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I realize that I'm a fortunate person in 
doing the work that is a dream of many 
people. Working at the pristine reefs of 
Curaçao and Bonaire gave me the 
chance to get to know many aspects of 
coral reef life. But even at these places 
the ongoing worldwide decline of coral 
reefs is visible. Since reefs often occur 
in places where other problems prevail, 
the task of protecting them is not the 
easiest. I therefore dedicate this thesis 
to those that do this work under such 
circumstances. Secondly, there is a type 
of person that is willing to sacrifice a 
lot in pursuing their dream to work on 
coral reefs. I was lucky to have met a 
few of them and it is also to them that I 
dedicate this thesis. Without them reefs 
may disappear before anybody knows 
what they really are. 

Evolutionary Ecology of Madracis 



C , \ R M . 4 Ä / 

Vermeij, M.J.A. Evolutionary ecology of the coral genus Madracis on 
Caribbean reefs. PhD thesis, University of Amsterdam, the Netherlands. 
255 pages. 

Copyright © Mark J.A. Vermeij 

This thesis was prepared at the Institute for Biodiversity and Ecosystem 
Dynamics (IBED) of the University of Amsterdam (Mauritskade 61, 1090 
GT Amsterdam, the Netherlands) and the department of Marine Ecology 
of the Netherlands Institute for Sea Research (NIOZ; P.O.Box 59, 1790 
AB Den Burg, the Netherlands). The fieldwork was carried out at the 
Caribbean Institute for the Management and Research of Biodiversity, 
CARMABI (Piscaderabaai z/n, P.O. Box 2090, Willemstad, Curaçao, 
Netherlands Antilles) and the Bonaire Marine Park (BMP, Bonaire, 
Netherlands Antilles). The research was funded by the University of 
Amsterdam and NIOZ. 

Printed by Ponsen en Looijen BV Wageningen 

Evolutionary Ecology of Madracis 6 



Evolutionary Ecology of Madracis 



Contents 

Chapter i Thesis outline and Summary 
11-24 

Chapter 2 Scleractinian stony corals (hexacorals) 
Vermeij, M.J.A, Barnes, DJ. and S. Muko. p. 51-56. In: The Algorithmic Beauty of 
Seaweeds, Sponges and Corals. Kaandorp, J. A. and J. Kuebler (eds) 2001. Springer 
Verlag, Heidelberg, New York. pp. 193. 

25-32 

Chapter 3 Species-specific population structure of closely related coral 
morphospecies along a depth gradient (5-60m) over a 
Caribbean reef slope 
Vermeij, M.J.A and R.P.M. Bak. In review. Bulletin of Marine Science. 
33-60 

chapter 4 Inferring demographic processes from population size 
structure in corals 
Vermeij, M.J.A and R.P.M. Bak. In press. Proceedings of the 9lh International Coral 
Reef Symposium, Bali, Indonesia, October 23-27, 2000. 
61-70 

chapter 5 How are coral populations structured by light? Marine light 
regimes and the distribution of Madracis 
Vermeij, M.J.A and R.P.M. Bak. In press. Marine Ecology Progress Series. 

71-94 

chapter 6 Fluorescence in the Caribbean coral genus Madracis 
Vermeij, M.J.A, Delvoye, L. Nieuwland, G. and R.P.M Bak. In review. 
Photosynthetica. 
95-108 

Chapter 7 Three-dimensional morphological analysis of growth forms 
of Madracis mirabilis (preliminary results) 
Vermeij, M.J.A., Kaandorp JA., Bak R.P.M, and L.E.H. Lampmann. p. 87-90. In: 
The Algorithmic Beauty of Seaweeds, Sponges and Corals. Kaandorp, J. A. and J. 
Kuebler (eds) 2001. Springer Verlag, Heidelberg, New York. pp. 193. 

109-116 

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. In review. Coral Reefs. 

117-140 

Evolutionary Ecology of Madracis 



chapter 9 Variation in planulae release of closely related coral species 
Vermeij, M.J.A., Sampayo E.M., Broker K. and R.P.M. Bak. In review. Marine 
Ecology Progress Series. 

141-158 

Chapter io Corals on the move 
Vermeij, M. J. A and R.P.M. Bak. Submitted to Coral Reefs. 
159-164 

chapter il A new species of scleractinian coral (Cnidaria, Anthozoa), 
Madracis carmabi n.sp. from the Southern Caribbean 
Vermeij. M.J. A.. Diekmann O.E and R.P.M. Bak. In review. Bulletin of Marine 
Science. 
165-174 

chapter 12 Morphological variation related to habitat heterogeneity 
suggests genetic structure at a small spatial scale in a 
Caribbean coral species 
Vermeij, M.J.A., Sandin S.A. and J.F. Samhouri. Submitted to American Naturalist. 

175-200 

Chapter 13 Population development in corals: temporal and spatial 
sources of variation 
Vermeij, M.J.A. and R.P.M. Bak. In review. American Naturalist. 
201-222 

chapter 14 An over 100-fold decrease in coral settlement rates on a 
Caribbean reef over the last 20 years 
Vermeij, M.J.A. and R.P.M. Bak. Submitted to Marine Ecology Progress Series. 

223-232 

Chapter 15 General discussion 
233-238 

Samenvatting (Dutch summary) 
239-252 

Acknowledgements 
253-255 

Evolutionary Ecology of Madracis 



Evolutionary Ecology of Madracis 10 



Thesis outline and Summary 
Coral reefs are, with tropical rain forests, the most diverse and productive 
eco-systems in the world (Lieth and Whittaker, 1975, Wanders, 1976) 
(Ray 1988). The reef framework, build by crustose coralline algae and 
corals, provides a habitat to thousands of other reef organisms. Because 
of their dominant functional role in one of the most fascinating 
ecosystems, corals have been studied since the mid 19th century (Darwin, 
1962). From the start of coral research, the morphological species concept 
established itself for practical reasons and until recently this species 
definition has been widely used in all fields of coral research. In recent 
research coral species now show to be highly variable taxonomie units 
displaying a remarkable variation in morphological, ecological and, 
recently, genetic characteristics. 

During the last two decades the development in diving and genetics 
stimulated a new era of coral research. The increasing number of genetic 
studies on coral systematics is mainly responsible for revealing the 
incongruence between previously morphologically defined and "true" 
evolutionary species. The uncertain status of the morphologically based 
species concept in stony corals (Scleractinia) results from large intra-
specific variation. Studying the evolutionary behavior of coral species 
therefore requires insight in the variation present within species and 
answers the question whether a species-concept is possible at all in stony 
corals. 
Stony corals (Scleractinia) are key organisms on reefs (Bak and 
Luckhurst, 1980) and primarily responsible for the enormous 
biodiversity. Firstly, they are a diverse group per se and, secondly, they 
provide the physical structure that houses the multitudinous groups of 
other coral reef dwellers. The many forms of stony corals display a 
bewildering range of morphological variation that has overwhelmed 
scientists since the early days of coral reef research (e.g. Wood Jones, 
1907). Since the realization that different genetic components were 
responsible for some of the morphological variation (Stephensen and 
Stephensen, 1933), the modern view evolved that the morphology of a 
coral colony is an expression of genetic characters in response to the 
environment (e.g. Yonge, 1968). Coral species were subsequently 
described with regard for variation induced along gradients of 
environmental variation (e.g. Roos, 1970, Wijsman Best, 1972), but a 
remarkable range of variation remained unexplained (Potts, 1978). This 
variation regards ecological characteristics such as inter- and intraspecific 
aggression (Bak and Criens, 1981) as well as unexplained significant 
morphological variation within one species in the same habitat (Van 
Duyl, 1985). 
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Although both morphological and genetic studies provide insight in the 
status quo of the evolutionary relations between species, the underlying 
explanatory mechanisms are seldom considered. Reproductive isolation, 
genetic polymorphism/ -phenisms, niche diversification due to disruptive 
selection, ecological preferences and fitness-differences all influence the 
evolutionary trajectory of both syngameons and their component species, 
but such factors have received relatively little attention. 
Our coral research group has been studying the reefs of Curaçao and 
Bonaire (Netherlands Antilles) for the last three decades (e.g. Bak, 1973, 
1974, 1975, 1977, Bak and Engel, 1979, Bak and Luckhurst, 1980, Bak, 
1983, Van Veghel and Bak, 1993, Meesters and Bak, 1993, Bak and 
Nieuwland, 1995, Meesters et al. 1996, 1997, Van Veghel et al. 1996, 
Nagelkerken and Bak, 1998, Bak and Meesters 1998, Gast et al. 1999, 
Meesters et al. 2001, Diekmann et al. 2001). Confronted with the 
taxonomical problems outlined above, our group started the first research 
project to study the species-problem in corals on the coral Montastraea 
annularis (Ellis & Solander), a dominant Caribbean reef building coral in 
1990. Morphological characteristics in conjunction with ecological life 
history traits and genetic components (Van Veghel, 1994) were studied in 
three moiphotypes of this species. Again, large variation in 
morphological characteristics showed up but explanatory mechanisms 
were hard to find. The data showed differentiation between 
morphospecies (e.g. in aggression), but there was no hard evidence that 
the three morphospecies were separate species. 

A new paradigm to study coral evolution was brought forward by Veron 
(1995) suggesting that reticulate evolution operates in scleractinian 
corals. It would replace human defined units of morphological similar 
assemblages indicative of common descent, by genetically intergrading 
entities harboring different degrees of morphological or ecological 
variation. Such entities are not discrete through time or space and form a 
reticulate network because genetic exchange occurs between entities. 
Variation (morphologically and ecologically) is often maintained within 
such entities and seldomly results in speciation (Veron, 2000). At a 
higher level one finds "syngameons", collections of entities that exchange 
genetic information, that are reproductively isolated from other such 
collections. A syngameon is useless for taxonomie purposes and exist 
because their component species cannot maintain variation over large 
environmental gradients. The relations within a syngameon are 
represented by genetic, not morphological identification (Veron, 2000). 
Ocean currents maintain genetic variation within syngameons and are 
primarily responsible for speciation events (Veron, 1995). Reticulate 
evolution provides an interesting conceptual model to study coral ecology 
and evolution. Supportive evidence is gradually forthcoming but still 
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scarce and based on genetical evidence only (Kenyon, 1997, Odorico and 
Miller, 1997, Hatta et al. 1999, Diekmann et al. 2001). 
With the possibility of these new insights and genetic techniques, the 
Caribbean coral genus Madracis was the second genus that was 
investigated by our group, in an effort to increase insight in the status and 
organization of coral species complexes. Madracis occurs worldwide and 
at least five morphospecies occur in the Caribbean (Wells, 1973a,b). Two 
studies were started simultaneously to quantify morphological, genetic 
and ecological variation of the five species comprising the genus: 
Madracis decactis, M. formosa, M. mirabilis, M. pharensis and M. 
senaria. Genetics and morphometries were investigated by Onno 
Diekmann at the University of Groningen, the ecological and 
morphological characteristics were investigated by the present author at 
the University of Amsterdam and the Netherlands Institute for Sea 
Research. The thesis lying in front of you is the result of this study. 

The genus Madracis (Pocilloporidae) 
The genus Madracis (Milne Edwards and Haime, 1849) comprises 8 
species worldwide. M. asanoi (Yabe and Sugiyama, 1941) is only found 
in the northwest Pacific and M. kirbyi (Veron and Pichon, 1976) occurs 
from the Pacific to the Red Sea. All other species occur in the Caribbean 
Sea with some species extending to North Africa, Brazil and the East 
coast of Florida. One of the Caribbean species, M. asperula, (Milne 
Edwards and Haime, 1850) is a deepwater species (>200m, Vermeij pers. 
obs.) and therefore not further included in this thesis. All other species, 
M. pharensis (Heller, 1868), M. senaria (Wells, 1973b), M. formosa 
(Wells, 1973b), M. decactis (Lyman, 1859) and M. mirabilis 
(Duchassaing and Michelotti, 1861) are systematically separated based on 
morphological characteristics of both the corallite and colony (Wells, 
1973a, b). Although Madracis is potentially one of the most abundant 
genera in the Caribbean (average density on Curaçao: 9.2 colonies m"2; 
chapter 3), ecological studies on the members of this genus are extremely 
scarce. Most studies focused on the branching species M. mirabilis. These 
studies investigated the role of fragmentation in their life history (Bak 
and Criens, 1981, Bruno, 1998, Nagelkerken et al. 2000) or its feeding 
behavior (Sebens et al. 1996, 1997, 1998). Fenner (1993) mentions the 
uncertain distinction between M. pharensis and M. decactis as different 
species based on morphological criteria and suggest that the two 
morphospecies should be regarded as ecotypes. 

The study on the phylogenetics of Madracis by Diekmann et al (2001) is 

the first serious attempt to explore the status of the various Madracis 

species. The phylogenetics relationships of the five Caribbean Madracis 

species were studied at the intra-individual, inter-individual and inter-
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M. pharensis M. decactis M. carmabi 

M. formosa M. carmabi 

M. senaria 

Figure 1. Genetic relations between the Madracis morphospecies (modified after 
Diekmann et al. 2001). The number of septs is indicated in the corner of very 
picture. M. senaria has 10 primary septa of which 6 extend above the colony 
surface. 

specific level using the ITS1-5.8S-ITS2 region of the ribosomal DNA 
cistron. Genetic variation between species was small and of the same 
order as within species (approx. 5%). Only two species formed 
monophyletic groups: M. senaria and M. mirabilis. All other species 
are closely genetically related. No genetic difference is observed 
between M. pharensis and M. decactis. Diekmann et al. suggest that 
introgressive hybridization occurs between the M. formosa group and 
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the M. decactis/M. pharensis group. The latter hypothesis corresponds to 
observations (Vermeij, Diekmann, Bak) that another undescribed 
morphotype exists that combines characteristics of M. decactis (10 
primary septa) and M. formosa (branching morphology). We have 
described this morphotype as a new species: Madracis carmabi {see: 
chapter 10, this thesis). The phylogenetics relationships between the 
various species are shown in figure 1 (modified after Diekmann et al. 
2001). 

Based on the same study, the divergence between the various species is 
estimated at 4.8-12 million years (Diekmann et al. 2001) which 
corresponds to the estimated fossil age. Both M. decactis and M. mirabilis 
are known from the Cretaceous (15-1 IMa ago; Budd et al. 1994, 1995, 
Swedberg, 1994). All other species are not known from the fossil record 
except for one description of M. pharensis (1.5 Ma ago; Budd and 
Johnson, 1999). Because the morphological characters used for species 
discrimination overlap between species (Vermeij, Diekmann, Bak; pers. 
obs., Zlatarski and Estalella, 1982, Fenner, 1993), it remains unclear 
whether the absence of species in the fossil record is a taxonomie artifact 
or a valid indication that the undescribed species developed only recently 
(< 12 Ma). 

