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Abstract The morphologically variable reef coral pre-
viously known as Montastraea annularis (Ellis and So-
lander, 1786) has recently been separated into three
species based on di�erences in morphology, behavior,
allele frequencies and some life-history traits of Pana-
manian specimens. To further investigate the proposed
reclassi®cation and its conformity to the biological
species concept we conducted reciprocal intra- and inter-
speci®c fertilization experiments with gametes from each
of the three species on Florida reefs. With one exception,
self-fertilization rates were very low or zero. Within-
species crosses resulted in production of planulae, as did
all inter-species (hybrid) crosses, but there was much
variation in fertilization success within each type of
cross. In an experiment with separated gametes, hybrid
crosses between M. annularis and M. franksi produced
more larvae than within-species crosses for each species.
Hybridization crosses between M. faveolata and the
other two species produced fewer larvae than did within-
M. faveolata crosses in the experiment with separated
gametes, but many larvae resulted when the hybridiza-
tions were performed by mixing entire gamete bundles.
Additional observations showed that M. franksi had
20% larger eggs and fewer eggs per gamete bundle than
did the other two species and that it consistently
spawned 1 to 1.5 h before the others, a potential tem-
poral barrier to hybridization. These results indicate that
there is no inherent pre-zygotic barrier to cross-fertil-
ization among the three morphological species, although
post-zygotic survival and fertility remain to be deter-

mined. The adherence of the proposed reclassi®cation to
the biological species concept requires further examina-
tion.

Introduction

The biologic species concept is based on the precept that
there is minimal to no gene ¯ow �� reproductive
isolation� between de®ned subsets of co-existing mor-
phologically similar individuals �� species� (Mayr 1968,
1970; see also discussion in Mayr 1982). For many types
of organisms, the criteria for de®ning the subsets of
similar individuals are mainly morphological, but more
recently behavioral, soft-tissue and genetic characteris-
tics have been used for multi-character classi®cations
(Lang 1984; Weil 1992, 1993). For sympatric marine
invertebrates, reproductive isolation can be the result of
di�erent reproductive characteristics, such as the mode
or timing of reproduction, or spawning patterns, that
prevent gametes of di�erent species from crossing. Thus,
reproductive characteristics can be important diagnos-
tics of species identity (e.g. Van Moorsel 1983). On the
other hand, post-zygotic barriers, such as non-viable
embryos or sterile adults, could lead to reproductive
isolation even when hybridization events do occur.
Therefore, concurrent reproductive events and evidence
for hybridization do not necessarily indicate lack of re-
productive isolation. A species' status could still be valid
even if an occasional hybrid is of high ®tness. There are
known examples of morphological species complexes
that commonly inter-breed, and then the question be-
comes one of de®ning species boundaries: How much
inter-breeding between morphotypes should be accepted
before the species designation is abandoned in favor of
sub-species or lower taxon status? (see discussions in
Mayr 1982; Wallace and Willis 1994).

Until recently, the reef coral Montastraea annularis
(Ellis and Solander, 1786) sensu lato, an important
Caribbean reef-building species (Goreau 1959), was
thought to be a single morphologically highly variable
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species. However, signi®cant di�erences in morphologi-
cal, molecular, and behavioral characters have been re-
ported between three common and widespread colony
morphologies (Knowlton et al. 1992; Van Veghel and
Bak 1993; Van Veghel 1994; Van Veghel and Kahmann
1994), which prompted the re-description ofM. annularis
sensu stricto and the resurrection of two older taxa,
M. faveolata (Ellis and Solander, 1786), and M. franksi
(Gregory, 1895) (Weil and Knowlton 1994). Table 1
summarizes many of the morphological, biological and
ecological characteristics of these three morphological
species and their Caribbean congener M. cavernosa.

The validity of these three species is not universally
accepted (e.g. Van Veghel and Bak 1993) because there
is much overlap in characters and no ®xed diagnostic
genetic di�erences were found with allozymes. Further-
more, while each of the species' morphotypes in its
``pure'' form is easy to distinguish, there are variants
that appear intermediate in characteristics between the
described species (Fig. 1). Finally, all of the colonies
used for the morphological and genetic work came from
a small area (PanamaÂ , CuracË ao) within these taxa's
distributional range (Caribbean Sea and western At-
lantic as far north as Bermuda). There is some sugges-
tion that the abundance of intermediate morphologies
may be greater in the Greater Antilles, Florida and
Bahamas. Given the structural and ecological impor-
tance of these particular corals to Caribbean/Atlantic
coral reef communities and the fact that Montastraea
annularis sensu lato is the most studied coral in this re-
gion, it is important to resolve this controversy and
clarify the species boundaries among the various colony
morphologies.

Reproductive traits in corals are, in general, less well
studied and understood than other aspects of coral bi-
ology. However, much progress has been made during
the past two decades in learning about the reproductive
biology and ecology of reef corals. A major break-
through occurred with the discovery of mass spawning
events, and the correlation of spawning episodes for
many corals to certain phases of the lunar cycle (Har-
rison et al. 1984; reviewed in Harrison and Wallace
1990). The ability to reliably predict spawning has
opened the door for more experimental approaches to
the study of coral reproductive biology, especially as-
pects such as fertilization and larval biology.

