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ABSTRACT. We studied reproductive characteristics of 3 Montastrea annularis (EUis & Solander) 
morphotypes (viz. 'Bumpy', 'Massive' and 'Columnar'; Van Veghel & Bak 1993, Mar. Ecol. Prog. Ser. 92: 
255-265) by dissecting about 2450 polyps in the reproductive seasons of 1991 and 1992. Fecundity. 
number of gonads per polyp, and ferthty were found to be significantly different between the studied 
morphotypes (ANOVA, p < 0.001), ranking from h g h  to low in Bumpy, Massive, and Columnar 
morphotypes. Gonads as percent of total biomass also varied, but were not sigruficantly different for 
Bumpy (29.7 %) versus Massive (22.0%) and Columnar (20.9 %) morphotypes. Columnar colonies with 
interconnected living tissue larger than 50 cm2 were already fully reproductive whereas in other 
morphotypes fecundity was significantly (ANOVA, p < 0.001) reduced in colonies smaller than 300 cm2. 
Significant differences (ANOVA, p < 0.05) in fecundity occurred between 2 consecutive years for the 
Massive morph. On a geographic scale, fecundity of M. annularis populations on Curaqao was 5 to 
14 times lower than in Puerto Rico. Coral species with comparable reproductive strategy all had higher 
fecundities than M, annularis in this study. Fecundity and reproductive traits in M. annularis appear to 
correlate with colony morphology. 
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INTRODUCTION 

Although data on coral sexual reproduction has 
increased enormously in the last decade (Harrison & 
Wallace 1990), reproductive data are available only for 
about 30% of known scleractinian reef corals (Rich- 
mond & Hunter 1990) and few generalizations con- 
cerning ecological consequences of sexual reproduc- 
tion can be made (Shlesinger & Loya 1985). Studies so 
far have rebealed that coral reproductive strategies are 
very complex, e.g. there are different reproductive 
modes for the same species in different geographical 
areas (Rinkevich & Loya 1979) and for assumed growth 
forms (Van Moorsel 1983). Such complexity and lack 
of data on reproductive energy demand in relation 
to Me history aspects, environmental variability or 
colony structure are reasons for our inability to make 
generalizations. 

Data available on energetic relationships between 
reproduction and Life history aspects include: growth 
rate (Chornesky & Peters 1987, Richmond 1987), regen- 
eration and survival (Babcock 1988, Rinkevich & Loya 
1989, Van Veghel & Bak 1994), and recruitment success 
(Richmond 1981, Sammarco & Andrews 1989). Studies 
on environmental conditions and coral reproduction have 
reported a negative relationship between fecundity and 
external stress factors (Kojis & Quinn 1984, Jokiel 1985, 
Rinckevich & Loya 1987, Tomascik & Sander 1987, 
Szmant & Gassman 1990, Glynn et al. 1991). 

The present paper examines reproductive character- 
istics of 3 morphotypes of the reef building coral 
Mon tastrea annularis (Ellis & Solander): viz. 'Bumpy', 
'Massive' and 'Columnar' (Van Veghel & Bak 1993, 
Weil & Knowlton 1994). M. annularis is a hermaphro- 
ditic broadcast spawner and premating characteristics, 
i.e. reproductive mode, development and maturation 
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of the gametes and spawning behavior were not differ- 
ent for these morphotypes (Van Veghel 1994). Here we 
report on the differences in reproductive effort and 
fecundity of the M. annularis morphotypes. 

We used dissection techniques to study fecundity 
(number of eggs per polyp per year) and other repro- 
ductive characteristics for each morphotype. Fecundity 
was studied in relation to polyp diameter, polyp bio- 
mass, colony size and distance to living colony edge 
during the reproductive seasons of 1991 and 1992 on 
Curacao, Netherlands Antilles. The results are com- 
pared with Montastrea annularis data from other local- 
ities and with other coral species. 

MATERIALS AND METHODS 

Montastrea annularis morphotypes on Cura~ao  
spawn eggs and sperm in the week after full moon in 
September and October (Van Veghel 1993, 1994). A 
week before the first and major spawning in Sep- 
tember 1991 and 1992 samples of the 3 M. annulans 
morphotypes were collected at depths between 6 and 
25 m. During the 1991 reproductive season we studied 
fecundity (number of eggs per polyp per year), fertility 
(% polyps with eggs), and % gonads of the total bio- 
mass. Study sites were Awa Blancu (AB), CARMABI 
Buoy 1 (Bl) and Slangenbaai (SB) (Bak 1975, Van Duyl 
1985, Van Veghel & Bak 1993). In 1992, we studied 
fecundity in different size classes and the effect on 
reproduction of distance of polyps to the living colony 
edge. All 1992 samples were collected at location B1. 