Thesis outline 
After a general introduction to scleractinian corals {Chapter 2), the genus 
Madracis is introduced. In spite of its abundance the coral genus 
Madracis has received no previous attention in comparative ecological 
studies. We therefore started with the distribution of the species on the 
reef. The size frequency distribution of all species was compared over a 
reef slope till a depth of 60m and related to abiotic factors {Chapter 3). 
Population structure and depth distribution proved to be highly species 
specific and variation between species was twice as large as variation 
related to environmental factors. In contrast to population structure, 
colony density depends on environmental structuring. Life-history 
strategies differ between species sharing identical colony morphology. At 
both ends of a species depth distribution (i.e. in marginal habitats) the 
size frequency distribution changed similarly in all species, because 
relatively large colonies dominated the population. Two new statistics are 
introduced (the Gini-coefficient and range standardization of size data) to 
analyze changes in coral size frequency distributions and characterize 
populations growing under marginal conditions. We show that ecological 
characterization based on population size structure is an additional tool 
besides morphological and genetical characterizations to describe 
differences between potential species in coral biology. 
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An integration of existing (Bak and Meesters, 1998, 1999, Meesters et al. 
2001) and new statistics (from Chapter 3) to analyze size frequency 
distributions in corals revealed interesting relations in 19 Caribbean coral 
species (Chapter 4). The statistics that we used are applied after log 
transforming the original size data. Log transformation increases the 
number of size classes for small colonies. It makes size class 
representative of the number of growth steps leading to a certain colony 
size. This allows for a better comparison between species and greater 
insight in processes affecting colony size in the early stages of colony 
growth. Species with small colony size (e.g. Madracis species) show a 
relative low proportion of large colonies in a population compared to 
species whose colonies grow large (e.g. Montastraea species). We show 
that this range mirrors separation in reproductive strategies. Brooding 
species are characterized by small colony size and overdominance of 
small colonies in the population. Spawning species show the opposite 
pattern. Secondly, the variation in coral populations decreases with 
decreasing abundance. This indicates that population's size frequency 
distributions become more uniform in marginal habitats. In general, 
populations growing in marginal habitats are characterized by a 
coefficient of variation (CV) higher than 0.5. 
After addressing the nature of species specificity in population structure 
we wanted to explain the differences in depth distribution between the 
various species. Light has always been regarded as a major factor 
influencing the depth distribution and morphology of corals (Roos, 1967, 
van den Hoek et al. 1978, Titlyanov, 1981, Graus and Macintyre, 1982, 
Falkowski et al. 1984, Chalker et al. 1988, Nakamori, 1988, Graus and 
Macintyre, 1989, Haramaty, 1997, Kaandorp, 1999, Muko et al. 2000). 
The effect of light has often been assumed but seldomly studied. We 
related the light that colonies of all Madracis species receive to their 
distribution on the reef and to morphological characteristics {Chapter 5). 
It was observed that species differ in their behavior towards and we 
observed three possible strategies: (1) Species strive for maximum light 
capture and occur above a threshold light value. This limits their 
distribution towards greater depths. Such species are found in shallow 
(<15m) water and their morphological variation is not related to variation 
in the light they receive. (2) Species strive for maximum light capture but 
occur below a threshold light value. They occur only on deeper parts 
(>30m) of the reef slope and their morphological variation is also 
unrelated to variation in the light they receive. (3) Species occur in low 
light habitats. They are found over the entire reef slope (5-60m) if cryptic 
habitats are provided through structural complexity. Light has a 
structuring effect on the morphology of such species. Variation in light 
received by colonies within one depth is identical to the light variation 
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received between depths. This makes depth a useless proxy for light in 
these species. Furthermore, we illustrate that the function of light 
variation as a temporal or positional cue decreases with depth and that 
changes in transparency (i.e. increasing k') mainly affect on the 
distribution of corals at greater depth. 
The presence of species that deal with enormous amounts of light in 
shallow water vs. species that survive under extreme low amounts of light 
in deep water (133m; 0.26% surface light; see Chapter 5) suggests the 
presence of various adaptational processes. Fluorescent particles in coral 
tissue have been proposed to play a role in photoprotection and as a 
feature to assist zooxanthellae photosynthesis (Salih et al. 1998), but 
much is still unknown about the natural occurrence of fluorescence in 
corals. To determine possible functions of fluorescence we quantified 
fluorescence patterns in of all Madracis morphospecies and various 
colormorphs of M. pharensis over a 60m depth gradient (Chapter 6). The 
number of colormorphs (in total 25 were discovered) decreased 
exponentially with depth. The decrease in colormorphs corresponds to 
decreasing available light and we suggest that colormorphs evolved as a 
photoprotective mechanism to change light of short wavelength (i.e. UV) 
to less damaging, longer wavelengths. At the same time, green 
fluorescence was observed in corals growing under low light conditions. 
The emitted green fluorescence corresponds to the excitation wavelength 
of zooxanthellate pigments. Green coral fluorescence results in extra light 
to increase photosynthesis of the endosymbiontic algae in low light 
environments. 
Another aspect of the existing problems in the species distinction was the 
absence of objective methods to describe complex morphological growth 
forms. We applied X-ray computer tomography techniques, i.e. CT-
scanning, to investigate morphological variation between and within 
species (Chapter 7). We explore the possibilities of three-dimensional 
analyses to increase the amount of information that can be obtained from 
a single structural object, using Madracis mirabilis as a model. Although 
problems still exist in reducing complex forms to simple wire-skeletons 
by using thinning algorithms, the methods presented provide a new 
powerful technique in analyzing the nature of morphological variation in 
corals. 
The observation that genetic exchange takes place in Madracis 
(Diekmann et al. 2001) corresponds with the suggestion of Veron (1995) 
that reticulate evolution operates in corals. Species complexes are clusters 
consisting of component species that exchange genes to a variable degree 
through time and across space. To determine whether temporal 
reproductive isolation and species specific differences in reproductive 
behavior exist in Madracis we studied gametogenesis on a monthly basis 
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(Chapter 8) and coral larvae (planulae) release on a daily basis (Chapter 
9). We included all Madracis morphospecies in this 13 months study 
period. We found that all species are hermaphroditic 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, with mature gametes present from 
August to November. Gametogenic pathways were similar between 
species and differences between species were only found for oocyte 
number and size. We found that life-history elements including 
reproductive characteristics showed trade-offs between the closely related 
species, e.g. for oocyte number and size. We propose 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. 
Secondly, based on the absence of planulae in thousands of histological 
slides, we hypothesize that the term "brooding" does not apply for 
Madracis species and propose the term "quick-releasing" as its 
alternative. When compared with other Pocilloporidae, members within 
the same taxonomical level show large similarities in their reproductive 
behavior. The differences between taxa become smaller, but more 
variable towards the lowest taxonomical level, i.e. the species level. The 
final reproductive strategy of a species is therefore an integrated 
characteristic composed of elements typical for each taxonomical level 
the species nests in. The differences between our species are only found 
at the lowest taxonomie level and therefore very subtle. 
After fertilization, colonies of all species released planulae from April to 
December. Spawning intensity fluctuated highly at a daily scale. In 
general, planulae release followed one month after gamete maturation. 
Because of the direct relation between water temperature and gamete 
maturation, planula release relates to seawater temperatures of the 
previous month. Species and even colormorphs of the same species differ 
mainly in the number of planulae released per surface area. Additionally, 
Madracis senaria differs from all other species since it releases planulae 
according to a lunar cycle. Also, M. senaria releases large amounts of 
planulae (>1000) during the Caribbean mass spawning in October and 
November (Van Veghel, 1994, de Graaf et al. 1999), whereas all other 
species release planulae gradually and in a non organized pattern. We 
explain how the traditional division of reproductive strategies into 
"brooders" and "spawners" does not reflect reality of reproductive 
strategies on the reef and propose a subdivision for the brooding strategy: 
organized mass release or gradual release in low numbers without an 
organizational pattern. The latter strategy, characteristic for most 
Madracis species, is hypothesized to be evolutionary advantageous 
because (1) it reduces risk of prédation, (2) allows the allocation of more 
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energy towards colony survival and (3) prevents the potential effect of 
catastrophic mortality. 
It happened that during this study a group of planulae settled in a test tube 
that we used to catch them. In this group several planulae metamorphosed 
and started calcification. Other planulae transformed into polyps and 
moved freely over the substratum. We give a short overview of our 
observations on this undescribed behavior, which allows corals to explore 
their settlement location by active movement (Chapter 10). 
In the course of our research we encountered a Madracis morphospecies 
that differs from all the original species descriptions (Wells, 1973a, b). At 
first, we regarded this morphotype a new Madracis decactis form. After 
closer inspection and consulting the genetical evidence (Diekmann et al. 
2001) we found that this morph is likely to have arisen through 
(potentially recent) hybridization of M. decactis and M. formosa. We 
described it as a new species based on its unique combination of a 
branching morphology and corallites containing 10 septa. The species 
was named after the marine biological institute at Curaçao: Madracis 
carmabi {Chapter 11). 

So far, the data accumulated defined M. mirabilis and M. senaria as 
"true" species, since they differ in ecological characteristics and 
morphology from all other species. This suggestion is furthermore 
supported by (Diekmann et al. 2001), who showed that both species are 
monophyletic. The relation of'M. formosa with all other species is shortly 
discussed (Chapter 11) since ecological and genetical data (Diekmann et 
al. 2001) suggest that it shares genetic information with M. decactis 
through introgressive hybridization resulting in a new species. One 
relation remains at this point unclear: that between the genetic similar 
species M. pharensis and M. decactis. We therefore focused on possible 
underlying mechanisms that could maintain such a species complex 
(Chapter 12). We found a sigmoidal relation between the proportion of 
nodular colonies, M. decactis, in the species complex and the availability 
of horizontal substrate at 23 sites. The pattern for encrusting colonies, M. 
pharensis, is opposite. Encrusting colonies are increasing with the 
increasing availability of vertical surface. Three possible mechanisms are 
explored to describe this relation: a classical polyphenism, a switching 
polyphenism sensu Moran (1992) and a polymorphism. Maximum 
likelihood analysis (Hillborn and Mangel, 1997) indicated that the 
polymorphism model described the observed relation best. We show that 
underlying genetic variation for colony morphology responds to habitat 
complexity and that populations can become fixed for one morphotype. 
This occurs when costs for maintaining tolerance to environmental 
variation (i.e. habitat heterogeneity) do not outweigh the negative costs 
from fitness reduction resulting from expressing the wrong morphotype. 
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We explain how high wave energy reef communities are overdominated 
by M. decactis, because such reefs are characterized by levels of habitat 
heterogeneity that are too low to maintain both morphotypes. We then 
show how the degree of separation within M. pharensis/M. decactis 
communities is determined by habitat complexity, even at the scale of 
islands (i.e. 10 km scale). 
M. pharensis populations at many sites on Bonaire and Curaçao revealed 
a high degree of similarity in their size frequency structure. Since 
variation in size frequency structures is an important informative 
characteristic (see: Chapter 3 and 4), we quantified the relative influence 
of several spatio-temporal factors leading to size variation in coral 
populations {Chapter 13). The age of a population, i.e. the time that 
elapsed after the start of initial settlement, was the factor that contributed 
most to the size variation in coral populations. At the age of >5 years, M. 
pharensis populations obtain a specific size distribution which is similar 
over large spatial scales. Because of the constancy in its size distribution, 
we propose that the population composition of M. pharensis has the 
characteristics of a stable state, i.e. resilience or resistance to 
environmental heterogeneity combined with an identical size structure. 
This study is one of the first to argue for the presence of stable states at 
the population rather than at the community level. 

As part of the previous study we investigated population development of 
M. pharensis populations that developed on artificial substrates during a 
period of three years {Chapter 14). The dynamics of these populations 
showed all aspects of a clonal life-history strategy: fusion, fission, partial 
mortality and rapid early growth. It is commonly assumed that whole 
colony mortality is the dominant structuring factor in juvenile coral 
populations. Our results show that other life-history elements contribute 
to population structure besides mortality, e.g. 13% of the colonies present 
on the settlement racks after 2 year (n= 74) resulted from colony fission. 
Since we used the same methodology at the same site (Van Moorsel, 
1989), we could compare settlement rates (recruits m"2) for various 
species with the rates found by Van Moorsel in 1980. We found an 
extreme decrease in settlement rates of 13 scleractinian coral species 
{Chapter 14). Depending on species, settlement rates decreased between 
1600 to > 10000% between the periods 1979-1981 and 1999-2001. This 
decrease exceeds natural yearly variation in settlement rates, that differs 
by a factor 3 (Hughes et al. 1999, van Moorsel 1989). We propose two 
processes to cause the decrease: (1) algal overgrowth of suitable 
settlement positions and (2) reduced fecundity in the parental population 
due increased environmental stress. Reductions in the size of open 
populations due to natural events or human impacts would be readily 
reversible if a virtually inexhaustible supply of recruits exists. Our data 
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show that such influx of settling individuals has been greatly reduced 
over the last two decades. This highlights the influx of settlers as a crucial 
factor in the in the population dynamics of corals. It furthermore indicates 
that widely used indicators for coral reef health, especially the percentage 
of coral cover, do not reflect critical processes that determine population 
survival. Identification of these processes is essential to manage coral reef 
ecosystems effectively and understand the ecological response of coral 
populations in stressed environments. 
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Chapter 2 

Scleractinian stony corals (hexacorals) 

Vermeij M.J.A., Barnes D.J. and S. Muko 
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Corals are most common in shallow, clear, oligotrophic, tropical waters 
where they help to form coral reefs. The taxonomie classification of 
corals relies traditionally upon the morphological characteristics of coral 
skeletons and, especially, upon fine scale (1 mm) morphological 
characteristics which were believed to be non-variable within species. 
This classification is still the backbone of today's coral identification 
where corals are seen as stable morphological entities that show a degree 
of plasticity due to environmental influences. For example, reef corals 
were shown to change their morphology from massive or branching 
forms in shallow water to plate-like colonies 

Figure 1. Range of colony shapes of the stony coral Montastraea annularis. The 
colony gradually transforms from hemispherical (a), column shaped (b) and tapered 
forms (c) to a substrate covering plate (d) when the light intensity decreases. 

in deeper water. An example of this is the colony shapes of the Caribbean 
coral Montastraea annularis (Fig. 1), where the colony gradually 
transforms from hemispherical form into a plate-like colony at deep 
locations. The branching stony coral Pontes sillimaniani, a common 
species in a variety of reef environments of the tropical Pacific, displays a 
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striking variation of the whole colony morphology with respect to light 
availability. Fig. 2 shows a typical branching morphotype from a shallow 
site, which gradually changes into a plate-like growth form at deeper 
sites. 
Another example of this morphological plasticity was shown in Fig. 3, 
where the growth form of the Indo-Pacific stony coral Pocillopora 
damicornis gradually transforms from a thin-branching growth form into 
a more compact shape when the exposure to water movement increases. 
Since it was well known that most reef corals contained symbiotic algae 
within their tissues, this shift in morphology was thought to optimize light 

Figure 2. Range of growth forms of the stony coral Pontes sillimaniani (after Muko et 
al. 2000). (a) shows a typical branching morphotype from a shallow site, (c) is a plate 
like growth form originating from deeper sites, while (b) is a colony form from an 
intermediate site. 

capture as light diminished with depth. These observations were often 
projected to other species as well, causing simplifications and 
generalizations in coral behavior. Scuba diving broadened coral research 
and permitted studies of coral reef ecology and coral physiology and 
reproduction in addition to the traditional taxonomie studies. This led to 
the finding that morphological species boundaries did not necessarily 
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correspond to the ecological or behavioral differences found in the field. 
In several Indo-Pacific coral species reproductive boundaries did not 
correspond to morphological classifications. Furthermore hybridization 
between presumed morphological species is found frequently (Veron, 
1995) which indicates a need to allow for much greater skeletal plasticity 
than is permitted by classical coral taxonomy within presumed species. 

Figure 3. Range of growth forms of Pocillopora damicornis from sites with different 
intensity of water movement (after Veron, 1995). Form (a) is from the most exposed 
site, form (f) from the most sheltered site. In the range (a-f) the exposure to water 
movement gradually decreases. 

Corals are not restricted to shallow, well-lit tropical seas. They survive 
and grow without light. The branching coral Lophelia pertusa grows at 
depths around 250 m in the North Sea, most commonly in Norwegian 
waters (70°N). It forms frameworks up to 10 m high. Some species grow 
in abyssal Antarctic waters and have to extend their tissues around their 
entire skeleton to prevent skeletal dissolution at high pressure. Although 
these examples illustrate their adaptive capabilities, it is in warm, mostly 
tropical seas (< 18° latitude) that corals are most diverse and common. 
The major calcifying organisms on coral reefs, such as corals, have 
developed an endosymbiotic relationship with unicellular plants. The 
most widely distributed endosymbiotic alga is the unicellular 
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dinoflagellate, Symbiodinium microadriaticum, which in its various 
species resides in a large range of reef invertebrates including hydrozoan 
corals, scleractinian corals, and the various species of giant clam in the 
Pacific. The symbiotic algae, or zooxanthellae, within the tissues of most 
tropical corals provide their hosts with carbon products of photosynthesis 
and considerably enhance their rate of skeletal growth (calcification). 
Photosynthesis allows reef organisms to precipitate calcium carbonate 
faster than physical, chemical, and biological agencies can disperse it. 
The success of this symbiosis has allowed corals to form reefs, which are 
major geological structures on the earth's surface. Living reefs cover 
about 15% of the seabed in the 0-30 m depth range and they form about 
0.2% of the world's ocean area. Geologists originally used the term 
"hermatypic" for corals that form reefs. Biologists have used this term to 
describe corals with zooxanthellae, which again emphasizes the 
importance of zooxanthellae to reef formation and maintenance. 

rvi 
'z2 ? coralhte 

Figure 4. Diagram of a scleractinian polyp (after Schumacher, 1976). 

Light is considered to be the single most important environmental factor 
affecting coral growth. Light levels change most profoundly over the first 
10-15 m of the water column. Over these depths, 60-75% of the surface 
light is being absorbed or scattered. The decrease in light intensity 
becomes more gradual deeper in the water column. The presence of 
zooxanthellate corals at 100 m depth indicates the ability of corals to live 
under very low light levels. Reduced growth rates with depth have been 
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Figure 5. X-ray photograph of a longitudinal section through a column-shaped colony 
of the stony coral Montastraea annularis. 

found for many corals. Increasing depth results in changes in growth form 
(mostly from rounded to flattened morphologies), changes in polyp and 
zooxanthellar densities, and changes in the types and concentrations of 
pigments associated with photosynthesis (Falkowski and Dubinsky, 
1981). Corals acquire essential nutrients other than organic carbon by 
capturing zooplankton from the water column. The relative contribution 
of autotrophy (photosynthesis) and heterotrophy (particle feeding) may 
depend upon local availability from each source. Porter (1976) suggested 
that morphological variation might be related to this. In his model, corals 
with larger polyps are better able to feed heterotrophically while corals 
with high surface-to-volume ratios (e.g. branching species) depend more 
on autotrophy because of better light capturing capabilities. 
Corals are marine animals of the phylum Cnidaria. Cnidarians are, after 
the sponges, the simplest form of metazoan life. They differ from sponges 
in that their cells are organized into two distinct layers: the ectoderm and 
endoderm (literally outer and inner skin). The two layers share a common 
basal, mostly non-cellular, connective layer known as the mesoglea. In a 
coral polyp (Fig. 4), which is the fundamental unit of a coral, the two 
layers of cells form a sack. Most corals are colonial and made up of many 
interconnected polyps, with no obvious diversity of function amongst the 
polyps. Each polyp is a cylindrical sack whose upper end is closed by a 
disk which bears six tentacles and has a centrally located mouth. The 
polyp can expand; this normally happens during the night when corals 
expand their tentacles to allow feeding whereas they are contracted 
during the day. The tissue which closes the lower end of the cylindrical 
polyp is strongly invaginated into pockets. The skeleton is formed within 
these pockets and around the outside of the polyp. The result is a calcium 
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carbonate cup, the corallite, which is divided radially by a series of walls, 
the septa. The skeleton is composed of nearly pure calcium carbonate 
such as aragonite. The shape of the skeleton reflects the folding of the 
skeleton-secreting layers of the polyp. The polyp is earned upwards by 
growth of the skeleton and vacates the lower regions. These unoccupied 
regions of skeleton are separated from occupied regions by dissepiments, 
which form as very thin bulkheads between the vertical skeletal elements. 
Skeletal growth involves three process: (1) upward or outward extension 
of the vertical skeletal elements, (2) thickening of these vertical elements 
throughout the depth of the skeleton occupied by tissue and (3) periodic 
uplift of the lower regions of tissue with sealing off of the vacated regions 
by dissepiments (see Barnes and Lough, 1992; Taylor et al. 1993). The 
skeletal growth of many corals can be visualized by sectioning the 
colony. If a slab is taken from such a section and x-rayed, it is possible to 
trace the growth process morphologically. In Fig. 5 a longitudinal section 
is made through the colony. The annual growth is visible as dark and light 
density bands in x-radiographs (see Graus and Macintyre, 1982) and it is 
possible to distinguish growth lines. Corals cannot grow tissue without 
skeleton and they cannot grow skeleton without tissue. Tissue growth and 
skeletal growth are affected by different environmental factors. 
Accommodation of the two forms of growth is thought to give rise to 
variations in growth form (see Barnes and Lough, 1992). Variation is not 
only restricted to over all colony morphology but is also found at the 
corallite level, where intra-colonial variation sometimes exceeds inter
specific or environmental variation. A dimorphism between radial and 
axial corallites in the genus Acropora is an extreme example of this 
variation (Veron and Wallace, 1984). Furthermore geographic distance 
(say one to thousands of kilometers) can result in morphological variation 
in response to changed environmental conditions. This adaptation may be 
evolutionary and result in sub-species or species or it may simply reflect a 
plasticity that allows accommodation to altered conditions. Examples of 
such broad-scale variation in environmental factors are: increasing cloud 
cover resulting in lower irradiation, decreasing temperatures with 
increasing latitude, and decreasing nutrient concentrations and increasing 
water clarity with increasing distance from large landmasses or river 
deltas. The many factors now proven to affect coral growth partly explain 
the huge variation found in corals on the reef. Phenotypic plasticity 
within presumed morphological species boundaries questions the use of a 
morphological species concept for the Scleractinia. Accurate 
morphological analysis and understanding of the underlying processes 
affecting a coral's shape will be an important next step in coral research. 
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Chapter 3 

Species-specific population structure of closely 
related coral morphospecies along a depth gradient 

(5-60m) over a Caribbean reef slope 
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ABSTRACT We investigated the use of demographic characteristics to 
differentiate between closely related coral species that are difficult to 
distinguish morphologically and genetically. We looked at colony size 
and population density in 5 morphospecies of the coral genus Madracis in 
Curaçao (Netherlands Antilles). Colonies of all species (n= 1585), 
including individuals as small as 0.01cm , were measured in 30x1 m belt 
transects over a reef slope at 5, 10, 20, 30, 50 and 60m depth. This 
resulted in a detailed description of species population structures over 
depth. Temperature, light, sedimentation and water movement were 
environmental factors recorded. Our survey showed Madracis to be one 
of the most abundant coral genera (mean of 9.2 colonies rrf2) at the reef 
slope. The size frequency distributions are species specific and provide us 
with a set of characteristics, in addition to traditional morphological and 
genetical species classifications, to distinguish between coral taxa. 
Species density (n/nf) and mortality rates differed between 
morphospecies and within morphospecies between depths, suggesting 
that population density is under environmental control (selective 
environment). Population structure, in terms of size frequency 
distribution, remained stable over depth and appears to be largely 
depending on differences in species-specific life-history strategies 
(developmental environment). Only at the upper and lower margin of 
their distribution there were changes in the population structure of all 
Madracis species. These changes were similar in all species; (1) Densities 
of populations decreased, resulting in "saw-shaped" size distributions. (2) 
Over-all variation in untransformed colony size distributions, expressed 
as coefficient of variation (CV), decreased while the variation in log-
transformed size-distributions, which is indicative of the time a colony is 
present on the reef, increased. (3) Decreasing skewness in untransformed 
size-distributions (gi) indicated that the proportion of smaller colonies 
decreased within the population. (4) The relative differences in the 
contribution of the larger individuals to the total population surface 
increased, indicated by higher values for the Gini-coefficient (G). (5) 
Mean colony sizes, after range standardization of size-data, became larger 
than 0.12. Life-history strategies differ for morphospecies sharing the 
same colony morphology. Population turnover rates differed between 
species present at the same depth, ranging between >100 years for M. 
senaria to 5 years for M. decactis, which indicates species-specific 
susceptibility to environmentally induced mortality. 