The ability and opportunity (contemporaneous
spawning) for cross-fertilization in corals may not nec-
essarily imply conspeci®city. Experimental cross-breed-
ings done by Australian researchers between species
within the same genus and even across genera have
produced viable larvae and juvenile colonies (Willis et al.
1993; Wallace and Willis 1994; Miller and Babcock
1997; Willis et al. 1997), pointing out the di�culties in
reconciling the biological species concept in corals with
morphology and phylogeny-based systematics (discus-
sions in: Willis 1990; Wallace and Willis 1994; Veron
1995). Indeed, in most all scleractinian cases examined,
there is a common ®nding that morphological and eco-

logical distinctness do not correlate with genetic or re-
productive distinctness [e.g. various groups of Acroporas
(Willis et al. 1997), Platygyras (Miller and Babcock
1997), Montastraeas (Knowlton et al. 1992; Weil and
Knowlton 1994; present study). Moreover, long over-
lapping generation times with interbreeding between
generations coupled with the potential for hybridization
may confuse the genetic signal, adding to the di�culty of
checking for hybrid viability. Veron (1995) proposed
that these life history and reproductive characteristics
result in a pattern of reticulate evolution in corals, with a
consequent overlap in species boundaries. On the other
hand, Knowlton (1993) pointed out the importance of
recognizing sibling and cryptic species where they occur.

The main object of this study was to determine
whether the three morphological species of Montastraea
could hybridize given their similar annual reproductive
cycles and their general synchrony of spawning (Szmant
1991). This is a ®rst step in testing the adherence of the
proposed reclassi®cation to the biological species con-
cept. Additional observations on timing of spawning
and gamete characteristics were collected to further
characterize species' similarities or di�erences and the
potential for hybridization to occur in nature.

Materials and methods

These studies were conducted on coral reefs in the Florida Keys,
where the three distinct morphologies of Montastraea annularis
(Ellis and Solander, 1786) as well as many intermediate morphol-
ogies are present. Only distinct morphotypes of the three species
were used for the hybridization experiments. The three species are
hermaphrodites that spawn with lunar periodicity during the third-
quarter moons of August through October, depending on latitude
and the timing of the August full moon within the annual calendar
(Szmant 1986, 1991; Wyers et al. 1991; Van Veghel 1994). Pre-
liminary results of this study have been reported by Szmant et al.
(1995).

The cross-fertilization experiments were carried out on a cruise
to Key Largo Dry Rocks, Florida Keys, USA (�25o10¢N;
80o20¢W) on board the R.V. ``Calanus'', during late August 1994;
the spawning observations were made during several summer ses-
sions in the Bahamas (1990 to 1991) and Florida Keys (1993 to
1995).

Cross-fertilization experiments

Subsamples of live coral tissue were drilled with a 5 cm-diam corer
from three large colonies of each of Montastraea annularis and
M. faveolata and six colonies ofM. franksi 2 d before spawning was
expected. The individual cores (two per colony) were kept sepa-
rated in small buckets (one colony per bucket) in a ¯ow-through
seawater system aboard the ship. Normal diel light-regimes were
maintained by covering the seawater system at night with black
plastic to shade the corals from the ship's lights. Several carboys of
seawater were collected 1 to 2 d before spawning, ®ltered (0.45 lm
GF/A), and stored at room temperature for later use. Before dusk
on the ®rst evening of spawning (27 August 1994), individual cores
were transferred to 1-liter beakers ®lled with the ®ltered seawater.
Within minutes of spawning, egg-sperm bundles from each colony
were transferred into 100 lm sieve cups, and gently agitated in a
small beaker of clean ®ltered water until the bundles broke down.
The water in these beakers constituted the sperm solutions for each
colony, and sperm counts were conducted on subsamples of each
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Table 1 Montastraea spp. Summary of morphological, biological,
and ecological characteristics of each of currently described species
of Montastraea in the Caribbean. In ``Ecology'' data, Physical
disturbance refers to wave energy, light exposure and predation as
described in Weil and Knowlton (1994) (environmental conditions
are extrapolated from distributional trends); in ``Biology'' data,
Genetic markers represent either loci di�ering signi®cantly in ge-

netic frequencies from the other species, or combination of loci that
give signi®cant low probability of misidenti®cation (Ayala 1983)
when used to separate species [triosephosphate isomerase (TPI2),
glutamate dehydrogenase (GTDH2), leucyl-tyrosine-peptidase
(LTY1), malate dehydrogenase (MDHP1), phosphoglucomutase
(PGM1), and leucyl-proline-peptidase (LPP1)] (± no data)

