
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 369: 89–102, 2008
doi: 10.3354/meps07570

Published October 13

INTRODUCTION

Interpretation of community structure and estima-
tion of biodiversity through space and time rely heav-
ily upon good systematics. Reef corals display a high
degree of phenotypic plasticity, which may confuse
attempts to unravel patterns of community structure
and biodiversity. In Caribbean reef corals, at least 3
members of the Montastraea ‘annularis’ species com-
plex have been detected where 1 species was thought
to have existed. Montastraea ‘annularis’ (sensu lato)

was thought to have occupied all depths on coral reefs,
only changing its form to conform to changes in light
penetration and wave energy (Graus & Macintyre
1976, 1982).

Montastraea ‘annularis’ has long held the interest of
coral reef ecologists because it is one of the most dom-
inant corals of Caribbean reefs (Goreau 1959). For
decades, this coral was considered the archetypal gen-
eralist (Connell 1978) with both a seemingly limitless
ability for phenotypic plasticity in growth form, and a
distribution ranging from the intertidal to over 80 m
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water depth (Goreau & Wells 1967). The extensive
variability in colony morphology (columns, massive
heads, and sheets/plates) exhibited over this range
was believed to be an environmental response to dif-
fering light levels (Graus & Macintyre 1976, 1982).
More recently, a number of features have been found
to co-vary with the different types of colony morpholo-
gies, including allozymes, reproductive biology, aggres-
sive behavior, ecology, growth rate, corallite structure,
and stable isotopes (Knowlton et al. 1992, 1997, Van
Veghel & Bak 1993, 1994, Van Veghel et al. 1996,
Lopez & Knowlton 1997, Lopez et al. 1999, Manica &
Carter 2000, Knowlton & Budd 2001, Pandolfi et al.
2002, Budd & Pandolfi 2004, Fukami et al. 2004, Hol-
comb et al. 2004, Levitan et al. 2004).

On the basis of these characteristics, modern Mon-
tastraea ‘annularis’ (sensu lato), long thought to repre-
sent 1 species, is now thought to consist of a complex of
at least 3 sympatric species in shallow- to mid-reef
depths in Central America that differ in overall colony
shape and the shape of the growing edge (Weil &
Knowlton 1994). M. annularis s.s. Ellis & Solander,
1786 generally forms columns, M. faveolata Ellis &
Solander, 1786 generally forms smooth, skirted, mas-
sive mounds, and M. franksi Gregory, 1895 forms
bumpy, irregular mounds and plates. Morphometric
analyses of non-traditional skeletal characters includ-
ing septal relief and corallite structure show that the
species are morphologically distinct
(Budd & Johnson 1996, Budd & Klaus
2001, Knowlton & Budd 2001), and
recent data showed that growth rates in
Pleistocene lineages are also highly
divergent (Pandolfi et al. 2002).

The purpose of the present paper is to
re-visit the sites where over 30 yr ago
Montastraea ‘annularis’ was considered
a single species with large morphologi-
cal variability (Graus & Macintyre 1976,
1982). Early excellent work on the spe-
cies group used mathematical models
to study colony growth. However, ad-
vances in molecular techniques, using
new tools over the past decade or so
that were not available to Graus & Mac-
intyre (1976, 1982), can now distinguish
closely related species within the group
(Knowlton et al. 1992, Weil & Knowlton
1994, Lopez et al. 1999, Fukami et
al. 2004, Willis et al. 2006, Klaus et al.
2007). Now we can illuminate the eco-
logical distribution of the newly discov-
ered species in this important area of
the Caribbean Sea. In this paper, we
show that members of the species com-

plex are distributed non-randomly along environmen-
tal resource gradients (i.e. light), an indication that
niche differentiation is at least in part controlling spe-
cies distribution patterns.

We also examined the morphological variation
within the Montastraea ‘annularis ’ species complex
across growth forms, species, and Caribbean sites.
Separate species can be differentiated morphologically
in Belize, the area where they were originally thought
to represent phenotypic plasticity of a single species.
We then compared the morphological variability of
Belize specimens with those previously described from
Panamá and Jamaica, which helps to determine the
degree to which various morphological traits display
phenotypic plasticity along environmental gradients.

MATERIALS AND METHODS

Morphometric analysis. Sampling: In order to exam-
ine morphological variation within the Montastraea
‘annularis ’ complex, we sampled from 1 to 30 m water
depth from the lagoonal and windward sides of Carrie
Bow Cay reef (Fig. 1) (see Table A1, available in MEPS
Supplementary Material at: www.int-res.com/articles/
suppl/m369p089_app.pdf). Between 4 and 14 colonies
were sampled from each of 5 depth intervals along the
windward reef front (5, 10, 15, 20, and 30 m), and 14
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Fig. 1. The 3 study sites from Belize: Carrie Bow Cay, Tobacco Reef (due east
of South Water Cay), and Curlew Cay
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colonies were sampled from 2 m water depth within the
back reef lagoon at Carrie Bow Cay, for a total of
50 samples (see Fig. A1, available in MEPS Supple-
mentary Material at: www.int-res.com/articles/suppl/
m369p089_app.pdf). Following the approach of Knowl-
ton et al. (1992), Weil & Knowlton (1994), and Pandolfi
et al. (2002), the samples were initially identified in the
field using growth form (column, massive, plate).
Colonies composed of multiple skeletal columns
(higher than wide) with diameters usually 10 to 35 cm
thick were tentatively identified as M. annularis s.s.;
colonies composed of a usually single mound-shaped
skeletal mass with a diameter >35 cm thick were tenta-
tively identified as M. faveolata; and colonies composed
of elongate, thin plates (<25 cm high) were tentatively
identified as M. franksi. Our samples from Belize were
collected from a greater range of environments, includ-
ing exposed reef fronts, than those previously studied
from Panamá, which came from more protected habi-
tats (Knowlton et al. 1997, Fukami et al. 2004). Further
refinement of species was made in the laboratory
through inspection of videos taken in the field and in-
spection of colony skeletons under a stereomicroscope,
taking into account corallite characteristics (size, distri-
bution) and relief on calical surfaces (see Budd & Klaus
2001, Knowlton & Budd 2001). See Table A1 for field
and laboratory identifications of sampled colonies.