INTRODUCTION 

The distribution of coral colonies on a reef depends on the life history 
characteristics (e.g. growth, regeneration, larval production) of the coral 
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species involved and heterogeneously distributed abiotic environmental 
factors. These factors interact and the relative contribution of factors 
stimulating coral growth (light, availability of dissolved CaC03, presence 
of zooplankton, substrate availability) and factors inhibiting coral growth 
(competition, sedimentation, disturbance, high temperature or salinity) 
change with depth. The interaction of these environmental factors results 
in a composed fitness-gradient to which species have to adapt. This 
adaptation is flexible and ranges from specialisation to generalism. 
Specialists dominate restricted parts of the environmental gradient 
because of their highly successful adaptation to the local combination and 
range of abiotic factors which resulted in high reproductive or 
competitive success. Generalists are generally less successful but 
compensate this by surviving along a broader part of the gradient, dealing 
with a greater variety of environmental factors. 
Understanding which life-history strategy a coral species has adopted to 
deal with the interacting environmental factors along a reef slope asks for 
detailed demographic descriptions performed along such slopes. 
Observed changes indicate the way and direction of adaptation, which 
provides insight in the coral's life-history strategy. Understanding the 
changes in demographic behavior is crucial in understanding coral 
population dynamics and only complete descriptions of a coral's 
environmental preferences and related demographic responses allow 
speculation on possible changes in population structure to environmental 
change or its adaptations to survive on an evolutionary time-scale. 
However, studies describing the demographic structure of coral 
communities often focus on changes in a subset of the population (such as 
the larger adult colonies) and are mostly performed at one depth or over 
limited vertical scales in shallow water. Since species are likely to have 
adapted differently to the environmental gradient, species fitnesses can 
have their optima at different depths or habitats (Stearns, 1992). 
Therefore, comparing different species along a horizontal gradient only 
may produce biased data since one compares the behaviour of adapted vs. 
less adapted species along the gradient of interest. Detailed information 
on the demographic behaviour along broad vertical scales is scarce. It 
would be valuable in understanding the changes in population 
composition of coral species in a three-dimensional reef setting and to 
assess the uniformity in this depth-adaptation between species. Field data 
are needed to provide the absolute boundaries of the environmental range 
in which a coral population survives because it gives the limits of a 
coral's adaptation to an over-all fitness gradient. 
Demographic data in corals are based on colony size and colony numbers. 
The size of a colony represents the net result of growth, partial mortality 
and regeneration and is not necessarily related to age, which is 
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traditionally used to describe demographic processes (Caswell, 1989). 
However, if one focuses on fitness and population dynamical aspects of a 
coral population alone, size proves to be a useful descriptor instead of age 
(Leverich and Levin, 1979). Bak and Meesters (1998) showed that for 
relatively small corals the assumption that size and age are related seems 
valid. This allows the assessment of their population composition without 
age or size-related side-effects causing interpretative difficulties. Changes 
in demographic data of small coral species along a vertical gradient are 
therefore believed to be informative of the population's reaction to a 
changing environmental gradient based on its life-history strategy and the 
suite of environmental factors involved. 

The Caribbean coral genus Madracis currently comprises five species 
described by Wells (1973 a, b). Small colony size, significant and species-
specific morphological plasticity as well as large environmental tolerance 
characterize the genus (Fenner, 1993, Wells, 1973a). This makes this 
genus well suited to address the questions 
- do differences in the population structure between closely related coral 

species exist? 
- do such differences reflect the taxonomie variation within the genus? 
- how are differences in spatial abundance with depth, reflected in the 

colony size distributions? 
- how do recruitment and mortality affect the colony size distributions 

and abundance? 

To answer these questions we studied the population structure of 5 
closely related species Madracis mirabilis, M. senaria, M. decactis, M. 
formosa and M. pharensis, in relation with environmental characteristics 
at the fringing reef off Curaçao, Netherlands Antilles over a depth 
gradient from 5 to 60m. 

MATERIALS AND METHODS 

Distribution 
All data were collected at one site, Buoyl, near the Caribbean Marine 
Biological Station (CARMABI), Curaçao, Netherlands Antilles (12°05'N, 
69°00'W). This is a well-studied site, representative of a reef on the 
Curaçao leeward coast (Bak, 1975, 1977, Van Duyl, 1985, Van den Hoek 
et al. 1978, Van Veghel, 1994, Meesters et al. 1997). To record coral 
populations 30xlm belt-transects were laid out along isobaths parallel to 
the shore at 5, 10, 20, 30, 50 and 60m depth (Babcock, 1991). All 
Madracis colonies in a belt transect were identified to species and each 
colony size (total cm living tissue) was measured. Colonies are defined 
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as any autonomous, free-standing coral skeleton with living tissue. A 
colony divided by partial mortality into separate patches of living tissue, 
but structurally still one entity, was considered to be one colony (Bak and 
Meesters, 1998). The size of all colonies was determined by counting the 
number of 1cm" squares on a flexible transparent plastic grid laid over the 
living surface of the colony. 
Colonies smaller than 2cm , which corresponds to a circle with a 
diameter of 1.1cm, were considered to be juveniles. Their distance to the 
closest similar-looking colony was measured to obtain an indication of 
their origin (settled planulae or fragmentation). Fragmentation results in 
very small distances between juvenile colonies and their parents. All 
colonies were marked and revisited one year later to determine colony 
mortality. No data were collected on mortality for M. mirabilis and M. 
formosa since their populations contain many small unattached fragments 
(<lcm) that are impossible to tag. 

Morphospecies definition. 
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 corresponding to the 
proposed ecotypes by Fenner (1993): encrusting and nodular colonies 
were classified as M. pharensis and M. decactis, respectively. One 
particular morph of M. decactis showed characteristics of both M. 
decactis (10 septs) and M. formosa (branching morphology). To 
distinguish this morph in our measurements we indicate this morph as M. 
carmabi. 

Environmental parameters 
Irradiance (ixEin.m2 s ', wavelength 400-700nm) was measured at 12h00 
November 1st 1998 under a cloudless sky and no wind using a cosine LI-
192 S A underwater quantum sensor (LI-COR) connected to a LI-1000 
data-logger (LI-COR) in a portable underwater housing. The light coming 
straight from above and the light in a 90° angle to this direction, pointing 
from the reef, were measured. Temperature was recorded daily at 12h00 
using continuum SEAMON Mini temperature-loggers (Hugrun ehf. 1995-
1998) at 5, 15, 30 and 50m depths for one year. An indication of overall 
water movement was obtained using the "clod-card" technique (Jokiel 
and Morrissey, 1993). Wall patching compound cones (ca. 91 g) were 
attached to the bottom at each depth at two different habitats: on top of 
the substrate and against vertical walls (n=4; for each habitat). 
Information on sedimentation was taken from De Kluiver (unpubl. data) 
who used cylindrical sediment-traps. 
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Definition of population statistics. The equality in size among members 
of a population was investigated using various measurements of size 
hierarchies that are used in terrestrial plant demography (reviewed by 
Weiner and Solbrig, 1984, Bendel et al. 1989). The Gini coefficient (G; 
0<G<1) indicates the inequality among contributions of population 
members to an overall population characteristic (e.g. total surface covered 
by one species at a certain depth or the next generation's gene pool 
composition). A value closer to one indicates greater inequality in 
contributions of the population members to the population characteristic 
consisting of the summed contribution of all its members. Skewness (gi) 
is an indicator of a distribution's shape around the mean that is invariant 
to both scale and location. If skewness is non zero, the distribution is 
asymmetric. A positive value then indicates a long right tail; a negative 
value, a long left tail. The skewness of a coral population can be 
indicative of the fraction of small relative to bigger colonies within the 
population. It is therefore related to the input of new individuals and the 
longevity of the species (Bak and Meesters, 1998). The coefficient of 
variation (CV) given by the sample standard deviation divided by the 
sample mean, is a measure of variation in populations (relative precision). 
The CV is invariant to scale changes (x—> ax), but is not invariant to 
location changes (x—> a+x) (Bendel et al. 1989). Since all morphospecies 
have different average sizes (i.e. vary in their location on the size-scale) 
we standardised size data before calculating the coefficient of variation 
(CV). This eliminates the location-effect (Prairie and Bird, 1989). The 
data were range-standardised by assigning a size-value 1 to the largest 
colony and the size of smaller colonies was expressed proportionate to 
this value. 

G, CV and g] were computed first for raw, untransformed size 
distributions. Such distributions are very skewed and log transformation 
of colony size results in approximate normal distributions of size 
frequencies (Bak en Meesters 1998), which allows better comparisons 
between populations. After transformation, distributions should be 
interpreted rather as an age than size-distribution resulting from a balance 
between juvenile input and adult longevity (Bak and Meesters, 1998, 
Vermeij and Bak, submitted). These transformed distributions were 
analysed using the descriptive statistics CV, and g,, which provide insight 
in the demographic processes structuring the distribution. Analyzing log 
transformed size distributions using CV is only allowed if one assumes 
that one studies a new population consisting of ages rather than sizes. The 
calculation of CV in a variable that is already expressed in a new relative 
measure, i.e. by logtransformation is not allowed (Sokal and Rolf, 1980). 
The size distribution of each species for each depth was given as 
percentages of the population falling into (logarithmic) size classes. 
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These were identical for all depth/species combinations studied. The use 
of percentages reflects the shape of a size frequency distribution 
independent of the total number of individuals comprising the population. 

RESULTS 

Environmental parameters 
Lrradiance decreased with depth (Fig. lb) as: Irradiance (o/o sur, light) = -
23.1 x ln(depth(m)) + 91.9, R2= 0.93). Above-surface irradiance ranged 
between 1400-1800 uEin n r s" , which was representative for cloudless 
days. The dimensionless vertical attenuation-coefficient (k') was -0.063. 

Madracis colonies (ind./30 m2) 

M. mirabilis M. decactis M. pharensis M. senaria M. carmabi M.formosa 
0 

10 

20 

30 

40 

50 

60 

70 

173 
259 

TS-^3 

A 13 9 55 
« 5 7 
• 17 

• 9 
w 

27 
61 

255 

203 

| 144 

85 

13 

• 3 

• 9 

• 35 

• 22 

• 16 

• 9 

• 4 

• 12 

• 34 

• 17 

• 5 

• 15 

• 26 

• 17 

Surface light (%) Watermovement (gr 24h1) Temperature change (C°) 

0 20 40 60 80 100 50 
0 

10 

20 

30 

40 

50 

60 

10 

20 -

30 

40 

50 -

60 

Figure 1. Distribution of the different Madracis species over the reef-slope at Buoy 
1, Curaçao (la). The distribution of the abiotic factors light (in: uEin m"2 s~'; Fig. 
lb), watermovement (in: gr day"1 (7.SD), Fig. lc) and temperature change: CC (7. 
SD), Fig. Id) are given over the same slope. 

The proportion between light received in the two reef microhabitats, top 
positions and vertical positions increases slightly with depth (R2 = 0.33, p 
< 0.000, n = 541) with the light coming from aside being on average 
38.0% (SD. 9.2%, depth range 0.5-50m) of the amount of light coming 
from above. 
Water movement differed significantly between depths (Fig. lc, 
ANOVA, df = 7, F = 30.44, p< 0.01). Water movement decreases 
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Figure 2a. Size frequency distributions of all Madracis species on normal scales at 
Buoy 1, Curaçao. 
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Figure 2a (continued). Size frequency distributions of all Madracis species on normal 
scales at Buoy 1, Curaçao. 

Chapter 3 Population structure 41 



Total 

5M 

10M 

20M 

30M 

50M 

35 • 

25 

15 

M. mirabilis M. pharensis M. decactis 

25 -, Z 5 , 

• 20 - 20 j I VA- i 
0.01 2,56 655.36 0 01 2.56 655.36 0.01 2.56 655.36 

0 "] 25 

L i à 
0.01 2.56 655.36 0.01 2.56 655 36 

°J 20 j 20-

.- ii^^^^B- > li^^^^hi _. . • ^H p.  
0 0 1 2 5 6 655 36 0.01 2.S6 655.36 0.01 2.56 655.36 

k 20 -J 20 -i 

CA ; & 
5K01 2.56 655,36 0.01 2.56 655.36 0.01 2.56 655.36 

2 5 "I 50 -
20 - 40 . 
15 30 -
10 - jM 20 -

10 - ^L a 
Q T*rnTTfTTT¥T¥¥^Vrm 0 -^T^-T^T-PFFPM-P! | U i , 

0 01 2.56 655.36 0 01 2.56 655.36 

20 

à. 
001 2.56 655.36 

Figure 2b. Size frequency distributions of all Madracis species on logarithmic scales 
at Buoy 1, Curaçao. 
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Figure 2b (continued). Size frequency distributions of all Madmcis species on 
logarithmic scales at Buoy 1, Curaçao. 
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exponentially with depth and becomes constant below 25m. Water 
movement was on average 7.8% lower at vertical positions than at top 
positions for all depths (SD: 3.5%, n= 8 depths) but this difference was 
not significant for any depth (ANCOVA, df = 1, F = 0.35, p> 0.56). 
Temperature at all depths is expressed as the difference between local 
temperature and the temperature at 5 m to correct for seasonal changes in 
water temperature (Fig. Id). The average yearly water temperature 
(12h00) at 5m was 27.91°C (SD 0.97, n = 365). Significant differences in 
temperature between depths were found (ANOVA, df = 3, F = 594.00, p< 
0.05). The highest fluctuation in temperature occurred at 50m, possibly 
due a thermocline moving up and down the reef slope around 50m. 

Vertical distribution and abundance 
The distribution of all species is given in Fig. la, environmental gradients 
are shown in Fig lb, c and d. The abundance of each species differs 
between depths (n/m2; Kruskal-Wallis test, H > 17.78, df = 4, p< 0.005) 
and for all depths differences in abundance exist between the species 
(Kruskal-Wallis test, H > 22.77, df 2-4, p< 0.001). From the depth where 
a species is most abundant, its numbers decrease in both shallower and 
deeper direction, resulting in bell-shaped distribution patterns over depth. 
Most species occurred over a restricted part of the 5-60m depth range but 
M. pharensis and M. senaria were found over the entire depth range. 
These species are dominant members of the local coral community at 
greater depths (>35m) and were still present in the deep reef zone (80-
100m) together with Stephanocoenia michelinii, Agaricia spec, and 
Montastrea cavernosa (Vermeij, pers.obs). The occurrence of M. 
pharensis and M. senaria over this entire depth range (1- >100m) is a 
unique characteristic for zooxanthellate corals. At 100m they survive with 
only 0.2% surface light, which is among the lowest reported for colonial 
zooxanthellate scleractinian corals (Sheppard, 1981 and references 
therein). 