Material. Samples (approximately 20 cm2) were col- 
lected using a hammer and chisel, stored in numbered 
mosquito-gauze bags in seawater and put in Bouin's 
fixative. After fixation (24 to 48 h), samples were rinsed 
with running tap-water for 12 to 24 h before they were 
decalcified using a formic acid and sodium citrate 
treatment (Rinkevich & Loya 1979). Polyps were dis- 
sected with forceps and scalpel and examined with a 
dissecting microscope. 

Gonad biomass. To obtain gonad:polyp biomass 
ratios, up to 10 polyps carrying gonads per colony were 
dissected until about 100 fertile polyps per morphotype 
were obtained. The number of eggs per gonad and 
gonads per polyp were examined and gonad material 
and polyp tissue were separately dried in small porce- 
lain cups at 55 "C to constant weight. 

Fertility and polyp diameter. Twenty-five intercon- 
nected polyps of 9 colonies per morphotype were dis- 
sected to study fertility and fertility in relation to polyp 
diameter (measured at the polyp base). All polyps 
were included in this part of the study, whereas in the 
other parts polyps smaller than 2 mm in diameter were 
not examined. 

Fecundity versus colony size. To study the influence 
of colony size, we collected 5 samples per morph of 
the 4 smaller size classes, viz. 1-49, 50-99, 100-199, 
200-300 cm2, and 10 for the largest size class, viz. 
>300 cm2. Ten polyps per sample were dissected. To 
study the differences between the 2 years, fecundity 
data of samples from colonies larger than 300 cm2 
collected in 1991 and 1992 were compared. The effect 
of the distance to the colony edge on reproduction was 
studied by dissecting the first 5 peripheral rows of 
polyps. About 20 polyps from 6 different colonies were 
examined per morphotype. 

Statistics. Frequency differences between size classes 
and the experimental sample sets and their controls 
were tested using a l-way ANOVA. Data was checked 
with Barlett's test for homogeneity of variance, and 
the Kolmogorov-Smirnov test for normality (Sokal & 
Rohlf 1981). 

RESULTS 

Fecundity 

The average fecundity, number of gonads per polyp 
and eggs per gonad (combined data from 1991 and 
1992; Table 1) were significantly different for the 3 
morphotypes (ANOVA, p < 0.001). Mean fecundity 
(SD) was estimated at 71 (59), 30 (39) and 19 (31) eggs 
per polyp, for the Bumpy, Massive and Columnar mor- 
photypes, respectively. 

Gonad biomass 

The biomass of reproductive products as percent- 
age of total polyp biomass for Bumpy, Massive and 
Columnar, was 28.7 %, 22.0% and 20.9 % respectively 
(Table l), values which were not significantly differ- 
ent. The annual production of reproductive biomass 
cm-' was calculated by multiplying the average of 
eggs per polyp, the number of polyps cm-' (Van 
Veghel & Bak 1993) and the percentage fertile polyps 
(Table 1). Estimated values were 3.49, 1.74 and 1.92 mg 
cm-2, for the Bumpy, Massive and Columnar morphs 
respectively. The volume production was calculated 
using 0.023425 mm3 (SD = 1.01 X 10-5) as a standard 
for egg volume (Van Veghel unpubl.; Table 1). 

Fertility and polyp diameter 

The Bumpy morphotype showed a significantly 
higher fertility (ANOVA, p < 0.001), with an average 
of 89% of all polyps carrying gonads. Differences 
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Reproductive character Morphotype 
Bumpy Massive Columnar 

Years- 1991+1992 
N 239 302 315 
Fecundity (SD) 71 (59) 30 (39) 19 (31) 
Gonads per polyp (SD) 9.2 (6.9) 4.6 (5.5) 3.2 (4.7) 
Eggs per gonad (max ) 7.7 (4.0) 6.5 (2.5) 5.9 (2.3) 

Year: 1991 
N 65 58 61 
Gonad weight (pg)  85 68 73 
Gonad per 
total weight (%) 

28.7 22.0 20.9 

Range gonad per 
total weight (%) 

9.0-50.9 7.1-35.1 7.5-31.6 

Gonad per 
total weight (mg) 1.04 0.56 0.61 

Gonad production 
(mg cm-2 yr- ' )  3.49 1 74 1.92 

Gonad volume production 
(mm3 cm-2 yr.') 6.02 3.14 2.39 

Year: 1991 
N 225 225 225 
Average fertility (%) 89 6 1 5 8 
Maximum fertihty (%) 100 93 80 
Smallest fertile polyp (mm) 1.43 1.89 1.69 
Ferhlity polyps ( > 2  mm) (%) 91 69 64 
Annual fecundity (cm-') 257 134 102 