Data collection: Morphometric data were collected
on transverse thin sections of 61 colonies, including
the 50 colonies described above (‘Sampling’) and 11
additional colonies sampled by I. Macintyre around
Carrie Bow Cay (Table A1). We digitized the Cartesian
coordinates (x–y ) for 19 landmarks on 6 corallites in

transverse thin sections from the top of each colony
(Fig. 2) (see Table A2, available in MEPS Supple-
mentary Material at: www.int-res.com/articles/suppl/
m369p089_app.pdf). Our approach was similar to those
applied earlier in studies of the species complex in the
late Pleistocene of the Bahamas (Budd & Pandolfi
2004) and Barbados (Pandolfi et al. 2002), the Plio-
Pleistocene of Costa Rica and Panamá (Budd & Klaus
2001), and the late Miocene and late Pleistocene of the
Dominican Republic (Klaus & Budd 2003).

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 Morphometrics Package, 2004, written by H.
David Sheets, available at http://www2.canisius.edu/
~sheets/morphsoft.html). Centroid size was calculated
by summing the squared distances from each of the 19
landmarks to a common centroid. Shape coordinates were
calculated for triplets of points in which Points 11 and 12
(Table 1) were fixed as the baseline. To facilitate morpho-
logical interpretation, 23 shape coordinates associated
with the structure and development of the corallite wall
and costosepta (Table 1) were selected for use in statis-
tical analyses.

Variation among Belize growth forms (Analysis 1):
To test whether the 3 Belize growth forms represented
distinct species, we performed canonical discriminant
analyses (SPSS 14.0) using colony means of the 24 vari-
ables (23 shape coordinates and centroid size) and the
3 growth forms as groups. Cross validation was per-
formed by treating n – 1 out of n observations as the
dataset to determine the discrimination rule and using
the rule to classify the 1 observation left out. Nonpara-
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Fig. 2. Two-dimensional Cartesian coordinates collected for 19 landmarks on transverse thin sections of corallites. Point numbers
11 and 12 were used as the baseline when calculating Bookstein shape coordinates. The landmarks characterize the structure of
the corallite wall and costal extensions beyond the wall. (A) Selected landmarks on a photograph of a corallite. (B) All 19 land-

marks on a schematic drawing of a corallite
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metric statistical tests (Mann-Whitney U, Kruskal-Wal-
lis) were also used to test for differences in canonical
variate scores among groups.

Comparison with species in Panamá (Analysis 2): To
test whether the 3 Belize growth forms were the same
as the members of the Montastraea ‘annularis’ com-
plex in Panamá, we compared them with data col-
lected in the same manner on transverse thin sections
of 30 genetically characterized modern colonies, con-
sisting of 10 M. annularis s.s. (columns), 10 M. faveo-
lata (massives), and 10 M. franksi (plates) from a shal-
low protected fringing reef environment (~10 m in
water depth) in the San Blas Islands of Panamá. This
modern dataset is described in detail in Budd & Klaus
(2001) and Fukami et al. (2004). In addition to multi-
variate analyses, we performed univariate compar-
isons of means by comparing the 3 Belize species with
the Panamá species using multiple comparisons tests,
namely Tukey’s honestly significant difference (HSD)
test. Tukey’s HSD uses the Studentized range statistic
to make all pairwise comparisons between groups.

Environmental variation within growth forms
(Analyses 3 to 5): To examine patterns of variation

within each of the 3 growth forms (Analysis 3 =
columns; Analysis 4 = massives; Analysis 5 = plates),
we performed canonical discriminant analysis sepa-
rately on each Belize growth form using the same 24
morphometric variables and 4 environmental groups:
(1) <5 m, (2) 5 to 12 m, (3) 13 to 30 m, and (4) >30 m.

Comparison of environmental variation within spe-
cies with species differences (Analyses 6 and 7): To
further compare patterns of variation within and
between species, we also performed canonical dis-
criminant analysis using the same 24 variables and the
3 species in Panamá and 3 populations of Montastraea
faveolata from Discovery Bay, Jamaica, as groups
(Analysis 6). We used specimens of the 3 species in
Panamá in these analyses, because previous molecular
work based on the same specimens (Fukami et al.
2004) has shown that the 3 species differ from one
another genetically. Moreover, given that these speci-
mens were all collected in the same reef environment,
environmental variation is minimized. The Jamaican
populations consisted of colonies that were recipro-
cally transplanted in 1974 among the following 3 reef
environments: (1) 2 stations on the forereef at 20 m
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Variables (shape Related morphological Tukey’s HSD multiple comparisons test
coordinates) feature (homogeneous subsets [in brackets] for p < 0.05)

x14, y14 Extension of primary costa [3=1=2=4=5] < [1=2=4=5=6]; ns
x2, y2 Extension of secondary costa [2=3=5=4=1] < [3=5=4=1=6];

