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Abstract Recent advances in morphometrics and genetics have led to the discovery of
numerous cryptic species in coral reef ecosystems. A prime example is the Montastraea
annularis scleractinian coral species complex, in which morphological, genetic, and
reproductive data concur on species boundaries, allowing evaluation of long-term patterns
of speciation and evolutionary innovation. Here we test for cryptic species in the Atlantic
species, Montastraea cavernosa, long recognized as polymorphic. Our modern samples
consist of 94 colonies collected at four locations (Belize, Panama, Puerto Rico in the
Caribbean; Sdo Tomé in the Eastern Atlantic). Our fossil samples consist of 78 colonies
from the Plio-Pleistocene of Costa Rica and Panama. Landmark morphometric data were
collected on thin sections of 46 modern and 78 fossil colonies. Mahalanobis distances
between colonies were calculated using Bookstein coordinates, revealing two modern and
four fossil morphotypes. The remaining 48 of the 94 modern colonies were assigned to
morphotype using discriminant analysis of calical measurements. Cross-tabulation and
multiple comparisons tests show no significant morphological differences among
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geographic locations or water depths. Patterns of variation within and among fossil mor-
photypes are similar to modern morphotypes. DNA sequence data were collected for two
polymorphic nuclear loci (f-fubl and f-tub2) on all 94 modern colonies. Haplotype net-
works show that both genes consist of two clades, but morphotypes are not associated with
genetic clades. Genotype frequencies and two-locus genotype assignments indicate genetic
exchange across clades, and ¢st values show no genetic differentiation between mor-
photypes at different locations. Taken together, our morphological and genetic results do
not provide evidence for cryptic species in M. cavernosa, but indicate instead that this
species has an unusually high degree of polymorphism over a wide geographic area and
persisting for >25 million years (myr).

Keywords Cryptic species - Reef coral - Caribbean - Geometric morphometrics -
p-tubulin - Neogene

Introduction

Evolutionary theory predicts that gene flow between large established populations of
demographically stable species prevents natural selection and genetic drift from causing
population differentiation (Slatkin 1987). Gene flow thus acts as a constraining force to
speciation. Over geologic time, species with large population sizes and wide geographic
distributions are expected not only to have low speciation rates but also to have long
species durations and be better able to survive environmental perturbations associated with
mass extinctions (Jablonski 2007 and references therein). The fossil record provides the
only source of long-term data (>100 K years) for studying speciation, extinction, and the
evolution of species lineages, and thus for testing relationships between spatial and tem-
poral parameters including speciation rate and species duration. However, study of species
in the fossil record assumes that morphologically recognized species correspond with
biological species. Jackson and Cheetham (1990, 1999) were among the first to test this
correspondence, and demonstrate concordance between morphospecies and genetically
delineated ones, clearly showing punctuated speciation and stasis in bryozoans and sup-
porting the theory of punctuated equilibrium (Eldredge and Gould 1972). Combined
analyses of morphological, genetic, and reproductive data have also been applied to var-
ious marine organisms on modern coral reefs, revealing large numbers of previously
undiscovered cryptic species (Knowlton 1993, 2000; Knowlton and Jackson 1994; Klautau
et al. 1999; Lee and Foighil 2005; Mathews 2006; Calvo et al. 2009; Lin et al. 2009;
Barroso et al. 2010) and underscoring the fact that current understanding of the speciation
process in these organisms is inadequate. Here we examine the relationship between
population size, geographic distribution, speciation rate, and species duration in a common
reef coral, in an effort to better predict how this currently endangered group of organisms
(Carpenter et al. 2008) will respond to the many environmental factors, ranging from local
to global in scale, which are increasingly threatening coral reefs.

Previous work on speciation in reef corals (Knowlton et al. 1992; Weil and Knowlton
1994; Fukami et al. 2004a; Budd and Pandolfi 2004, 2010), specifically the Montastraea
annularis species complex, has combined not only morphological, genetic, reproductive,
and fossil data but also added a geographic component, and found that most evolutionary
innovation and speciation occurs at the edge of species distributions. However, genetic
analyses of other species suggest that this geographic pattern may not be the case in all reef
corals. For example, Nunes et al. (2009) discovered lower levels of genetic diversity in
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peripheral populations of Montastraea cavernosa in Brazil and West Africa than in central
populations in the Caribbean. At the species level, however, M. cavernosa exhibits a high
level of genetic variation in two copies of the S-rubulin gene (fS-tubl and f-tub2), and both
loci are characterized by the presence of two clades of haplotypes (Nunes et al. 2009). The
divergence between these two clades exceeds the level of intra-specific divergence
observed for this gene in other species (Nunes et al. 2008), and could be an indication of
the presence of cryptic species.

In the present paper, we investigate possible cryptic species in M. cavernosa by further
exploring patterns of spatial and temporal variation. Specifically we test for correspon-
dence between morphological and genetic data, and compare patterns observed today with
those in the fossil record. Our analyses of morphology are based on a geometric mor-
phometric approach, which has been shown to be more effective than traditional mor-
phological features at distinguishing cryptic species in the M. annularis species complex
(Knowlton and Budd 2001; Budd and Klaus 2001). Our genetic analyses use published
DNA sequences from two polymorphic nuclear loci (f-fubl and fS-tub2) (Nunes et al.
2009). Our fossil analyses are based on large, well-dated collections ranging in age from
the late Pliocene to early Pleistocene of Costa Rica and Panama (Budd et al. 1999),
sampled in collaboration with the Panama Paleontology Project (Collins and Coates 1999).

We address the following questions:

—_

Can distinct morphotypes be recognized in modern M. cavernosa?

2. If so, are these morphotypes genetically distinct and do they represent cryptic species?

3. Is the observed morphological and genetic variation related to either geography or
environment?

4. Are the many morphospecies of M. cavernosa-like corals reported in the Cenozoic
Caribbean fossil record as distinct as the morphotypes observed today? Could they
represent separate biological species?

5. How do studies integrating morphological, genetic, and fossil data contribute to

understanding the long-term evolution of M. cavernosa?

Our results show that, in contrast to the M. annularis species complex, M. cavernosa
does not contain cryptic species, but instead shows high degrees of both morphological and
genetic polymorphism, which are not concordant and are unrelated to geography and
environment. This high degree of polymorphism has been a persistent characteristic of M.
cavernosa since at least the late Pliocene, perhaps even as far back as the late Oligocene,
and may be responsible for its unusually long species duration.

We dedicate this article to Jeremy B. C. Jackson and Alan H. Cheetham, whose pio-
neering empirical work on morphological stasis and speciation in colonial marine organ-
isms paved the way for the present study.