Character M. annularis M. faveolata M. franksi M. cavernosa Sourcea

Macromorphology
Colony shape columnar-bulbous

round
massive mounds
plates, shingles

crustose, massive
plates

massive, round
crustose, mounds

1, 2, 3, 4, 5, 6, 7

Colony diameter (m) up to 8 up to 10 up to 5 up to 2 1, 2, 5, 7
Colony height (m) up to 2.5 up to 4±5 up to 2 up to 1±2 1, 2, 5, 7
Colony surface even±smooth smooth with

keels, bumps
and ridges

uneven±irregular,
bumpy

slightly uneven,
smooth

3, 5, 6, 7, 8

Calice distribution even even uneven even 5, 6, 7
Skeletal density medium low high medium±high 3, 5
Coloration variability low medium high high 2, 7
Common colors golden, tan,

greenish
gray, green,
brownish

green, gray,
brown

green, gray,
pink, pale
reds, brown

2, 7

Micromorphology
Calice diameter (mm) 2.29±2.43 2.39±2.44 2.5±2.57 5.8±7.2 5, 6, 7, 8
Columella diameter (mm) 1.02 0.96 1.13 ± 5, 7
Calice spacing (mm) 1.40±1.53 0.98±1.43 1.76±1.88 2.58±3.32 5, 6, 7 ,8
Primary septa-thickness (mm) 0.20±0.26 0.12±0.18 0.21±0.27 0.12±0.17 5, 6, 7, 8
Primary septa height low exsert low low 5, 7
Number of septa 24 24 24 29±42 5, 6, 7, 8
Number polyps/area high high medium low 6, 7, 8

Ecology
Depth range (m) 0±20 0±25 1±50 2±70 1, 3, 7, 9, 10, 11,

12, 13
Peak abundance (m)
protected reef 3±9 1±6 10±20 10±25 7
semi-exposed 3±9 3±9 12±20 10±20 7
exposed reef 5±10 3±10 10±20 15±30 7
Light exposure high high low low 2, 7, 12
Physical disturbance medium high low low 7
Predation (snails) high medium low low 14
Intra-speci®c aggression absent low high low 5, 6, 7
Inter-speci®c aggression low medium high medium 5, 6, 7

Biology
Upward growth high medium low medium 2, 3, 12, 15
Lateral growth low±absent medium±high high medium 2, 3, 12, 15
Growth rates high medium low low 2, 3, 5, 12, 16, 17
Tissue regeneration low medium high low 7, 11
Fragmentation high medium±low low±absent low 4, 5, 7, Ob
Sexual mode hermaphroditic hermaphroditic hermaphroditic gonochoric 18, 19, 20
Gametogenesis annual annual annual annual 18, 19, 20
Minimum colony
reproductive size (cm2) �50 >100 �100 >150 20, 21, 22

Eggs/polyp (histology) 72±120 72±120 72±120 >200 19, 22, Ob, P
Egg size (lm) (SD) 308 (14) 318 (16) 325 (16) 350 18, 19, 22, P
Spawning broadcaster broadcaster broadcaster broadcaster 19, 20, 22
Spawning frequency 1±2/yr 1±2/yr 1±2/yr 1±2/yr 19
Spawning time
(h after sunset)

2±3 2±3 1±2 1±2 P

Recruitment/survivalb low/low medium-low/low high/medium high/high 7, Ob
Genetic markers TPI2, GTDH2,

LTY1
MDHP1
(P > 0.99)

PGM1, LPP1 TPI2, GTDH1,
GTDH2, LTY1

5, 7

a 1 Goreau (1959); 2 Dustan (1975); 3 Graus and Macintyre (1982); 4 Coates and Jackson (1985); 5 Knowlton et al. (1992); 6 Van Veghel
and Bak (1993); 7Weil and Knowlton (1994); 8 Budd (1993); 9 Roos (1964); 10 Bak and Engel (1979); 11Weil (1980); 12 Lasker (1981); 13
Reed (1985); 14 Hayes (1990); 15 Tomascik (1990); 16 Hubbard and Scaturo (1985); 17 Huston (1985); 18 Szmant (1986); 19 Szmant
(1991); 20 Van Veghel (1994); 21 Szmant-Froelich (1985); 22 Van Veghel and Kahmann (1994); Ob our own observations; P present study
b Unpublished data from Florida and personal observations (Weil) from many reefs around the Caribbean
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Fig. 1 Montastraea spp. The three morphologically distinct sibling
species of Montastraea and some examples of ``intermediate''
morphologies. A M. annularis (note lobed growth form, with tissue
loss between lobes, never any ``skirts'' or plates along margins);
BM. faveolata (large massive growths with plates and ``skirts'' along
edges of colony; calices are very even one with another);CM. franksi
(smaller compact or plate-like growth forms with small patches of
highly protruding calices with bleached tips); D intermediate
morphology between M. annularis and M. faveolata (lobed growth
form but with ``skirts'' along colony edges); E intermediate
morphology between M. annularis and M. franksi (large rounded
lobes/columns but with patches of protruding, bleached calices)
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solution. The eggs in the sieve cups were serially transferred
through ®ve more beakers of ®ltered seawater to remove sperm.
Great care was taken to not cross-contaminate samples. Any
equipment used for more than one coral was rinsed with copious
amounts of hot tap water before re-use.