[6=3=4=1] < [3=4=1=5] < [4=1=5=2]
y8 Extension of tertiary costa [6=3=4] < [3=4=1] < [4=1=5] < [1=5=2]

y19 Length of primary septum [3=4=6=1] < [6=1=5] < [1=5=2]
y7 Length of secondary septum [3=6=1=4] < [4=5] < [5=2]
y13 Length of tertiary septum ns

y4, y15 Wall thickness [6=3] < [3=4] < [1=5=2];
[6=3] < [3=4] < [5=1=2]

y9, y10 Wall thickness [6=3] < [3=4] < [1=5=2]; [6=3] < [3=4] < [1=5=2]

x4, x15 Outer length of wall dissepiment [3=2=5=4=6] < [5=4=6=1];
and tertiary costoseptum thickness [3=1=2=4=5] < [2=4=5=6]

x6, x17 Inner length of wall dissepiment [2=5] < [5=1] < [1=4=6=3]; [3=6=1=4] < [5=2]

y16 Outer diagonal across primary [6=3=4] < [5=1=2]
costoseptum (plus dissepiment)

x18 Inner thickness of primary [6=3=4=1] < [4=1=5=2]
costoseptum (plus dissepiment)

y3 Outer diagonal across secondary [6=3] < [3=4] < [5=1=2]
costoseptum (plus dissepiment)

x5 Inner thickness of secondary [5=2=4=1=6] < [4=1=6=3]
costoseptum (plus dissepiment)

x9, x10 Outer thickness of tertiary costoseptum 3 < [6=4=2=5=1]; [2=3=1=5] < [3=1=5=4] < [4=6]

y1 Corallite diameter [3=6=4=1] < [4=1=2] < [1=2=5]
csize Centroid size (all 19 landmarks) [1=2=5=4] < [6=3]

Table 1. List of variables analyzed, consisting of 23 shape coordinates (x2...x18, y1...y19) and centroid size (csize). Eleven shape
coordinates that were constrained due to radial symmetry (x1, x7, x8, x13, x19, y6, y17) or that crossed several morphological
features (x3, y5, x16, y18) were not included. Numbers for Tukey’s HSD test refer to Belize growth forms (4 = columns, 5 = mas-
sives, 6 = plates) and Panamanian members of the Montastraea ‘annularis ’ complex (1 = M. annularis s.s., 2 = M. faveolata, 3 =
M. franksi). Species may belong to 2 groups (homogeneous subsets), if there is overlap among groups. Groups are in square 

brackets. ns = not significant
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depth, (2) 1 station in the backreef lagoon at 15 m
depth, and (3) 1 station on a patch reef at 5 m depth
(Foster 1979, Budd 1993). In these experiments, 3
colonies were stained with alizarin and transplanted
from each station to every other station, and 3 colonies
were left at their original station as controls. The colo-
nies were collected after 1 yr of growth, and transverse
thin sections were prepared above and below the
alizarin line within each colony. Canonical discrimi-
nant analyses were performed by comparing the 3
Panamá species with samples of the 3 Jamaican
populations taken below the alizarin line (i.e. skele-
ton deposited before transplantation). To further test
whether the variation observed between the 3 Jamai-
can populations could be attributed only to ecopheno-
typic plasticity, we performed additional analyses
(Analysis 7) involving only the Jamaican populations,
and compared samples taken below the alizarin line
with samples taken above the alizarin line (i.e. skele-
ton deposited after transplantation).

Ecological analysis. Sampling: A hierarchical sam-
pling design was used to compare and contrast species
abundances and distribution from 3 sites and 5 depths,
with 5 replicates per site and depth. Populations were
sampled from the windward side of Carrie Bow Cay,
Tobacco Reef to the north, and Curlew Cay to the south
(Fig. 1). At all 3 sites, species abundances were derived
along 20 m belt transects, oriented perpendicular to
the depth gradient, from 5, 10, 15, 20, and 30 m water
depth. The length along the transect of all colonies of
the 3 species of the Montastraea ‘annularis’ species
complex falling within 50 cm of the transect tape was
recorded. At Carrie Bow Cay and Curlew Cay, we also
sampled shallow water assemblages (2 m depth) from
the lagoon.

Data analysis: Comparison of taxonomic composition
among all possible pairs of transects (among depths
and sites) was calculated using the Bray-Curtis dissim-
ilarity coefficient (Bray & Curtis 1957). Dissimilarity
values range from 0 (for a pair of samples with identi-
cal taxonomic composition) to 1 (for a pair of samples
with no taxa in common). Abundance data were trans-
formed to their 4th roots prior to the calculation to
reduce the influence of occasional large abundance
values for some taxa (Field et al. 1982).

Nonmetric multidimensional scaling (NMDS; Kruskal
1964) was used to provide a visual summary of the pat-
tern of Bray-Curtis values among the 85 transects. This
ordination technique has been shown to be one of the
most effective methods available for the ordination of
taxonomic composition data (Minchin 1987, Shi 1993).
This method was chosen over other ordination tech-
niques because it makes no assumptions about the
underlying distribution of the data. The NMDS was
run with 25 random starting configurations. Sample

points closest together on the resulting 2-dimensional
scatter plot represent transects with the most similar
coral abundances.