Materials and methods

Species studied

The reef coral Montastraea cavernosa (Linneaus 1767) is a common, widely distributed
species, whose water depth distribution extends from 0.5 to 95 m, with highest occurrences
in intermediate to deep reef depths of 10-60 m (Goreau 1959; Goreau and Wells 1967). Its

geographic distribution extends across the Caribbean, as far north as Bermuda in the North
Atlantic, and to Brazil in the South Atlantic and the Gulf of Guinea in the Eastern Atlantic
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(Laborel 1969, 1974; Sterrer 1986). Like members of the Montastraea annularis species
complex, M. cavernosa is characterized by massive colonies with discrete corallites, which
have well-developed costae and coenosteum and trabecular columellae (Budd 1991).
However, molecular data indicate that the M. annularis complex and M. cavernosa are
phylogenetically divergent and should be placed in separate genera (Fukami et al. 2004b,
2008). Moreover, molecular trees (Fukami et al. 2004b, 2008) show that M. cavernosa is
basal to almost all other Atlantic and Indo-Pacific faviid corals, and studies of the fossil
record suggest that the species extends back as far as the late Oligocene (Johnson 2007),
with similar species (e.g., Montastraea nodosa) occurring in the middle Eocene (Budd
et al. 1992).

M. cavernosa is a gonochoric broadcast spawning species with an annual cycle of
gametogenesis (Szmant 1991; Szmant et al. 1996). Spawning occurs approximately one
week after the full moon in August and September (Acosta and Zea 1997). M. cavernosa
produces larger eggs than the M. annularis complex, which may increase larval survival
time, dispersal capability, and survivorship after settlement.

Previous ecological studies (Lasker 1976, 1979, 1980, 1981; Budd 1993) have recog-
nized two distinct feeding morphs of M. cavernosa: a “diurnal” morph with smaller polyps
(5.88 £ 0.81 mm), which are expanded both day and night, and a “nocturnal” morph with
larger polyps (7.28 = 0.94 mm), which are only expanded at night and more effective at
capturing zooplankton. The two morphs have been observed occurring side by side, often
touching each other (without aggressive behavior) at different depths along the reef profile
at many geographic localities around the Caribbean (Fig. 1). A previous multivariate study
further exploring the ecological, morphological and behavioral differences between the
diurnal and nocturnal morphs of M. cavernosa in Puerto Rico (Ruiz 2004) showed that
both morphs were abundant across the reef profile but their relative frequencies differed in
water depth. Up to 90% of shallow (3—10 m) colonies were the diurnal morph, and 60% of
deep (15-25 m) colonies were the nocturnal morph. Colony and/or oral disc coloration
varied within and between morphs with the diurnal morph being usually brownish, grayish
or pale green, and the nocturnal morph having brighter colors such as orange, red or olive-
green. Up to 43% of diurnal-morph colonies had bright green oral discs. Colonies of the
diurnal morph were significantly (¢ test, P < 0.001) smaller (with an average surface area
of 826.6 £ 3.6 cm?) than those of the nocturnal morph (1,158.5 £ 3.9 cm?). High vari-
ability in colony- and corallite-level characters along the depth gradient was found within
each morph, indicating the influence of environment on morphology. However, significant
morphological differences between the diurnal and nocturnal morphs were found in at least
8 of 10 calical characters analyzed (from each of 10 corallites in each of 15 colonies of
each morph collected from two reefs off La Parguera, n = 60). Two distinct groups
(diurnal and nocturnal) were clearly separated by canonical discriminant analysis (94.0%
of all colonies correctly classified, with corallite diameter and length of the primary septa
being most heavily weighted), suggesting a potential cryptic species (Ruiz 2004). The two
morphs also differ in geographic distribution with the diurnal morph being dominant in
Bermuda (Weil, pers. observ.).

Similarly, studies of the Plio-Pleistocene Caribbean fossil record indicate that numbers
of M. cavernosa-like morphotypes range from five (Budd 1991) to seven (Vaughan 1919)
to eight (Schultz and Budd 2008), which differ in corallite size, number of septa per
corallite, the relative development of different costal cycles, and corallite wall structure.
The present study examines whether all of these morphotypes, both modern and fossil,
could be cryptic species.
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Fig. 1 Photographs of colonies of the two morphs of M. cavernosa growing side-by-side in reefs off Puerto
Rico (a—d) showing active (expanded tentacles) small-polyped diurnal colonies and inactive large-polyped
nocturnal colonies and the coloration differences (a—c), the lack of aggressive behavior (histocompatibility)
between touching colonies (a and ¢) and the significant difference in polyp size, intercalice distances, and
number of calices/area. Photographs of the two morphs collected in Sdo Tomé (e, small-polyped; f, large-
polped) showed less distinctive differences, and the more intergradational nature of morphological variation.
Photos a-d, E. Weil; e—f, F. Nunes

Sampling
A total of 94 modern colonies of Montastraea cavernosa were collected and characterized
both morphologically and genetically from four geographic locations: Belize (39 colonies),

Panama (6 colonies), and Puerto Rico (23 colonies) in the Caribbean; and the Island of Sio
Tomé in the Republic of Sdo Tomé & Principe (26 colonies) in the Eastern Atlantic
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Fig. 2 Locality map showing the four geographic locations where modern corals were collected. Bel
Belize, Pan Panama, PR Puerto Rico, ST Sao Tomé. Belize colonies were collected at Carrie Bow Cay reef
at depths of 5-22 m (Supplemental Table S1). Panama colonies were collected at Hospital Point, Bocas del
Toro, at a maximum depth of 9 m (31 ft). Puerto Rico colonies were collected at depths of 4-20 m from the
Parguera area and other localities along the west coast (Desecheo island). Sdo Tomé colonies were collected
at depths of 7-23 m

(Fig. 2). A range of environments and depths was sampled at each location. Hammer and
chisel were used to break off a piece of the colony that contained at least 10 corallites for
morphological analysis. Fresh coral tissue from the same samples was preserved in gua-
nidine thiocyanate solution (4 M guanidine thiocyanate, 0.1% N-lauroyl sarcosin sodium,
10 mM Tris pHS, 0.1 M 2-mercaptoethanol) and was kept at room temperature until DNA
could be extracted. Skeletons were submerged in household bleach for approximately
24-48 h, rinsed in fresh water for another 24 h and left to dry in the sun for 24 h. A
complete list of modern coral samples is given in Supplemental Table S1. Skeletons from
Belize, Panama, and Sao Tomé are deposited in the Paleontology Repository of the Uni-
versity of Iowa (SUI); skeletons from Puerto Rico are deposited at the Department of
Marine Sciences, University of Puerto Rico, Mayagiiez, PR.

A total of 78 fossil colonies of M. cavernosa-like corals with >36 septa per corallite
(Supplemental Table S2) were collected and morphologically characterized from the Moin
Formation near Limon, Costa Rica (47 colonies) and the La Gruta Formation on the islands
of Colén and Bastimentos including Wild Cane Key, in the Bocas del Toro region of
Panama (31 colonies). Colonies from the Moin Formation are dated at 2.9-1.5 Ma
(McNeill et al. 2000); colonies from the La Gruta Formation are dated as 3.5-1.5 Ma
(Coates et al. 2005). All fossil colonies are deposited in the Paleontology Repository of the
University of Iowa.

