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Chapter 8 

Patterns in reproductive biology of closely related 
coral species: gametogenesis in Madracis 

Vermeij M.J.A., Sampayo E.M., Broker K. and R.P.M. Bak 
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ABSTRACT We studied the reproductive strategies to understand the 
taxonomie status and evolutionary organization in closely related coral 
species. We examined the gonadal development of six sympatric species 
in the coral genus Madracis over a 13 month period in Curaçao. All 
species are hermaphrodytic brooders and show similar patterns in gamete 
development. Temporal reproductive isolation is absent in the genus and 
all species show gamete-maturation in relation with increasing seawater 
temperature. Oocyte development starts around June and precedes the 
development of spermaries. Mature gametes are present in the autumn 
(August-November) when seawater temperatures reach their yearly 
maximum. Developmental pathways for male and female gametes are 
identical between species, i.e. at the genus level. At the lower 
taxonomical level of species, differences exist in the number and size of 
oocytes. Reproductive strategies are plastic at a low taxonomical level. 
There are trade-offs in the life-history of closely related coral species, 
such as a relation between the number and size of oocytes. Our data 
supports the hypothesis that the size and number of oocytes is related to 
the distance to be traveled by planulae to sustain gene-flow and prevent 
population inbreeding. The data show that differences between taxonomie 
units involved in speciation are very subtle and are found at a high level 
of resolution. 

INTRODUCTION 

Two decades of studies on reproduction of scleractinian corals have 
consistently revealed four main patterns of sexual reproduction. There 
are hermaphroditic or gonochoric species with either broadcast spawning 
or brooding modes of development (Szmant 1986, Fadlallah 1983, 
Harrison and Wallace 1990, Veron 2000). Most coral species are' 
gonochoric broadcasting species. Brooders represent only a small portion 
(< 10%) of all corals studied (Veron 2000). Characteristics related to 
reproduction are often consistent at high taxonomie level. Such 
characteristics are at the genus level: gonad arrangement, gonad 
morphology and gonad position in the polyp (Veron 1995, 2000), and at 
family level: the number of gonads in a spawning polyp and the amount 
of oocytes per spawned gonad (Shlesinger et al. 1998). These data 
suggests that reproductive characteristics/ strategies are relatively 
invariant within the higher Scleractinian taxa. It is unclear whether 
ecological or evolutionary relevant variation in reproductive 
characteristics is expressed at the level of the four main reproductive 
categories. 