Size frequency distributions 
In Fig. 2a the untransformed size-frequency distributions are shown for 
all Madracis species for all depths. At 60 m M. pharensis, M. senaria and 
M. formosa occurred at densities that were too low to allow construction 
of size-frequency distributions (n per 30 m2 < 14). Although all size-
frequency distributions are highly skewed to the right (mean skewness 
4.03, SD = 2.45) differences between species show up. The consistency 
of these differences over the depth gradient suggests that population 
structure greatly depends on species-specific characteristics. Log-
transformation of the data removes this asymmetry and improves the 
normality of the distribution (Fig. 2b). Mean skewness decreased to -0.10 
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(SD = 2.45). Eleven distributions out of 27 (41%) become non 
significantly different from a normal distribution (Fig. 2b, Kolmogorov-
Smirnov test with Lilliefors adjustment; p> 0.05). Analyzing the shape of 
the size-frequency distribution over the logarithmic size-classes (Fig. 2b), 
we find that populations of the same species over its depth range are 1.70 
times as similar as populations of different species within the same depth. 
The mean correlation coefficient (Spearman rank) for the intraspecific 
comparisons over depth is 0.84 (SD = 0.14; n = 15) while it is 0.49 (SD = 
0.25; n = 16) for different species within the same depth. These 
correlation coefficients differ significantly (Mann-Whitney U- test, U = 
15.00, p< 0.0004). Fig. 3 demonstrates the consistency of the species size 
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Figure 3. Cluster diagram (using complete linkage and gamma as distance metric) 
showing the high degree of similarity between the distributions of the different 
Madracis species. Similarity between populations of the same species proved to be 
nearly twice as high as between species. 

frequency pattern over the depth gradient and illustrates the important 
role of species-specific characteristics. These characteristics determine 
the outcome of demographic processes resulting in the observed 
distributions (Fig. 2b). 
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Table 1. Distribution parameters of untransformed and log-transformed size data for all 
Madracis species present within 5 depths (5, 10, 20, 30 and 50m). Standard demographic 
information is given in the first six columns (mean colony size [cm ], standard deviation colony 
size [cm ], 95-percentile colony size [cm ], total surface population surface [cm ], total number 
of colonies [n], mean density [n/m2], standard deviation density [n/m2]). In the second part the 
distribution parameters of nontransformed size data (NTD) are given: Gini-coefficient (GN TD), 
Coefficient of variation (CVNTD) and Skewness (giNTü) and for log-transformed size data (LTD): 
Coefficient of variation (CVLTD) and Skewness (giLTü)-

species Depth Colony size (cm !) Dens ity(n/m2) untransformed log-transformed 
mean SD 95% Total surface n mean SD GNTD cv N T D 9 l NTD cv L T D 9 l LTD 

M. mirabilis pooled 14.2 31.5 66 6932 487 0.25 2.2 5.9 0.4 0.3 
5 10.6 36.4 55 1600 151 5.77 10.34 0.20 3.40 8.80 0.41 0.64 

10 15.7 29.2 121 5065 322 8.63 13.15 0.27 1.90 3.30 0.38 0.21 
20 19.0 20.6 50 267 14 0.43 1.70 0.48 1.08 0.60 0.55 -0.24 

M. decactis pooled 12.9 30.5 60 2375 184 0.27 2.37 5.35 0.27 -0.07 
5 12.1 19.2 71 157 13 0.43 1.41 0.15 1.59 2.72 0.62 0.13 

10 14.9 38.0 60 1057 71 1.83 2.73 0.25 2.60 5.01 0.45 0.40 
20 11.5 25.5 48 942 82 1.90 2.29 0.30 2.22 5.60 0.29 -0.47 
30 12.1 26.7 36 218 18 0.57 1.63 0.32 2.30 3.56 0.54 0.89 

M. pharensis pooled 23.8 57.3 97 16928 759 __ __ 0.34 2.40 11.99 0.25 -0.52 
5 17.8 20.4 49 533 30 0.90 1.83 0.49 1.20 2.27 0.38 -0.77 

10 29.2 54.6 100 2221 76 2.03 2.62 0.33 1.87 4.01 0.28 -0.82 
20 28.9 76.9 105 8275 326 8.83 7.37 0.32 2.66 10.70 0.33 -0.24 
30 20.3 34.4 75 4639 229 6.77 5.02 0.38 1.70 5.33 0.24 -1.03 
50 13.0 17.4 32 1260 97 2.83 2.36 0.44 1.40 3.62 0.47 -0.26 

M. senaria pooled 96.3 120.8 351 13899 132 0.35 1.50 4.00 0.41 -0.91 
5 89.6 113.1 220 269 3 0.10 0.40 0.83 1.30 - 1.34 

10 77.0 107.9 300 693 9 0.30 0.84 0.46 1.40 1.50 0.83 -0.07 
20 92.4 204.4 332 9056 88 1.17 1.60 0.31 1.70 4.30 0.48 -0.68 
30 123.3 122.3 400 2713 22 0.73 1.55 0.56 1.00 1.76 0.51 -0.60 
50 116.8 144.9 396 1168 10 0.30 0.65 0.49 1.20 1.10 0.56 -0.47 

M. carmabi pooled 12.4 24.3 63 829 67 .. .. 0.29 1.96 4.00 0.50 0.52 
20 23.1 38.0 66 415 18 0.40 1.83 0.38 1.60 2.91 0.81 0.02 
30 8.5 15.5 33 414 49 1.13 6.02 0.32 1.80 3.12 0.48 0.63 

M. formosa pooled 10.7 17.2 49 342 32 .. .. 0.34 1.60 1.84 0.64 0.60 
30 39.3 25.0 56 157 4 0.17 0.59 0.99 0.70 -1.90 0.67 -1.99 
50 6.6 11.6 42 185 28 0.87 2.16 0.37 1.80 2.88 0.63 0.64 
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Non transformed size distributions (NTD) & population composition 
parameters 

The demographic variables colony size, total colony surface and coral 
density are shown for each depth and each species in Table 1. The 
descriptors Gini-coefficient (G), coefficient of variation (CV) and 
skewness (g,) are shown for untransformed and gl and CV for log-
transformed (CV, g,) size-frequency distributions. 

Colony size (NTD) 
Mean colony size differed between Madracis species (Kruskal-Wallis 
ANOVA, H > 14.12, p < 0.001) and was independent of depth for all 
species (Kruskal-Wallis ANOVA, H > 0.42, p > 0.43,) suggesting 
insensitivity to environmental structuring. Although there was no gradual 
decrease in colony size towards the ends of a coral's distribution, the 
smallest mean colony size generally corresponds to habitats where 
species are least abundant (Tab. 1). Since the maximum colony size in 
populations depends on stochastic factors, the 95-percentile is preferred 
as a better indication of maximum colony size when comparing species 
(Soong 1993, Meesters et al. 2001). The 95-percentiles for the Madracis 
species are given in Table 1. The size at the 95%-percentile is highly 
related to the mean colony size for all species (R2 = 0.95, p < 0.000, n = 
21). This relation between the mean size and the size corresponding to the 
95-percentile despite the variation in environmental conditions with depth 
illustrates the stable character of size-distributions compositions over an 
environmental range. 

Gini-coefficient (NTD) 
Gini-coefficients (G in Table 1) describe the inequality among 
contributions of individual members to an over-all population 
characteristic. Values of G near 1 indicate great inequality and the 
minimum of 0 indicates equal contributions of all population members. 
We calculated G from the individual colony sizes and the total surface 
area of a species' population (i.e. the summed surface of all individuals) 
per depth. Values ranged between approximately 0.20 and 0.50 for all 
species. This indicates that total population surface or the genetic 
composition of a next generation is largely determined by the large 
contributions by a relatively small number of larger colonies. The 
influence of larger individuals is different for branching and encrusting 
species. For the (semi-) branching species M. mirabilis, M. formosa, M. 
decactis and M. carmabi 21% of the individuals contribute 80% to the 
population's surface. For the encrusting species (M. pharensis, M. 
senaria) this value increases and 30% of the individuals correspond to 
80% of the population's surface. Differences between species arise in the 
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50% of the population containing the largest individuals. The contribution 
of the first 50% of the population, containing the smaller colonies, to the 
total population surface is identical between species. Therefore 
differences in population structure between species are mainly 
determined by the characteristics of large colonies. 
A negative relation exists between the abundance of a species and values 
of G (Table 1). This indicates that at the end of their distribution coral 
populations consist of colonies that display less equal contributions to the 
total population surface independent of their absolute size. The 
hypothesis that G is related with density (which we used as a measure of 
the suitability of the habitat) was tested for each species against the null-
hypothesis R = 0 and a significant negative relation was found: R = 
0.60, SD = 0.25; Mann-Whitney U-statistic = 25.00; p < 0.005). This 
indicates that the relative unevenness of individuals increases at depths 
where they are least abundant. The increase in G is higher for species 
characterized by a relatively large fraction of large colonies in their 
populations, such as M. senaria. This is caused by the sensitivity of G to 
shifts away from the mode or zero in a distribution (Bendel et al. 1989). 
In general, low G values indicate a stable size distribution where the 
number of individuals gradually decreases from the smallest sizeclass 
towards successive sizecategories. 

Coefficient of variation (NTD) 
The coefficient of variation (CV in Table 1) allows the comparison of 
variation present in coral populations, irrespective of differences in mean 
colony size. Factors affecting the size of a colony should be reflected in 
an increased variability in the population and translated to increased 
values for CV (Bak and Meesters 1998). The variation in colony size 
increased with abundance for all species (CV = 0.1246 x (abundance) + 
1.4605; R2 = 0.30, p< 0.02; n = 21). Besides being related with 
abundance, CV tends to decrease with colony size for all Madracis 
species (R2= 0.24; p > 0.09; n = 21). 

Skewness (NTD) 
Skewness (gi in Table 1) is a measure of the symmetry of a distribution 
around its mean. If skewness is nonzero, a distribution is considered 
asymmetric. A positive value indicates a long right tail, i.e. most 
individuals are found on the left side of a distribution whereas a negative 
value corresponds to a long left tail. All Madracis populations in Fig. 2a 
are skewed to the right indicating that juveniles dominated the 
populations for all species. M. senaria populations differ from this 
pattern and are characterized by lower gi values indicating a lower 
proportion of small individuals in its population. High gj values indicate 
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Figure 4. The relation between skewness (gi, NTD) and the dimensionless mean 
standardized size is given for all possible species-depth combinations for Madracis. 
Note the increased dispersion and presence in the right part of the graph, representing 
coral populations near the end of their vertical range, along the horizontal axis (mean 
standardized size) compared to the vertical scale (skewness). Populations with a mean 
standardized size higher than 0.12 all correspond to populations in marginal habitats. 
Letters and numbers indicate species and depth (m). All= all depths pooled. D= M. 
decactis, F= M. formosa, M= M. mirabilis, C= M. carmabi, P= M. pharensis and S= 
M. senaria. 

that the balance of processes increasing and decreasing the relative 
number of juvenile colonies within a population shifts towards the 
former. When the populations from all depths are pooled M. pharensis 
has the highest overall gi (12.0) indicating a large fraction of individuals 
in the smallest sizeclasses. This relative proportion of small colonies is 
successively lower for M. mirabilis (gi= 5.9) and M. decactis (gi= 5.4), 
followed by M. senaria (gi= 4.0), M. carmabi (4.0) and M. formosa (gi= 
1.8). For all species a positive relation exists between abundance and high 
values of g, (R2 = 0.51; p < 0.001; n = 19). This indicates that the small 
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colony fraction becomes proportionally more dominant with increasing 
density. There was no relation of gt with colony size in all Madracis 
populations (R2 = 0.07; p > 0.26, n = 19). 

For all Madracis populations, skewness and the average colony size after 
range-standardization are negatively related (Fig. 4, R2 = 0.94, p < 0.000, 
n = 19). The average colony size after standardization reflects the overall 
similarity of all colonies within a population relative to the largest colony. 
Since the largest colony has size 1 by definition, high average values 
correspond to high similarity of all other colonies to this colony. 
This relation is shown in Fig. 4 where populations of species at the limits 
of their depth range correspond to average standardized size values 
greater than 0.12. Low values for g, and average standardized size values 
greater than 0.12 are therefore indicative of populations in marginal 
habitats. 

Log transformed size distributions (LTD) & Population composition 
parameters 
After log transformation (Fig. 2b), relative dominance of intermediate 
sizes and increased resolution in the smaller size classes provide better 
information on the smallest (0-5cm2) size classes in the data set (Fig. 2a). 
As for the mean size in untransformed data, log-transformed mean size 
(used as an approximation for age) was significantly different between 
species (Kruskal-Wallis test, H > 127.24, p < 0.001, n = 1585). The 
increased similarity to a normal distribution results in overall lower 
values for CV and g{ in the transformed data set. Variation in transformed 
populations is approximately 4.4 times lower than variation in 
untransformed populations because of the reduced influence of a small 
fraction of larger colonies. A peak in shows up in the 0.08-0.16 cm2 size 
class for M. senaria. This species spawns large amounts of planulae in 
November (Vermeij, unpubl. data) and we believe that the peak 
corresponds to recruited planulae since we collected most data around 
December 1998 and January 1999. A bimodal distribution showed up for 
the branching species M. mirabilis after log-transformation. Bimodality 
appears to be indicative of the presence of structurally weak medium-
sized colonies in a population. These colonies either break apart (i.e. 
fragmentation) or are structurally supported by neighboring colonies in 
mono-specific beds, resulting in the large colony sizes. The log-
transformed size distribution, used as a proxy of the population's age 
distribution (Vermeij and Bak, submitted) which is allowed for small 
coral species (Bak and Meesters, 1998). Its lower variation indicates that 
variation in age is lower than in size which has important consequences 
for assumptions in demographic and evolutionary studies on corals. 
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Table 2. Mortality rates of three Madracis species: M. decactis, M. pharensis and M. 
senaria. Mortality is expressed as whole colony mortality after one year and in the last 
column the period needed for half of the population to die is given as a measure of the 
populations temporal stability. 

Species Depth Mean colony size Mortality Colonies 50% Population mortality 
(cm2) colonies/year n year 

M. decactis pooled 12.9 5.9 185 11.7 
5 12.1 0.0 13 >100 

10 14.9 5.7 71 12 
20 11.5 5.4 82 13 
30 12.1 13.3 19 5 

M. pharensis pooled 23.8 2.6 758 27 
5 17.8 4.0 30 17 

10 29.2 5.2 76 13 
20 28.9 1.1 326 61 
30 20.3 2.4 229 28 
50 13.0 5.1 97 13 

M. senaria pooled 96.3 0.0 132 >100 
5 89.6 0.0 3 >100 

10 77.0 0.0 9 >100 
20 92.4 0.0 88 >100 
30 123.3 0.0 22 >100 
50 116.8 0.0 10 >100 

Coefficient of variation (LTD) 
After transformation the value of CV is used to assess the variability in 
age rather than size in a population. The disproportionate contribution of 
large individuals to the population variability in untransformed 
distributions is reduced. After transformation CV becomes negatively 
related with abundance (R2 = 0.35; p < 0.007; n = 19) and unrelated to 
colony size (R2 = 0.04, p > 0.38, n = 19). The relation between CV and 
abundance suggests the presence of density-dependent mechanisms 
affecting the size distribution so that relative uniformity increases where 
corals are most abundant. In theory, the value of CV depends on the 
population size. However, we calculated that this error becomes <1% of 
the total variation when n> 12 and therefore acceptable. There is a clear 
relation between the structural complexity of a coral species and its size 
variation (colony surface relief and CV; R2 = 0.69, p < 0.01, n = 6). This 
shows that branching species have higher CV values than encrusting 
species, probably because of their greater susceptibility to physical 
disturbance. 
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Figure 5. Figure indicating the origin of juvenile colonies over a depth gradient (all 
Madracis species pooled). The distance between juvenile colonies from larger 
colonies is indicative of their origin. Fragmentation results in short distances between 
juveniles and their supposed adults whereas settling juveniles correspond to larger 
distances. 

Skewness (LTD) 
This statistic is most useful in describing transformed populations since it 
illustrates the deviations from the normal distribution (g, = 0). This 
distribution results from a balance between juvenile input (g, increases) 
and adult longevity (g, decreases). After transformation, 8 of the 19 
populations (42%) remained positively skewed indicating that relatively 
more colonies were present in the smallest sizeclasses. 
The clear relation between g, and abundance in untransformed size 
distributions disappears after transformation (R2 = 0.002, p = 0.83, n = 
19) and the relation with colony size becomes slightly stronger, albeit still 
insignificant (R2 = 0.14, p = 0.11, n = 19). This indicates that the net 
result of processes affecting the number of individuals present within the 
juvenile and the adult proportion of a distribution is relatively stable 
within species and over depth gradients. Negative values for gi indicate a 
high relative proportion of larger colonies in a distribution and are found 
for the encrusting species M. pharensis and M. senaria. 
Positive gi values are mainly found for the branching species M. mirabilis 
and M. formosa where small colonies still dominate the population after 
transformation. The dominance of small colonies may be the result of 
fragmentation, which is facilitated by the branching morphology of these 
species. 

Chapter 3 Population structure 52 



Mortality 
Mortality rates were generally low (Table 2), probably due the absence of 
catastrophic events such as storms during the interval between the 
surveys. Higher mortality related to low density for M. decactis and M. 
pharensis. No dead colonies for M. senaria were found after one year. 
Assuming a steady population state, i.e. the number of individuals 
remains the same, the number of surviving new recruits needed to 

Table 3. The number of juvenile colonies (surface < 2cm") within the isobathic 30m2 

transects at various depths for all species. 

Species Depth (m) 5 10 15 20 30 40 50 
Number of colonies 

M. decactis 3 23 30 26 1 1 0 
M. mirabilis 91 25 5 0 0 0 0 
M. pharensis 3 15 63 62 42 30 15 
M. senaria 0 0 0 21 0 0 1 
M. carmabi 0 0 0 6 15 0 0 
M. formosa 0 0 0 0 0 2 4 
TOT 97 63 98 115 58 33 20 

compensate for the lost colonies is low. For M. decactis 0.20 
colonies/m /year and for M. pharensis 0.07 colonies/rnVyear are needed 
to replace the dead colonies (all populations pooled). 
Based on the yearly colony mortality we calculated the time needed for 
half of the population to die (halftime) assuming no input of new 
individuals and density independent mortality. These halftimes are given 
in Table 2 and differed between species. 

Juvenile colonies 
Two processes are responsible for the supply of juveniles to a population: 
recruitment and/ or fragmentation. The number of juveniles of each 
species is given in Table 3 for all depths. To estimate the contribution of 
each source to the smallest sizeclass we measured the distance between 
each juvenile and the closest colony (»2cm2) of the same species. We 
assume that this distance will be small on average in case of 
fragmentation and larger if settlement is the dominant source of juveniles. 
The abundance of juvenile Madracis colonies (n=484) reflected the 
abundance of the adult fraction of the populations for all species at all 
depths (R" = 0.2, p < 0.05, n = 5). In Fig. 5, the proportion of juveniles 
within different distance classes is given for each depth. Below a depth of 
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30m, a sharp increase occurs in the number of juvenile colonies present in 
the 32+-distance category. The decrease in the proportion of juveniles 
within close distance to large colonies may result from a reduced role of 
fragmentation with depth as a source of new individuals. 