Morphological data and analyses

Two morphological datasets were constructed using the modern colonies: (1) linear dis-
tance measurements and counts on calical surfaces of all 94 colonies using a stereomi-
croscope (the “calical surface” dataset), and (2) landmark data on transverse thin sections
(30 microns thick) on a subset of 46 colonies using a transmitted light microscope (the
“thin section” dataset). Calical surfaces are worn on the fossil colonies; therefore, only a
thin section dataset was constructed for fossil colonies.
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Modern calical surface dataset

We measured the following linear distances to the nearest tenth of a millimeter and made
the following counts on 2-10 corallites per colony (median = 6): maximum corallite
diameter, minimum corallite diameter, columella width, primary septum length, total
number of septa (see Budd 1991 for measurement definitions). These measurements were
used to construct a dataset, which consisted of colony averages for nine variables: (1)
maximum corallite diameter [CD-MAX], (2) minimum corallite diameter [CD-MIN], (3)
average corallite diameter [CD-AV, calculated using the average of (1) and (2)], (4)
columella width [CW], (5) the ratio between columella width and average corallite
diameter [CW-RAT], (6) primary septum length [SL], (7) the ratio between primary
septum length and average corallite diameter [SL-RAT], (8) the ratio between minimum
and maximum corallite diameter [ROUNDNESS], and (9) total number of septa
[NOSEPTAL.

Modern thin section dataset

We digitized the Cartesian coordinates (x—y) of 21 landmarks to the nearest hundredth of a
millimeter on six corallites per colony (Fig. 3; Supplemental Table S3). Size and shape
coordinates (Bookstein 1991; Zelditch et al. 2004) were calculated for the landmark data
using the computer program CoordGen6 in the IMP software series (Integrated Morpho-
metrics Package, 2004, written by H. David Sheets, available at http://www2.canisius.
edu/ ~ sheets/morphsoft.html). Centroid size is a measure of overall corallite size, and was
calculated by summing the squared distances from each of the 21 landmarks to a common
centroid. Shape coordinates are size-independent variables, and were calculated for triplets
of points in which points 8 and 16 were fixed as the baseline. X-coordinates are ratios of
distances along the baseline relative to the length of the baseline; y-coordinates are ratios
of point-to-baseline distances relative to the length of the baseline. To facilitate morpho-
logical interpretation, 11 shape coordinates associated with the structure and development
of the corallite wall and costosepta (Table 1) were selected for use in statistical analyses.

Fig. 3 Two-dimensional
Cartesian coordinates collected
for 21 landmarks on transverse
thin sections of corallites. The
landmarks characterize the
structure of the corallite wall and
costal extensions beyond the
wall. Point numbers 8 and 16
were used as the baseline when
calculating Bookstein shape
coordinates. Specimen E13-5
(SUI 108553), M1, scale

bar = 1 mm
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Table 1 List of variables in the thin section dataset, consisting of 11 shape coordinates (x12, yl...y17),
centroid size (csize), and number of septa

Variables Related morphological Tukey’s HSD multiple comparisons test (homogeneous
feature subsets [in brackets] for P < 0.05)

yl Corallite diameter [F2 =M2=F3 =MI]<[M2=F3 =MI=F4=Fl]

y6 Extension of tertiary [F4 = F3] < [F3 = F2 = F1] < [F2 = F1 = M1 = M2]
costa (—)

y7 Wall thickness (—) F4 <[F3 = Ml1] < [M1l = M2 =F1 = F2]

y9 Tertiary septum length [F4 = F3] < [F3 = 2=M2] < [F2 = M2 = M1] < [M1 = F1]

yl10 Extension of secondary [F4 = F3] < [F3 = F2 = F1] < [F2 = F1 = M1]
costa (—) < [F1 = M1 = M2]

yll Wall thickness (—) F4 < [F3 = Ml] < [M1l = M2 =F1 = F2]

x12 Relative thickness of [M2 = F3 = F1 = Ml = F2] < [F3 = F1 = M1 = F2 = F4]
secondary and tertiary
costa

y13 Secondary septum length [F4 = F3 = F2 = M2] < [F3 = 2=M2 = M1] <Fl

yl4 Extension of tertiary [F4 = F3] < [F3 = F2 = F1] < [F2 = F1 = M1 = M2]
costa (—)

yl5 Wall thickness (—) F4 <[F3 =Ml] < [MIl = M2 =F1 = F2]

yl7 Tertiary septum length [F4 = 2] < [F2 = F3 = M2] < [F3 = M2 = M1] < [MI = F1]

csize Centroid size (all 21 M2 < [F2 = Ml = F3] < [M1 =F3 = Fl] <F4
landmarks)

Number  Count of the total number of [F2 = M2 = M1 = F3 = F1] < [MI = F3 = F1 = F4]

of septa  septa per corallite

Values for all shape coordinates are relative to baseline length (i.e., the distance between points 8 and 16).
X-coordinates parallel the baseline; y-coordinates are distances from the baseline. Centroid size is a measure
of overall corallite size (see text for calculation). Modern morphotypes are underlined; and M modern;
F fossil

Statistical analyses

To recognize morphotypes in the modern samples, following the methods in Budd and
Klaus (2008), we first performed a canonical discriminant analysis using the thin section
dataset (13 variables, consisting of 11 shape coordinates, centroid size, and number of
septa) with the 46 colonies assigned as a priori groups. This step resulted in a 46 x 46
matrix of F values derived from Mahalanobis distances, which we input into an average
linkage cluster analysis. We then used cross-validated classification results from a second
set of pairwise between-cluster canonical discriminant analyses based on the thin section
dataset (colony means) to evaluate branching points in the dendrogram and determine a
cutoff distance for distinguishing morphotypes. To assign the remaining 48 of the 94
colonies to morphotype (i.e., the colonies that were characterized molecularly but were not
thin-sectioned), we performed a third canonical discriminant analysis using the calical
surface dataset and the dendrogram morphotypes as a priori groups.

Univariate differences among morphotypes were further assessed for both datasets using
multiple comparisons tests, specifically Tukey’s honestly significant difference or HSD.
Tukey’s HSD uses the Studentized range statistic to make all pairwise comparisons among
groups. To evaluate geographic and environmental variation and the possible role of phe-
notypic plasticity, colonies collected at four different locations (Panama, Sdo Tomé, Belize,
Puerto Rico) and at three different water depths in Belize (<10 m, 10-20 m, >20 m) were
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compared using crosstabulation statistics (Pearson’s Chi-square); and canonical variate (CV)
scores were compared among localities and water depths using Tukey’s HSD and non-
parametric statistics. Statistical analyses were performed using SPSS 17.0 and SAS 9.1.