An estimated 150 to 200 eggs from each individual colony
were transferred into each of ten 50 ml disposable culture tubes.
To each tube was added either no sperm solution �� no
sperm-fertilization control�, or between 0.5 and 2 ml of sperm so-
lution (1:6 to 2:3� 106 sperm per tube) from one of the nine corals
(three corals per species; only three of the six colonies of Mon-
tastraea franksi were used), including itself �� self-fertilization
control�. This yielded a total of 90 culture tubes, 9 containing eggs
only (one from each individual coral), and the remaining 81 tubes
containing one of the reciprocal crosses (e.g. M. annularis-1-
egg ´ M. annularis-1-sperm, M. annularis-1-egg ´ M. annularis-2-
sperm, ...M. annularis-1-egg ´ M. franksi-3-sperm,M. annularis-2-
egg ´ M. annularis-1-sperm, M. annularis-2-egg ´ M. annularis-2
sperm ... etc.: Fig. 2). Due to the unfortunate but inevitable limi-
tation of time, material and personnel, it was not possible to con-
duct replicates of each individual cross. Culture tubes were left at
room temperature (26 to 28 °C) overnight. The number of planulae
in each tube was estimated after 12, 36 and 56 h by examining the
contents of each culture tube in a small petri dish with a Wild
dissecting microscope. For the ®rst two observation periods, the
number of planulae in each culture tube was estimated by assigning
a rank to each sample: tubes with no live planulae were assigned a
rank of 1, those with <10 planulae were assigned a rank of 2, those
with between 10 and 50 planulae were assigned a rank of 3, those
with between 50 and 100 planulae were assigned a rank of 4, and
those with >100 planulae were assigned a rank of 5 (see key in
Fig. 2). At the 56 h examination, the planulae in each dish were
carefully counted. Culture water was replaced with fresh ®ltered
water after each count. After the 56 h count, all samples from the
same type of species cross (e.g. M. annularis ´ M. annularis,
M. annularis ´ M. faveolata etc., six types in total excluding the self
and no sperm controls which were discarded) were pooled, and the
cultures were maintained for up to 2 wk in plastic containers and
trays previously washed and soaked in salt water.

On the second night of spawning (28 August 1994), a di�erent
procedure was followed because most of the coral cores had
spawned the ®rst night. Egg-sperm bundles were collected in the
®eld from three individual colonies of Montastraea annularis and
M. faveolata, and one ofM. franksi. The samples were obtained by
suspending cone-shaped ``spawn-collectors'' made of ®ne fabric
over the corals the afternoon before spawning. The buoyant bun-
dles ¯oated up into small plastic containers placed in the cod-end of
each collector. Divers retrieved the containers, closing them un-
derwater, and returned them to the ship-based laboratory within
minutes. One of the cores ofM. franksi spawned on 28 August and
was used in this second experiment. Sets of two bundles from each
of the eight individual colonies (only two colonies of M. franksi
including the core) were placed into eight test-tubes per individual.
Two additional bundles from each of the other seven colonies were
added to each of seven tubes from each coral; the eighth tube of
each coral received additional bundles from itself �� self-
fertilization control�. Therefore, each tube (except the self-fertil-
ization controls) contained both eggs and sperm from two
individuals.

The number of viable planulae in each test-tube was estimated
by ranks (as explained above) after �18 and 36 h. Water was
changed in the tubes after each count. After 56 h, all samples from
the same types of crosses (e.g. Montastraea annularis ´ M. annul-
aris,M. annularis ´ M. faveolata, etc., six in total) were pooled and
the cultures maintained for up to 13 d in plastic trays and bins
previously washed and soaked in seawater. They were observed and
counted daily.

Gamete-bundle characteristics

Samples of gametes were collected during the 1994 cruise and
during the 1995 spawning from corals in Biscayne National Park

(25°23.201¢N; 80°0.9779¢W). Intact gamete-bundles from each
species were collected with clean Pasteur pipettes, placed individ-
ually in 1 ml microcentrifuge tubes, and preserved with 100 ll
Lugol's solution. They were later carefully broken open; the
numbers of eggs per bundle were counted, and egg diameters were
measured by a computerized image-analysis system consisting of an
NEC video camera (NEC Technologies) attached to an Olympus
dissecting scope and the MOCHA (Jandel Scienti®c, USA) image-
analysis software (Table 2). Egg volumes were calculated from the
mean diameter for each egg. Egg sizes measured on the preserved
eggs were similar to sizes measured on a smaller number of freshly
spawned eggs.

Fig. 2 Montastraea spp. Fertilization trials on 27, 28 August 1994.
Matrix of fertilization results estimated 36 h after fertilization,
expressed as ranks (see ``key'' and ``Materials and methods ± Cross-
fertilization experiments'') for all crosses made on the two dates.
A Fertilization trials made with separated eggs and sperm prepara-
tions from 27 August 1994 spawn [Man M. annularis, Mfa M.
faveolata, Mfr M. franksi; arabic numerals designate individual
colonies within each species; column heads colony providing sperm
for each cross in that column; left-hand labels colonies providing eggs;
each box in matrix plot represents individual culture tube (n � 1 for
each cross)]. B Fertilization trials with intact bundles collected from
®eld on 28 August 1994. Sel®ng trials (s, boxes along diagonal )
included four bundles from single colony in each culture tube (n � 1
per colony); out-crosses and hybrid crosses included two bundles
from each of two colonies as designated in column heads and left-
hand labels (abbreviations as in A) in each culture tube (n � 1 per
cross)
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Spawning timing and behavior