DISCUSSION 

This study shows that the structure of the coral populations is variable but 
highly dependent on species-specific characteristics. The size-frequency 
distributions of Madracis species were species-specific. These general 
patterns were distorted at the margins of species depth distributions. In all 
species: (1) Densities of populations decreased resulting in "saw-shaped" 
size distributions. (2) Over-all variation in untransformed colony size 
distributions, expressed as coefficient of variation (CV), decreased, while 
the variation in log-transformed sizedistributions, which is indicative of 
the time a colony is present on the reef, increased. (3) Decreased 
skewness in untransformed size-distributions (g,) indicated that the 
proportion of smaller colonies decreases within the population. (4) The 
relative inequality in the contribution of these larger individuals to the 
total population surface increased and is indicated by higher values for 
the Gini-coefficient (G). (5) Mean colony sizes became larger than 0.12 
(after range standardization of size-data). 
The similarity in population composition (0.84) for all Madracis species 
along their vertical range indicates their tolerance to a changing 
environment. The distribution pattern differs between species indicating 
that they have adapted differently to the range of interacting 
environmental factors (light, sedimentation, watermovement and 
temperature). Broad adaptation results in generalist species (M. pharensis 
and M. senaria) whereas a limited depth range indicates specialists. 
Our results correspond to the findings of Meesters et al. (2001), who 
found that coral populations on degraded sites become dominated by 
large colonies. The finding that the shift towards larger colonies in a 
population is found along vertical (this paper) as well as horizontal spatial 
scales (Meesters et al. 2001) indicates the general usefulness of skewness 
(gi) to asses the status of coral populations. Since increased domination 
of larger individuals corresponds to increased negative skewness, it can 
be used to characterize populations growing under these sub-optimal 
conditions, i.e. in marginal habitats. In addition, we propose the use of the 
mean colony size based on standardized untransformed size data as an 
additional indication to characterize these populations (Fig. 4). This 
method expands the ability to distinguish marginal populations, 
dominated by larger individuals and already characterized by low g, 
values, because of its higher descriptive range, i.e. resolution. Based on 
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our Madracis study we find that average standardized mean sizes 
(ASMS) higher than 0.12 correspond to populations in marginal habitats. 
The extent to which this value can be used for other species needs study. 
Increasing G-coefficients towards the species distribution limit indicate a 
less structured contribution of population members to an overall 
characteristic resulting from "saw-shaped" or unstructured size 
distributions (Fig. 2a, b). The change in G highly depends on changes of 
the mode from zero in a distribution (Bendel et al. 1989). In populations 
where many juveniles ensure the mode to be near zero (e.g. M. mirabilis, 
M. decactis, Tab. 1), changes in G are expected to be smaller than in 
populations where this fraction is relatively small (e.g. M. senaria, M. 
formosa, Table 1). Although reference values are needed to determine the 
change in G for each species, its change can be used as a third method to 
characterize populations in marginal habitats. In summary, we can 
conclude that coral populations in marginal habitats are mathematically 
characterized by: (1) low and negative values for g, (NTD), (2) mean 
colony sizes larger than 0.12 for range-standardized sizes, (3) increased 
G-values, (4) high CV for log transformed size distributions. This 
expands the number of possible statistics to study coral populations (Bak 
and Meesters 1998, 1999). 
Population density, i.e. the survival of colonies, appears to be an 
important species characteristic under environmental control (selective 
environment) in contrast to population structure, which is determined by 
species specific life-history strategies (developmental environment). It 
often remains difficult to determine which demographic processes are 
under density-dependent control. The few studies dealing with density 
dependence in corals or other clonal marine animals mainly focus on the 
effects of mortality and recruitment in populations and not the shape of its 
size distribution (Tanner, 1999, Karlson et al. 1996). For Madracis 
species high densities correspond to a higher number of small colonies 
(high positive gi), a structured population (low G) and low mortality, 
possibly due a decrease of stochastic structuring of the population. This 
suggests that the transition-probabilities from higher to lower size classes 
are high. Tanner (1999) demonstrated that for a clonal zoanthid 
transitions between sizeclasses were under density-dependent control. 
Our findings also indicate a relation between colony density (the 
suitability of the habitat) and the statistics describing the size distribution 
(Table 1). For the untransformed and transformed data sets all statistics 
show similar trends with abundance (Table 1 ) except for skewness in the 
log-transformed data set. In this set gi approached values near zero for all 
species-depth combinations indicating a close resemblance to a normal 
distribution (g,= 0). The increased normality must result from a balance 
between adult (partial) mortality and juvenile input/ survival, and 

Chapter 3 Population structure 55 



therefore g, values near 0 indicate that their proportion remains 
unaffected by density. This also explains the consistency of the size 
distributions within species over an environmental gradient. Such species 
specificity of g, (LTD) has been demonstrated by Meesters et al. (2001). 
For Madracis species negative g, values (LTD) characterize the 
encrusting species M. pharensis and M. senaria whereas branching 
species have positive g, values. This suggests a general relation between 
colony morphology and life-history strategy with a larger fraction of 
relatively large colonies dominating in encrusting species. Increased adult 
longevity or reduced input of juveniles, due a reduced role of 
fragmentation in the life history strategy of encrusting growth morphs, 
can explain this observation. 

Meesters et al. (2001) suggest that the dominance of larger individuals in 
marginal habitats confirms the asymmetric competition hypothesis 
derived from terrestrial botany (Begon, 1984). This dominance could 
also result from a decrease in the number of suitable spots within the 
habitat mosaic at a certain depth. The first planulae settling in these spots 
grow and occupy space preventing further settlement. The resulting 
population will consist of the few larger initial colonies and a reduced 
proportion of juveniles due the unavailability of suitable substratum. 
Madracis species are closely related (Wells, 1973a b, Fenner, 1993) and 
four species show genetic exchange: M. pharensis, M. decactis, M. 
formosa and M. carmabi (Diekmann et al. 2001). The similarity between 
distributions of the same species is twice as high compared with other 
species (Spearman rank correlation coefficients 0.84 versus 0.49). This is 
remarkable given their genetic relatedness. It indicates that changes in life 
history strategies or differential environmental plasticity possibly precede 
genetic fixation in the formation of new species. 
Our study shows the poor overlap of the 3 paradigms (i.e. morphometries, 
genetics and ecological characterization) that are currently used to study 
corals. Variation in one of these fields does not necessarily match with 
variation in the others, which is illustrated by results from our study. For 
example, the only morphological difference between M. pharensis and M. 
senaria, both found along a broad depth range (0-100+m), is found at 
calyx level (M. senaria possesses 6 exert septa) but their life-history 
strategies differ (Table 1). An abrupt end on the right side for M. senaria 
size frequencies in Fig. 2b indicates catastrophic events resulting in 
whole colony mortality for this species. Catastrophic mortality rather than 
increasing levels of partial mortality prevents indeterminate growth in 
this species (Bak and Meesters, 1998). The relatively high number of 
large colonies in its population, the low susceptibility to overall (Table 2) 
and partial mortality (Fig. 2a, b) suggest that M. senaria is a species with 
a Phalanx life history strategy (sensu clonal terrestrial plants Piatt, 1975, 
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Connell, 1978). Higher variation within the population (CV, NTD, Table 
1) suggests that colony size and population build-up of M. pharensis is 
more susceptible to environmental disturbance than in M. senaria. 
Furthermore we found higher population turnover rates for M. pharensis 
(Table 2) and a significant decrease in juveniles generated by 
fragmentation with depth (Fig. 5, Table 3). Given these characteristics, 
M. pharensis seems best described as a generalist with a Guerilla life 
history (Piatt 1975, Connell 1978). The different life-history strategies of 
M. pharensis and M. senaria allow them to survive over a large depth 
range (5-60+m, Fig.l) and indicate the ability of both species to deal with 
interacting structuring factors along a broad environmental range (water 
movement, light, temperature; Fig. lb, c, d) using different strategies. 
Madracis pharensis is often regarded as an ecomorph of M. decactis, 

because they overlap in colony morphology and corallite characteristics 
(Zlatarski and Estalella, 1982, Fenner, 1993). In our study M. pharensis 
and M. decactis showed different size distributions over the reef slope. M. 
decactis was not found below 30m, indicating that demographic 
differences can exist between species that are not easy to distinguish 
using morphological or genetic criteria. Nodular and encrusting colony 
morphologies can be different developmental pathways of the same 
species that are adaptive, i.e. increase fitness, in different habitats 
(Moran, 1992). Most M. decactis colonies (= 70%) prefer positions on top 
of the substrate, whereas most M. pharensis colonies (~ 90%) occurs in 
cryptic positions on the reef (Fenner 1993, Vermeij and Bak unpubl. 
data). Within the syngameon or species-complex (Veron 1995) M. 
decactis prefers the advantages of high light availability while M. 
pharensis could be a fugitive morph. Increased fitness due to reduced 
sediment stress or escaping the disadvantages of overcrowded habitats 
(Denno and Roderick, 1990) drives its occupation of a new cryptic 
habitat. The sharing of early morphological pathways (polyp architecture) 
between M. pharensis and M. decactis, prior to morphological divergence 
at colony level, results in shared characteristics. We hypothesize that M. 
pharensis is a species currently evolving as a refuge strategy morph of M. 
decactis. The occupancy of a new habitat associated with high relative 
fitness may explain the high numbers of M. pharensis on the reefs of 
Curaçao. 

Because of its low density it was impossible to determine the size 
distribution for the assumed new Madracis species. Morphological and 
genetic data from Diekmann et al. (2001) suggest that this species is a 
hybrid between the M. decactis/pharensis-comp\e\ and M. formosa. 
Madracis new species is only found around 30m (Fig.la), which is 
intermediate between the depth distributions of M. formosa and M. 
decactis. This suggests the presence of a hybrid zone (Futuyma 1986) 
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between M. decactis and M. formosa. In this case, morphological, 
genetical and ecological data all correspond. Results obtained by using 
one of the three paradigms to describe coral behavior can be translated to 
the other two, but that this is not necessarily true in all cases (e.g. M. 
pharensis vs. M. decactis). 

We conclude that for Madracis species size distributions are species 
specific. While morphological and genetical relatedness have resulted in 
ongoing debate on the status of some Madracis species, we show the 
usefulness of size distribution analyses to successfully analyze and clarify 
differences between the supposed species. 
Size distributions are twice as similar within populations of the same 
species as between species. The statistics G, CV, gj and mean colony 
size, after range-standardizing size data, provide mathematical 
information on the size-distributions and the similar change observed for 
all species at the margins of their distributional range. General patterns 
arise when populations occur near the margins of their vertical 
distributions. These characteristic changes can be analyzed using the 
aforementioned statistics, emphasizing their usefulness in the study of 
coral populations in degraded environments. 
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ABSTRACT Analyzing the size structure in coral population is difficult 
because corals vary enormously in size. The great differences in colony 
size are caused by the coral colony growth process. We studied size 
distributions in coral species and found that analyzing coral size 
frequencies using log transformations of colony size has a number of 
advantages. Coral size distributions become comparable within and 
between species across space and through time. Such analyses indicate 
that (1) small colony size and positively skewed size-frequency 
distributions characterize populations of brooding species. (2) Spawning 
species show large colony size and negatively skewed size-frequency 
distributions. (3) Populations in marginal habitats are characterized by a 
coefficient of variation higher than 0.50. The described method of log 
transforming size frequency data of coral populations provides both 
scientists and wildlife managers with a new tool to monitor the dynamics 
of coral populations. 

INTRODUCTION 

Analysis of coral population size structure is difficult because corals vary 
enormously in size. Large variation in coral colony size occurs within 
populations of species such as Porites or Montastraea that have massive 
colonies reaching sizes of > 20.000-100.000 cm2. Great differences in 
colony size also hamper comparison between species, e.g. between small 
species such as Agaricia humilis or Madracis decactis (< 15 cm2) and 
species such as Porites or Montastraea. Coral populations are dominated 
by small size classes (Soong 1993, Bak & Meesters 1998, Meesters et al. 
2000) and it is essential to include these in analyses. Clearly a problem 
arises if one wishes to compare populations including <1 to 100.000 cm2 

large colonies on a linear scale. 

The great differences in colony size are caused by the coral colony 
growth process. Corals grow through division of the first initial polyp, 
followed by division of subsequent polyps, as an exponential function' 
Power functions are however often used to describe the increase of corals 
as increasing semi circles, semi spheres or complications of such shapes. 
An underlying biological process, rather than the mathematical one, is 
however difficult to discover for power functions (x2). Such growth leads 
to a potentially very rapid enlargement of coral living surfaces after the 
initial multiplication of the first polyps. Differences in coral longevity or 
colony partial mortality result in great intra and inter specific differences 
in maximum colony size. The enormous variation of colony size also 
implies that size differences, seen on linear scale, are not always very 
meaningful. Loss of 10 cm2 has a different biological meaning for a small 
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Figure 1. The relation between colony size and the number of corresponding iterations 
(t) using two different bases for the log transformation. Base= 2 (•) and base= 10 (o). 

colony (e.g. 20 cm2), than for a large one (e.g. 20.000 cm2). Size is 
relatively easy to measure and an important character in populations of 
clonal organisms since it relates better than age to life history parameters 
such as mortality and reproductive output. 
We studied size distributions in coral species and found that analyzing 
coral size frequencies using log transformations of colony size has a 
number of advantages. Coral size distributions become comparable 
within and between species. Resolution of differences between species 
and in small size classes is much increased. Size 
A smaller base results in more iteration steps, i.e. a higher descriptive 
resolution, over frequencies tend to become approximately normal and 
can be characterized by the descriptors of such distributions: skewness, 
coefficient of variation etc. Here we want to explain the method of 
transformation and give some examples of applications to coral 
populations. 

METHODS 

Log transforming size data 
If we assume that a colony doubles in size at every iteration (i.e. growth 
step in time), a 10cm2 increase in size for a juvenile coral of 0.5cm2 

corresponds to more growth iterations than for a lm2 colony. To 
distinguish between the different implications of a 10cm2 size increase for 
small and large colonies we prefer an indication of relative change in 
colony size. Relative change in size is then represented by the number of 
iterations that are required to bring about the increase in colony size. 
Since the change in size now depends on the number of iterations we 
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hypothesize that the number of iterations corresponding to an absolute 
size increase better describes relative differences between species than 
absolute size. The number of iterations or time steps (t), in case of 
undisturbed growth, can be calculated, assuming a theoretical colony 
whose polyps divide at eveiy growth step, using the exponential growth 
function: 

Pt = P„ 2' (1) 

Pt is the colony size (expressed in cm or as the number of polyps, P) 
after t growth intervals, i.e. iterations, in which the original colony size P0 

doubles every iteration. The division rate of polyps will eventually 
decrease, because of morphological and physiological constraints, and 
deviations from the exponential growth curve can be expected. The 
exponential function addresses the basic process in colony growth, i.e. 
polyp multiplication. The function representing real growth is probably 
an interaction of exponential growth functions and physiological or 
developmental constraints. 

k 
in *-

Before transformation After transformation 

Figure 2. Size-frequency of Madracis pharensis colonies (n= 638). The 
untransformed (above) and log-transformed size-frequency (below) illustrate the 
difference in resolution in the small colony size classes. 

After the initial growth phase of a coral, a larger range along the x-axis 
corresponds to less iterations (Fig. 1) and a large range along the x-axis 
corresponds to a small range along the y-axis. It shows that the 
descriptive resolution in small sized colonies, i.e. range along the y-axis, 
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becomes higher for the first iteration steps. Larger sizes represent a 
relatively small number of iterations, a small part of the iterative process. 
To describe variation in colony size we need a method where colony size 
is replaced by a number of iterations. Logarithmic transformation of the 
x-axis, i.e. colony size, is by far the easiest way to obtain the number of 
iterations from the size data. 
We can visualize the distribution of colonies in a histogram where the 
size-categories represent successive growth steps based on the iteration 
steps mentioned above. The number of iterations determines the 
descriptive resolution. Figure 1 shows that the base of the log 
transformation (2 or 10, which were chosen for illustrative purposes and 
have no biologically relevance) does not affect the basic pattern. It only 
affects the number of iterations that fit in a given size-range along the x-
axis, i.e. it affects the resolution. Therefore, the absolute size range of a 
species determines which base should be used. Increasing the number of 
iterations over the size range increases the resolution of the model. 
Smaller bases are used for species with a small size range (i.e. In2 for 
small species, < 400 cm maximum colony size) whereas large bases, i.e. 
In 10 should be used for larger species. The transformation is the 
following, where the number of iterations is the new approximation of 
colony size. 

o- L iteration //->\ 

Size = base (2) 

Iteration = In (size) /In (base) (3) 

A log transformation of size distribution data results in an approximately 
normal distribution, because it increases the number of smaller size 
classes while size classes containing larger colonies are reduced. 
In general, high juvenile mortality depletes the number of colonies 
present in the smallest size-classes. The effect of whole colony mortality 
gradually decreases with increasing size (Barry and Tegner 1989) Partial 
mortality and fission limit the number of individuals in the larger size-
classes (Bak and Meesters 1998, 1999). This results in an influx of 
colonies towards the intermediate size classes. Environmental variation 
and species-specific components result in deviations from this general 
shape. We analyzed the differences in transformed and untransformed 
size distributions of Madracis pharensis colonies (Fig. 2; n = 638) at 
different depths. The colonies were measured in a 150m2 beltransect at 
Buoy 1, Curaçao, Netherlands Antilles (12°05'N, 69°00'W) over a 10 to 
60m depth range. The normal distribution has mathematical properties 
that can be described using various statistics that are an useful tool in the 
in the study of coral size distributions. Statistics that have been used in 
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t * 
mortality mortality mortality 

Figure 3. Theoretical life cycle of corals. The transitions, between the four 
hypothetical stages representing log transformed size classes, can be changed to 
create new size distributions. 

studies on coral populations (Bak and Meesters 1998, 1999, Meesters et 
al. 2000, Vermeij and Bak subm.) are the coefficient of variation (CV), 
skewness (gl), the mode (Mo), mean size after transformation (Ms) and' 
the standard deviation of transformed data (SD). These statistics (Bendel 
et al. 1989, Sokal and Rohlf 1981) describe the shape of a distribution 
and allow comparisons between species and environments independent of 
size. 

RESULTS AND DISCUSSION 

Statistics of size frequency distributions 

Input of juvenile corals 
In a population having no input of juveniles during most of the year, such 
as in spawning species, the first size classes become depleted in coral 
colonies (Fig. 4b). All juveniles grow into larger size classes while there 
is no recruitment. 
Continuous input of juveniles, as in some brooding species, results in a 
high number of juveniles in the smallest size classes (Fig. 4c). These 
contrasting reproductive modes can be characterized by the distribution 
statistics. Populations of brooding species are characterized by increased 
variation in size (CV) and are highly skewed to the right (positive gl). 

Juvenile mortality 
Increased juvenile mortality decreases the number of juveniles present in 
the first size classes causing a relative overrepresentation of large 
colonies in the population indicated by negative gl-values (Fig. 4d). Due 
the larger size range variation increases as well the mean colony size 
(Ms). 
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Partial mortality 
Partial mortality results in a lower number of colonies present in the 
largest size classes due increased transition possibilities to lower size 
classes (Fig. 4e). Colonies become over represented in intermediate size 
classes due to growth of colonies in lower size classes and due to partial 
mortality of colonies in higher size-classes. This results in lower over-all 
variation (CV) and a lower mean colony size (Ms). 

Environmental degradation 
Environmental degradation was modeled by combining the effects of 
increased juvenile and partial mortality and reducing transition 
probabilities into higher size classes, i.e. a slow down of growth by 30%. 
The juvenile fraction of the population is most affected and the relative 
high proportion of larger colonies causes negative gl-values and the 
variation to decrease proportionate to the mean (CV decreases). 
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Figure 4. The modeled effects of change in demographic processes in a coral 
population, (a) Model input data representing a natural size distribution, (b) no 
juvenile input, i.e. reproductive output is zero, representing a spawning coral species 
outside the reproductive season, (c) increased input of juveniles (reproductive output 
10 times enhanced), (d) increased juvenile mortality (10 times enhanced), (e) 
increased partial mortality (probability for transitions to lower size class increase 3 
times in size-classes above the mode), (f) environmental degradation simulated by 
increasing juvenile mortality (x2), increasing the transition to lower size classes and 
reducing growth, i.e. reducing transition probabilities to higher size classes by 70%. 
All transition values are hypothetical. 
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Figure 5. The relation between skewness (gl) and mean colony size indicates that 
brooding species (•) are characterized by small colony size and positively skewed 
populations. This indicates that juveniles dominate these populations. Spawning 
species (o) have a large mean size and their populations are more negatively skewed. 
Data are size frequencies of 19 Caribbean coral species (Meesters et al. 2000, Vermeij 
and Bak subm.). 
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Figure 6. The relation between the coefficient of variation (CV) and abundance (n m" 
) for six Madracis species. Low abundance of colonies in populations at the margins 

of a species vertical distribution (•) corresponds to higher values for CV (> 0.50). 
Populations in non-marginal habitats are indicated by (o). 
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The model shows how the statistics can be indicative of the processes that 
changed the initial size distributions and illustrates their potential in 
characterizing species life history strategies (Fig. 4 b-e) or recognizing 
populations growing in degrading habitats (Fig. 4f). 