To determine whether communities from different
sites and depths had significantly different composition
in their relative abundance of Montastraea ‘annularis’
species, we used analysis of similarities (ANOSIM;
Clarke 1993, Clarke & Warwick 2001) for the unbal-
anced design for all sites and depths, and per-
mutational multivariate analysis of variance (PERM-
ANOVA; Anderson 2001) for the balanced part of the
data (all sites, but 2 m depth excluded, as there was no
comparable 2 m lagoon setting for Tobacco Reef as ex-
ists on Curlew and Carrie Bow cays). In both analyses,
both factors, site and depth were crossed, and for PER-
MANOVA, both factors were fixed. In both analyses,
data were transformed to the 4th root, and analyzed
based on a Bray-Curtis dissimilarity matrix, using
10000 permutations. The ANOSIM and PERMANOVA
tests allow unambiguous interpretation of the NMDS
plots. Details of these methods can be found in Pandolfi
& Minchin (1995), Pandolfi (1996, 2001), Jackson et al.
(1996) and Pandolfi & Jackson (2001). ANOSIM and
NMDS were performed using the PRIMER software
package and PERMANOVA using the PERMANOVA
program (Anderson 2005). Statistical significance was
assessed at a probability level (α) of 0.05. Multiple com-
parisons were evaluated using the Bonferroni correc-
tion (α/no. of pairwise tests, where α = 0.05).

RESULTS

Species distinctiveness

Variation among Belize growth forms (Analysis 1)

The results of the canonical discriminant analyses
(Fig. 3) showed that the 3 Belize growth forms had sta-
tistically significant differences in corallite morphology
and that no overlap occurred among groups (Fig. 3A).
Classification results indicated that 98.4% of the
originally grouped cases were correctly classified, and
that 73.8% of the cross-validated grouped cases were
correctly classified. Nonparametric statistical tests
(Kruskal-Wallis, Mann-Whitney U) indicated that all 3
growth forms differed from one another on the first
canonical variate (p << 0.001), and that the columns
differed from the other 2 growth forms on the second
variate (p << 0.001 for columns vs. massives, and for
columns vs. plates; p = 0.678 for massives vs. plates).
As indicated by the correlation table between individ-
ual variables and canonical variates (see Table A3,
Analysis 1, available in MEPS Supplementary Material
at: www.int-res.com/articles/suppl/m369p089_app.pdf),
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wall thickness (y4, y15, y9, y10, y3, y16) was strongly
correlated with the first canonical variate. Corallite
size (csize, y1, y19, y7) and dissepiment length (x6,
x17) had relatively high correlations with the second
canonical variate. These results agreed with the results
on multiple comparisons tests performed using the
original variables (Table 1), which revealed that wall
thickness (y4, y15, y9, y10) was thin in massive

colonies, intermediate in columns, and thick in plates.
Massives had larger corallite diameters (y1) and cen-
troid sizes (csize), longer primary and secondary septa
(y19, y7), and more extensive inner wall dissepiments
(x6, x17). The 3 growth forms did not differ in exten-
sion of costae (x14, y14, x2, y2, y8), length of tertiary
septa (y13), outer length of wall dissepiment (x4, x15),
or thickness of costosepta (x18, x5, x9, x10).
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Fig. 3. Plots of scores on canonical variates comparing the 3 growth forms in Belize and colonies from different reef environments
within each Belize growth form. Each point on the plots represents 1 colony. Correlations of canonical variates with individual vari-
ables are given in Table A3, available in MEPS Supplementary Material at www.int-res.com/articles/suppl/m369p089_app.pdf.
(A) Analysis 1, comparing growth forms. (B) Analysis 3, comparing environments within columns. (C) Analysis 4, comparing 

environments within massives. (D) Analysis 5, comparing environments within plates
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Comparison with species in Panamá (Analysis 2)

The results of canonical discriminant analysis com-
paring the Belize growth forms with genetically dis-
tinguished species in Panamá indicated that the 3
growth forms from Belize differed to varying degrees
from their counterparts in Panamá (Fig. 4). Most
importantly, the columns from Belize had significantly
lower values along the first canonical variate (Mann-

Whitney U, p << 0.001) than the columns from
Panamá (= Montastraea annularis s.s.) (Fig. 4). How-
ever, the massive and platy growth forms in Belize
appeared to be more similar to their Panamánian
counterparts (M. faveolata and M. franksi respec-
tively), with differences being significant for massives
(Mann-Whitney U, p = 0.006) but not for plates
(Mann-Whitney U, p = 0.208). The first canonical
variate was strongly correlated with corallite wall
thickness (y4, y15, y9, y10), which was significantly
thicker in the columns from Belize than in the
columns from Panamá (Table 1).

Scores on the second canonical variate (Fig. 4),
which was correlated with corallite size (csize, y1,
y19, y7) and dissepiment length (x6, x17), indicated
possible differences between massives in Belize and
Panamá (Mann-Whitney U, p = 0.005), but not
between columns (Mann-Whitney U, p = 0.268) or
between plates (Mann-Whitney U, p = 0.832). How-
ever, these differences were not confirmed by
Tukey’s HSD tests performed on the original vari-
ables (Table 1). Likewise, scores on the third canoni-
cal variate, which was correlated with the length and
thickness of the tertiary septa (y13, x10, x15) and the
extension of the primary costae (x14), indicated pos-
sible differences between all 3 growth forms in
Belize and Panamá (Fig. 4) (for columns: Mann-Whit-
ney U, p << 0.001; for massives: Mann-Whitney U,
p = 0.003; for plates: Mann-Whitney U, p = 0.002).
These differences were confirmed only between plates
in Tukey’s HSD tests performed on the original vari-
ables (Table 1).