In 1991, 1993, 1994 and 1995, spawning behavior and times of
spawning were recorded by divers in the water in the Bahamas and
the Florida Keys, and in 1991 and 1994 were compared to core
samples kept in the running seawater system aboard the ship.
Additional observations were derived from analysis of histological
time series (Szmant 1991). Divers were in the water from �21:00 to
01:00 hrs. In 1990, observations were made on the nights of 13 and
14 August (Days 7 and 8 after the full moon) in the Joulters Keys,
Bahamas (no spawning was observed). The exact date and place for
each spawning observation are given in Table 3.

In 1991, sets of replicate cores taken from three large Mon-
tastraea faveolata colonies from Andros Island, Bahamas
(25o18.99¢N; 78o05.13¢W), were kept in ¯ow-through seawater
onboard the R.V. ``Calanus'', with the cores from each colony split
between two separate aquaria. Two of the colonies were from the
same depth from the same reef (10 m apart); the third was from the
same depth on a di�erent reef. To emulate di�erences in light ex-
posure along the surfaces of a colony, light levels in the aquaria
containing ``side'' cores were reduced compared to that of the
aquaria containing the ``top'' cores, using extra layers of shade
cloth. An additional colony of Montastraea annularis was in an-
other aquarium.

Data analysis

Statistical analysis was done with both the 56 h planula counts
from the crosses laboratory-spawned on 27 August and the 36 h
rank data from both crossing experiments. Kruskal±Wallis one-
way analyses of variance on ranks were run with Sigma Stat (Jandel
Scienti®c) to determine whether crosses between species were sig-
ni®cantly di�erent from crosses within species. For analysis of the
crosses from 27 August (separated eggs and sperm), statistical tests
were done using subsets of the data with the same source of eggs,
by comparing fertilization success of the within-species crosses
(excluding self-fertilization ones) with those of out-crosses using the
same sets of eggs. For example, for Montastraea annularis crosses,
larval numbers or ranks obtained by fertilizing M. annularis eggs
withM. annularis sperm (within-species) were compared with larval
numbers or ranks obtained when crossing M. annularis eggs with
M. faveolata and M. franksi sperm (hybrid crosses). For ANOVAs
with signi®cant di�erences, a posteriori multiple-comparison tests
(Dunn's test) were used to identify the group(s) that di�ered from
the other groups, but the number of cases was generally too small
to obtain a statistically signi®cant pairwise di�erence. Means and
medians of egg diameter and the number of eggs/bundle were
compared within species and between species using parametric and
non-parametric one-way ANOVAs and their a posteriori tests.

Results

Self-fertilization and control trials

In the ®rst experiment (27 August 1994), control unfer-
tilized cultures had few (<10) or no planulae in them,
except for the culture with eggs from colony Montast-
raea faveolata-2 (Fig. 2A), indicating that little self-fer-
tilization had taken place during the gamete separation
processing. Because the control for colony M. faveolata-
2 failed to perform as expected, data for crosses using
egg preparations from this colony were not included in
any of the analyses.

In both fertilization experiments, larval production in
self-fertilized cultures was low compared to that of most
out-crosses (Fig. 2). In the 27 August experiment, fourT
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colonies produced no larvae when self-fertilized, and
three produced <10 planulae. Only two colonies of
Montastraea faveolata (Mfa-2 noted above and Mfa-3)
had high levels of self-fertilization (note that the no-
sperm control of M. faveolata-3 performed as expected
with no planulae found). In the 28 August experiment,
three out of eight sel®ng samples had no larvae, and ®ve
had <10 larvae (Fig. 2B). The slightly higher incidence
of sel®ng success in this second experiment may be
because all samples except one (M. franksi-1) were ®eld-
collected gamete bundles, and thus there is the possi-
bility that these bundles were contaminated with stray
sperm from other colonies at the time of collection.
However, only one of these selfed cultures still had any
live planulae when examined 60 h after fertilization.

Intraspeci®c vs interspeci®c crossings

Fertilization success varied greatly within similar types
of crosses, with some crosses within a group yielding
more than 100 larvae and others yielding none (Figs. 2
and 3). In the ®rst experiment with separated eggs and
sperm (27 August), within-species crosses for Montast-
raea faveolata produced signi®cantly more larvae than
did within-species crosses for the other two species, but
this was not the case during the second experiment using
egg bundles (28 August) (Figs. 2 and 4). Crosses be-
tween M. annularis and M. franksi yielded a higher
number of larvae than did their respective intraspeci®c
crosses, but these di�erences were only statistically sig-
ni®cant for M. franksi in the ®rst experiment (Kruskal±
Wallis ANOVA on ranks, p < 0:05). In the second ex-
periment, inter-speci®c crosses between M. franksi and
the other two species yielded more larvae than on the
previous night, especially for the hybridization with

M. faveolata. Overall, the crosses between M. annularis
and M. franksi were the most successful of the hybrid-
ization crosses and those between M. faveolata and