There is some evidence that variation in reproductive patterns within, and 
overlap between, the four main categories occurs within some coral 
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species which hinders their classification in one of the four reproductive 
categories. For example, brooding and spawning have even been reported 
within a single species at geographically distant populations (Kxuger and 
Schleyer 1998, Shlesinger et al. 1998). Also some species change 
between hermaphroditism and gonochorism or spawning and brooding 
through time (Harrison and Wallace 1990). Such variation in reproductive 
strategy within one species can eventually lead to the formation of new 
species (Stearns 1992) which indicates the importance of reproductive 
studies in understanding Scleractinian evolution. 
To study the evolutionary significance of variation in reproductive 
strategies, studies are needed on the variation in reproductive behavior 
within the traditional four reproductive strategies. The subtle nature of 
differences in reproductive strategies that can lead to species formation is 
demonstrated in three members of the Montastraea annularis species 
complex. 
Knowlton et al. (1992) found small differences in the time of spawning 
between different morphs of the Caribbean Montastraea species complex 
in Panama. These differences corresponded to genetic differences based 
on allozyme-data, and Knowlton et al. classified the different morphs as 
different species. However, in a parallel study on Curaçao the difference 
in spawning time between the three supposed species as well as the 
genetic differences were absent (Van Veghel 1994). This suggests that 
small differences in reproductive behaviour, e.g. time of gamete release 
in the Montastraea complex, can result in (local) genetic isolation and 
lead to speciation. 
Small differences in reproductive behaviour of species within the same 
region (as in Panama for M. annularis) have been found elsewhere 
(Richmond and Hunter 1990), a possible indication that speciation is in 
the process of occuring (Tanner 1996). Studying interspecific differences 
in the timing and intensity of gamete production, i.e. elements of a coral 
species reproductive strategy, provides insight in the role of reproduction 
in coral speciation. 
The lack of (semi) reproductive isolation in corals (Veron 1995) explains 
the current debate on the species status of morphological or genetical 
clusters within existing species complexes, such as Montastraea. The 
ecology of morphologically defined entities will reveal the adapations of 
such entities to survive through evolutionary time and is translated in 
their genetic relationships to closely related species. 
Genetic relationships depend on the reproductive behavior of the species 
involved. Defining variation in reproductive behaviour between and 
within species in relation to their taxonomical status is a necessary step to 
understand evolutionary mechanisms in the Scleractinia . 
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To investigate the degree to which reproductive strategies differ between 
closely related species we studied six species in sympatric populations of 
the coral genus Madracis: M. mirabilis, M. senaria, M. decactis, M. 
formosa, M. carmabi and M. pharensis at a fringing reef off Curaçao, 
Netherlands Antilles. Original species descriptions are based on 
morphological characteristics at corallite level and the status of species 
within this genus is currently debated (Fenner 1993, Diekmann et al. 
2001, Vermeij and Bak subm. a). Genetic data indicates that M. 
pharensis and M. decactis form a species complex together with M. 
formosa and M. carmabi, a new species (Vermeij et al. subm. a, 
Diekmann et al. 2001). The organization within the genus suggests 
reticulate evolution {sensu Veron 1995, Hatta et al. 1999). The close but 
varying relatedness between species allows us to explore the relation 
between the taxonomie status and functional differences in reproductive 
behavior in an evolutionary perspective. 

MATERIAL AND METHODS 

Morphospecies definition 
The current classification of Madracis is based on morphological 
descriptions and we use the term species in the sense of morphospecies. 
We used the morphological descriptions from Wells (1973a, b) for M. 
mirabilis, M. senaria and M. formosa. M. pharensis and M. decactis were 
classified according to their colony morphology see (Fenner 1993). 
Encrusting and nodular colonies were classified as M. pharensis and M. 
decactis, respectively. We encountered one morphotype in the field 
showing characteristics of M decactis (10 septs) as well as M. formosa 
(branching morphology). We described this morphotype as a new species, 
M. carmabi (Vermeij et al. subm. a). M. pharensis occurs in many 
different color varieties. To get an impression of the ecological 
importance of such variation we included the two most numerous color 
morphs, overall brown and overall green colonies, as separate 
morphotypes in our study. 

Collection procedure 
Histological sections were made monthly of all Madracis species, from 
September 1998 to September 1999, in order to study their reproductive 
cycles. At each data point fragments of 14 colonies were collected for 
each species between 15 and 30 meters at site Buoy 2, (Bak 1977, van 
Duyl 1985), southwest-coast of Curaçao (Fig. 1). Species show 
overlapping distributions in this depth range (Vermeij and Bak subm.) 
and a pilot-experiment indicated no differences in reproductive status 
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between colonies sampled at 15 and at 30m (number and size of gametes 
of all stages; Kruskal-Wallis ANOVA; p> 0.38). Samples (approx. 9cm") 
were chiseled from the center of colonies (>200cm~), which were 
haphazardly chosen in a permanent 1060m quadrant along 50m reef 
slope between 15 and 30m depth. Samples of the deep reef species 
M.formosa were collected at depths >35m at the same location. During 
the entire sampling period the seawater temperature was measured every 
30 minutes using SEAMON Mini temperature-loggers (Hugrun ehf 
1995-1998). 