Fossil thin section dataset and analyses

We prepared transverse thin sections of the fossil colonies using the same methods as the
modern colonies, and digitized the Cartesian coordinates of the same 21 landmarks (Fig. 3;
Supplemental Table S3) on six corallites per colony. Centroid size and Bookstein shape
coordinates were calculated using the same baseline as the modern colonies, and the same 13
variables were analyzed using canonical discriminant analysis with the 78 fossil colonies
assigned as a priori groups. The resulting 78 x 78 Mahalanobis distance matrix was input
into an average linkage cluster analysis, and the dendrogram was used to recognize four fossil
morphotypes as described above for the modern colonies (F1 = 15 colonies, F2 = 9 colo-
nies, F3 = 38 colonies, F4 = 3 colonies, unassigned = 13 colonies). The 13 unassigned
fossil colonies were assigned to a fossil morphotype using the classification results of a
canonical discriminant analysis in which the fossil morphotypes served as a priori groups.

To compare patterns of variation between the fossil and modern thin section datasets,
the two datasets were combined, and a final canonical discriminant analysis was performed
using six morphotypes (2 modern, 4 fossil) as a priori groups. Mahalanobis distances
between pairwise combinations of the six morphotypes were used to assess differences
among morphotypes.

Molecular data and analyses
DNA extraction, amplification and sequencing

The DNA sequences used in this study are a subset of data published in Nunes et al. (2009),
from individuals for which morphological measurements could be obtained. Briefly, DNA
was extracted using phenol:chroloform as described in Nunes et al. (2008). The nuclear
gene f-tubulin was amplified by polymerase chain reaction (PCR) using published primers
(Fukami et al. 2004a) according to the protocol for the Sigma Taq polymerase kit (Sigma—
Aldrich). The thermal cycling conditions included an initial denaturation step at 94°C for
2 min, followed by 35 cycles of 94°C/45 s, 50°C/45 s and 72°C/1 min 30 s, with a final
extension step at 72°C for 5 min. In M. cavernosa, the p-tubulin gene contains a dupli-
cation, where two copies of the gene have identical amino acid sequences, but the introns
differ in size by 327 bp (Nunes et al. 2009). The long copy of the gene is ~ 1,000 bp long,
and is referred to as f-tubl, while the short copy is ~ 700 bp long, and is referred to as
B-tub2. The two duplications were separated by electrophoresis of the PCR products on a
low melt agarose gel, followed by excision and purification of the two bands using the
Qiaquick Gel Extraction kit (Qiagen, Valencia, CA). Purified PCR products were
sequenced directly on an ABI Sequencer, using the BigDye Terminator v3.1 cycle
sequencing chemistry. Each sample was sequenced in the forward and reverse direction.

Sequence data analysis

DNA sequences were obtained for two loci for 94 colonies (n = 188 sequences per locus).
Genbank accession numbers are listed in Supplemental Table S4. Sequence chromatograms
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were viewed and edited using Sequencher v4.5 (Gene Codes Corp.). Heterozygous bases
were identified as double peaks in both forward and reverse directions. Six indels were found
in the intron of f-tubl and one indel in the intron of S-tub2. For individuals heterozygous for
>2 indels, an internal sequencing primer was used to obtain sequence data between indels
(Nunes et al. 2009). In addition, six individuals were cloned using the pPGEM-T Vector system
(Promega) to obtain full sequences across the introns. For heterozygous individuals, haplo-
type reconstruction was achieved bioinformatically with the program PHASE v2.1.1 (Ste-
phens and Scheet 2005; Stephens et al. 2001). Sequence data from homozygous individuals
and from cloned sequences were used to estimate the best pair of haplotypes for each het-
erozygous individual. A complete description of parameters used for heterozygous haplotype
reconstruction, and for the treatment of indels and excluded sites (total excluded sites = 9 for
p-tubl; none for -tub2) is given in Nunes et al. (2009).

A statistical parsimony network was constructed for each locus using TCS v1.21
(Clement et al. 2000) after sequences had been aligned using Clustal X v1.83.1 (Thompson
et al. 1997). Shading was used to indicate the haplotypes observed in each morphotype.
Phylogenetic trees were inferred for each locus using neighbor-joining (NJ) and maximum
parsimony methods (MP), implemented in MEGA (Tamura et al. 2007). The evolutionary
distances for the NJ tree were computed using the maximum composite likelihood method
with 500 bootstrap replicates. The MP tree was obtained using the close-neighbor-inter-
change algorithm, search level 3, with 10 random addition of sequences and 500 bootstrap
replicates. Haplotype frequencies and population differentiation (¢s) were calculated with
Arlequin v.3.1 (Excoffier et al. 2005), as was linkage disequilibrium among all poly-
morphic sites on both loci. To calculate the genetic distance between haplotype clades,
identical sequences were collapsed into one unique sequence, and each unique sequence
was identified by Clade according to its position in the haplotype network. Pairwise dis-
tances were calculated with DAMBE (Xia and Xie 2001), using the GTR model of
sequence evolution.

To consider patterns in both loci simultaneously, each coral colony was assigned a
genotype based on whether it had alleles from Clade A or B for -tubl and Clade C or D
from b-tub2. For example, a colony having two haplotypes from Clade A for -tubl and
one haplotype Clade C and one haplotype from Clade D for -tub2 would be assigned a
genotype of AACD.

Results
Morphological analyses
Modern corals

Two morphotypes were recognized in the modern thin section dataset using cluster
analysis (Figs. 4, 5): morphotype 1 (M1) consisting of 29 colonies and morphotype 2 (M2)
consisting of 17 colonies. Both morphotypes consist of colonies collected in Belize, Pa-
nama, Puerto Rico, and Sdo Tomé. Canonical discriminant analysis based on the thin
section dataset (46 colonies) shows that the two morphotypes are distinct (Wilks’
Lambda = 0.206, P < 0.001; 97.8% correctly classified), and with one exception (colony
ST254 from Sdo Tomé, assigned to M1), they do not overlap. Pearson’s correlations
(Supplemental Table S5) between the original variables and the canonical variate (CV)
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Fig. 4 Cluster analysis of M. cavernosa morphotypes based on Mahalanobis distances (F values) among
colonies derived from the thin section dataset. Each branch represents one colony. Cross-validated
classification results show that the branch agglomeration (=cluster) formed using the highest rescaled
distance (morph 1 4+ morph 2) is 91.3% correctly classified; whereas the branch agglomeration formed
using the second highest rescale distance (submorph ¢ + d) is 58.8% correctly classified. Two morphotypes
were therefore distinguished based on the highest agglomeration

M2

indicate that centroid size (0.741) is most heavily weighted, followed by wall thickness
(y11 = —0.227, y7 = —0.225) and tertiary septum length (y9 = 0.236, y17 = 0.199).

The canonical discriminant analysis based on the calical surface dataset (94 colonies)
also shows that the two morphotypes are distinct (Wilks’ Lambda = 0.474, P < 0.001;
86.9% correctly classified after non-thin-sectioned colonies were assigned to morphotype).
Pearson’s correlations between the original variables and the CV show that number of
septa (NOSEPTA = 0.840) is most heavily weighted, followed by columella width
(CW = 0.483) and corallite diameter (CD-MIN = 0.452, CD-AV = 0.407). Analysis of
variance indicates that number of septa per corallite and corallite diameter are significantly
higher in M1 than in M2 (Fig. 5).