The genetically distinct species from Panamá dif-
fered significantly from one another on Canonical
Variates 1 (for Montastraea annularis s.s. vs. M.
franksi, M. faveolata vs. M. franksi, and M. annularis
s.s. vs. M. faveolata, Mann-Whitney U, p << 0.001) and
2 (for both M. annularis s.s. vs. M. franksi and M. annu-
laris s.s. vs. M. faveolata, Mann-Whitney U, p << 0.001;
but not for M. faveolata vs. M. franksi, Mann-Whitney
U, p = 0.853) (Fig. 4). The differences were less pro-
nounced on Canonical Variate 3 (for M. annularis s.s.
vs. M. faveolata, Mann-Whitney U, p = 0.004; for M.
annularis s.s. vs. M. franksi, Mann-Whitney U, p =
0.123; for M. faveolata vs. M. franksi, Mann-Whitney
U, p = 0.165). These results indicated that Canonical
Variates 1 and 2 were more effective at distinguishing
species than Canonical Variate 3. Canonical Variate 3
distinguished the 3 Belize growth forms collectively as
a group from a group formed by the 3 Panamá species;
however, the 2 collective groups overlap to a greater
degree than the overlap observed between species
within each group (Fig. 4B).

As in the Belize growth forms, multiple comparisons
tests performed on each of the original variables
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Fig. 4. Plots of scores on canonical variates comparing the 3
growth forms in Belize with the 3 species in Panamá (Analysis
2). Each point on the plots represents 1 colony; dotted poly-
gons enclose the Belize growth forms and solid polygons
(shaded) enclose the Panamá species. (A) Canonical Variate 1
vs. Canonical Variate 2. (B) Canonical Variate 1 vs. Canonical 

Variate 3
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(Table 1) revealed that wall thickness (y4, y15, y9, y10)
was thin in massives (Montastraea faveolata), and
thick in plates (M. franksi ). However, unlike Belize,
columns (M. annularis s.s) from Panamá had thin walls
that are similar to massives. Like Belize, Panamá mas-
sives (M. faveolata) had larger corallite diameters (y1)
and centroid sizes (csize), longer primary and sec-
ondary septa (y19, y7), and more extensive inner wall
dissepiments (x6, x17) than the other 2 species.

Environmental variation within Belize growth forms
(Analyses 3 to 5)

The results of canonical discriminant analysis com-
paring colonies from different environments within
each of the 3 Belize growth forms showed that colonies
from different environments are distinct and separated
by gaps within all 3 growth forms (Fig. 3B–D). In
columns and massives, corallite size (csize, y19) was
correlated with the first canonical variate (Table A3,
Analyses 3 and 4), and decreased with water depth in
both growth forms. In plates, although low in value,
wall thickness (y10) and tertiary costoseptum thick-
ness (x9) had the highest correlations with the first
canonical variate (Table A3, Analyses 3 and 4), and
increased with water depth.

Comparisons between canonical variates (Table A3)
in analyses distinguishing growth forms (Analysis 1)
and environments within growth forms (Analyses 3 to
5) indicated that different variables are involved in
variation within and among species. Wall thickness
(especially y4, y15, y9, y10) and development of wall
dissepiment (x6, x17) play a more important role in dis-
tinguishing species, whereas primary septum length
(y19) and costa extension (y14) are more important
in distinguishing environments within columns and
massives. Within plates, however, wall thickness does
distinguish environments, but unlike analyses distin-
guishing growth forms (or species), it varies in combi-
nation with the shape of the tertiary costoseptum (x9,
x10, x4, x15), so its pattern of variation still differs from
that observed between species.

Comparison of environmental variation within species
with species differences (Analyses 6 and 7)

The results of canonical discriminant analyses com-
paring the Panamá species with environmental varia-
tion in transplanted Montastraea faveolata from
Jamaica (Fig. 5A, Analysis 6) showed that the Panamá
species are distinct and differ primarily on the first
canonical variate, which was strongly correlated with
wall thickness (y4, y15, y9, y10, y3, y16) (Table A3). In

contrast, colonies from the Jamaica environments
overlap and differed mainly along Canonical Variate 2,
which was correlated with dissepiment length (x6, x17)
(Table A3). M. annularis s.s. from Panamá was fur-
ther distinguished on Canonical Variate 3 (not shown),
which was correlated with a combination of corallite
size (csize, y1, y19, y7) and dissepiment length (x6,
x17) (Table A3). Differences among environments only
accounted for a portion of the range of variation along
Canonical Variate 1 (which distinguished the 3 spe-
cies), but none of the variation along Function 3 (which
distinguished M. annularis s.s.). Differences among
species accounted for little, if any, of the variation
along Canonical Variate 2 (which distinguished envi-
ronments).

Comparisons between canonical variates (Table A3)
in analyses distinguishing growth forms (Analysis 1),
species (Analysis 2, 6), environments within growth
forms (Analyses 3 to 5), and environments within
species (Analysis 6) indicated that different variables
are involved in corallite morphological variation
within and among species. Canonical Variate 1 in
Analysis 6 was similar to Canonical Variate 1 in com-
parisons among growth forms (Analysis 1) and spe-
cies (Analysis 2). Canonical variate 3 in Analysis 6
was similar to Canonical Variate 2 in comparisons
among growth forms (Analysis 1) and species (Analy-
sis 2). Canonical Variate 2 in Analysis 6 was most
similar to the second canonical variate in compari-
sons among environments within the massive growth
form (Analysis 4).

Canonical discriminant analyses comparing samples
taken below the alizarin line with samples of the
same colonies taken above the alizarin line (Fig. 5B,C,
Analysis 7) showed that colonies transplanted between
the 3 Jamaican environments are capable of changing
their morphology in response to transplantation. The
variation observed among Jamaican populations can
therefore be interpreted as caused by ecophenotypic
plasticity.