Table 1. Criteria for classification of gametocytcs based on Szmant-Froelich et al. 
(1985). 
stage spermaries oocytes 

I Small clusters of spermatogonia Firstly visible, enlarged interstitial cells in 
near or entering mesogloea mesogloea of mesentery  

II Aggregation of spermatocytes, start Accumulation of small amount of cytoplasm 
of meiosis, distinct spermary boundary (i.e. around nuclei 
spermatocytes are surrounded by a thick 
spermatogonian wall of mesogloea) 

III Spermatocytes smaller but more distinct and More developed and increased in size, 
occassionally arranged in the gonad periphery, mesogloeal coat not finished, 
meiosis almost completed, number of cells appears unsharp, nucleus in middle of cell, 
within spermary much larger, spermatogonia! More cytoplasm (yolk) around the nucleus 
wall decreases to normal size  

IV Spermatids with little cytoplasm, tails not Oocytes full size, mesogloeal coat very clear, 
evident, spermatozoa with tails, ready to spawn, sharp edges, nucleus (germinal vesicle) 
depending on the orientation of section, mature moves towards one side of cell, 
sperm cells can be seen arranged in arrays. yolk contains granula  

Histological procedures 
After collection samples were transported to the CARMABI Marine 
Biological Station within 30 minutes and stored in a 10% solution of 
formaldehyde in seawater for minimal 48 hours. Fragments were 
decalcified in a 4% HCl-solution and the remaining tissue was stored in 
70% ethanol. Histological procedures of Rinkevich and Loya (1979a) 
and Delvoye (1988) were followed but additional dehydration steps were 
incorporated (80 and 85% ethanol) and iso-propanol was used instead of 
xylene. Both modifications prevent excessive shrinkage of the delicate 
tissue during the histological procedure. Transversal sections of 6-8 
micrometers thickness were cut every 200 micrometer on a Minot-
Microtome (Type 1212, Leitz-Wetzlar, Germany) resulting in 4-6 slides 
per sampled polyp. Sections were stained with Mayers haemaluin, eosin 
and Orange G. In each slide 3 random polyps were examined for the 
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Figure 2a. Gametogenic stages for six Madracis species. (Oocyte development) are 
given as the percentage of polyps containing the different stages (see Table 1). The 
percentage of stage IV oocytes in M. mirabilis in September 1999 was 8.33%, too 
small to be observed in the figure. Mean sample size is 42 polyps per data point (3 
polyps of 14 colonies). The sampling started in September 1998. 
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Figure 2b. Gametogenic stages for six Madracis species. (Spermary development) 
are given as the percentage of polyps containing the different stages (see Table 1). 
Mean sample size is 42 polyps per data point (3 polyps of 14 colonies). The sampling 
started in September 1998. 
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presence of testes and ovaries. The number, size and developmental stage 
of the gametes present were determined. Both spermary and oocyte 
development was subdivided into four stages based on Szmant-Froelich 
etal. (1985, Table 1). 

RESULTS 

Annual reproductive cycle 
The development of male and female gametes is similar in all six 
Madracis species. Oocyte development starts in June and mature oocytes 
(stage IV) were present in all species from September to October (Fig. 

t':'-:'" ... . 

Figure 3 Cross section of a mesentery of M. decactis containing both spermaries (a: 
stage III) and oocytes (b: stage III with nucleus (c), d: stage I). Scalebar = lOOuin. 

2a). Sperm production starts in August and mature sperm (stage IV) is 
present from September till October (Fig. 2b). M. senaria and the green 
morph of M pharensis show small deviations from this general pattern. 
In M. senaria mature oocytes are present during the entire reproductive 
active period. The green morph of M. pharensis has an extended 
reproductive period compared to the other Madracis species (May and 
November; Fig 2a). 

The reproductive cycles of all Madracis species follow the yearly 
seawater temperature. The presence of gametes, expressed as the summed 
presence percentages of all stages (Fig. 2a, b), was highly correlated to 
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Figure 4. Size distribution of spermaries and oocytes in different stages (see Table 1) 
of all Madracis species. The proportion of gametes belonging to a stage (I to IV) is 
given for increasing size classes (urn3). 
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the seawater temperature. Significant R2 values ranged between 0.38 and 
0.56 for all species except M. mirabilis (R2= 0.18, p= 0.15). 

