island vs. Gudnica vs. Tres Palmas)
Among populations 4 5.332 0.03650 Va 8.63 0.0863**
Within populations 186 71.906 0.38659 Vb 91.37
Total 190 77.238 0.4231

Puerto Rico All vs. Lee Stocking Island, Bahamas
Among populations 1 1.311 0.03526 Va 7.26 0.0726*
Within populations 211 95.025 0.45036 Vb 92.74

Total 212 96.336 0.48561
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Appendix 1 (continued)

df SS Variance components % variation Dgr
A. cervicornis (introgressed and native alleles combined)

Between La Parguera reefs

Random (Media Luna vs. San Cristobal vs. Laurel vs. Atravesado)
Among populations 3 68.962 2.15340 Va 66.65 0.6665**
Within populations 38 40.941 1.07740 Vb 33.35
Total 41 109.903 3.2308

Circle (Media Luna vs. San Cristébal vs. Atravesado)
Among populations 2 59.509 1.54071 Va 50.98 0.5098**
Within populations 54 79.99 1.48130 Vb 49.02
Total 56 139.5 3.02202

Between regions

La Parguera Random vs. Mona Island vs. Desecheo Island vs. Bahamas
Among populations 3 37.096 0.71073 Va 22.84 0.2284**
Within populations 67 160.915 2.40172 Vb 77.16
Total 70 198.011 3.11245

La Parguera Circle vs. Mona Island vs. Desecheo Island vs. Bahamas
Among populations 3 28.987 0.47737 Va 16.78 0.1678**
Within populations 86 203.607 2.36752 Vb 83.22
Total 89 232.594 2.84489

Between reefs

Puerto Rico (La Parguera All vs. Mona Island vs. Desecheo Island)
Among populations 2 19.179 0.35461 Va 12.37 0.1237*
Within populations 110 276.42 2.51291 Vb 87.63
Total 112 295.599 2.86752

Puerto Rico All vs. Lee Stocking Island, Bahamas
Among populations 1 9.483 0.59835 Va 18.40 0.1840*
Within populations 121 321.000 2.65290 Vb 81.60
Total 122 330.483 3.25124

A. cervicornis (native alleles only)

Between La Parguera reefs

Random (Laurel vs. San Cristébal vs. Atravesado)
Among populations 2 7.037 0.90822 Va 90.9 0.919**
Within populations 11 0.881 0.08006 Vb 8.1
Total 13 7.917 0.98827

Circle (Media Luna vs. San Cristébal vs. Atravesado)
Among populations 2 15.953 1.27267 Va 85.64 0.8564**
Within populations 27 5.762 0.21339 Vb 14.36
Total 29 21.715 1.48606

Between regions

La Parguera Random vs. Mona Island vs. Desecheo Island vs. Bahamas
Among populations 3 2.900 0.05828 Va 9.64 0.0964
Within populations 30 16.384 0.54613 Vb 90.36
Total 33 19.284 0.60441

La Parguera Circle vs. Mona Island vs. Desecheo Island vs. Bahamas
Among populations 3 4.360 0.07627 Va 9.37 0.0937
Within populations 46 33.919 0.73737 Vb 90.63
Total 49 38.279 0.81363

Between reefs in Puerto Rico

La Parguera All® vs. Mona Island vs. Desecheo Island
Among populations 2 2.881 0.05309 Va 7.48 0.0748
Within populations 59 38.762 0.65698 Vb 92.52
Total 61 41.643 0.71007

“La Paguera All includes samples collected using both the concentric circle and random collection methods
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