MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 174: 175-182, 1998

Published November 26

Reproductive strategies of two fungiid corals from
the northern Red Sea: environmental constraints?

E. Kramarsky-Winter*, Y. Loya

ABSTRACT: The dispersion patterns and reproductive strategies of 2 fungiid coral species (Fungia
granulosa and fungia scutaria) from the northern Red Sea are examined. £. scutaria is found in aggre-
gations on shallow water patch reefs at depths of up to 5 m. F. granulosa is more randomly distributed,
on sandy substrates and rocky slopes, and is most abundant at depths of between 15 and 25 m. Both
species are gonochoric broadcasters, releasing gametes in the summer months, with gonad develop-
ment beginning in early spring. The different reproductive strategies of the 2 species are expressed by
the differences in size at maturity and length of reproductive period. Reproductive indices suggest a
relatively long reproductive season for F. scutaria (June to September) and a shorter one for F. granu-
losa (July to August). F. scutaria spawns on the evening or evenings immediately following the full
moon, whereas F. granulosa shows no correlation to lunar phase and spawns during daytime. In addi-
tion, a sexual dimorphism according to size was found for F. scutaria: small individuals (2.5 to 6.0 cm in
length) were predominantly males, while very large individuals {(>9.0 cm in length) were all females.
This indicates either protandry or that males reach sexual maturity at a smaller size than females. F.
granulosa begins reproducing at a length of 5.5 cm (the diameter along the mouth axis) and no size
related sexual dimorphism was found. The sex ratio of males to females in F. scutaria was 1.9:1 and in
F. granulosa 1.1:1. Budding was more prevalent in the shallow-water-dwelling F. scutaria than in the
deeper-water-dwelling F. granulosa. The differences in distribution pattern, reproductive timing,
prevalence of budding and sex ratio found between the 2 species of fungiids indicate that the primary
form of recruitment of the shallow water F. scutaria may be through asexual reproduction. These
results suggest that the evolution of different reproductive strategies in closely related species may be
in part the consequence of different environmental constraints.
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INTRODUCTION

The importance of environmental cues, such as habi-
tat predictability, to the evolution of coral reproductive
strategies has been suggested by a number of
researchers (Loya 1976, Van Moorsel 1983, Harrison
1985, Szmant 1986, Stimson 1987, Harrison & Wallace
1990). Coral species found in shallow water habitats
that are subject to fluctuating physical conditions are
usually small, short lived brooders, while related spe-
cies in more predictable environments are longer
lived, larger sized broadcasters (Loya 1976, Harrison &
Wallace 1990). Some scleractinian species found in dif-
ferent environments, or geographic locations, demon-
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strate mixed reproductive patterns, further pointing to
the ties between environment and reproductive strat-
egy (Harrison 1985, Harrison & Wallace 1990, Fan &
Dai 1995). Harrison & Wallace (1990) reasoned that,
while the evolution of some aspects of coral reproduc-
tive strategy (such as gonochorism or hermaphrodism}
may be genetically programmed, other aspects (such
as length of reproductive season, spawning cue and
size at maturity) may be plastic life history traits con-
strained by environmental factors.

Solitary free-living fungiid corals are abundant in
the northern Red Sea in a variety of habitats from shal-
low, highly perturbed waters to deep calm waters. The
dispersal patterns of these corals reflect such varied
parameters as depth, sediment size, and hydrody-
namic conditions on different portions of the reef
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throughout the world (Hoeksema 1989). Though much
is known about the distribution patterns of these free-
living corals, only limited information is available on
the reproductive strategies of fungiids in general, and
none on the reproduction of fungiid species from the
Gulf of Eilat (Abe 1937, Fadlallah 1983, Krupp 1983,
Willis et al. 1985, Harrison & Wallace 1990, Richmond
& Hunter 1990).

Thus in order to determine whether reproductive
strategies in 2 closely related fungiid species are influ-
enced by their environment, we investigated the
gametogenic cycle and reproductive strategy of Fun-
gia scutaria and Fungia granulosa from shallow and
deep water in the Gulf of Eilat (Agaba).

MATERIALS AND METHODS

The abundance and distribution pattern of the fungi-
ids Fungia scutaria and F. granulosa were examined.
The number of individuals of each species was counted
from six 1 m* quadrats randomly placed at each depth
studied (1, 3, 5, 10, 15, 20, and 25 m) near the H.
Steinitz Marine Biological Laboratory, Eilat, Israel. A
standardized Morisita's Index of Dispersion (Ip) was
used to ascertain the spatial distribution of both spe-
cies (Krebbs 1989).

To determine the extent of budding in the 2 studied
species, the number of individuals with buds and num-
ber of buds per individual were recorded under four
10 m line transects in each of the areas with greatest
abundance of the 2 fungiid species (Loya 1972).