General gonadal arrangement 
Longitudinal samples indicated that male and female gametes were 
present throughout the polyp, i.e. along the entire length of the body 
cavity in the mesenteries. Gametes were never found in tentacles or near 
the pharynx. Spermaries and ovaries develop within the same mesentery 
(i.e. sarcosept) in all species. They develop on separate stalks pointing 
into the mesentery, separated by a thin tissue layer. The position of male 
and female gonads in the mesentery is variable, but generally male 

;;,'••. >. 

Figure 5. Photomicrographs showing various stages of spermatogenic development, 
(left) Stage II and III spermaries of M decactis (September 1998); scalebar = 50um, 
(right) Stage IV spermary of M pharensis green morph (December 1998) containing 
spermatocytes, spermatids and spermatozoa; Scalebar = lOum. 

gonads are observed on the side of the gastrovascular cavity (Fig. 3). 
Reproductive products were never found in the gastrovascular cavity. 
Structures indicating planulae development or presence were never found 
in any part of the polyp. Although planulae were never found in the 
histological slides, a parallel study showed that all Madracis species 
released planulae (Vermeij et al. subm. b). 

Male gonadal development 
In all species male gonads develop in typical structures (testis) within 
filaments inside the mesentery. It was difficult to distinguish individual 
cells within the dense male gonads and therefore we measured the size of 
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Figure 6 Photomicrographs showing various stages of oogenic development, (left) 
Stage II and III oocytes of M pharensis green morph (November 1998); scalebar = 
50(im, (right) Stage IV oocyt of M senaria (September 1998); Scalebar = 50um. 

the testis instead of the individual cells (spermatogonia-spermatozoa) to 
describe male gonad development (Fig. 4, 5). Early spermatogonia are 
about 3 pm in diameter for all species and therefore difficult to find. 
When these spermatogonia start proliferating the originating cells form an 
ellipsoid testicular mass. Differentiation progresses from the rim to the 
center of the testis. Multiple stages are often observed in the same testis, 
with the oldest stages in the center. During the spermatocyte stage 
(diameter 2.0-4.5 urn) the cells undergo meiosis (spermatocyte 1-stage) 
and subsequent mitosis (spermatocyte 11-stage). The resulting 
spermatozoa (diameter 1.0-2.0pm) have an irregular shape and sperm 
tails become apparent. Stage IV testis can be completely filled with these 
spermatozoa but were also found empty. This suggests sudden sperm 
release. Release of sperm on the reef from Madracis colonies was 
repeatedly recorded in Curaçao. 

Female gonadal development 
The smallest identifiable oocytes were 5-8pm. They were present in small 
aggregates in the mesenteries. As for male gametes, female gamete 
development is only partly synchronized and in one mesentery more than 
one developmental stage can be found (Fig. 2a and 6). Oocyte size 
increases due extensive yolk formation during stage III, when lipid 
vesicles (diameter < 8pm) become visible within the ooplasm (Fig. 4). In 
stage IV the nucleolus moves to the side of the cell and its shape changes 
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to a more regular ball-shape, indicating near complete vitellogenesis. No 
zooxanthellae were ever found in the eggs. 
In polyp cross sections, one to four oocytes were found alongside each 
other in one gonad. The maximum number of mature oocytes per polyp 
ranged between 4-8. Size of mature oocytes (stage IV) differed between 
species (ANOVA; F = 19.36, p< 0.024, n = 235 {data: Aug-Sep 1999}) 
and was largest for M. senaria (6730pm3; SD = 2378) and M. mirabilis 
(5830pm ; SD = 1877). The oocyte size of the other species ranged 
between 2873pm3 (SD = 873) for M. pharensis and 3795pm3 (SD = 876) 

Table 2. Percentages of mesenteries containing male and female gametes or both for 
six Madracis species. At colony level all species are hermaphroditic. 