Table 1. Montastrea annulans.  Fecundity (eggs per polyp per year) and other Bumpy and Columnar morphs (Table 
reproductive characteristics of the morphotype con~plex on Curaqao. (Weights 2). The Massive morph showed a sig- 

between the Massive and Columnar morphotypes, 
with averages of 61 % and 58 % respectively, were not 
significant (Table 1). Fertility was positively correlated 
with polyp diameter (Fig. 1).  A 100 % fertility was 
only reached by the Bumpy morphotype for 
polyps over 3 mm in diameter. Maximum fertility 
of the Massive (93 %) and Columnar (80 %) mor- 
photypes was reached in the 3 to 3.5 mm class. 

are  dry weight) 

Fecundity at different localities 

nificantly higher fecundity and number 
of gonads/polyp in 1992 (ANOVA, 
p < 0.05). 

At location AB fecundity was significantly 
higher for the Bumpy morphotype (Table 2; 
ANOVA, p < 0.01) compared to B1 and SB. Mas- 
sive and Columnar morphotypes did not Mfer sig- 
nificantly between AB and SB, but at these locali- 
ties fecundity was significantly higher (Table 2; 
ANOVA, p < 0.05) than at Bl .  

Fecundity during 1991 vs 1992 

Fecundity versus colony size 

All colony size classes of the Bumpy 
morphotype had reproductive polyps 
(Table 3).  Fecundity was, however, sig- 
nificantly lower (Table 3; ANOVA, p < 
0.001) in smaller colonies (1300 cm2). 
In the Colun~nar morphotype, repro- 
duction was delayed until colonies 
were larger than 50 cm2 (Table 3).  
At this size, at the onset of repro- 
duction, colonies were at maximum 
reproduction, with reproductive out- 
put sometimes even significantly 
higher (Table 3; ANOVA, p 0.05) 
than for the largest size class. In com- 
parison, colonies of the Massive 
morph were infertile until larger than 
100 cm2. 

In general, fecundity and the number 
of gonads per polyp as well as the 
number of eggs per gonad increased 
with colony size in Bumpy and Massive 

morphotypes (Table 3). In colonies of an  immature size, 
2 different egg size classes were observed, i.e. mature 
and immature eggs. 

1.0 < 1.5 1.5 < 2.0 2.0 < 2.5 2.5 <3 .0  3.0 < 3.5 3.5 <4 .0  

Polyp size classes (mm) 

Bumpy U Massive Columnar 

Flg. 1.  Montastrea annularis. Percentage of fertile polyps versus 
overall fecund it^ was lower in 1991 at location polyp size for 3 morphotypes at  Curacao. Numbers in columns are  

B1, but differences were not significant for the sample sizes. n = 225 polyps per morph 
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Table 2. Montastrea annularjs. Temporal and spatial variation in fecundity and colonies, respectively. In the Massive 
number of gonads per polyp of the morphotype complex at Curaqao. One-way morph, no eggs were found in marginal 
ANOVA tests for differences between localities and reproductive seasons. 
"'p < 0.001; "0.001 < p c 0.01; ' p  < 0.05; ns = not significant. Localities: polyps. 

AB = Awa Blancu, B1 = CARMABI Buoy 1, SB = Slangenbaai 

1 Locality ANOVA p-values I DISCUSSION 

is compared on an area basis. Fecundity per surface 
Table 3. Montastrea annularis. Intraspecific variation in re- 
productive characteristics in relation to colony sizes (cm2) area (eggs cm-* yr-l) was significantly higher for the 
of the momhotvpe c o m ~ l e x  on Curacao. One-way ANOVA Bumpy (257) in comparisons with the Massive (134) 

AB B1 <B B1 AB-B1 AB-SB ^ ~ 1 - S B  91-92 
1991 1992 

N 
55 40 44 100 Bumpy 

Massive 66 75 61 100 
Columnar 61 83 71 100 

Fecundity 
Bumpy 98 56 52 70 

. . S. .  ns ns 
Massive 44 18 32 29 ns ..S 

Columnar 23 12 34 13 ns "' ns 

Gonads per polyp 
Bumpy 11.3 6.8 8.3 9.4 . . ns . . Massive 5.7 3.2 4.7 4.9 ns ns . . Columnar 4.0 2.0 5.6 2.3 ns "' ns 

- .- 
tests for differences between the smaller sized colonies and and Columnar (102) morphotypes. Caribbean coral 
C O ~ O I I ~ ~ S  larger than 300 cm2; '"p < 0.001; " 0.001 C p < 0.01; species with comparable growth forms and reproduc- 

' p  < 0.05; ns = not significant tive strategies have considerably higher values than 

There appear to be significant differ- 
ences in fecundity and other reproduc- 
tive characteristics between Montastrea 
annularis morphotypes. Overali, repro- 
ductive ability was highest for the 
Bumpy morphotype, and sigmficantly 
lower for the Columnar morphotype, 
which is however mature at smaller size. 