Monthly collections of 10 to 12 individuals of various
sizes from each species were carried out for a period of
2 yr (1994 and 1995) from areas of high abundance.
Sampling of Fungia scutaria was carried out at 2 to 3 m
depth, and of F. granulosa at 15 to 20 m depth. Coral
size was ascertained by measuring the diameter of the
round species, F. granulosa, along the mouth axis, and
the longest axis in the oval shaped F. scutaria. Wedge
shaped fragments were broken off each individual and
fixed in 4% formalin in sea water. The coral wedges
were decalcified in formic acid and sodium citrate
(Rinkevich & Loya 1979), processed using a Citadel
2000 Tissue Processor, embedded in paraffin, sec-
tioned and stained in Hematoxylin-Eosin. All the
oocytes from sections of 3 gonads per individual were
measured along their longest axis and mean oocyte
size was calculated. Oocyte staging was a modification
of that used by Van Veghel (1994a): In stage 1, dis-
cernible stem cells were visible in thin gonads, but no
differentiation of oocyte or spermatogonia was ob-
served. In stage 2, primordial oogonia with large nuclei
and a small amount of cytoplasm were visible. Stage 3
oocytes had nuclei with visible nucleoli. Stage 4 fea-

tured eggs ready for spawning Spermatogenesis was
recorded at stage 2, when spermatogonia were visible
as small groups of cells in the mesoglea. At stage 3,
spermatozoa were visible, and at stage 4 sperm with
flagellae were visible. In both species a sex ratio was
calculated using pooled samples from the 2 study
years. Only individuals from the peak gametogenic
months, prior to spawning, were counted.

During the reproductive months, whole individuals
were collected and were kept in well aerated aquaria
for observation of spawning.

RESULTS
Abundance and spatial distribution patterns

The abundance and distribution patterns of the stud-
led fungiids are shown in Fig 1. Fungia scutaria was
found only in aggregates and in shallow waters on and
around coral knolls at depths of 0.5 to 5 m (Fig. 1). At
these depths they exhibited a clumped distribution
according to Morisita’s Index (Ip = 0.605 at 1 m depth,
Ip = 0.521 at 3 m depth and Ip = 0.534 at 5 m depth).
The large standard deviations found (Fig. 1) are a
result of their highly aggregated distribution. F. granu-
losa was found randomly dispersed (Morisita’s Index,
Ip < 0.5 at all depths) on sandy substrates as well as on
rocky slopes from 5 m to over 25 m depth, though they
were most abundant on rocky slopes at depths of 15 to
25 m (Fig. 1).
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Fig. 1. Fungia granulosa and F. scutaria. Average number of

individuals (+ SD) at various depths at the study sites in the

northern Gulf of Eilat. Shaded bars: F. scutaria; open bars: F.
granulosa
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Gametogenesis

Fungia granulosa were gonochoric (Fig. 2). Only spec-
imens over 5.5 cm in diameter developed gonads, even
during peak reproductive months (Fig. 3a). Oocytes and
spermaries developed in the incomplete septae adjacent
to the mesenterial filaments. The gonads were oriented
along the septal axis. Stem cells (stage 1) were first dis-
cernible in gonads in late February, early March. Oogo-
nia (stage 2; Fig. 2a) were visible in April and ripe
oocytes (stage 3) were visible in May-June (Fig. 2b).
Mature oocytes (stage 4) were found in July-August,
when spawning occurred (Fig. 2c). Average oocyte size
at maturity was 130 + 18.9 ym, maximal size was 150 pm,
and all oocytes seemed synchronous in size and stage
(Fig. 4). There was a 1 mo lag in male gonad develop-
ment, and spermatocytes were visible at the end of April.
Spermatogenesis began with small groups of cells in the
mesoglea (stage 2; Fig. 2d), which developed into sper-
matocytes (stage 3; Fig. 2e) and eventually into sperm
(stage 4; Fig. 2f). No morphological sexual dimorphism or
related size differences were visible in this species
(Fig. 3a). During the peak gametogenic months the male
to female ratio was 1.1:1 (n pooled = 60).

Fungia scutaria were also gonochoric (Fig. 5). Female
gonads began developing in February, and male go-
nads were visible in March. Stem cells were visible in
the mesoglea in the gonads in late February, early
March. Oogonia (stage 2; Fig. 5a) were visible in late
March. Oocytes (stage 3) were visible in May and ma-
ture oocytes and eggs (stage 4) were visible in June
(Fig. 5b). Testes with spermatogonia began developing
during late April, early May (Fig. 5c). Mature sperm
were visible in May-June (Fig. 5d). During the peak re-
productive period even very small individuals of 2.5 cm
length were sexually mature (Fig. 3b). In addition all
the collected individuals under 5.0 cm length were
males and all those over 9.0 cm were females (Fig. 3b).