Percentage of mesenteries containing 

spermaries oocytes both n 
M. mirabilis 28 5 67 64 
M. decactis 22 28 50 58 
M. pharensis brown morph 20 25 55 95 

green morph 11 31 58 112 
Ni. senaria 7 20 73 99 
M. formosa 14 29 57 70 
average 17 23 60 

for M. decactis. The increase cytoplasm (or yolk) was mainly responsible 
for the increase in oocyte size and a mature oocyte consisted 
approximately 80% of yolk. 
All species are hermaphroditic and male and female gametes were found 
in every polyp when fertile. The ratio of mesenteries containing male, 
female gametes or both differed slightly between species (08-1998/11-
1998 and 08-1999/09-1999, Table 2). 
Fecundity differed between species: the number of mesenteries with stage 
IV oocytes/polyp (p< 0.001, Kruskal Wallis ANOVA, H=20.30, df = 5, n 
= 492, Fig. 7a) and number of oocytes/ mesentery (pO.000, Kruskal-
Wallis ANOVA, H= 25.92, df = 5, n = 211, Fig. 7b). 

Color morphs 
The two color morphs of Madracis pharensis, brown and green, have a 
similar depth distribution but the proportion of green colonies in the 
population increases with depth (Vermeij and Bak, subm.). There are 
differences in reproduction between the morphs. Oocytes were smaller 
(Kruskal-Wallis ANOVA, H = 73.53, df = 1, p < 0.000, n = 1057) in the 
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green morph. However, the number of oocytes per mesentery was 
significantly higher in the green morph (Kruskal-Wallis ANOVA, H = 
15.62, df = 1, p < 0.02, n = 228). The number of mesenteries carrying 
mature oocytes (Stage IV) was not significantly different between the two 
morphs (Kruskal-Wallis ANOVA, H = 4.98, df = 1, p < 0.26). 
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Figure 7 (a; top) The average number ( + 1 SD) of mesenteries containing oocytes per 
polyp and (b; bottom) The average number (+1 SD) of oocytes per mesentery for all 
Madracis species. All Madracis species possess 10 mesenteries per polyp except M. 
formosa (8). 

DISCUSSION 

Taxonomy and reproductive patterns 
The brooding strategy found in all six Madracis species is predominant 
among the families of the Agariciidae, Dendrophylliidae and 
Pocilloporidae. Members of the Pocilloporidae, to which Madracis 
belongs, are all hermaphroditic brooders (Harrigan 1972, Rinkevich and 
Loya 1979a,b, Richmond 1988, Tanner 1996, Shlesinger et al. 1998). 
This suggests that reproductive modes are at least similar at the family 
level. The exeption may be Pocillopora verrucosa and P. damicornis, 
which broadcast spawn gametes and brood planulae at different localities 
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(Ward 1992, Kruger and Schleyer 1998, Shlesinger et al. 1998). Vice 
versa, brooding species have also been recorded in families where 
broadcast spawning predominates (Shlesinger et al. 1998, Szmant-
Froelich et al. 1985). However, such groups may harbour several sibling 
species with different reproductive strategies over their wide geografie 
distribution. In general the literature suggests that reproductive mode, i.e. 
being either a spawning or a brooding species that is a stable 
characteristic within coral families. 

In Madracis, we found differences in reproductive strategies between 
species and even between colourmorphs. Morphological entities become 
combinations of ecologically different groups which affects the 
suitability of the morphological species concept as a mechanistic species 
concept that is desired for evolutionary studies. Morphological 
characteristics are not neccesarily representative of the true differences 
between species, such as differences in reproductive behaviour. For 
Madracis, reproductive modes are stable at the family level (i.e. the 
Pocilloporidae), developmental pathways for gametes are identical at the 
genus level (i.e. Madracis) and the number and size of (especially 
female) gametes differ between species. We suggest that reproductive 
strategies represent an integrated characteristic with elements typical for 
various taxomical levels. 