Ecological distribution

Species of the Montastraea ‘annularis’ complex
showed varying distributions with depth (Fig. 6). At all
3 sites studied, M. faveolata was the most abundant
member in the shallowest reef habitats (2 to 5 m), with
M. annularis s.s. the most abundant at intermediate
depths (10 to 15 m) and M. franksi in deeper depths
(20 to 30 m) (Fig. 6). The only exception to this pattern
was the dominance of M. faveolata over M. annularis
in 10 m water depth at Carrie Bow Cay. ANOSIM
using the entire data set showed that the composition
of the assemblages was significantly different over
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sites and depths (Table 2). Applying the
Bonferroni correction gives α = 0.016 for the
pairwise comparisons of sites, so Tobacco
Reef communities were significantly differ-
ent from those at Curlew Cay (Table 2,
Fig. 7), showing greater abundance of M.
annularis and lower abundance of M. fave-
olata at the Tobacco Reef site. Applying the
Bonferroni correction gives α = 0.003 for the
pairwise comparisons of depths, so all
depths were significantly different from one
another except the 2 m lagoonal assem-
blages, which were not significantly differ-
ent from the 5 m reef front assemblages
(Table 2). Results from PERMANOVA
excluded the 2 m lagoon depth. As with
ANOSIM, there was an overall site (F2,74 =
5.16, p = 0.006) and depth (F4,74 = 88.71, p <
0.001) effect, plus a significant interaction
term (F8,74 = 2.66, p = 0.010). Also similar to
ANOSIM results, all PERMANOVA pair-
wise comparisons for depth (5, 10, 15, 20,
and 30 m) were significant using a Bonfer-
roni-corrected α = 0.005. The site × depth
interaction showed significant pairwise site
comparisons at the depths of 15, 20, and
30 m, for Tobacco Reef versus Curlew Cay,
and at 15 m for Tobacco Reef versus Carrie
Bow Cay (Table 3), using a Bonferroni-
corrected α = 0.017.
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Fig. 5. Plots of scores on canonical variates comparing variation
among and within species. (A) Analysis 6, comparing the 3 spe-
cies in Panamá with colonies of Montastraea faveolata from 3
reef environments in Jamaica. Each point on the plot represents
1 colony; dotted polygons enclose the Jamaican populations
(samples taken below the alizarin line) and solid polygons
(shaded) enclose the Panamá species. (B) Comparisons between
the 3 Jamaican populations, showing changes within colonies
transplanted from the forereef to the patch reef and lagoon. Each
point on the plot represents a sample taken below the alizarin
line within each colony. Solid polygons enclose the 3 Jamaican
populations (samples taken below the alizarin line) and arrows
indicate colonies transplanted from the forereef. Dotted arrows
represent control colonies (colonies moved within the forereef
environment); solid arrows represent colonies transplanted be-
tween environments (P = colonies transplanted from the forereef
to the patch reef; L = colonies transplanted from the forereef to
the lagoon). (C) Comparisons between the 3 Jamaican popula-
tions, showing changes within colonies transplanted from the la-
goon to the patch reef and forereef. Each point on the plot repre-
sents a sample taken below the alizarin line within each colony.
Solid polygons enclose the 3 Jamaican populations (samples
taken below the alizarin line) and arrows indicate colonies trans-
planted from the lagoon. Dotted arrows represent control
colonies (colonies moved within the lagoon environment); solid
arrows represent colonies transplanted between environments
(P = colonies transplanted from the lagoon to the patch reef; F = 

colonies transplanted from the lagoon to the forereef)
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Ordination of the Montastraea assemblages agreed
well with the ANOSIM results with lagoonal 2 m
assemblages indistinguishable from the reef front 5 m
assemblages (Fig. 8). A clear depth gradient in com-
munity composition occurred along Dimension 1 of the

ordination, with variance along Dimension 2 decreas-
ing with water depth (Fig. 8).
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Main effect R p

Site
Overall 0.202 0.0001
CBC vs. Tob 0.270 0.0002
CBC vs. Curlew –0.060 0.888
Curlew vs. Tob 0.450 0.0001

Depth
Overall 0.734 <0.0001
15 vs. 10 m 0.445 <0.0001
15 vs. 20 m 0.747 <0.0001
15 vs. 5 m 0.769 <0.0001
15 vs. 30 m 1.0 <0.0001
15 vs. 2 m 0.792 0.0002
10 vs. 20 m 0.867 <0.0001
10 vs. 5 m 0.479 <0.0001
10 vs. 30 m 1.0 <0.0001
10 vs. 2 m 0.534 <0.0001
20 vs. 5 m 0.876 <0.0001
20 vs. 30 m 0.449 0.0003
20 vs. 2 m 0.976 <0.0001
5 vs. 30 m 0.988 <0.0001
5 vs. 2 m 0.16 0.0110
30 vs. 2 m 1.0 <0.0001

Table 2. Results of 2-way crossed analysis of similarities
(ANOSIM) for site and depth among living assemblages of
the Montastraea ‘annularis’ species complex from reefs near
Carrie Bow Cay (CBC), Belize. Depths at 2 m are from the
lagoon; all others are from the windward reef front.
R = ANOSIM test statistic; Tob = Tobacco Reef; Curlew = 
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Fig. 6. Ecological distribution of the 3 species of the Montas-
traea ‘annularis’ species complex from each of the 3 sites in
Belize: (A) Tobacco Reef; (B) Carrie Bow Cay; and (C) Curlew
Cay. At all 3 sites, M. faveolata was most abundant in both
shallow water lagoon and reef crest environments; M. annu-
laris s.s. was most abundant in shallow to intermediate water
depths, and M. franksi was most abundant in the deeper

water depths. Error bars = SEM
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DISCUSSION