Table 3 Montastraea spp. Spawning observations (Man, M. annularis; Mfa, M. faveolata; Mfr, M. franksi) (± no data)

Year,
locality

Reef Species
(no. of colonies)

Date
(night)

Days after
full moon

Time of day
(hrs)

Duration
(min)

1991
Bahamas,
Andros Island

Joulters Keys Man, Mfa 30 Aug 7 22:30 ±

Man, Mfr 1 Sep 7 22:30 60
1993
Florida Key Largo

Dry Rocks
Man, Mfa 8,9 Sep 7±8 22:30 60

1994
Florida Key Largo

Dry Rocks
Man, Mfa (>20 each)
Mfr (>10) 27 Aug

7
7

22:00
20:30

60
35

Man, Mfa (>10 each)
28 Aug

8 23:30 45
Mfr (> 5) 8 22:30 45

1995
Florida Biscayne National Park Man (>15) 16±18 Aug 6±8 23:30 45

Alina's Reef Mfa (>20) 6±8 23:00 45
Mfr (4) 6±8 21:30 30

Key Largo Man (1) 14 Sep 7 23:20 15
Mfa (3) 15 Sep 8 23:00 30

Fig. 3 Montastraea spp. Fertilization trials on 27 August 1994. Mean
and standard deviations of number of planula larvae counted in each
type of cross (excluding control and sel®ng crosses) 56 h after
fertilization (species abbreviations as in Fig. 2; e eggs; s sperm) n � 6
forMan ´ Man andMfr ´ Mfr crosses; n � 4 forMfa ´ Mfa crosses
because of exclusion of data from trials with eggs from ColonyMfa-2;
n � 9 for each of hybrid crosses except those using Mfa eggs and
other species sperm, where n � 6 because of exclusion of data from
cultures with eggs from ColonyMfa-2

}

}
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either M. franksi or M. annularis the least, but even in
the latter cases, 20 to 35% of the crosses produced >50
larvae, respectively (Fig. 4).

Gamete characteristics

None of the gamete characteristics measured di�ered
signi®cantly between colonies within species (one-way
ANOVA ( p < 0:001) and Kruskall±Wallis ( p < 0:005)
although there were small di�erences between years
(Table 2).

Average egg volume ofMontastraea franksi was 20 to
30% larger than those of the other two species, and eggs
of M. faveolata were 6% larger than those of M. an-
nularis ( p < 0:001). There were also signi®cant di�er-
ences in the number of eggs per gamete bundle, with
M. franksi having the fewest, andM. faveolata the most.
The resulting total egg volume per bundle was dramat-
ically di�erent between the species, with M. franksi ga-
mete bundles having 43% less egg volume than those of
M. faveolata and 30% less than those of M. annularis.
Average egg volume perM. faveolata gamete bundle was
24% greater than that for M. annularis.

Sperm in the freshly spawned bundles showed no sign
of motility. Motility began �30 min after breaking open
the bundles.

Spawning timing and behavior

All observations indicate that Montastraea franksi be-
gins spawning �1 to 1.5 h (beginning �2 h after sunset)

earlier thanM. annularis andM. faveolata (Table 3), but
that the end of its spawning period overlaps the initia-
tion of spawning by the latter two. In August 1995,
M. annularis was observed to begin spawning �30 min
afterM. faveolata on the reef in Biscayne National Park.
The cores observed in the ship-board aquaria in 1991,
collected �1 wk before spawning, began to spawn at
approximately the same time as ®eld colonies, but there
were small di�erences in the timing of spawning between
the three colonies. Cores from the same colony in the
two aquaria spawned at the same time, and spawning
time di�ered by 10 to 15 min between colonies. This
suggests a genetic component to the inter-colony varia-
tion in spawning time.

Discussion

Interspeci®c hybridization

In the present experiments, hybridization tests between
the three morphological Montastraea species produced
signi®cant numbers of larvae, and in fact hybrid crosses
between M. annularis and M. franksi produced as many
or more larvae than did intra-speci®c crosses for each
species. The somewhat greater hybridization success of
crosses between M. annularis and M. franksi is consis-
tent with the higher genetic similarity between these two
species compared toM. faveolata (Knowlton et al. 1992;
Van Veghel and Bak 1993; Weil and Knowlton 1994). In
the ®rst experiment, M. faveolata produced fewer larvae
in hybrid than in intra-speci®c crosses, but in the second
experiment it hybridized well with both of the other
species. Given the low total number of crosses made, the
lack of replication of individual crosses, and the high
variability in successfulness within each type of cross, we
must be cautious to not over-interpret the present re-
sults, but high variabilty in fertilization success seems to
be common for corals (Wallace and Willis 1994; Miller
and Babcock 1997; Willis et al. 1997). It is clear from
these experiments that there are minimal inherent pre-
zygotic barriers to fertilization between these species.
Whether the hybrid larvae are capable of settlement,
long-term survival, and eventually producing viable ga-
metes remains to be determined. Two other studies
(Knowlton et al. 1997; D. Hagman et al. unpublished
data) have also tested hybridization success between
these species with corals from PanamaÂ and the Texas
Flower Gardens, respectively. However, in contrast to
our study, they both report reduced fertilization success
between M. faveolata and M. franksi (crosses between
M. faveolata and M. annularis were not done by
D. Hagman et al.). Di�erences between the results from
the three areas could represent true di�erences in hy-
bridization potential between the regions, or be a con-
sequence of the lower replication or methodology of the
other studies.