In Madracis, species show overlapping reproductive periods. The 
presence of stage IV oocytes and spermaries in all species around 
September and October excludes the possibility of temporal reproductive 
isolation as a mechanism that maintains different species in the genus. 
This leaves chemical recogition as a mechanism to prevent interspecific 
crossings, i.e. hybridization. Diekmann et al. (2001) showed that the 
morphological criteria currently used to distinguish between Madracis 
species do not correspond to the genetic species boundaries in the genus. 
A close genetic relation exists, possibly through hybridisation, between 
M. formosa, M. decactis, M. pharensis and the proposed new species M. 
carmabi. The genetic exchange between these species is very likely to 
occur through sperm released in the watercolumn since oocytes remain in 
the polyps untill fertilisation. On the other hand the match between 
genetics and morphology can be strict in Madracis. For M. senaria and 
M. mirabilis morphological species distinctions correspond to 
monophyletic genetic species. It appears that within the genus Madracis 
various degrees of matching exist between the genetics and the 
morphology of a species. The perfect match between genetics and 
morphology in M. senaria and M. mirabilis identifies them as "true 
species" {sensu Veron 1995), i.e. they show no morphological overlap 
with and have no genetic linkages to other species. The absence of 
hybridization, despite overlapping reproductive periods with those of the 
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other Madracis species, suggests the presence of a chemical recognition 
system (Coll et al. 1995, Becerro et al. 1997). Such a mechanism has 
been suggested for other corals (Miller 1985). Hybridisation between 
closely related species, such as M. formosa, M. decactis, M. pharensis 
and M. carmabi, is probably of major evolutionary importance in 
scleractinian corals. It has been observed in several spawning corals 
(Wallace and Willis 1994, Willis et al. 1997a, b). Our data indicates the 
same phenomenon to occur in brooding corals. 

Timing 
Exogenous stimuli such as water temperature, tides, lunar and solar 
effects, have been suggested to regulate the timing of sexual reproduction 
in corals (Harrison and Wallace 1990, Van Veghel 1994, McGuire 1998). 
For Madracis, we found that the development of gametes is correlated 
with seawater temperature (Orthon's rule). Such a relation is also known 
for other Caribbean brooding corals (e.g. Lewis 1974, Van Moorsel 
1983). Populations of pocilloporid species near the equator spawn year-
round or have extended reproductive periods, i.e. 6-8 months rather than 
the 3-4 months found in populations at higher lattitudes (10°-15 ° N) 
(Rinkevich and Loya 1979a,b, Tanner 1996). The reproductive period of 
Madracis, approximately 3 months at Curaçao (12 ° N), agrees with this 
pattern. That maximum reproductive production occurs during the yearly 
seawater temperature maximum is found in many groups, such as fish 
(Samoilys 1997, Danilowicz 1995), seaweeds (Pakker et al. 1995) and 
sponges (Fromont 1994). The general nature of this relation suggests that 
universal advantages related to higher temperatures, such as physiological 
advantages or its suitability as a seasonal trigger, have led to its 
evolutionary success. 

Taxonomie implications 
Generally, species within the same family or genus have similar gonad 
morphology and arrangement in the polyp (Shlesinger et al. 1998). Such a 
unique gonadal arrangement and morphology is also known for the 
Pocilloporidae where gonads develop on stalks, projecting out from the 
mesogloea and gastrodermis and bulge into the gastric or mesenterial 
cavity. All Madracis species show this pattern. Recently, Veron (2000) 
replaced all Madracis species from the family Pocilloporidae to the 
family Astrocoeniidae, based on differences in columella characteristics 
The identical reproductive development pathways shows that the 
taxonomie position of Madracis species should be within the family of 
the Pocilloporidae, rather than in the Astrocoeniidae. 
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Differences between the two colour morphs of M. pharensis 
Color morphs have been suggested to represent different species (Potts 
and Garthwaite 1991) and ecological differences between color morphs 
have been reported earlier (Takabayashi and Hoegh-Guldberg 1995 
McGuire 1998, Nagelkerken and Bak, 1998). The green M. pharensis 
morph has more but smaller oocytes than the brown morph. The total 
volume of reproductive material (oocytes and spermaries) is on average 
38% higher than in the brown morph, suggesting a higher allocation of 
energy to reproduction in the green morph. This is surprising since the 
brown morph is 4.8 times more abundant on our study reef (Vermeij and 
Bak, submitted). This suggests that the number of oocytes is not 
necessarily a good estimator of reproductive potential (in terms of 
successfully settling planulae), which is sometimes used as a proxy for 
fitness. The second difference between the brown and green morph of M. 
pharensis is the length of the reproductive period. Stage IV oocytes are 
present one month earlier and later in the green morph. 