Annually Montastrea ann ularis morphs 
invest between 20.9% (Columnar) and 
28.7 % (Bumpy) of biomass into repro- 
ductive tissue. Szmant (1991) calculated 
the annual release of reproductive bio- 
mass at 30 to 40% for M. annularis 

Colony size in cm2 
1-49 50-99 100-199 200-299 >300 

Fecundity 
Bumpy 17.2"' 8.8"' 29.3"' 21.9"' 69.9 
Massive 0 0 5.4 "' 16.6ns 29.2 
Columnar 0 23.9' 20.4ns 17.2ns 12.9 

Gonads per polyp 
Bumpy 3.4"' 2.1"' 4.2"' 4.2"' 9.4 
Massive 0 0 1.4"' 2.5' 4.9 
Columnar 0 4.1 ' 3 . l n s  3.3ns 2.3 

Eggs per gonad 
Bumpy 5.1"' 4.2"' 6.9" 5.2"' 7.5 
Massive 0 0 3.8"' 6.7'" 5.9 
Columnar 0 5.911s 6.7"' 5.3ns 5.6 

N 
Bumpy 40 50 50 50 100 
Massive 50 50 50 4 0 100 
Columnar 50 50 50 50 100 

(Massive morphotype) collected in 
Fecundity versus distance to colony edge Puerto Rico. The Pacific coral Pocillopora damicornis 

(Linneaus) in Hawaii released a minimum of 25 to 50 % 
In all morphotypes, fecundity of the first 5 rows of of its total colony biomass as planulae annually (Jokiel 

polyps (ca 20 mm) was significantly lower (ANOVA, 1985). Richmond (1987) observed that the same species 
p < 0.001) compared to polyps sampled from the released 20 to 167% (average 64%) of the total 
middle of the colony. The average number of eggs per calorific content of the parent colony in Enewetak. In 
gonad was 4.3 and 3.4 for Bumpy and Columnar view of these data, M. annularis reproductive ability at 

Curaqao appears low. This is also true when fecundity 

the M. annularismorphotypes: Diploria strigosa (Dana) 
(350), Dendrogyra cylindricus (Ehrenberg) (480). Mon- 
tastrea cavernosa (Linneaus) (576), M. annularis from 
Puerto Rico (1440) and Siderastrea siderea (Ellis & 
Solander) (2187) (all eggs yr-l; calculations by 
Harrison & Wallace 1990). Because of differences in 
methodology and unknown variability in fecundity 
with regard to geographic and temporal variation, we 
tentatively conclude that the reproductive output of 
M. annularis on Curacao is lower than that calculated 
for M. annularis in Puerto Rico and for other coral 
species. Large differences in fecundity at geographic 
distant localities were also found by Glynn et al. (1994). 

A relatively low reproductive effort is consistent with 
demographic and life history aspects for K-selected 
species (MacArthur & Wilson 1967. Krebs 1978). Other 
characteristics of Montastrea annularis in favour of 
K-selection are low larval recruitment rate (Bak & 
Engel 1979), relatively low growth rate, proportionate 
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large colonies, low whole colony and partial mortality 
(Bak & Luckhurst 1980, Hughes & Jackson 1985) as 
well as moderate regeneration capacity (Bak 1983, 
Meesters et al. 1992, Meesters & Bak 1993) and moder- 
ate interspecific competitive abilities (Lang 1973, Bak 
et al. 1982). 

That fertility and fecundity vary spatially over the 
colony surface within reproductively mature colonies 
has been shown for many coral species (Rinkevich & 
Loya 1979, Wallace 1985, Szmant 1991, Soong & Lang 
1992). This is confirmed for the Montastrea annularis 
morphotypes. Polyps of the Massive morph were found 
to be infertile at the colony's periphery, and in the 
other 2 morphotypes, fecundity was reduced. We did 
not measure the colony circumference and cannot esti- 
mate the total area where fecundity was reduced. Our 
data are consistent with those of Soong & Lang (1992) 
who found that 4 other massive Caribbean colonies 
with distinct polyps were infertile, varying from 1 to 10 
rows of polyps (0 to 2 cm) adjacent to natural colony 
margins. 