Fig. 4 Montastraea spp. Overall fertilization success of each type of
cross expressed as percentage of total number of cases (individual
crosses) in each rank class (see ``Materials and methods ± Cross-
fertilization experiments'' for explanation of ranks) [Species abbre-
viations as in Fig. 2; numbers above each column total number of cases
for that particular cross; data pooled from both fertilization trials,
excluding crosses with eggs of Mfa-2 in ®rst trial; No sperm control
trials where no sperm was added to eggs]
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Self-fertilization

The ®rst studies of fertilization in broadcasting her-
maphroditic corals indicated that a majority of the
species studied had poor ability to self-fertilize, but that
for some species, self-fertilization potential increased
with time after spawning (Kojis and Quinn 1981; Hey-
ward and Babcock 1986; Wallace and Willis 1994). The
present study also found that the three species of
Montastraea have very low ability to self-fertilize, and
similar results were obtained by Knowlton et al. (1997)
and D. Hagman et al. (unpublished data). We have no
explanation for the high self-fertilization rates of the two
colonies of M. faveolata in our ®rst fertilization experi-
ment. It is unlikely that contamination during process-
ing of the gamete bundles could account for such high
rates of fertilization given the methods used. More work
will be necessary to determine whether there is signi®-
cant variability between individual colonies in this trait,
or whether eggs of some colonies are capable of par-
thenogenesis (e.g. Brazeau and Lasker 1989). Another
intriguing possibility would be that chimeric colonies
form from fusion of closely settled larvae (Harrison and
Wallace 1990; T. Hayashibara personal communication;
and unpublished data from our laboratory), and that
such colonies can produce two sets of gametes without
gamete incompatibility for each other.

The delay of sperm activation until after bundle
breakdown, observed in this and other studies, is one
mechanism of minimizing self-fertilization in corals
(Heyward and Babcock 1986; Heyward et al. 1987;
Oliver and Babcock 1992). This and other mechanisms
provide time for gametes from di�erent colonies to mix
at the water surface, an important requirement for spe-
cies that cannot self-fertilize (Babcock and Heyward
1986; Heyward and Babcock 1986; Willis et al. 1993).
Such mechanisms also increase the chances of hybrid-
ization with gametes of other species with similar
spawning patterns.

Gamete characteristics

The gamete bundles of Montastraea annularis and
M. faveolata collected during the 1994 and 1995
spawning seasons contained the full number of eggs es-
timated to be produced by individual polyps each year
(Table 2: 96 to 122 eggs per bundle; 12 gonads per
polyp ´ 7 to 10 eggs per gonad; Szmant 1991). The
bundles of M. franksi, however, had only half as many
eggs as would be expected were all eggs per polyp in-
cluded. One of the possible explanations for this latter
result could be that M. franksi has fewer developed
gonads per polyp or fewer eggs per gonad than the other
two species; however this was ruled out by examination
of histological sections of �20 colonies of M. franksi
collected over the 1993 to 1995 period. Van Veghel and
Kahmann (1994), working in CuracË ao, also found as
many or more gonads and eggs per polyp in M. franksi

as in M. annularis and M. faveolata. The remaining
possibility is that M. franksi partitions its annual egg
production into more than one gamete bundle per polyp
each spawning season, either by spawning multiple
nights in a given month, or by spawning multiple
months per season (split-spawning). Split-spawning
(observed for these species) requires either that entirely
di�erent colonies spawn during the di�erent nights and
months of an annual spawning season, or that individual
colonies or polyps split up their annual gamete pro-
duction into di�erent spawning packets. Such spawning
behavioral characteristics may be di�erent for each
species, and thus serve as a diagnostic character for
di�erentiating between species, or may vary annually
depending on environmental cues and other factors. In
1996, a year in which there was split-spawning, gamete
bundles collected during the second spawn (3 and 4
September) from M. annularis had only 28 � 8 eggs per
bundle (n � 8), and those from M. faveolata only
86 � 35 (n � 3) (cf. with Table 2). Thus, the species
di�erences in eggs/bundle observed in the 1994 and 1995
samples should not be interpreted as indicating species
di�erences until con®rmed with much larger sample sizes
over multiple years.