Implications for life-history strategies: sperm 
The contemporaiy presence of empty testis and testis filled with mature 
sperm indicates sudden total sperm release. Clouds of sperm released by 
colonies have been observed in situ (Broker, Sampayo, Vermeij, pers. 
obs.). The role of sperm to sustain long-distance gene-flow in corals has 
recieved little attention, but analogies to the population dynamics of 
terrestrial plants suggest its possible importance (Grime 1979). In 
Madracis fragmentation and planulae serve as possible souces for new 
settlers. Both fragments and planulae do settle in close proximity of the 
parent colony (Vermeij and Bak, subm.). This highlights sperm dispersal 
as a potential important route for gene-exchange between distant 
colonies/populations. The range of sperm dispersal would affect routine 
dispersal distances of genetic material defmining the geographic limits of 
breeding units in corals (Knowlton and Jackson 1993). The size of such 
breeding units is an essential element in studies on the population 
dynamics of coral populations. The possible importance of sperm in a 
species life-history to sustain (long-distance) genetic connectivity asks for 
a careful réévaluation of characteristics traditionally regarded as "typical" 
for brooders: high levels of self-fertilization and limited inter-reef genetic 
connectivity (Veron 1995). 

Implications for life-history strategies: oocytes 
We suggest a relation between the characteristics of the reproductive 
output and the population genetics in Madracis. A significant negative 
relation exists between oocyte size (R2= 0.62, p< 0.001) and oocyte 
number (R = 0.88, p< 0.001) and the abundance of a Madracis species. 

Chapter 8 Gametogenesis i ™ 



An similar relation between oocyte size and abundance (R~ = 0.86, p< 
0.05) exists in Pontes species (Kojis and Quinn 1981). The genetic 
diversity per reef surface area (i.e. number of genets m" ) is believed to be 
low in M. senaria and M . mirabilis. M. senaria is relatively rare 
(Vermeij and Bak, subm.), whereas whereas M. mirabilis is common, 
occurring in large beds (ramets) that originate through fragmention of a 
few initially present colonies (Bak and Criens 1982, Bruno 1998, 
Nagelkerken et al. 2000) . To sustain gene-flow between genetically 
different populations, planulae of M. senaria and M. mirabilis 
theoretically have to travel larger distances to prevent inbreeding 
compared to other Madracis species (Hellberg 1996). The large amount 
of yolk in their oocytes provides the planulae with the necessary energy 
to travel such distances (Kojis and Quinn 1981, Fadlallah 1983, Van 
Moorsel 1983). In addition, M. senaria and M. mirabilis are the only 
Madracis species whose planulae contain zooxanthellae (Vermeij, 
Sampayo, Broker, Bak, pers. obs.). This supports the hypothesis because 
the possession of zooxanthellae increases planula competence resulting in 
greater dispersive capabilities (BenDavidZaslow and Benayahu 1998). 