Cross-tabulation results reveal a significant association between morphotype and
locality for the 94 sampled colonies (Table 2); however, the association is not significant if
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Fig. 5 Transverse thin sections of representative corallites of the two modern morphotypes (M1, M2).
Oneway analysis of variance (thin section dataset) using P < 0.05 indicates that centroid size (csize), wall
thickness (—y7, —yll, —yl5), and tertiary septum length (y9, y17) are significantly higher in M1 than in
M2. Oneway analysis of variance (calical surface dataset) indicates that corallite diameter (CD-MAX, CD-
MIN, CD-AV), corallite shape (ROUNDNESS), columella width (CW), and number of septa (NOSEPTA)
are significantly higher in M1 than M2. Corallite diameter averages 6.27 mm (£1.23) in M1 and 5.26 mm
(£1.26) in M2; number of septa per corallite averages 43.9 (£4.0) in M1 and 32.5 (£9.17) in M2. Scale
bar = 2 mm. a M1, Belize, E001, SUI 108547; b M1, Panama, P032, SUI 125892; ¢ M1, Sdo Tomé, ST002,
SUI 125898; d M2, Belize, E004, SUI 125923; e M2, Panama, P036, SUI 125895; f M2, Sdo Tomé, ST111,
SUI 125905

the colonies from Sdo Tomé are removed from the dataset (Chi-square = 0.740, df = 2,
P = 0.691). No significant association was found between morphotype and water depth
using the 32 colonies collected in Belize (Table 2). Tukey’s results for the entire thin
section dataset show that CV scores are lower overall for Sdo Tomé and higher for Belize,
with Panama being intermediate and overlapping. However, Kruskal-Wallis tests for each
morphotype show no differences in CV scores among localities within either morphotype.
Neither Tukey’s nor Kruskal-Wallis results reveal any significant differences in CV scores
associated with water depth in Belize.

Fossil corals

Four morphotypes (Fig. 6) were recognized in the fossil dataset: F1 = 20 colonies,
F2 = 12 colonies, F3 = 43 colonies, F4 = 3 colonies. Canonical discriminant analysis
confirms that the four fossil morphotypes are distinct (Wilks’” Lambda = 0.005,
P < 0.001; 98.7% correctly classified; Supplemental Table S5), and with one exception
(colony 46399 from Panama, assigned to F3), they do not overlap. Scores on the first CV
(inversely correlated with wall thickness) are low for F4, intermediate to low for F3,
intermediate to high for F2, and high for F1, which each of the four morphotypes being
significantly different. Scores on the second CV (correlated with septum length) are low for
F2, and scores on the third CV (correlated with centroid size) are high for F4.
Combined canonical discriminant analyses of the four fossil and two modern mor-
photypes (Fig. 7; Supplemental Table S5) show that all six morphotypes are distinct
(Wilks’ Lambda = 0.042, P < 0.001; 89.5% correctly classified). Similarly, P values for F
values based on Mahalanobis distances for all pairwise combinations of morphotypes are
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Table 2 Crosstabulation results testing the association between morphotype and locality, and between
morphotype and environment (water depth)

Locality Puerto Rico Total

Panama Sdo Tomé Belize

Morphotype * locality crosstabulation (Chi-square = 33.141, df = 3, P < 0.001)

Morpho-type Ml 4 4 31 19 58
M2 2 22 8 4 36
Total 6 26 39 23 94
Depth Total
<10 m 1020 m >20 m

Morphotype * water depth crosstabulation (Chi-square = 0.235, df = 2, P = 0.889)

Morpho-type M1 5 12 8 25
M2 2 3 2 7
Total 7 15 10 32

Fig. 6 Transverse thin sections of representative corallites of the four fossil morphotypes (F1-F4). Multiple
comparisons tests (Table 1) indicate that wall thickness (—y7, —y11, —y15) is high in F4, intermediate in
F3, and low in F1 and F2; tertiary septum length (y9, y17) is high in F1, high to intermediate in F2, low to
intermediate in F3, and low in F4; corallite diameter (y1) is high in F1 and F4, low in F2, and overlapping in
F3; centroid size is high in F4 and low in F1, F2, and F3. Scale bar = 2 mm. a F1, 493, Costa Rica, SUI
108459; b F2, PN311, Panama, SUI 108511; ¢ F3, 3220, Costa Rica, SUI 108479; d F4, PN307, Panama,
SUI 108507
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Fig. 7 Plots of scores on canonical variates (CV) comparing the 6 morphotypes (2 modern, 4 fossil). The
analysis was performed using the thin section dataset. Each point on the plot represents one colony; dotted
polygons enclose each fossil morphotype and solid polygons (shaded) enclose each modern morphotype. In
legend, M modern; F fossil

Table 3 Mahalanobis distances between all pairwise combinations of fossil and modern morphotypes

Morphotype F1 F2 F3 F4 Ml

F2 15.130

F3 13.744 12.138

F4 52.864 48.499 18.362

M1 9.880 13.783 6.474 34.993

M2 25.978 15.438 17.253 53.024 10.046

Distances in bold are less than or equal to the distance between M1 and M2

all P <0.001, indicating significant differences among morphotypes. However, the
Mahalanobis distance value (Table 3) between the two modern morphotypes, M1 versus
M2 (10.046) is greater than the distance between M1 versus F1 (9.880) and between M1
versus F3 (6.474). Moreover, the Mahalanobis distances for F2 versus F3 (12.138) and F2
versus M1 (13.783) are only slightly higher than the distance between M1 versus M2. The
only fossil morphotype with high Mahalanobis distances between it and the other five
species is F4, which consists of only three colonies.

Molecular analyses
After alignment and trimming, sequence lengths for f-fubl were 961 bp and for S-tub2,

612 bp. Among all sampled individuals, 59 haplotypes were observed for f-tubl and 29
haplotypes were observed for p-tub2. The two markers were tested for linkage
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disequilibrium, and although linkage was detected among a subset of nucleotide sites
within each locus, no significant linkage was found across the two markers (data not
shown), implying that these two markers are independent loci. In addition, the absence of
linkage indicates that no associations exist between alleles of the two loci. Haplotype
networks for ff-tubl (Fig. 8a) and f-tub2 (Fig. 8b) show that both genes are composed of

Montastraga cavernosa

Haplotype Network for f3-tubulin 1 I Viorph 1 [ Morph 2

Clade A Clade B
HHHHHH
*—H
|
5 T
i
I_
o
Montastraea cavernosa
Haplotype Network for (3-tubulin 2 I Vorph 1 [ Morph 2
Clade C Clade D

A ;