A variety of oocyte sizes were found in the gonads
during oogenesis, even at peak reproduction (Fig. 4),
indicating multiple spawning events. During peak
reproductive months, maximum oocyte size was
200 pm, while the mean was 126 + 63.2 ym. The ratio
of males to females during peak gametogenic months
prior to spawning was 1.9:1 (n pooled = 64).

There was a lag of approximately 1 mo in the gameto-
genic cycle between the 2 species, though there was a
slight overlap in the peak spawning months, with Fungia
scutaria developing before F. granulosa (Fig. 4).

Spawning

Spawning in both coral species occurred in the sum-
mer months (Fig. 4). Gametes were released through

the mouths of the corals in spurts. Peak reproductive
effort in Fungia scutaria was from June through Sep-
tember, and spawning was observed beginning in the
late afternoon to early evening (17:00 to 18:00 h) 1 to
4 d after full moon. The spawning process was incom-
plete, and gonads of female corals collected after
spawning contained a number of oocytes. In addition,
male gonads contained spermaries at different stages
of development (Fig. 5d).

In Fungia granulosa, peak reproduction occurred
from July through August and gamete release did not
seem to correspond to the lunar phase. Spawning was
observed at different times of the day, and occurred in
several spurts. Released oocytes were opaque and
granular, negatively buoyant and lacked zooxanthel-
lae. Spawned individuals retained very few oocytes
in the gonads, indicating complete spawning in this
species.

Asexual reproduction

Individuals with buds were found in both species,
though budding was more prevalent in the shallow
water Fungia scutaria. In F granulosa there was an
average of 2.5 + 2.0 buds coral™! under each 10 m line
transect. In F. scutaria the average number was 19.8 +
31.1 buds coral"!. No correlation between number of
buds per coral and coral size was found (p > 0.05).

DISCUSSION

Environmental conditions may influence sexual
reproduction by exerting selective pressure on such
processes as synchrony, timing and modes of repro-
duction. Exogenous factors can interact with endoge-
nous biorhythms to cause local shifts in reproductive
strategies (Giese & Pearse 1974). Corals that dwell in
shallow waters are susceptible to high irradiation,
periodic flooding and sedimentation, and may have
evolved a variety of adaptive responses to maximize
their success in these environments. The greater envi-
ronmental stability found in deeper waters might be
conducive to the evolution of different reproductive
strategies in deep and shallow water species. Indeed,
a number of authors have hypothesized that,
in response to environmental unpredictability and
stress, organisms evolved r-strategy characteristics
such as a prolonged reproductive season, early sexual
maturity, and repeated spawnings, which increase the
species’ chance for reproductive success in these
environments (Giesel 1976, Loya 1976, Stimson 1978).
Indeed these characteristics are common in shallow
water corals (Loya 1976, Stimson 1978, Shlesinger &
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Fig. 2. Fungia granulosa. Photomicrograph of gametogenesis. (a) Stage 2 oogonia (0) in the developing gonad. Scale bar: 25 pm.

(b} Developing oocytes. Scale bar: 100 um. (¢) Developed oocytes. Scale bar: 120 uym. (d) Stage 2 spermatogonia (s) in developing

gonad. Scale bar: 20 pm. (e) Developing spermatocytes. Scale bar: 30 pm. (f) Developed sperm in mature gonad. Scale
bar: 50 um
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Fig. 3. Fungia granulosa and F. scutaria. Size class distribution

of male and female fungiids collected during the peak repro-

ductive months in the study area. Open bars: females; solid
bars: males. (a) F. granulosa; n = 80. (b) F. scutaria; n = 100

Loya 1985, Szmant-Froelich et al. 1985, Richmond &
Hunter 1990).
Van Veghel (19944, b) showed that the

maturity were found in the shallow water colonial coral
Agaricia humilis and its deeper water congener Agari-
cia agaricites (Van Moorsel 1983). Although both coral
species studied in this work were found to be gono-
choric broadcasters reproducing during summer, they
differed in size at maturity, spawning synchrony, and
timing. The small size at maturity, repeated synchro-
nous spawnings, and prolonged spawning season
found in Fungia scutaria may aid this coral in overcom-
ing the rigors of its shallow water habitat, in which spo-
radic catastrophes cause large scale death of large indi-
viduals {see Jokiel et al. 1993). In contrast, the
congeneric F. granulosa, which is abundant in calmer
deeper water (at depths of 15 to 25 m), begins repro-
ducing at a larger size than F. scutaria, concentrates its
reproductive efforts into a shorter period, and has only
1 or 2 spawning events. These features may place the
reproductive strategy of this species closer to the K end-
point of the r-K continuum (Loya 1976).