Comparing statistics between species and populations 
The use of descriptors is not limited to comparing size frequencies; they 
can be used to find general ecological patterns in coral species on reefs. 
The relation between mean colony size and skewness is shown for four 
populations of 19 different species, 7 gamete spawning and 12 brooding 
species in Fig. 5 (see Meesters et al. 2001, Vermeij and Bak subm.). 
It appears that small colony size and positively skewed size distributions 
characterize populations of brooding species. This must be due to the 
relatively high input over longer time periods of recruits compared to 
spawning species. These differences correspond to the differences 
detected in the two modes of reproduction modeled in Fig. 4b and c. 
We suggest that the relation between CV and abundance (Fig. 6) can be 
used to characterize populations in sub-optimal or marginal habitats for 
six Caribbean Madracis species (data Vermeij and Bak subm.). Madracis 
species were investigated over a depth gradient from 10 till 50m within 
isobathic 30m2 belt transects at each 10m depth. At the upper and lower 
part of species depth range colonies were less abundant and these depths 
must be considered as marginal habitats. There is a significant relation 
between CV and abundance (p < 0.000; Fig. 6) and for these Madracis 
populations it appears that a CV > 0.50 characterizes populations in sub-
optimal conditions. 

IN CONCLUSION 

In this paper we have shown the method and advantage of log-
transforming coral size data for analytical purposes, such as the 
characterization of patterns in life history strategies or recognizing 
populations in marginal habitats. Using a matrix-model the expected 
effects of changes in life history processes were tested for their effect on 
the coral size distributions. The effects are expressed in the statistics 
skewness (gl), Coefficient of Variation (CV), mean size after log-
transformation (Ms). The use of log-transformed size frequencies 
indicates the practical use of these statistics for population ecologists and 
wildlife managers interested in understanding the dynamics of coral 
populations. 
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ABSTRACT We studied the relation of light with coral colony 
morphology and coral distribution over a 5 to 50m reef slope. We 
describe the characteristics of 6 species of the genus Madracis in relation 
to the light (PAR, 400-700nm) colonies receive at a small spatial scale (1-
10cm). Species differ in their response to light but we could distinguish 
three strategies: (1) Species strive for maximum light capture and 
colonies occur above a threshold light value. This limits the distribution 
of such species towards greater depths. These species are found in 
shallow (<15m) water and their morphological variation is not related to 
variation in the amount of light they receive. (2) Species strive for 
maximum light capture but all colonies occur below a threshold light 
value. Such species occur only on the deeper parts (>30m) of the reef 
slope. Colony morphological variation is also unrelated to variation in the 
amount of light the colonies receive. (3) Species prefer low light habitats. 
Such species are found over the entire reef slope, and they show a 
bimodal light preference. One part of the population ( 1sl mode) prefers 
the maximum amount of light available at a particular depth. The other 
part of the population (2nd mode) prefers cryptic habitats with low light-
levels (5-60 pMol photons m 2 s"1). In these species morphological 
variation in colony shape relates to light availability. Structural 
complexity of the reef surface within the same depth causes such 
variation in local light availability. This variation is ranging between the 
maximum value at a depth predicted by physical laws and the minimal 
values encountered in cryptic habitats. The large variation in available 
light occurring over spatial scales as small as 10cm distorts the direct 
relation between depth and light. Depth and light are only correlated as 
ecological factors for species that strive for maximum light capture 
(strategy 1 or 2). A large depth distribution does not imply adaptation to a 
large light range when species have a strict preference for cryptic light 
environments. For such species (strategy 3) depth is not a proxy for light. 
The different light strategies of species are related to morphological 
variation and species exploration of the reef habitat. 

INTRODUCTION 

Environmental factors influence the ecology, physiology and morphology 
of zooxanthellate scleractinian corals. Frequently studied factors include: 
salinity (Coles and Jokiel 1988), temperature (Coles and Jokiel 1988, 
Meesters and Bak 1993), dissolved oxygen concentration (Coles and 
Jokiel 1988), water motion (Jokiel 1978, Dennison and Barnes 1988), 
light quality (Falkowski et al. 1990) and quantity (review by Falkowski et 
al. 1990, Barnes and Chalker 1990). Although corals respond to the entire 
suite of factors mentioned above, light has been regarded to play a key 
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role in coral ecology (Veron 1995). Light affects aspects such as coral 
settlement (Maida et al. 1994, Mundy and Babcock 1998), movement 
(Yamashiro and Nishihara 1995) and competition with other organisms 
(Baynes 1999), but ,above all, light is an essential requirement because it 
enables photosynthesis and calcification of the symbiotic coral-
zooxanthellate complex (Chalker et al. 1983, Gattuso 1985, Jokiel 1986, 
Hidaka 1988, Falkowski et al. 1990, Iglesias-Prieto and Trench 1997, 
Romaine et al. 1997, Ferrier-Pages et al. 1999, Ilan and Beer 1999). 
A change in the amount of light received by a colony has physiological 

consequences and often requires morphological adaptations to maximize 
light capture (Graus and Mclntyre 1992). Recent advances in computer 
modeling of coral colony growth support the notion that colony 
morphology is indeed dependent on light as a structuring factor (Muko et 
al. 2000, Kaandorp and Kubler 2001). In short, the dependence of corals 
on light is an axiom, but information on the amount of light corals receive 
in a reef setting is surprisingly lacking. 

The underwater light environment has been thoroughly described by 
physical oceanographers and their formulas allow the calculation of the 
amount of light received at any depth (Jerlov 1966). In theory, light 
decreases exponentially with depth, which results in equal amounts of 
light received at any point within the same depth facing the same 
direction. However, since reef systems are characterized by structural 
complexity, the amount of light received by organisms at the same depth 
will vary depending on their position on the reef framework. Brakel 
(1976) in his study on Jamaican coral reef benthos was among the first to 
recognize the influence of structural complexity, and the organism's 
immediate surroundings, on the amount of light it receives. Different 
positioning of colonies within the same depth and shading or reflection by 
other reef inhabitants or substrate-elements provides organisms with light 
other than would be expected from physical laws. Changes in colony 
position within the same depth, or changes in surrounding substrate types, 
can result in a change in light that is equivalent to substantial change in 
depth. For corals, Roos (1967, 1970) pioneered the role of submarine 
light in their ecology. Roos (1967) and Brakel (1976) clearly indicate that 
spatial heterogeneity, at the l-10cm scale, affects the distribution of light 
on a coral-reef. This variation must be taken into account in studies of 
benthic phototrophic organisms. However, not much is known about the 
amount of light coral colonies receive at a small spatial scale and the 
consequences for their physiology and morphology are largely unstudied 
(but see: Titlyanov et al. 1990). They found that three pacific coral species 
occurred over different but greatly overlapping light ranges, ranging 
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between 90-50% to 5-1% surface light (PAR). This large range has been 
attributed to adaptational mechanisms at the cellular level. 
However, a species light range provides only limiting values. It provides 
no information on the relation between colony characteristics and the 
variation in the amount of light present between these limits. Linking 
colony characteristics to the specific amount of light the colony receives 
would provide such information, which is an important first step to 
explore the role of light in scleractinian coral demography and 
morphological plasticity. 

The coral genus Madracis (Pocilloporidae) currently comprises six 
species (Wells 1973a, b, Vermeij et al. submitted) on Caribbean reefs. 
Morphological diversity between species, morphological plasticity within 
species and large environmental tolerance characterize the genus (Fenner 
1993, Wells 1973a). The species have specific depth distributions and are 
dominant species of the deeper reef slope (> 50m, Vermeij and Bak, 
submitted). Despite the large depth range all species harbour type-B 
zooxanthellae (Diekmann et al. in press). All species are easily 
distinguished based on morphology. The morphological species 
distinction corresponds to genetical species for all species except for M. 
pharensis and M. decactis (Diekmann et al. 2001). M. pharensis and M. 
decactis show morphological overlap and their separation as different 
species is debated (Fenner 1993, Zlatarski and Estalella 1982, Diekmann 
et al. 2001). Their phenotypic plasticity ranges from encrusting colonies 
in ciyptic positions (M. pharensis) to nodular colonies at exposed 
positions on a reef (M decactis). The different amount of light received at 
these positions has been suggested to cause the observed morphological 
differences (Fenner 1993). The description of M. pharensis and M. 
decactis as two ecomorphs by Fenner (1993) is not supported by our 
observations. On the reefs we studied, sometimes up to 50% of the 
colonies belonging to the M. pharensis/ decactis-complex did not match 
the proposed morphotype-environment combination. This asks for a 
réévaluation of the relation between morphology and light in this 
complex. 

Variation in depth distribution and colony morphology makes the genus 
Madracis well suited to address questions such as: 
- What is the variation in light (that colonies receive at a certain depth? 
- How is the distributional pattern of a species related to its light 
preference? 
- Is variation in colony morphology really related to light? 
- Is the relation between ecological and morphological characteristics 
with light species specific? 
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Figure 1. Location of Curaçao (N.A.) and the study site Buoy 1. Scalebars are 500 and 
10 km respectively. 

To answer these questions we relate the distribution and colony 
morphology of six Madracis species to the amount of light they receive at 
a small spatial scale at various depths over a reef slope from 5 to 50m. 

MATERIAL AND METHODS 

Sampling: The characteristics of Madracis mirabilis Duchassaing and 
Michelotti 1861, M. decactis Lyman 1859, M. pharensis Heller 1868, M. 
formosa (Wells 1973a), M. senaria (Wells 1973b) and M. carmabi (n. sp.; 
Vermeij, et al. subm.) were determined measuring 50 colonies of each 
species in each of 6 isobathic transects over a 50m depth gradient. 
Transects were placed at 5, 10, 20, 30, and 50m over the fringing reef near 
Buoy 1 (Bak 1977) on the leeward coast of Curaçao (Fig. 1), Netherlands 
Antilles (12°05'N, 69°00'W). Each colony was measured for: 
(1) relief: (shortest distance between two peripheral points divided by 
distance between the same points over the colony's surface. Relief is 
independent of the position of these points at the colony periphery 
provided that the line between them passed through the center of the 
colony (Kruskal-Wallis 1-way ANOVA, p > 0.72, n = 200). Because of 
the relatively simple growth forms (from 1st order branching to 
encrusting) we used relief as an indicator of colony morphology. 
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(2) position on the substrate: colonies were classified according to their 
position on the substrate. We distinguished 5 different positions, (1): on a 
horizontal surface receiving direct sunlight (angle of light, a=0°), (2): on 
top of the substrate but receiving light at angles 90°>a>0°, (3): against 
vertical walls, receiving little or no direct sunlight (a « 90°), (4): under 
overhangs, receiving no direct sunlight, (5): in small caves or holes, 
receiving no direct sunlight. 

(3) light environment: defined as the light a colony receives from the 
three main spatial directions and determined according to the following 
protocol: 

Light measurements: The local light environment was measured for each 
colony using a cosine LI-192SA underwater quantum sensor (LI-COR) 
connected to a LI-1000 data-logger (LI-COR). The sensor measures the 
quantum flux in the photosynthetically-active range of 400-700nm. The 
sensor is cosine corrected to provide a measure of the irradiance in uMol 
photons m" s" passing through a plane. The meter was mounted in a 
Plexiglas instrument housing and the entire apparatus could be operated in 
situ by a SCUBA diver. The light, radiant flux in pMol photons m 2 s"1, 
reaching a colony was measured in situ in three directions: 
(1) coming in straight from above (oc=0°); 
(2) coming from aside (a=90°); 
(3) coming from below (a=180°; only possible for colonies under 
overhangs); 

All light measurements were done during days with low cloud-cover 
(<5%) around midday (12h00-14h00) in May and June 1998. We 
measured light at every second and integrated every measurement with the 
five previous ones to minimise the effects of fast light fluctuations caused 
by refraction at the sea surface. Since weather- or watercolumn conditions 
differed slightly between days we standardised our data following Jaubert 
and Vasseur (1973, 1974). All measurements of light reaching the colony 
were expressed as a proportion of the downcoming light received at the 
same depth away from the reef, in open water. This reference value was 
obtained away from the reef, a position where structural elements of the 
reef framework have no effect on its value. The reference value was then 
used to express the amount of light a colony receives as the amount it 
would receive under the conditions at May 6th 1998, assuming that the 
proportion between the measurements and the reference value was 
identical. On May 6lh, a light curve was made under a cloudless sky with 
no wind. The curve was based on 541 measurements of the light coming 
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from each of three different directions (a=0°, a=90°, a=180°) taken at 
10cm depth intervals over a 50m depth range. 
The reference value was determined before and after each set of 
measurements on the colony. The measurements were only used if the 
reference value had not changed. The calculation can be given in formula 
as: 

Light colony,d„t-z) = [Measurement valiie(d,i,Z) / Reference value(u)] x Value(May6th.Z) 
with t = time; z = depth; d = direction 
if (1) 95%Value(May6ih,z)< Reference value(,.z)< 105%Value(May6th.z) 

(2) Reference value(u)BEFORE MEASURING = Reference value(,,z) AFTER MEASURING 

Morphospecies definition. For M. mirabilis, M.senaria and M. formosa 
we used the morphological descriptions from Wells (1973a,b). Based on 
genetic data (Diekman et al. 2001), M. pharensis and M. decactis are 
considered as one species complex. The latin names are used to indicate 
the two types in colony morphology, corresponding to the proposed 
ecotypes by Fenner (1993): encrusting and nodular colonies were 
classified as M. pharensis and M. decactis, respectively. M. pharensis 
occurs in a spectacular variety of colormorphs and we included the two 
most abundant colormorphs of M. pharensis in our study: the brown 
morph (M. pharensis 1) and the green morph (M pharensis 8). One 
particular group of colonies showed characteristics of M. decactis ( 10 
septs) and M. formosa (branching morphology). We distinguish this 
morph as M. carmabi (described by Vermeij et al. submitted). 

Statistical analysis. Multiple regression analysis was used to examine the 
relation between environmental parameters and the occurrence and 
characteristics of Madracis species/morphs. All statistical tests were 
performed in SYSTAT 9.0. Light preference curves for three species 
showed bimodal distributions with one mode corresponding to colonies 
receiving high light levels at exposed positions and a second mode 
corresponding to colonies at low light positions (cryptic or deep). Because 
of the large differences in light received by colonies in the two modes, we 
treat the modes separately. This results in a subdivision of these three 
species in a cryptic (cr) and an exposed (ex) fraction. K-means clustering 
was used to assign individual colonies to each fraction. K-means 
clustering splits a set of objects into a selected number of groups by 
maximising between-cluster variation relative to within-cluster variation. 
It is similar to a one-way analysis of variance where the groups are 
unknown and the largest F value is sought by reassigning members to 
each group (Systat 9.0). 
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RESULTS 

Light distribution 
The light distribution for May 6th 1998 over a 50m depth gradient (n = 541 
measurements for each direction) is shown in Fig. 2. The largest decrease 
in ambient light occurs in the first 10m, where 65-70% of the incident 
surface light is absorbed or reflected. The extinction-coefficient (k') of the 
local watercolumn was -0.063 for downfalling light (oc=0°), -0.054 for 
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Figure 2. Light gradient measured at May 6th 1998 at Buoy 1, Curaçao. Different 
markers indicate light coming from different directions. (•) the light coming in 
straight from above (a=0°), (o) the light coming from aside towards the reef in a 90c 

angle with the light coming from above (a=90°) and (-*•) the light coming from 
below, reflected by the reef (cc= 180°). All measurements in uMol photons m2 s" '. 

light from aside (a=90°) and -0.048 for light from below (<x=180°). The 
relative proportion of light coming from aside and below increases with 
depth, relative to the light coming from above (R2 = 0.33 and 0.62 
respectively, p < 0.000, n = 541). This reduces the asymmetry in 
irradiance pattern with depth. In shallow water this asymmetry results 
from a bulge in the irradiance pattern towards the sun. 
The increased symmetry of the irradiance pattern with depth has also 
consequences for seasonal fluctuations in solar energy. In Fig. 3 the yearly 
fluctuation of solar irradiance is calculated for various depths at Buoy 1 
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Figure 3. Seasonal change in irradiance pattern at 10m isobaths from the surface to 
60m depth (50 and 60m not indicated in graph). 

(data Curaçao Meteorological Service) using the extinction-coefficient for 
Buoy 1 of May 25l 1998. Obviously, irradiate solar energy shows no 
seasonality in deeper water. 
A wide light range is available for organisms, within one depth, in shallow 
water (Fig. 2). The available light range is rapidly narrowing and at 30m 
it is 18% of the 5m values. The lower limit of the available light range at 
any depth is below that suggested by the line for light coming from below 
(far left in Fig. 2). That line is more indicative of the reefs reflectance. 
Low light levels are not synonymous with greater depth because values 
approaching 0 uMol photons m"2 s"1 can be found in ciyptic habitats at 
every depth over our 50m-depth gradient. It follows that at any depth 
there is a significant light range, from the maximum light present at a 
depth to absolute darkness in cryptic habitats, available to organisms. This 
available light range is decreasing with depth since maximum light (i.e. 
down coming, a=0°) is decreasing exponentially (Fig. 2). 

Species light preferences 
Three species, Madracis mirabilis, M. carmabi and M. formosa, show a 
preference for maximum light capture. Their colonies are mostly (>73%) 
found in position 1 (Fig. 4). Two other species, M. pharensis and M. 
senaria, occur over a broad isobathic light range but most colonies occupy 
low-light habitats (position 3, 4 and 5). The strategy of M. decactis is 
intermediate and approximately half of the colonies are found in exposed, 
the other half in cryptic positions. The positions on the substratum for all 
species are given in Fig. 4. 
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Figure 4. Positions of colonies per depth as the percentage of the population occupying 
each of five positions. The positional range includes light exposed positions (position 
1) to low light habitats (position 5). 
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The majority of colonies of species that prefer direct sunlight, such as M. 
mirabilis above 20m and M. formosa below 30m, are found at position 1 
and 2. Colonies of species preferring cryptic environments, such as M. 
pharensis, occur mainly in positions 3 to 5. The light variation at position 
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Figure 5. Bimodal light distribution of Madracis pharensis at 10, 20, 30 and 50m 
depth. 