Spawning timing and behavior

The annual cycle of spawning appears to be similar over
much of the geographic range of these species, even
though annual temperature ranges and light cycles di�er
signi®cantly over the latitudinal range (Szmant 1991;
Van Veghel 1994). Based on the available history of
spawning observations, (Szmant 1991; Wyers et al. 1991;
Van Veghel 1994; Knowlton et al. 1997; D. Hagman
et al. unpublished data) the timing of spawning of Ca-
ribbean/Atlantic Montastraea should occur each year
over Nights 6 to 9 after the full moon (third-quarter
moon) of one or more months from July through Au-
gust, depending on latitudinal location. The main cal-
endar month for spawning over most of the range
appears to be August, unless the full moon falls before
the ®rst week in August. When the full moon occurs late
in July or too early in August, gametes in most colonies
will not be ripe for spawning during that third-quarter
moon. In such case, spawning will follow on the next full
moon in late August or early September. Furthermore,
there is good evidence for split-spawning, with a minor
spawning after the early August full moon and a more
intense spawning the next month (Szmant 1991 from
histological data; Hagman et al. unpublished data). In
1995, the August full moon occurred early in the second
week in August, and this resulted in an unusual geo-
graphic pattern of spawning. Florida corals spawned
heavily after the August full moon (spawning in the
middle of August), while most observations from the
Gulf of Mexico, Bahamas and Caribbean (Jamaica,
PanamaÂ , Roatan) indicated that few corals spawned.
Corals from these latter areas were observed to have a
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major spawning after the September 1995 full moon
when our observation of over 200 colonies from ®ve sites
in Key Largo, Florida, showed only ®ve that contained
ripe gonads. At present, the few observations available
do not indicate any major di�erences in the monthly-
scale temporal patterns of spawning between the three
Montastraea species (Van Veghel 1994; D. Hagman et al.
unpublished data), but this is a topic that merits further
study.

There were, however, consistent di�erences in the
daily time of onset of spawning between Montastraea
franksi and the other two species in both 1994 and 1995.
In both years, M. franksi began spawning �1.5 h before
the ®rst M. annularis and M. faveolata released their
bundles. A similar di�erence in spawning time was ob-
served by Knowlton et al. (1997) in PanamaÂ and
D. Hagman et al. (unpublished data) in the Gulf of
Mexico. These observations contrast with the lack of
temporal di�erences between M. franksi and the other
two species reported for CuracË ao (Van Veghel 1994).

Implications

For marine organisms that broadcast their gametes, di-
lution factors, the duration of gamete viability, and
sperm±egg contact time are three important factors af-
fecting fertilization success (Levitan et al. 1991; Oliver
and Babcock 1992). Spawning aggregations and syn-
chronous release of gametes during a short period of
time, presumably when environmental conditions are
most favorable, are thought to represent evolutionary
adaptations aimed at enhancing fertilization success (i.e.
Babcock et al. 1986; Pearse et al. 1986). For sessile in-
vertebrates such as corals, synchronous spawning is
more critical, since they cannot move around to aggre-
gate with conspeci®cs. However, when dozens of closely
related species of corals spawn simultaneously (Harrison
et al. 1984; Willis et al. 1985; Babcock et al. 1986; Git-
tings et al. 1992; Van Veghel 1993), high concentrations
of gametes in surface slicks make it likely that some
hybridization will occur. Species-speci®c sperm attrac-
tants have been found in coral eggs (Miller 1985; Coll
et al. 1994), but it is not known how e�ective they are in
enhancing intraspeci®c fertilization under such concen-
trated conditions.

Hybridization reports for corals are mostly from ex-
perimental matings where gametes do not have the op-
tion of selecting for conspeci®cs (Willis et al. 1993;
Miller and Babcock 1997; present study). The frequency
of natural hybridization remains to be determined.
Near-simultaneous spawning periods and lack of pre-
zygotic barriers to cross-fertilization within the species
complex of Montastraea present the possibility of hy-
bridization under natural conditions, and could explain
what appear to be ``intermediate'' colony morphologies
(Fig. 1D, E). There is no general agreement as to how
much hybridization should be accepted before species
are considered subspecies or races, and this is a subject

matter that will remain a topic of debate for some time
to come (Mayr 1982). Molecular techniques will hope-
fully help clarify this problem. However, both genetic
and hybridization studies of Platygyra spp. have failed
to di�erentiate between morphologically distinct species
of this genus (Miller and Babcock 1997).

In the present case, occasional hybridization among
the three morphological species would not necessarily
invalidate their species designation as long as gene ¯ow
between them is limited. The allozyme studies charac-
terizing genetic di�erences between the three species
were conducted over only a limited portion of their
distribution range (PanamaÂ and CuracË ao) in localities
where few intermediate morphologies are encountered.
Results of sequencing the rDNA fragment that embraces
both the ribosomal internal transcribed spacers (ITS1
and ITS2) and the 5.8 S ribosomal gene, and mtDNA
cytochrome oxidase non-transcribed regions [both re-
gions used regularly to discriminate between sub-popu-
lations within species (Hillis and Dixon 1991; Hillis et al.
1991)] of three to ®ve specimens of each Montastraea
species (including M. cavernosa as an out-group) col-
lected in Florida, do not indicate divergence between the
species in these DNA regions (Medina et al. 1997).
Morphological intermediates are abundant in the U.S.
Virgin islands, Greater Antilles, Florida and Bahamas.
While congruent suites of independent characters
(morphological, behavioral, ecological and molecular)
represent a compelling argument for species separation,
clearly more work is required to verify the breeding and
genetic isolation of these species over their broader
range. On the other hand, this study provides informa-
tion on two additional characters, timing of spawning
and egg size, thought to separate these species.
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