The sex ratio in a population with random matings is
usually 1:1 (Maynard-Smith 1978). Skewing from this
norm indicates either sampling bias or clonal propaga-
tion (Harrison & Wallace 1990). The skewed sex ratio
of 1:1.9 found in the Fungia scutaria population may
thus be explained either by clonal propagation, known
to occur in fungiids (Wells 1966, Harrison & Wallace
1990, Kramarsky-Winter & Loya 1996), or by sampling
bias, such as unwitting collection of individuals that
may actually have been clonemates. In contrast, the
sex ratio found in the deeper-water-inhabiting F. gran-
ulosa, was close to 1:1, indicating that this species
relies less on clonal propagation than its shallow water
congener.

Asexual reproduction is thought to be a mechanism
of local dispersion in a number of coral species in

shallow water population of the colonial 250
coral Montastrea annularis begins re-
producing at a smaller size than the
deeper water population. Acosta & Zea
(1997) showed differences in the length
and timing of reproduction in popula-
tions of Montipora cavernosa found in
different geographic locations. They at-
tributed these differences to different lo-
cal seasonal stresses as well as to physi-
cal location. Similar differences in
length of spawning period and size at
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Fig. 4. Fungia granulosa and F. scutaria.
Oogenetic cycle during the years 1994 and
1995. (@) Average oocyte diameters in F. scu- 0 laf
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granulosa. Bars: standard deviations

A A&

4 5 6 7 8 91011121 2 3 4 5 6 7 8 9 10 11 12

1994 1995
Month



180 Mar Ecol Prog Ser 174: 175-182, 1998

Sp

Fig. 5. Fungia scutaria. Photomicrograph of gametogenesis. (a) Developing oocytes. (b) Developed oocytes prior to release.
0: developing oocytes; e: developed eggs prior to release. (c) Developing testes. (d) Testes prior to sperm release. sp: mature
sperm; s: developing spermatocytes. Scale bars: 100 pm

highly disturbed environments (Kojis & Quinn 1981,
Highsmith 1982, Harrison & Wallace 1990). It has
recently been shown that, in very shallow waters, even
colonial species not previously known to do so repro-
duce asexually to enhance local recruitment (Kra-
marsky-Winter et al. 1997). Populations of Fungia
scutaria are known to withstand periodic density inde-
pendent mortality caused by periodic catastrophes and
were shown to ‘resurge’ through budding of remnant
adult tissues (Jokiel et al. 1993, Krupp et al. 1993, Kra-
marsky-Winter & Loya 1996). The amount of budding
occurring in this shallow water coral population
strengthens the premise that, in addition to sexual
reproduction, the F scutaria population studied here
relies on clonal propagation as a means for local
recruitment. This premise is further strengthened by
this coral's highly aggregated distribution. Moreover
similar aggregated distribution patterns have been

reported for the fungiids Diaseris distorta and D. frag-
ilis, which are known to reproduce asexually by nat-
ural fragmentation (Goreau & Yonge 1968, Nishihara &
Poung-In 1989). In comparison, the smaller extent of
budding occurring in F granulosa, in addition to its
more random distribution pattern, indicates that it
relies less on asexual reproduction than its shallow
water congener.

Another difference in reproductive characteristics
between the 2 species studied is the size refated dimor-
phism found in Fungia scutaria but not in F. granulosa.
Although to date protandry has not been reported in
scleractinian corals, this could be one interpretation for
this dimorphism. Indeed, although Krupp (1983) sug-
gested this possibility, he noted that without long-term
monitoring of individuals it is impossible to determine
this for sure (Krupp pers. comm.}. Moreover, the size
related dimorphism in shallow water corals may be
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due to males maturing earlier than females and may
reflect an energetic trade-off between reproduction
and growth (Harrison & Wallace 1990). This reproduc-
tive strategy is similar to that of shallow water her-
maphroditic corals where early investment in testes
development allows for sex to commence without the
energetic expense of egg production, permitting these
corals to grow to a larger safer size before developing
female gonads (Hall & Hughes 1996). Another possible
explanation of why none of the large individuals col-
lected were males is that only a small number of very
large individuals of F. scutaria were found in the study
area, which may have caused sampling bias.

Though it is likely that many aspects of the repro-
ductive patterns in the 2 fungiid species studied here
have a phylogenetic base, some of the differences in
reproductive patterns found in species from differing
habitats may be due to the differences in the environ-
mental regimes they encounter. Reproductive strate-
gies of fungiid species found in deeper calmer habitats
may be constrained by different environmental factors
than those constraining reproductive strategies of spe-
cies from shallow water habitats. These differences
may provide clues regarding some of the factors in-
volved in the evolution of reproductive strategies.
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