3 and l starts overlapping below 30m (respectively 186-5 and 61-2 jiMol 
photons m" s" ) and therefore the terms "exposed" and "cryptic" no longer 
characterize different light habitats below this depth . The fraction of 
colonies found at the exposed positions is increased in populations below 
30m. However, "exposed" and "cryptic" are meaningless in relation to the 
amount of light received and in fact only refer to different topographical 
positions. 
Reef surfaces oblique to surface light (position 2) are relatively rare, 
because the transition from horizontal surfaces to vertical ones is usually a 
sharp angle. Furthermore, Madracis colonies compensate for small 
differences in substrate-angle by changing their growth direction towards 
the sun, consequently receiving direct sunlight as if occurring in position 
1. 
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Small scale light habitat 
Small positional changes can result in major changes in incoming light. A 
shift in position from horizontal (position 1) to a position on a vertical 
wall (position 3) results in a decrease of 60% in the light a colony receives 
(SD = 9.0%, n = 541, all depths pooled). Positions in intermediate light 
levels (position 2) are scarce on the reef and this causes bimodality in the 
light preference distributions of species that occur over a broad isobathic 
light range, such as M. pharensis (Fig. 5). One mode corresponds to the 
maximum light at a certain depth (position 1) and the second mode 
corresponds to the low light environments (position 3 to 5). 
For bimodally distributed data averages and standard deviations carry no 
biological meaningful information. Therefore we described the two 
modes individually. We used K-means clustering (Systat 9.0) to assign the 

Table 1. Results of the K-means clustering of bimodal light distributions for M. 
pharensis (morphotypes 1 and 8), M. decactls and M. senaria. There is no separation in 
the populations of M. mirabilis, M. carmabi and M. formosa since these species only 
occur on well lit positions on the reef. 

Species depth (m) F %-Diff. Position n Min Max Mean SD % frac 

M.pha(1) 10 320.0 749.5 cr 46 10.5 191.3 58.3 45.1 92.0 
ex 4 447.8 595.9 495.4 68.1 8.0 

M.pha(1) 20 815.6 489.6 cr 51 1.5 127.0 48.7 23.9 78.5 
ex 14 191.1 320.4 287.0 38.8 21.5 

M.pha(1) 30 570.2 509.7 cr 40 4.6 87.6 25.8 17.0 80.0 
ex 10 145.3 165.9 157.4 6.7 20.0 

M.pha(1) 50 362.9 782.7 cr 36 10.4 28.2 16.0 5.0 69.2 
ex 16 31.6 48.2 45.3 5.3 30.8 

M.pha(8) 20 595.6 497.0 cr 39 12.1 140.6 48.2 28.4 75.0 
ex 13 225.3 334.7 287.5 36.9 25.0 

M.pha(8) 30 1506.7 642.0 cr 41 2.1 48.9 21.7 10.5 80.4 
ex 10 146.1 172.2 160.9 8.8 19.6 

M.pha(8) 50 428.7 -65.0 cr 24 10.4 31.3 17.1 6.8 48.0 
ex 26 38.0 54.7 48.9 3.8 52.0 

M.sen 20 1153.2 633.7 cr 34 5.2 160.9 42.1 27.2 66.7 
ex 17 218.7 332.6 308.3 24.6 33.3 

M.sen 30 744.3 429.7 cr 25 10.9 84.6 30.4 18.0 48.1 
ex 27 104.8 186.8 161.0 16.6 51.9 

Msen 50 295.3 125.5 cr 26 10.5 33.5 21.4 7.9 44.1 
33 39.3 55.0 48.1 3.8 55.9 

M. dec 10 333.7 4519 cr 20 9.1 293.2 94.9 74.8 37.0 
ex 34 327.0 626.6 523.5 87.8 63.0 

M. dec 20 651.9 420.6 cr 16 13.9 163.5 57.1 38.5 30.2 
ex 37 210.3 341.1 297.4 28.0 69.8 

M. for 50 - ex 48 39.3 52.3 47.3 2.6 100.0 

M. mir 5 ex 50 804.8 804.8 804.8 0.0 100.0 
M- mir 10 - - ex 23 588.9 590.1 589.5 0.3 100.0 

20 - ex 12 263.6 349.7 314,6 27.6 100.0 
30 : : cr 24 157.7 166.9 163.4 2.8 100.0 
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colonies to each mode (Table 1). The different strategies of M mirabilis, 
M. formosa and M. carmabi on one side and of M. pharensis, M. decactis 
and M.senaria on the other are illustrated by Fig. 6. The unimodal 
distribution of the first three species is indicated by one marker per depth 
(Fig. 6). The second group of species shows a bimodal distribution of 
colonies over successive light classes. The two modes are indicated by 
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Figure 6. Mean light (+/- 1 SD, in uMol photons m" s" ) received by colonies in the 
exposed (o) and cryptic (^fractions of the population for six Madracis species over 
their depth range. 

two markers per depth (Fig. 6), representing the exposed and cryptic 
fraction of the population at each depth. The light received by colonies in 
the cryptic fraction (cr), which contains most individuals (Tab. 1), is 
identical between species at the same depth (ANOVA, df = 2, n = 397, F 
= 0.001, p < 0.97) and differs between depths (ANOVA, df = 3, n = 397, 
F = 6.702, p < 0.00), although differences are very small (Fig. 6). The 
light received by colonies in the exposed part of the population (white 
markers in Fig. 6, regular lettering in Tab. 1), is also identical for species 
at the same depth (ANOVA, df = 3, n = 259, F = 1.086, p < 0.37), but 
differs greatly between depths (ANOVA, df = 3, n = 259, F = 467.34, p < 
0.00). In M. decactis the preference for cryptic or exposed positions is less 
obvious compared to the other Madracis species (Tab. 1) since 
approximately half of the colonies is found in the exposed fraction, the 
other half in the cryptic fraction. We found no difference in the light 
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preferences of the brown and the green moiph of M. pharensis (ANOVA, 
df = 1, n = 300, F = 0.073, p < 0.79). 

Light strategies 
In general Madracis species are able to survive over a broad light range, 
but they show strong preference for a subset of the total light range over 
which a species is found. Since some species strive for maximum light 
capture (M. mirabilis, M. formosa, M. carmabi), and because maximum 

Table 2. The relation between morphology (colony relief) and irradiance (PAR) for 6 
Madracis species. 

Species R2 n p-value 
Strategy 1: Species striving for maximum light capture, limited at lower end of depth distribution 

M. mirabilis 0.01 100 0.24 
Strategy I I : Species striving for maximus- light capture , limited at upper end of depth distribution 

At formosa 
M. carmabi 

0.00 

0.03 

55 
50 

0.67 
0.23 

Strategy I I I : Species striving for low light habitats, large depth distribution 

0.37 217 0.00 
0.38 215 0.00 
0.47 100 0.00 

M. pharensis 
M senaria 
M. decactis 

available light depends on depth, such preferred subsets of light values 
depend on depth. Other species prefer a cryptic light regime, which is a 
subset of the light range found at every depth (M. pharensis, M. senaria). 
In the genus Madracis three light strategies in relation to light availability 
emerge: (1) Species strive for maximum light capture and occur above a 
threshold light value. This limits their distribution towards greater depths 
(M. mirabilis). (2) Species strive for maximum light capture but occur 
below a threshold light value. Their distributions are therefore limited to 
the deeper parts (>30m) of the reef slope (M. formosa, M. carmabi). (3) 
Species occur over the entire reef slope in low light habitats (M. 
pharensis, M. senaria). Although positional shifts, from cryptic to 
exposed positions, occur at greater depths (>30m, Fig. 4), the amount of 
light received in these positions is the same at greater depth. (Fig.6). The 
positional shift therefore does not result in increased light capture and 
probably results from: (1) a decrease in the number of positions 3 to 5, 
due a simpler reef morphology at great depths, (2) reduced competition 
for exposed positions at great depths. 
The characterization of a species light strategy is essential if one wants to 
relate a species morphological or ecological characteristics to light. 
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Morphological variation 
The three different light strategies are reflected in the relation between 
colony morphology and light availability (Table 2). There are two main 
strategies. Species that strive for maximum light capture (M. mirabilis, M. 
formosa, M. carmabî) show morphological invariability under different 
light regimes (R" < 0.03), whereas in cryptic species (M. pharensis, M. 
senaria and M. decactis) colony morphology changes in relation with 
light. In the three cryptic species 37-47% of the variation in colony 
morphology is related to the amount of light they receive (Table 2). 
Only in M. decactis and M. pharensis, this change in morphology results 
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Figure 7. Mean colony relief (+ 1 SD) for the exposed (E) and cryptic (C) fractions of 
the population for three Madracis species, including two M. pharensis morphotypes. 
A value near 1 indicates a flat surface, a value near 0 maximum relief. 

in taxonomie problems, because of overlapping species definitions in the 
original species descriptions (Wells 1973a). Here we treat the two, M. 
decactis and M. pharensis, as one morphologically plastic species, with 
the original Latin names indicating the two most dominant morphologies. 
The characterization of M. decactis and M. pharensis as one entity is 
supported by genetical data (Diekmann et al. 2001). 
Our data shows that the use of depth as a proxy for light easily results in 
wrong conclusions. For example, variation in the morphology (i.e. relief) 
of M pharensis and M. senaria does not change with depth (ANOVA, df 
= 3, n = 200, F > 6.702, p > 0.81). The range of light values available at 
one depth is important. Table 3 indicates that colony morphology relates 
to the amount of light that colonies receive, within one depth, on a small 
spatial scale. 
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In the species with a large depth distribution, preferring low light habitats, 
colonies tend to occur in two modes (at positions 1 and 3). The colonies in 
these modes, exposed and cryptic (Fig. 6), in M. pharensis, M.senaria and 
M. decactis differ in colony relief (Fig. 7). The relief in the cryptic 
fraction is always lower (i.e. closer to one) than that in the exposed 
fraction. This difference is significant for all three species (Mann Whitney 
U-test, U > 179, p < 0.011). 

Table 3.Increasing sensitivity to irradiance of M pharensis (morphotypes 1 and 8) and 
M. senaria with increasing depth, expressed as the variation in colony relief explained 
by differences in irradiance received. 

Species M. pharensis 1 M. pharensis 8 Ni. senaria 
depth (m) R2(x100%) p-value R2(x100%) p-value R2(x100%) p-value 

10 26.00 0.000 no data 27.00 0.000 
20 28.00 0.000 31.00 0.000 26.00 0.000 
30 28.00 0.000 28.00 0.000 41.00 0.000 
50 66.00 0.000 68.00 0.000 75.00 0.000 

DISCUSSION 

Light distribution 
Within any depth all light habitats, between the maximum (i.e. 
downcoming) light, described by the extinction coefficient (k'), and 
values near absolute darkness, can be found. With increasing depth, 
surface irradiance fluctuations become damped (Fig. 3) and the spatial 
asymmetry in irradiance pattern decreases. Absolute differences in the 
amount of light received at different positions become small below 30m 
(Fig. 2). The overall reduction in light variability with depth has 
consequences for processes that use changes in light as a temporal cue 
(e.g. timing of reproduction, Van Veghel 1994), as a spatial indication 
(e.g. coral settlement Maida et al. 1994, Mundy and Babcock 1998) and as 
a directional aid (e.g. in determining colony morphology; Muko et al 
2000). 

Small differences in light regimes, e.g. in water transparency, have their 
greatest effect at the deep reef. An extreme example of a zooxanthellate 
reef coral at the lower limit of its depth distribution was a M. pharensis 
colony we observed at a depth of 133m (Vermeij, pers. obs.). With k' 
being -0.063, this species appears to survive at 0.26% surface light. With a 
decrease in transparency, i.e. a small increase in k' of 0.01 (i.e. higher 
extinction value), the depth corresponding to 0.26% surface light moves 
upward with 18.2m. If transparency increases, i.e. k' decreases (0.01), the 
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depth corresponding to 0.26% surface light moves downward 25.1m. Such 
small changes result in a difference in the depth, corresponding to the 
0.26% surface light value, of more than 40m (18.2 +25. lm). The unequal 
difference in depth change, caused by the two respective changes in k', is 
due the exponential decrease of light with depth. The example of our 
deep M. pharensis colony shows that the underlimit of coral species, 
expressed in depth (m), depends on subtle differences in the optical 
conditions of their overlying watercolumn. 
Changes in light variation during the year (Fig. 3) affect the behaviour of 
organisms that use local light intensity to identify suitable habitats for 
settlement (Maida et al. 1994, Mundy and Babcock 1998). The suitability 
of such habitats is partially determined by the minimum amount of light 
needed for survival. This minimum value can only be determined during 
the period light levels reach their yearly minimum values. In the 
Caribbean this occurs in November-December, directly after the 
reproductive period of the majority of coral species (October-November). 
The offspring of these species settles during the yearly minimum in 
irradiance. Recruits that select future habitats based on light quality 
consequently reduce the chance of choosing a death trap, i.e. a habitat 
where light intensity drops below the minimum level to survive later in 
the year. 

Depth = light? 
The data clearly illustrates that the use of depth as a proxy for light can 
result in misinterpretations of the relation between coral species and light. 
Relating morphological/ ecological information to depth is only allowed 
for species that show strict preference for exposed positions (position 1 ), 
growing towards the downcoming light (e.g. M. mirabilis, M. formosa and 
M. carmabi). Furthermore, colonies must be free-standing, i.e. free from 
shading or reflectance by other reef components. For M. pharensis and M. 
senaria depth can not even approximately be used as a proxy for light. 
Analysing the colony morphology (relief) of M.senaria and M. pharensis 
with depth as an indicator of light, would lead to a Type-II error. We 
would conclude that these species have a broad light range given their 
large depth distribution and that their morphology is insensitive to light 
since variation in colony relief is the same at all depths. Both conclusions 
prove to be false. We see that M. pharensis (Fig. 5 and Tab. 1) and 
M.senaria (Tab.l) colonies prefer a restricted light range and are found 
mostly (68±16%, mean ± SD, n = 10) in the lowest light category (5 - 60 
|J,mol photons m"2 s"1). Secondly, the morphology of both M. pharensis 
and M. senaria relates to small scale, isobathic light differences (Tab. 3). 
It is a surprising paradox that the species living over the smallest light 
ranges, have the greatest depth range. 
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A second mistake that is easily made when differences in light strategies 
are not considered can be illustrated using M. mirabilis. This species 
occurs in an absolute light range of 491 uMol photons m"2 s"1 (313-
804uMol photons m"2 s"1), almost seven times wider than that of M. 
pharensis and M.senaria. M. mirabilis survives in a wide light range but 
occurs in a relative restricted depth range of 15m (5-20m), whereas M. 
pharensis and M.senaria occur from 5m till more than 50m. 
The presence of various light strategies shows that a proper determination 
of a species relation to light is essential to understand related aspects in 
the ecology/ morphology of corals. Failure to recognise these strategies 
(Tab. 4) will result in: (1) an underestimation of species light related 
morphological variation and (2) an overestimation of species light 
tolerance. 

Evolutionary implications 
The characterization of corals into separate species is not always easy 
(e.g. Lang 1984) and in Madracis the distinction between M. pharensis 
and M. decactis as different species is debated (e.g. Diekmann 2001). 
They have an overlapping distribution (Vermeij and Bak, submitted) over 
the reef slope. M. decactis has a light strategy close to M. pharensis and 
M. senaria (Strat. III). Approximately half of the M. decactis colonies 

Table 4. Overview light-strategies present within the genus Madracis. 

Strategy Main light preference Distribution on reef Morphology Species 

1 maximum shallow insensitive to light M. mirabilis 

II maximum deep insensitive to light M. formosa 
M. carmabi 

III minimal entire reefslope sensistive to light M. pharensis 
M. senaria 
M. decactis 

prefer exposed positions while the other half is found in cryptic habitats. 
M. decactis becomes rare at 30m and is not often found in deeper reef 
parts. 
Fenner (1993) and Zlatarski and Estalella (1982) state that based on 
morphological similarities at corallite level M. pharensis and M. decactis 
are identical species. Diekmann et al. (2001), analyzing colonies from our 
study site, found no genetic difference between the two species using ITS-
sequences of mDNA. The absence of genetic differentiation indicates that 
M. pharensis and M. decactis form a species-complex. Fenner (1993) 
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suggested that M. pharensis and M. decactis represent two ecomorphs 
with different light preferences. M. pharensis would be the cryptic morph 
and M. decactis would be the morph that prefers exposed positions. This 
is not confirmed by our results. We found many M. decactis in cryptic 
habitats (Fig. 4, 6) which indicates that the phenotype -environment 
match is not as strict as proposed by Fermer (1993). 
Other factors, besides light, that can influence colony morphology in 
corals are water movement (Kaandorp 1999) and sedimentation (Young 
1999). These processes are of minimal importance at our study site 
relative to the role of light (Vermeij and Bak subm). Increased water 
movement would result in more compact growth forms on exposed 
positions, which is opposite to what we observe: high relief (nodular) 
colonies are found at these positions. No relation was found in Curaçao 
(Van Veghel 1994) between morphology and sedimentation due large 
fluctuations in sedimentation rate over both horizontal and vertical scales. 
Also, sedimentation depends on watermovement (Jokiel 1993) and 
therefore can not explain the presence of nodular colonies in both exposed 
as cryptic positions, if such morphology was dependent on the degree of 
sedimentation. 

Moran (1992) shows that developmental systems, such as morphological 
growth patterns, are often flexible enough to establish simple 
polyphenisms if environmental conditions are favorable. However, many 
factors can prevent the evolution of a strict phenotype-environment 
matching. The relative frequencies of the different environments (i.e. 
exposed and ciyptic habitats in our case), the fitness relations of the 
alternative phenotypes in the different environments and the possible cost 
of plasticity, all determine the outcome of this interaction. An increase in 
colony relief relates to increasing light for both M. pharensis and M. 
decactis, suggesting overall morphological sensitivity to light within the 
species-complex (Fig. 7). Selection leads to genetical fixation if each of 
the two phenotypes has a higher fitness in its particular light environment 
(i.e. being flat is more advantageous in ciyptic habitats than a nodular 
morphology and vice versa for exposed habitats) (Moran 1992). The 
isobathic bimodal distribution of the colonies of each species over a light 
range (Fig. 6) can therefore be an onset to speciation (Steams 1992). This 
suggests the possible evolutionary role of light in the formation of new 
coral species. 
We consider therefore M. pharensis and M. decactis as one species whose 
morphological plasticity is related to, but not totally explained by, 
differences in light that colonies receive. 
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In conclusion 
Our results show that variation in light levels caused by reef structural 
complexity at a small spatial scale (1-lOcm) is as important as light 
differences related to depth. Over an isobathic light range, three of six 
species are characterised by bimodal distributions, where one part of the 
population prefers light exposed positions and the other part cryptic low 
light positions. Three different light strategies were found in the genus 
Madracis, which may also characterise the relation between morphology, 
distribution and light availability in other coral species. If differences in 
light strategies are ignored, coral behaviour or dependence on light may 
be misunderstood. We show that light strategies 1 and 2 (colonies striving 
for maximum light capture, colony morphology independent on light) can 
be confused with strategy 3 (colonies in cryptic light habitats, colony 
morphology related to light). Light availability depends on two factors, 
depth and isobathic light variation caused by structural complexity. Each 
of these can be the deciding factor in understanding the morphology and 
distribution of a coral species. In addition, the overall importance of light 
in coral biology is indicated by its possible role in evolutionary processes, 
as shown in the M. pharensis/ decactis species-complex. 
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Chapter 6 

Patterns in fluorescence over a Caribbean reef 
slope: the coral genus Madracis 

Vermeij M.J.A., Delvoye L., Nieuwland G. and R.P.M. Bak 
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ABSTRACT Patterns of fluorescence and colony tissue color were 
studied (field observations and epifluorescence microscopy) in six species 
of the coral genus Madracis over depth from 10 to 60m at a reef slope in 
Curaçao. Two functions showed up: (1) A decrease in number of 
colormorphs (n=25) with depth suggests a photoprotective function where 
short wavelengths (e.g. UV) are transformed to long wavelengths; (2) 
Green fluorescence, observed in four species over their entire depth 
range, transforms light to wavelengths useful for photosynthesis. The 
observed patterns in fluorescence between species did not correspond to 
the current taxonomie classification. Our data do not support the 
usefulness of fluorescence as a taxonomie tool in corals. 