Harriot (1983) found a positive correlation between 
fertility and polyp size in the coral Lobophyllia corym- 
bosa (Forskal) and suggested that polyp size rather 
than colony size limits gonad production. Although 
fertility and polyp size were positively correlated for all 
3 Montastrea annularis morphotypes, polyps of mature 
size (>2 mm) in small colonies were not all reproduc- 
tive. A higher budding rate in the Massive and Colum- 
nar morphotypes (the number of small polyps (< 2 mm) 
is about 3 times higher than in the Bumpy morphotype) 
may explain why less mature sized polyps were repro- 
ductive. More space becomes available as a conse- 
quence of the colony shape and a higher growth rate 
for the Massive and Columnar morphotypes (Tomascik 
1990, Knowlton et al. 1992, Van Veghel & Bosscher 
unpubl.). A potentially important role of the curvature 
of the skeletal surface on intracolony reproductive 
aspects was also hypothesized by Soong & Lang 
(1992). 

A positive correlation between sexual reproductive 
potential and colony size, an essential feature of clonal 
strategies (Jackson & Coates 1986), was observed in 
other scleractinian species (Jackson 1985, Szmant- 
Froelich 1985, Babcock 1988), and can be confirmed 
for the studied morphotypes. However, differences 
were observed in size at full reproduction. The small- 
est Massive and Columnar morphotypes are infertile, 
and while the polyps of small Bumpy colonies carry 
gonads, their fecundity is significantly lower compared 
to large colonies (> 300 cm2). Full reproductive poten- 
tial is reached for the Columnar morph with living 
tissue in the size range 50 to 99 cm2. The other 2 mor- 
photypes have a lower fecundity for all size classes 
smaller than 300 cm2. Although the Columnar morph 

can form huge colonies, the area of interconnected 
tissue is much lower than in the 2 other morphotypes. 
Living tissue can only be found at the top of the colony 
columns, and different columns usually do not share 
connecting tissue. Reaching full reproductive potential 
at a relatively small size may be considered an adapta- 
tion to colony morphology for Columnar colonies. Data 
collected for the Bumpy and Massive morphotypes are 
comparable with those of Szmant-Froelich (1985). She 
suggests that Montastrea annularis colonies are fully 
reproductive at a size larger than 200 cm2. Data from 
Curaqao show a full reproductive size for Bumpy and 
Massive morphs larger than 300 cm2 and for the 
Columnar morph larger than 50 cm2. Most massive 
Caribbean corals studied by Soong & Lang (1992) are 
fully reproductive when they reach a size of 250 to 
1000 cm2. The 2 different egg sizes observed in our 
study in small, not fully reproductive, colonies may be 
an indication that energy allocation to reproductive 
tissue is limited by colony size. 

Possible relations between environmental factors 
and coral fecundity were studied by Kojis & Quinn 
(1984). They found a negative correlation between 
fecundity and depth, turbidity and sedimentation. In 
our study, location B1 was found to have a significant 
lower fecundity for all 3 morphs. This location is over- 
all more disturbed than the other 2 study areas be- 
cause of its position close to the Piscadera Baai inlet 
and densely populated and industrial areas. When 
more data become available on the relationships 
between environmental stress and fecundity, fecundity 
may be used as a good and simple indicator of coral 
'health'. 

Rinkevich & Loya (1987) found fecundity to show 
considerable variation between consecutive reproduc- 
tive seasons, i.e. high fecundity in one season and 
sterility in the next or vice versa. They also observed 
that population fecundity was highly variable between 
successive years, influenced by such factors as storms. 
At our study sites, except for the construction of an 
artificial beach 1.5 km upstream of location B1, no 
important changes occurred. The observed annual 
differences in fecundity, ranging from 8 to 61 % (cal- 
culated from Table 3), and only significant for the 
Massive morphotype, most probably indicate a natural 
range of annual variation. 

In conclusion, there are significant differences in 
fecundity and other reproductive characteristics be- 
tween the 3 morphotypes of Montastrea annularis. The 
Bumpy morphotype exhibits a higher reproductive 
effort than the 2 other morphotypes. Reproduction in 
this morph starts when colonies are small, and is sig- 
nificantly higher than the 2 other morphotypes in large 
colonies. Large (>300 cm2) Columnar and Massive 
colonies are not very different in reproductive charac- 
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teristics. However ,  t h e  reproduct ive output  of the  
populat ion of columnar morphs  could be considerably 
h igher  because  Columnar colonies reach  full repro-  
duct ion a t  a much  smaller size. 
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