6

Fig. 8 Parsimony haplotype network for a f-tubl and b f-tub2. The size of each circle reflects the
frequency that a haplotype is observed. Notches symbolize the number of mutations between haplotypes.
Haplotypes observed in the morphotypes M1 and M2 are listed in black and grey respectively
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two groups or ‘clades’ of haplotypes. For ff-tubl, the clades have been named A and B, and
for f-tub2, C and D. Both NJ and MP phylogenetic trees support these clade separations
(Fig. S1), with bootstrap values of 97% for Clades A and B and 94% for Clade D (both NJ
and MP). Haplotype LO08, representing one haplotype in the Belize population, is not
included in Clade C in either phylogenetic tree, but lies between the two clades (Fig. 8).
All other haplotypes assigned to Clade C in the haplotype network form a cluster in the
phylogenetic analyses, which has bootstrap support of 84 and 81% for NJ and MP
respectively. For ff-tubl, clades A and B have an average divergence of 1.71 £ 0.27%. For
p-tub2, clades C and D have an average divergence of 1.51 £ 0.27%. The level of
divergence between clades is greater than the average within-clade divergences, which are
0.47, 0.74, 0.64 and 0.40% for clades A, B, C and D, respectively (Fig. 9). To test whether
these clades could potentially represent cryptic species, morphotypes identified using
multivariate statistics (see above) were mapped onto the haplotype networks to determine
if particular morphotypes could be correlated with specific haplotype clades. However,
no association was detected between morphotypes and genetic clades in either f-tubl or
p-tub2 (Fig. 8).

An analysis of the genotypes occurring in each morphotype shows that all two-locus
genotypes are found in both morphotypes (with the exception of the ABDD genotype

Genetic Divergence in the Coral S-fubulin gene

2.50%
Atlantic Corals M. cavernosa M. cavernosa
Within Species Within Clade Between Clades
2.00% 4
1.50%

1.00%

.m% » [

N S ® ¢ & ¥ ®
é’ @@ e“"“ & oF
d\@ & & @”

Average % Genetic Divergence between Sequences

0.00%

| O p-tubulin Atlantic Corals @ p-tub? M. cavernosa A p-tub2 M. cavernosa

Fig. 9 Comparison of sequence divergence within and between haplotypes clades observed in M. cavernosa
(this study), and intraspecific divergence observed in other Atlantic corals (Nunes et al. 2008). Open squares
represent f-fub sequence data in Atlantic corals, black circles are f-tubl sequences in M. cavernosa and
grey triangles are f-tub2 sequences in M. cavernosa. The genetic divergence between haplotype clades in
M. cavernosa is greater than is typically observed at this locus for other Atlantic coral species
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Fig. 10 Frequency of genotypes of Montastraea cavernosa from four localities in the Caribbean and West

Africa

observed in 2% of morphotype M2) and that the frequency of genotypes is similar in the
two morphotypes for each population (Fig. 10). In addition, 30.8% of colonies were het-
erozygous for Clades A and B, and 32.7% of colonies were heterozygous for Clades C and
D. The expectation for a cryptic species would be that one group of individuals would have
alleles from a given haplotype clade for each locus. Instead, it appears that alleles from

@ Springer



282 Evol Ecol (2012) 26:265-290

Table 4 Estimate of differentiation (¢st) between morphological groups (M1 and M2) for each population

M1 M1 Ml M1 M2 M2 M2 M2

Belize Panama Puerto Rico Sdo Tomé Belize Panama Puerto Rico Sdo Tomé
M1 Belize —0.025  0.005 0.384 —0.023 —0.095 —0.011 0.411
M1 Panama —-0.014 0.017 0.528 —0.059 —0.166 —0.09 0.608
M1 Puerto Rico  0.009  0.027 0.374 0.014 —-0.03 —0.016 0.416
M1 Sédo Tomé 0.208 0.252  0.255 0476 0.626  0.582 —0.041
M2 Belize 0.015 0.028 —-0.019 0.295 —0.104 —0.022 0.533
M2 Panama 0.007 0.056 —0.036 0.516 —0.059 —0.128 0.651
M2 Puerto Rico  0.039 0.096  0.004 0.425 0.005 —0.155 0.642
M2 Sdo Tomé 0.298  0.47 0.387 —0.019 0.501 0.732  0.651

Values in bold have P values below the significance level of o = 0.05. In the lower triangle are values for
p-tubl and in the upper triangle are values for ff-tub2

each haplotype clade can be exchanged, and one third of the sampled colonies possess one
allele from each clade for both loci.

Finally, a ¢st test was conducted to determine whether the two morphotypes were
genetically differentiated. For each geographic population, two groups of haplotypes were
defined based on morphotype (M1 and M2), and ¢st values were calculated for every
pairwise combination of groups (Table 4). Most comparisons between morphotypes M1
and M2 do not have significant ¢st values. The only significant ¢st values were found
between the Sao Tomé population and each of the three Caribbean populations. However,
morphotypes M1 and M2 from Sdo Tomé are not genetically differentiated, and have non-
significant ¢st values.

Discussion
Cryptic species

We find no evidence for cryptic species in Montastraea cavernosa. Our results indicate
polymorphism in both morphology and the f-fubl and f-tub2 genes, but morphological
and genetic polymorphism are not correlated. Two distinct morphotypes (Fig. 4), with M1
roughly corresponding to the nocturnal morph and M2 to the diurnal morph of Lasker
(1976, 1979, 1980, 1981), and two haplotype clades per genetic locus (Fig. 8) were rec-
ognized. Morphotypes were distinguished using the same morphometric techniques as
those used to distinguish the three species in the Montastraea annularis complex, and
differences among M. cavernosa morphotypes are comparable to differences observed
among M. annularis complex species (Pandolfi and Budd 2008). Moreover, Nunes et al.
(2008) calculated an average intraspecific genetic divergence for the f-fubulin gene across
five species of Atlantic corals (Colpophyllia natans, Diploria labyrinthiformis, Favia
leptophylla, Mussismilia braziliensis and Scolymia sp) and found that the average genetic
distance among haplotypes of the same species was 0.14 &+ 0.1%. In M. cavernosa, the
genetic divergences between Clades A and B (1.51 &+ 0.27%) for f-tfubl and Clades C and
D for f-tub2 (1.51 &+ 0.27%) are an order of magnitude higher than the within-clade
divergences and intra-specific divergence observed for other species (Fig. 9).
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Nevertheless, maps of morphotypes onto haplotype networks (Fig. 8) show that mor-
photypes and haplotype clades do not correspond. They also show no evidence of linkage
disequilibrium between the two loci, indicating no associations between alleles that would
be indicative of cryptic species. Moreover, ¢st tests show that genetic differentiation is not
significant between morphotypes (Table 4). Finally, the two morphotypes of M. cavernosa
do not differ in genotype frequencies (Fig. 10). Approximately one third of the sampled
colonies were heterozygous for Clades A and B, or Clades C and D, suggesting that genes
can be exchanged across haplotype clades. The lack of correspondence between mor-
phology and genetics contrasts numerous studies on reef corals over the past decade, which
have found concordance between these two data types (e.g., Fukami et al. 2004a; Flot et al.
2008; Forsman et al. 2009), and is similar to the growth forms observed in Platygyra
daedalea, which cannot be explained by genetic or environmental data (Miller and Benzie
1997).