Gametogenesis and planula release 
The simultaneous occurrence of all developmental stages within polyps 
and gonads agrees with earlier results (Delvoye 1988, M. mirabilis) and 
indicates asynchronous gametogenesis.The majority of brooding corals 
studied have continuous planula release and asynchronous gametogenesis 
(Rinkevich and Loya, 1979a,b, Shlesinger et al. 1998). Oogenesis appears 
a continuous process, fertilisation occurring while the next 'batch' of 
oocytes matures. This enables individual colonies to release planulae 
contineously over time, providing room for the formation of new oocytes. 
This facillitates a higher average production of planulae over time. It 
explains why a brooding reproductive mode, with continuous planulae 
release, appears to be related to small polyp size (Rinkevich and Loya 
1979a,b, Szmant 1986, Harrison and Wallace 1990, Veron 2000). Large 
polyped brooders, such as Favia fragum, can deviate from this rule since 
their large internal space allows retaining of planulae, which allows 
longer brooding periods and/ or organized release. This has indeed been 
confirmed for Favia fragum (Reutter et al. 1983, Szmant-Froelich et al. 
1985). 
Caribbean spawning coral species are characterized by larger colony sizes 
than brooding species (Meesters et al. 2001, Vermeij and Bak, subm.).and 
release their gametes once a year. Releasing gametes at one point in time 
has advantages such as (1) increased chances of fertilization and (2) 
predator satiation. Because all gametes have to be fully developed and 
present in the polyp at one point in time, the number of potential off-
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spring is limited by size of the polyp. On the other hand, brooding 
prevents (1) wastage of (female) gametes due to dilution effects and (2) 
the risk of catastrophic cohort mortality. A brooding reproductive strategy 
appears to prevent the potential waste of genetic output in small polyped 
corals, such as Madracis. 

Planulae? 
Planulae were never found in our histological slides, suggesting that 
planulae are only present in the polyp for a very short period of time The 
smallest planulae found (using plankton net traps in a parallel study, 
Vermeij et al. in.) were similar in size to mature oocytes. Immediate 
planulae release upon fertilization explains the absence of planulae or 
oocytes in the body cavity in our 8000 histological slides. This result 
parallels Glynn et al. (1991) who did not find planulae in 700 
histologically investigated colonies of pocilloporid corals. It appears that 
m Pocilloporids planulae release follows shortly after oocyte fertilisation. 
The term "brooder" appears not to be a very appropiate description of 
this group. The Pocilloporid strategy could better be termed "quick 
releasing". 

In conclusion 

Madracis species are often regarded as opportunistic species (Bak and 
Engel 1979, Van Moorsel 1983) because of their small size, their ability 
to quickly colonize new space and their brooding reproductive mode, 
combined with high levels of asexual propagation due fragmentation. Our 
study shows that relevant interspecific differences m reproductive 
strategies exist at a low taxonomical level. Although all species brood 
planulae and the developmental pathways to mature oocytes and 
spermatozoa are very similar, oocyte size and oocyte number differ 
between species. 

Towards higher taxonomical levels the nature of differences in 
reproductive strategies alters and all taxa within one level behave similar. 
For the Madracis species, reproductive mode (i.e. brooding) is identical 
at family level (Pocilloporidae). Developmental pathways are similar at 
genus level and number and size of gametes differs between species. 
Based on the similarity in reproductive characterisctics between Madracis 
and the Pocilloporids, we suggest the reassignment of the Madracis 
species from the family Astrocoeniidae (Veron 2000) to the 
Pocilloporidae. The rapid planulae release after fertilization in 
Pocilloporids indicates that the term "quick releaser" is more appropriate 
than brooder. 

The absence of temporal reproductive isolation and the presence of 
mono- and polyphyletic species in the genus Madracis (Diekmann et al. 
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2001) suggests two processes to be important in the evolution of 
Madracis species: (1) hybridization, (2) chemical recognition between 
gametes. Our study shows that small differences in reproductive 
characteristics between taxonomie units, such as our morphospecies and 
colour moiphs, are present and that they can potentially lead to seperate 
species. An integrated approach in which morphological taxonomy, 
genetics and ecological studies are combined allows the characterisation 
of processes relevant to coral evolution. 
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