Species boundaries in the Montastraea ‘annularis’
complex in Belize

A great deal of information, absent when Graus &
Macintyre (1976, 1982) undertook their studies of ‘phe-
notypic plasticity’ in the early 1970s, has now been as-
sembled that argues for the existence of 3 species in the
Montastraea ‘annularis’ complex. The nature of the ev-
idence is such that no single line of inquiry can un-
equivocally differentiate all 3 species in all cases. How-
ever, when several different kinds of information are
taken together, a convincing case can be made for spe-
cies differences. Earlier genetic work (Knowlton et al.
1992) has been supplanted by more recent work (Fuk-
ami et al. 2004), but ambiguities remain. For example,
even though clear differences in corallite wall measure-
ments exist between species when colony tops are
treated alone, there is still overlap between the colony
edges of M. annularis s.s. and M. franksi (Knowlton &
Budd 2001). The major lines of evidence are genetic, re-
productive isolation, morphological, and ecological.

Morphometric analysis of corallite architecture con-
firms that the 3 growth forms in Belize represent sepa-
rate species. Although the 3 growth forms overlap
slightly at their margins (i.e. they are not separated

from one another by gaps on canonical variate plots),
they are nevertheless distinct (Fig. 3A). No overlap has
been detected between species in the San Blas Islands
of Panamá, where the 3 species are separated by gaps
(Budd & Klaus 2001, Knowlton & Budd 2001); however,
unlike the present study which sampled exposed reef
environments at a range of water depths, specimens in
analyses of the San Blas Islands were all collected from
a protected reef environment at depths of ~10 m. The
greater environmental variability in the present study
may have been responsible for the greater morpholog-
ical variability within each growth form (as illustrated
in our Fig. 3B–D, but see Klaus et al. 2007), and hence
the slight overlap observed in the present study.
Indeed, slight overlap has been observed in Panamá,
when specimens from the San Blas Islands and Bocas
del Toro are both included in the same analysis
(Fukami et al. 2004). Clearly the slight overlap in the
present study is minor by comparison with the com-
plete overlap observed in the Bahamas, which has
been interpreted as having been caused by hybridiza-
tion, most likely in the geological past (Budd & Pan-
dolfi 2004, Fukami et al. 2004). Thus, on a broader lat-
itudinal scale, the clear-cut species boundaries in the
southern and western Caribbean appear to fade in
northern latitudes (Bahamas and Florida), and only M.
franksi is reported from the northern-most geographi-
cal distribution of the genus, in Bermuda (Logan 1988,
Weil & Knowlton 1994).
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Groups t p

5 m water depth
CBC vs. Tob 1.130 0.399
CBC vs. Curlew 1.303 0.323
Tob vs. Curlew 0.943 0.409

10 m water depth
CBC vs. Tob 1.710 0.043
CBC vs. Curlew 1.563 0.113
Tob vs. Curlew 1.500 0.121

15 m water depth
CBC vs. Tob 2.153 0.009
CBC vs. Curlew 1.274 0.198
Tob vs. Curlew 3.506 0.007

20 m water depth
CBC vs. Tob 2.324 0.019
CBC vs. Curlew 0.732 0.543
Tob vs. Curlew 3.900 0.008

30 m water depth
CBC vs. Tob 2.171 0.037
CBC vs. Curlew 1.019 0.388
Tob vs. Curlew 2.545 0.008

Table 3. Results of pairwise a posteriori comparisons for site
differences derived from the 2-way crossed PERMANOVA
(site × depth) among living assemblages of the Montastraea
‘annularis’ species complex from reefs near Carrie Bow Cay
(CBC), Belize. All depths are from the windward reef front. 

Tob = Tobacco Reef; Curlew = Curlew Cay
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Fig. 8. Nonmetric multidimensional scaling ordination results
for entire set of 85 transects of abundance of Montastraea
‘annularis’ species complex from 3 reefs surrounding Carrie
Bow Cay in Belize. Assemblages from lagoonal (2 m) habitats
were most aligned with those from shallow water reef crest
habitats (5 m) with the remainder of the assemblages distrib-
uted across a depth gradient. Note the decrease in variance
of the Montastraea assemblages from shallow to deep water 

(2-dimensional analysis, stress = 0.08)
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Morphometric analyses of corallite architecture
(Fig. 4) also show that the massives in Belize are simi-
lar to Montastraea faveolata in Panamá (San Blas
Islands), and that the plates in Belize are similar to M.
franksi in Panamá (San Blas Islands). However, the
columns in Belize differ from M. annularis s.s. in
Panamá (San Blas Islands). As would be expected, dif-
ferences of a similar magnitude are also detected be-
tween columns in the Bahamas and from M. annularis
s.s. in Panamá due to hybridization in the Bahamas
(Budd & Pandolfi 2004, Fukami et al. 2004), but they
also occur where hybridization has not been inferred,
for example, within Panamá itself between Bocas del
Toro and the San Blas Islands (Fukami et al. 2004),
between Curaçao and Panamá (San Blas Islands)
(Klaus et al. 2007), and between the Pleistocene of Bar-
bados and Panamá (San Blas Islands) (Pandolfi et al.
2002). Relevant here is the fact that all 3 species from
the Florida Keys are capable of hybridizing success-
fully under laboratory conditions (Szmant et al. 1997),
which suggests that some hybridization occurs in
nature and therefore, hybrid colonies are bound to be
found in reefs. But our morphological results do not
indicate much hybridization in Belize, and further
investigation is needed to understand the degree to
which these 3 species are genetically distinct here.
One possibility is that hybrids occur but the juveniles
either have low survivorship or are sterile.