Comparisons between genotype frequencies in M. cavernosa (Fig. 10) and the
M. annularis complex (Fukami et al. 2004a) indicate more genetic overlap between
M. cavernosa morphotypes than between species in the M. annularis complex. In
the M. annularis complex in Panama, M. faveolata has almost no shared genotypes
with M. franksi and M. annularis, and M. annularis and M. franksi differ in frequencies of
genotypes AAA and AA*. In M. cavernosa (Fig. 10), both morphotypes share nearly all of
the same genotypes, with the exception of the relatively rare genotype ABDD, which is
only observed in morphotype M2. The two morphotypes do differ overall in genotype
frequency, with the AADD genotype being more frequently observed in M2. However, this
is likely caused by AADD being the dominant genotype in Sdo Tomé (22 of 26 colonies)
and nearly all individuals in Sdo Tomé being M2 (24 of 26 colonies). The Sdo Tomé
population is geographically and genetically isolated from the three Caribbean populations,
which would allow genotype frequencies to diverge via stochastic processes such as
genetic drift.

Geographic and environmental variation

Our results show no evidence for either geographic or environmental variation within
Montastraea cavernosa. With regard to geographic variation, the segregation of genotypes,
morphotypes or both to specific geographical locations is expected if divergence is the
result of allopatric speciation. Several marine cryptic species have been identified on the
basis of high genetic divergence between specimens from different geographic locations;
for example, the blenny Ophioblennius atlanticus (Muss et al. 2001) and the sponge
Chondrilla nucula (Klautau et al. 1999). In M. cavernosa, however, haplotypes from all
four clades in fS-tubl and f-tub2 occur at all of the sampled sites. In addition, both
morphotypes occur at similar frequencies in all localities in the Caribbean. The Sdo Tomé
population is an exception, being dominated by the M2 morphotype and AADD genotype
(Table 2). However, the AADD genotype and M2 morphotype are both commonly found
in all other populations, and are not necessarily associated in the Caribbean or Sdo Tomé
populations (not all M2 morphotypes have an AADD genotype and vice versa).

With regard to environmental variation, specifically phenotypic plasticity (recently
reviewed by Todd 2008), both morphotypes co-occur at all water depths in Belize, and no
significant differences were found in morphology among colonies collected in different
water depths (but see Ruiz 2004). Together these two results suggest that phenotypic
plasticity is not solely responsible for the observed morphological differences between
morphotypes. Moreover, they contrast with the results of morphological analyses on the
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Montastraea annularis complex collected from exactly the same reef sites in Belize, in
which costa length was found to be associated with water depth in M. annularis and M.
faveolata and shape of the tertiary costa with water depth in M. franksi (Pandolfi and Budd
2008). Klaus et al. (2007) examined the relationships between light, 615 N (sewage
indicator), 613C (autotrophy: heterotrophy), Symbiodinium communities, and morphology
in M. annularis s.s. collected over a water depth gradient in Curagao, and observed changes
in calical elevation. These authors concluded that morphological differences between
colonies collected in environments characterized by extreme differences in water energy,
sedimentation rate, and nutrient supply may be caused by phenotypic plasticity. However,
plasticity plays less of a role within a single environment or across a subtle environmental
gradient. The fact that each of the two M. cavernosa morphotypes occur in the same
environment suggests that genetic factors (e.g., related to calcification and/or development)
are at least partly responsible for their morphological differences.

High levels of polymorphism in Montastraea cavernosa

Unlike most other eukaryotes, the coral mitochondrial genome is highly conserved
(Shearer et al. 2002; Hellberg 2006), but higher genetic variation is increasingly being
found in the coral nuclear genome (e.g., Baums et al. 2005; Eytan et al. 2009). Compar-
isons between nuclear and mitochondrial datasets suggest that coral nuclear loci are 2—-10
times more variable than mitochondrial loci (Chen et al. 2009; Eytan et al. 2009); however,
few studies have estimated how much variation is typical of coral nuclear genes. The
genetic variation observed in f-tubl and f-tub2 of Montastraea cavernosa is higher than
previously reported. As many as 74 haplotypes of the -fubl gene have been identified in
M. cavernosa (Nunes et al. 2009), and intra-specific sequence divergence observed in the
present study is as high as 2.55%. This level of intra-specific variation has rarely been
observed in corals, with the exception of the ribosomal internal transcribed spacer (ITS)
regions (e.g., Diekmannn et al. 2001 in Madracis; Forsman et al. 2005 in Siderastrea;
Rodriguez-Lanetty and Hoegh-Guldberg 2002 in Plesiastrea; Wei et al. 2006 in Acropora),
but the high number of gene copies and greater intra- than inter-specific variation found in
this locus (Vollmer and Palumbi 2004) complicates phylogenetic inference.

A comparative study across several trans-Atlantic coral species suggests that variation
in the f-tubulin gene of M. cavernosa may be greater than that of several other corals
(Nunes 2009). In this locus, M. cavernosa has much greater variation compared to brooders
such as Favia fragum, Favia gravida, Porites astreoides and Siderastrea radians. The
broadcasting gonochoric species S. siderea has greater variation at the f-fubulin gene than
the above-mentioned brooders, but its variation is lower than that observed for M. cav-
ernosa (Nunes 2009).

A combination of factors may explain why M. cavernosa is able to maintain high levels
of genetic diversity compared to other coral species. First, the expected polymorphism at
mutation-drift equilibrium is predicted to be proportional to the effective population size
(Gillespie 2004). Thus, organisms with high effective population sizes should have high
genetic diversity. M. cavernosa is a common coral species with a wide distribution across
the Atlantic, both of which are indicative of a large population size, and by extension, high
genetic diversity. Second, small, fragmented populations are more susceptible to loss of
diversity via genetic drift (Gillespie 2004). M. cavernosa is able to maintain high genetic
connectivity throughout the Caribbean and along the coast of Brazil (Nunes et al. 2009),
which may contribute to its ability to maintain high genetic variation compared to coral
species with fragmented populations such as Acropora spp (Baums et al. 2005; Vollmer
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and Palumbi 2007), M. faveolata (Severance and Karl 2006) and Favia spp (Nunes 2009;
Goodbody-Gringley et al. 2010). Third, reproductive strategies may also affect levels of
genetic diversity. It has been argued that gonochorism may evolve under selection for
increased outcrossing and greater rates of recombination (Szmant 1986). Gonochorism
may therefore favor high genetic diversity in M. cavernosa. Simultaneous hermaphrodites,
such as the members of the M. annularis complex, are largely self-incompatible (Levitan
et al. 2004) and are therefore likely to have similar rates of outcrossing. Self-compatible
hermaphrodites, on the other hand, are expected to suffer from reduced genetic diversity, as
has been observed for corals that are capable of self-fertilization such as F. fragum and P.
astreoides (Brazeau et al. 1998).