Although some geographical differences are ob-
served within all 3 species (Fig. 4B), geographical vari-
ation within Montastraea annularis s.s. is more
pronounced than in the other 2 species. The morpho-
logical characters that differ between species are the
same as those that differ between the columns in Belize
and M. annularis s.s. in Panamá (San Blas Islands)
(Fig. 4), indicating a possible genetic component to
the differences between the columns in Belize and
M. annularis s.s. in Panamá (San Blas Islands). How-
ever, as noted in ‘Materials and methods’, environmen-
tal differences also exist between sampling sites in
Belize and Panamá (San Blas Islands) so environmental
variation cannot be entirely ruled out. In general, the
observed spatial variation resembles the temporal vari-
ation within columnar M. annularis s.s. caused by char-
acter release following the extinction of organ-pipe
M. nancyi (Pandolfi et al. 2002, Pandolfi 2007).

As illustrated by Fig. 5, different aspects of corallite
morphology vary within and between species. Distinc-
tions among species involve wall thickness (y4, y15,
y9, y10, y3, y16), whereas distinctions among environ-
ments within species involve corallite size (csize, y1,
y19, y7) within both columns and massives, and wall
structure (the shape of the tertiary costoseptum; x9,
x10, x4, x15) within plates. Wall dissepiment (x6, x17)
also varies within massives (as seen in the Jamaican

transplants). However, the trajectories of variation
within (dotted polygons) and between (solid polygons)
species on Fig. 5 are not completely perpendicular,
suggesting a limited degree of correlation between the
2 aspects of variation. Such correlation would be
expected if natural selection and adaptation were at
work during speciation.

Ecological distribution in Belize

Our study of the ecological distribution of the 3 spe-
cies of the Montastraea ‘annularis’ complex shows that
they strongly correlate with depth, probably reflecting
differing responses to light and wave energy. The
results mimic those found by Graus & Macintyre
(1976), with massive and columnar forms more abun-
dant in shallower water and plate forms more abun-
dant in deeper water as light attenuates with depth.
The consistency of these patterns among sites lends
credence to their general applicability, at least for reefs
of Belize (Fig. 6). The distribution of species of the M.
‘annularis’ complex has been studied previously in
Panamá (Weil & Knowlton 1994) and Curaçao (van
Veghel 1994) and similar patterns of columns and mas-
sives (shallow) versus plate corals (deep) has been
found. Although the 3 coral species correlate directly
with depth, and presumably light penetration, all 3
species also occupy a large depth range, with larger
variance and overlap in species abundances in shallow
than deep water. Thus, their fundamental niche is
larger than their favored realized niche. This suggests
that future work on the distribution of these species
may profitably be geared toward understanding the
role of niche differentiation, which has been previ-
ously proposed to operate in the maintenance of diver-
sity in the M. ‘annularis’ complex (Knowlton & Jackson
1994, Pandolfi et al. 2002).

The ANOSIM and PERMANOVA analyses of abun-
dance singled out Tobacco Reef for site differences and
showed that the lagoonal 2 m assemblages were simi-
lar only to reef front assemblages at 5 m depth (Table
2). The site × depth interaction from the PERMANOVA
confirmed differences between Tobacco Reef and
Curlew Cay at depths between 15 and 30 m (Table 3),
possibly reflecting varying histories of disturbance or
subtle geomorphological variation between these 2
reefs, with Tobacco Reef having a leeward low island
(South Water Cay) and Curlew Cay having a leeward,
totally submerged lagoon. Regardless of these subtle
differences in species abundance at the sites and
depths, the patterns in relative abundance among the
3 species of the Montastraea ‘annularis’ complex were
remarkably similar among sites and varied predictably
among depths (Fig. 6)
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As part of a broad research program to understand
the evolution and ecology of the complex over signifi-
cant intervals of geological time, paleoecological data
on the abundance and distribution of these growth
forms has been gathered from a number of Pleistocene
reefs of the Caribbean. Massive, columnar, and sheet
(plate) members of the modern Montastraea ‘annu-
laris’ species complex and 1 new species that does not
live today, M. nancyi, which has an organ-pipe growth
form (Pandolfi 2007), are a common feature of
Caribbean shallow water Pleistocene deposits (Pan-
dolfi & Jackson 1997, 2006, Pandolfi 1999, Pandolfi et
al. 1999, 2002, Klaus & Budd 2003). Thus, the mainte-
nance of diversity within the M. ‘annularis’ species
complex has existed at least since the Pleistocene on
Caribbean coral reefs, even extending back 600 000 yr
on Barbados (Mesolella 1967, Jackson 1992).

Our previous studies on the ecological zonation of
the different growth forms through time on Barbados
have also shown correlations with depth; massive,
columnar, and organ-pipe species were more common
in shallow water, whereas plate forms favored deeper
water (Pandolfi et al. 2001, 2002). The similar results
from the present study of modern specimens of Belize
lend credibility to the antiquity of these different
growth forms as separate species during the Pleis-
tocene, each favoring separate reef zones. Our study,
and indeed the entire history of study of the Montas-
traea ‘annularis’ species complex, supports the notion
of caution against underestimation of biological diver-
sity on coral reefs in particular, and marine ecosystems
in general (Knowlton 2001).
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