Long-term evolutionary implications

Our study shows that the magnitude of variation exhibited by the modern and fossil
morphotypes is roughly equivalent, with the possible exception of F4, a morphotype that is
difficult to assess due to low sample size (Fig. 7; Table 3). Given the lack of genetic
differentiation found among modern morphotypes, by extrapolation, we can interpret the
four fossil morphotypes as representing one polymorphic species, which is the same as
modern Montastraea cavernosa. Moreover, based on the observed morphological overlap
between modern and fossil specimens (Fig. 7), with the Mahalanobis distances between
M1 and F3 and between M1 and F1 being less than the distance between M1 and M2
(Table 3), this one highly variable species can be interpreted as exhibiting no net evolu-
tionary change from first to last occurrence, or in other words, “morphological stasis”
(Hunt 2007).

Using traditional linear distance measurements, Budd (1991) recognized four M. cav-
ernosa-like morphospecies with >36 septa per corallite in the Mio-Pliocene of the
Dominican Republic (Table 5). Visual comparisons of the four fossil morphotypes in the
present study with these four Dominican Republic morphospecies indicate that F1 corre-
sponds with M. cavernosa, F2 with M. canalis, and F3 with M. cylindrica; F4 does not
match any of the Dominican Republic species. Three of the Dominican Republic mor-
phospecies (M. canalis, M. cavernosa, and M. cylindrica) may therefore be synonymous
with modern M. cavernosa and represent different polymorphs of M. cavernosa. More
rigorous quantitative morphological data need to be analyzed to verify these assignments.

Table 5 Four M. cavernosa-like morphospecies with >36 septa per corallite in the Mio-Pliocene of the
Dominican Republic (after Budd 1991), and their diagnostic characteristics

Previously Corallite Number of Corallite Costae First occurrence (Johnson 2001,

reported fossil diameter septa per  spacing 2007; Johnson and Kirby 2006)

morphospecies (mm) corallite (mm)

M. canalis 4.5-55 3642 5.9-6.6 Equal Late Oligocene Antigua Formation
(Vaughan 1919) of Antigua (~26-25 Ma)

M. cylindrica 4-5 24-36 9-11 Thin Early to middle Miocene Tamana
(Duncan 1863) unequal  Formation of Trinidad (~ 16.4-12.3 Ma)

M. endothecata  7.2-9 36-50 <9 Thick Late Oligocene Antigua Formation
(Duncan 1863) unequal  of Antigua (~26-25 Ma)

M. cavernosa 5.5-6.5 3848 5.9-6.6 Unequal Late Oligocene Antigua Formation
(Linnaeus of Antigua (~26-25 Ma)
1767)
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Study of first occurrence data whose age dates are based primarily on microfossils
(Table 5) indicates that M. cavernosa (including the above proposed synonyms) has a
divergence time of at least ~26-25 Ma, and thus a total species duration of >25 myr, an
amount far longer than most modern Caribbean reef coral species, which have originated
within the past 5 myr (Budd and Johnson 1999). In view of the lack of correlation between
morphological and genetic data reported above, it seems unlikely that the individual fossil
morphotypes of M. cavernosa represent species lineages that can be traced through geo-
logic time. Instead they may represent polymorphs that repeatedly develop within each of
the sampled time intervals. The difficulty in tracing morphotypes through time is exem-
plified by the geometric morphometric study of Schultz and Budd (2008), who found a
bewildering array of eight overlapping morphotypes of M. cavernosa in the Neogene of the
Dominican Republic, which could not unequivocally be linked to morphotypes in fossil
units outside of the Dominican Republic (in part due to sample size). Two of the 8
morphotypes appear to correspond with M. endothecata, one with M. canalis, one with M.
cylindrica, one with M. cavernosa, and the remaining three were interpreted as new.

Further evidence supporting polymorphism in the fossil record can be drawn from co-
occurrence data for the three synonymous morphospecies (M. canalis, M. cavernosa, and
M. cylindrica), which indicate that even during the Miocene and Pliocene they co-occur in
the same localities. Johnson (2001) reports co-occurrences of M. canalis and M. cylindrica
in the early to middle Miocene of Trinidad. In the Dominican Republic (Budd et al. 1994;
Klaus et al. 2008), M. canalis and M. cavernosa co-occur in the late Miocene Cercado
Formation (~6.5-5.6 Ma), M. canalis, M. cavernosa, and M. cylindrica co-occur in the
Gurabo Formation (~5.6-4.5 Ma), and M. canalis, M. cylindrica and M. cavernosa co-
occur in the Mao Formation ~4.5-3.5 Ma). In the present study, all four morphotypes
occur in both formations, and often in the same locality; e.g., F1-F4 at locality AB95-08
(“corales overkill”) and F1-F3 at locality CJ92-6 (“Lomas del Mar — e”) in Costa Rica,
and F1-F3 at both AB99-10 (“Wild Cane Key”) and CM06-10 (“Minitimbi”) in Panama.

Caveats

Montastraea cavernosa exhibits high morphological and genetic variation, but high
polymorphism is not associated with cryptic species. The patterns observed in the present
study should be taken with caution, however, because the data involve only two nuclear
loci. Although these two nuclear loci show no evidence of linkage disequilibrium (Nunes
et al. 2009), they are duplications of the same gene and may not be entirely independent of
one another. These two genes may not be representative of the genome as a whole, and
additional genetic data could reveal patterns that are not observed in f-tubl and S-tub2.
Reproductive data provided by cross-fertilization experiments between gametes of the two
morphotypes are also needed to further test for cryptic species.

Similarly, morphological data in the present study focus on two-dimensional traits in
transverse thin section, which are associated with overall corallite size (centroid size) and
the structure of the corallite wall. In addition to three-dimensional calical morphology, data
for soft-tissue and colony-level features (e.g., colony size) would provide a more complete
morphological characterization of the two modern morphotypes. Although phenotypic
plasticity may not be responsible for the observed morphological differences, our under-
standing of how environment affects skeletal growth and corallite architecture in M.
cavernosa is limited. Field and aquarium transplantation experiments, which use clone-
mates, assess symbiont activity, and accurately monitor a broad range of environmental
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parameters, are needed to detect within-genotype plastic responses, and tease apart the
effects of genetics, symbionts, and environment on morphological variation.

Conclusion

Our results show that polymorphism in Montastraea cavernosa is maintained in the
presence of gene flow, is widespread across the geographic range of the species, and may
have existed for 25 myr of geologic time, including the severe environmental perturbations
of the Plio-Pleistocene. Phenotypic plasticity is poorly understood in the species, but does
not explain the observed patterns. More information about ecological and reproductive
differences between the two modern morphotypes, as well as diagnostic genetic markers
and analyses tracing morphotypes through geologic time, are needed to unravel the
complex cause of polymorphism and its genetic basis. Nevertheless, the observed high
levels of gene flow, large population size, and reduced rates of speciation in the gonochoric
species, M. cavernosa, contrast observations in many hermaphroditic reef corals, and may
be responsible for its unusually long duration and apparent morphological stasis.
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