INTRODUCTION 

Color variation and fluorescence in Anthozoa is known since the 1920's 
from sea anemones (Philips, 1927). and currently studied in corals for its 
ecological significance. Although this research is an early stage (Mazel, 
1995; Salih et al. 1998; Hoegh-Guldberg and Jones, 1999), two possible 
functions of the pigments responsible for color and fluorescence have 
come forward. Kawaguti (1944) was the first to suggest their possible 
role as photoprotectants, changing short wavelength radiation (including 
UV light) into long wavelengths, thereby preventing that the former 
damages the organism's tissue. Later, Kawaguti (1969) suggested a 
second function of pigments: transforming short wavelength radiation to 
wavelengths that can be used by zooxanthellae for photosynthesis. This 
function has led to the presence of in particular substances that fluoresce 
greenish (GFP's; Dove et al. 2001) in many coral species. These two 
functions are also reflected in the organization of the pigments at a 
cellular level (Delvoye, 1995, Salih et al. 1998). In shallow water 
pigments are found above the zooxanthellae suggesting a photoprotective 
function, whereas with depth the pigments lie below the zooxanthellae 
where they back scatter light that passed the overlying zooxanthellae-
layer. The two-fold function of fluorescence is therefore found at the 
physiological as well at the cellular level: photoprotection and assistance 
for zooxanthellae photosynthesis (Kawaguti, 1944; Salih et al. 1998). 
Since photoprotection is an important feature in the biology of shallow 
water corals (Jokiel and York Jr., 1982; Jokiel et al. 1997) most of the 
research on the functional role of fluorescence has been on shallow water 
(<10m) corals in the Indo-Pacific receiving high levels of radiation. 
Caribbean corals are found well below this depth (Bak, 1977) and 
maximum coral cover is found at 10-20m where UV-radiation is less 
harmful (Boelen et al. 1999). Green fluorescence is still present at these 
depths and even deeper (>50m; Delvoye, 1995) which suggests that 
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fluorescence in Caribbean corals is mainly determined by its assistant 
function in zooxanthellae photobiology. This is a hypothesis that will be 
investigated in this paper. 
Coral fluorescence and color result from pigments in the coral holobiont, 
either in the coral's tissue (animal pigments) or in the zooxanthellae 
(algal pigments). The presence of green fluorescence is extremely 
consistent over a broad taxonomical range (Delvoye, 1995; Mazel, 1995; 
Salih et al. 1998) and throughout the phylum Cnidaria (Philips, 1927, 
Morin and Hastings, 1971). Tissue color can be highly variable between 
colonies of the same species (Veron, 1995) and has been suggested as a 
taxonomie tool to distinguish between species (Lang, 1984). Color 
distinguishes species in other marine invertebrates such as brittlestars 
(Deheyn and Jangoux, 1999) and sea anemones (Haylor et al. 1984). 
The ecological significance of color variation in corals is unknown and 
tissue color can be a neutral side effect of pigments involved in 
biochemical processes or adaptive to environmental conditions. 
Environmental factors, such as depth, (Haylor et al. 1984; Takabayashi 
and Hoegh-Guldberg, 1995; Nagelkerken and Bak, 1998; Vermeij and 
Bak, submitted A), sedimentation (Gleason, 1998) and light availability 
(Veron, 1995) correlate to a change in color of colonies in several coral 
species. In addition, color variation corresponds to variation in life history 
aspects: regeneration (Nagelkerken and Bak, 1998), reproduction 
(Richmond, 1987, Vermeij et al. submitted B) and growth (Takabayashi 
and Hoegh-Guldberg, 1995). 
The interaction of these factors must be responsible for the large color 
variation that characterizes present day reefs (Veron, 1995, 2000) and 
questions the use of color as a taxonomie tool. 
To study the function and usefulness of tissue color and fluorescence for 
taxonomie purposes we looked at the variation in tissue color in six 
closely related Caribbean coral species of the genus Madracis over a 
60m-depth gradient. The purpose of the research is to investigate: 
(1) The patterns in fluorescence for each species, 
(2) The relation between patterns in tissue color and fluorescence, 
(3) How tissue color and fluorescence correlate with depth. 

MATERIAL AND METHODS 

Samples of six Madracis species {M. mirabilis, M. decactis, M. 
pharensis, M. senaria, M. for mos a, M. carmabi; Wells, 1973a,b; Vermeij 
et al. submitted C) were collected by SCUBA diving from depths 
between 10 m and 60 m at Buoy 1 on the leeward coast of Curaçao, 
Netherlands Antilles (12°05'N, 69°00'W). The samples were transported 
(shaded) to the lab within 30 minutes. They were kept in shaded 
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aquariums with running seawater at the irradiance of the depth of 
collection. Small samples of coral were covered by a coverslip. Seawater 
filled the gap between the sample and the coverslip. Corals were 
examined under epifluorescence with a Leitz Ortholux microscope, 
equipped with a Ploemopak epifluorescence attachment. A 40 x phase 
contrast objective permitted a quick change between epifluorescence and 
phase contrast observation of samples. A HBO-50 Osram high pressure 
mercury lamp in combination with a BG12 and UG5 Schott filter 
(transmission peak value ~ 375 nm) was used as a light source for 
fluorescence observation. A standard photographic attachment or a Sony 
digital camcorder (DCV 900E) could be fitted on the microscope. All 
observations were made at reef ambient temperatures (27 °C) in a 
darkroom. Histological analyses (Vermeij et al. submitted B) showed the 
position of the fluorescent particles and zooxanthellae. 

RESULTS 

No fluorescence was observed in Madracis. mirabilis and M. decactis 
except for the peak at 642nm caused by the fluorescence of chlorophyll-a. 
Green-turquoise fluorescence dominated in colonies of all other species 
independent of depth of collection (Table 1). Light between 420 and 
510nm resulted in maximum excitation intensity. Although orange and 
yellow fluorescence were often observed, these colors resulted from the 
optical mixing of the red chlorophyll-a fluorescence of the zooxanthellae 
and the green fluorescence of the coral host. The emission spectra of 
different species were nearly identical and no relation was found between 
the morphological classification of the genus and patterns in tissue 
fluorescence. Our spectra indicate a range of emitted wavelengths (=512-
620nm) but peaks could be distinguished within this band (Table 1). 
In general two peaks were found in addition to the red (= 642nm) 
fluorescence of zooxanthellate chlorophyll which was found in all 
samples. The first peak has a spectral width between approximately 0 to 
51nm and is found between 520 and 587nm. Not all species are 
characterized by a broad emission spectrum at this peak. M. pharensis 
and M. senaria show no spectrum at all (except for the green M. 
pharensis morph) and emitted light is of one wavelength only. The 
second peak is found between 587 and 620nm with a spectral width 
between 0 and 30nm. We found low variation between colonies of the 
same species at the same depth in the position of peak one and two. 
Generally, intracolonial variation ranged ± 5nm around the begin and 
end-values of the different peaks (Tab. 1). 

In Madracis pharensis, colonies occur in a large number of color 
varieties. At our site we found 25 different colormorphs (Fig. 1). The 
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large variation arises mainly due recombination's of certain fixed 
characteristics, such as the possession of a green coenosarc, gray 
tentacles, green tentacle tips and a red mouth field (Fig. 1). The color 
variation did not necessarily correspond to variation in fluorescence 
pattern (Tab. 1). The M. pharensis morph with gray tentacles (morph no. 
5) possesses a characteristic peak at 560nm compared to all other M. 

^fv ^f*2 ^W ^n* 

Figure 1. The 25 colormorphs of M pharensis at Curaçao, Netherlands Antilles 

(12°N, 69°W). 
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Table 1 Fluorescence of six Madracis species and five color morphs of M pharensis 
collected over a 10-60m depth range (No. refers to colormorph number in Fig. 1; n= 
number of colonies sampled) 

Spectrographic Results 

Madracis species Colour morph No. n Depth 
Fluorescence spectrum (nm) 
Continuum Peak 1 Peak 2 Peak 3 

pharensis 
pharensis 
pharensis 
pharensis 
pharensis 

Brown tissue 
Gray tentacles 
Green with blue intra 
Red ring on intra 
Green tissue 

1 

5 

10 

6 

8 

4 

4 

3 

4 

6 

10 

10 

10 

10 

10 

524-612 

525-616 

525-618 

517-617 

532 

560 

537 

532 

519-570 

590 

590 

590 

590-615 

644 

642 

642 

642 

642 

pharensis 
pharensis 
pharensis 
pharensis 

Brown tissue 
Brown tissue 
Brown tissue 
Brown tissue 

1 

1 

1 

1 

4 

6 

3 

4 

10 

20 

40 

60 

524-612 

524-612 

561-620 

514-614 

532 

533 

587 

535 

590 

590 

609 

587 

642 

642 

642 

642 

pharensis 
pharensis 
pharensis 
pharensis 

Green tissue 
Green tissue 
Green tissue 
Green tissue 

8 

8 

8 

8 

6 

6 

6 

6 

10 

20 

40 

60 

517-617 

517-617 

517-623 

517-617 

520-570 

520-570 

520-570 

520-570 

590 

590 

590-620 

590 

644 

644 

644 

644 

carmabi 
carmabi -

4 

4 

20 

40 
512-620 

512-615 

520-555 

519-557 

590 

590 

642 

642 

senaria - 4 10 512-615 519-559 590 642 
senaria -- 2 20 512-620 520-558 590 642 
senaria - 3 40 527-616 561 587-616 642 
senaria - 4 60 512-615 559 590 642 

formosa 
formosa -

5 

4 

40 

60 

522-623 

525-616 534 575 

644 

644 

decactis 
decactis 

- 5 

5 

20 

30 
-

: 
- 642 

642 

mirabilis 
mirabilis 

- 5 

5 

10 

20 
- - -- 642 

642 

Other coral species 
Agaricia undata 
Agaricia agaricites 
Montastrea cavernosa 
Montastrea cavernosa 

1 60 

1 40 

2 60 

515-620 

508-620 

510-623 

515-620 

644 

642 

644 

593 642 

pharensis morphs at 10m. The morph with a red ring on its mouthfield 
(morph no. 6) does not possess a second peak and the green morph 
(morph no. 8) possesses a broad emission range around the position of 
peak l(Tab. 1). The structures that are yellow to green under visible light, 
such as the yellow mouths or green tissue color (Fig. 1), corresponded to 
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areas with the high intensity of (green) fluorescence. Different 
distributions of the green-fluorescent substance therefore, at least 
partially, contribute to the large number of color varieties in M. 
pharensis. The number of color varieties decreased with depth (Fig. 2). 
Although the decrease with depth is highly significant (R2= 0.91, p= 0.03, 
n= 5), a stronger relation showed up between the number of color 
varieties and the maximum light (PAR, 400-700nm) available at that 
depth (R2= 0.99, p= 0.0006, n= 5). Although we found no differences 

30 

25 

"c" m 2o 
Q. 
0 15 

1 10 
o 

5 
FT = 0.97 

0 

0 10 20 30 40 50 60 70 

Depth (m) 

500 1000 1500 2000 

Figure 2. Decrease in number of colormorphs in relation to depth and irradiance 

between species or depths in fluorescence patterns, the brightness of the 
green fluorescence increased with depth. Our experimental setting did not 
allow measurements on the intensity of coral fluorescence. However, 
subjective comparisons between pictures taken under standardized 
circumstances of colonies collected at different depths support the 
observation that fluorescence intensity increases with depth (Fig. 3). 
Histological examination revealed that the layer consisting of fluorescent 
substances was positioned below the layer of zooxanthellae in the corals 
endoderm. This structural organization was found for two other coral 
species (Montastraea cavernosa, Scolymia cubensis) whose fluorescence 
was additionally studied for comparative purposes. The position of the 
fluorescent layer under the zooxanthellae increases the amount of light 
that zooxanthellae receive by wave-length transformation and back-
scattering. Another strategy is found for three Agaricid species (A. 
undata, A. lamarcki, A. agaricites) where the layer with zooxanthellae is 
found below the fluorescent layer. 
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DISCUSSION 

Fluorescence: to protect or to serve? 
Recent quantitative studies describe two possible roles of fluorescence: 
improvement of photosynthesis (Schlichter, 1990; Schlichter et al. 1994) 
and photoprotection (Salih et al. 1998). The majority highlights the 
supportive role of fluorescence in coral photosynthesis (Schlichter et al. 
1986; Schlichter and Fricke, 1991; Schlichter et al. 1994) rather than its 
photo-protective role (Salih et al. 1998). Also for our Madracis species 
fluorescence is related to the photosynthesis of the coral holobiont rather 
than to photoprotection because of several reasons. 
Firstly, UV-protection plays a more important role for corals in the 
Pacific than in the Caribbean since they grow in high irradiance 
environments on shallow reefs. Such reef systems are rare in Curaçao 
where coral cover gradually increases with depth with a maximum at 20-
25m for Madracis (Vermeij and Bak, submitted A). This depth 
corresponds to the maximum depth to which harmful UV-radiation 
penetrates in tropical reef waters (Boelen et al. 1999). Therefore, most 
colonies are in a position where they do not receive harmful doses of UV-
radiation. 

Figure 3. Increase in green fluorescence with depth in morphotype 1 of M pharensis 
(brown morph) 

Secondly, Madracis mirabilis and M. decactis, two species that are 
generally found at well lit positions between depths of 5 and 15m, are the 
only two Madracis species that show no fluorescence. This observation is 
corresponds to data from Barbados and Bermuda (Logan et al. 1990). The 
presence of Madracis colonies at relative deep positions (>30m) on the 
reef and the absence of fluorescence in the two shallow water species, M. 
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mirabilis and M. decactis, suggest no functional role of fluorescence for 
photoprotective purposes. 
Thirdly, supporting this hypothesis is the position of the zooxanthellae 
above the fluorescent layer. The position of the zooxanthellae above the 
fluorescent layer (contrary to the Agaricids) is useless if this layer has a 
protective function since symbiotic dinoflagellate algae are damaged by 
UV radiation (Calkins and Thordardottir, 1980). 
The green fluorescence is present in all Madracis species (except M. 
mirabilis and M. decactis) and other coral species we studied (Tab. 1: 
Montastraea cavernosa, Agaricia undata, Pers. obs.: Scolymia cubensis, 
A. agaricites, A. lamarcki), but also in many other coral species (Logan et 
al. 1990; Schlichter et al. 1994; Mazel, 1995; Manica and Carter, 2000). 
The emission wavelengths depend on the excitation wavelength used 
(365-410nm), but generally ranges between 430nm and 590nm 
(Schlichter et al. 1994; Mazel, 1995). For Madracis, we found emission 
values ranging between approximately 512 and 620nm. It is very difficult 
to translate the emission peaks directly to the pigments involved. Shifts in 
the position of the emission peaks are caused by small changes in the 
chemical environment of fluorescent molecules (e.g. pH; Mazel, 1995) 
and by the native state of the pigment (Titlyanov et al. 1998). The only 
way to effectively compare fluorescence data therefore requires a 
standard protocol to describe and measure coral fluorescence. 
Peridinin, an important accessory pigment in dinoflagellates, such as 
zooxanthellae (Dring 1982) has a maximum absorbance in the 500-
560nm range, depending on the native state of the pigments (Titlyanov et 
al. 1980). Peridinin can transfer the absorbed radiant energy that is 
backscattered from the fluorescent layer underlying the zooxanthellae 
onto chlorophyll-a with an efficiency of approximately 100% (Song et al. 
1976). This suggests that fluorescence in Madracis has a supportive 
function in the photosynthesis of the coral holobiont. 

Fluorescence and coral tissue color 
The presence of a large number of colormorphs in M. pharensis is not 
reflected in different fluorescence patterns. In some morphs color 
differences corresponded to variations in the overall fluorescence pattern 
although for other colormorphs fluorescent patterns were identical (Table 
1). Colors that appeared green and yellow to the eye in situ corresponded 
to the presence of the green fluorescent particles in the coral tissue. The 
various spots where green and yellow coloration was observed suggest 
variable production or rearrangement of fluorescent particles in different 
regions in the coral's tissue. 
Other colors that were observed (red, blue, pink, white) were not related 
to fluorescent substances in the coral. Fluorescence of the substances 
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related to these colors can however occur if different excitation 
wavelengths are used (Mazel, 1995). Indeed, an experiment using a 
standard black-light (PHILIPS 4W/08 F4 T5/BLB) resulted in bright 
orange fluorescence in one M. pharensis colormorph (red circle around 
the oral area, see Fig. 1). This indicates that if only one excitation 
wavelength is used, fluorescence of some substances remains unseen. 
The strong relation between the decreasing number of colormorphs with 
decreasing light, PAR and UV, (Fig. 3) suggests that the pigments 
responsible for these colors are involved in photoprotection (Jokiel and 
York Jr., 1982). Green fluorescent particles should provide the optimal 
wavelengths for the pigments involved in photosynthesis, e.g. peridinin, 
which are conservative in nature. Transforming UV-radiation to light of 
higher wavelengths is not subjected to such restrictions: as long as the 
UV-light is transformed to longer wavelengths, the organism benefits. 
Green fluorescence (i.e. photosynthetic fluorescence) is therefore more 
conservative than the fluorescence involved in the protection against UV-
radiation. Through time mutations are therefore likely to result in more 
photoprotective fluorescent pigments, resulting in a large number of M. 
pharensis colormorphs whereas photosynthetic fluorescence has only 
one: the green fluorescence. The universal nature of the photosynthetic 
apparatus has resulted in the presence of an identical green fluorescence 
in a large number of coral species (Logan et al. 1990; Schlichter et al. 
1994; Mazel, 1995; Manica and Carter, 2000). 

Taxonomie implications 
The use of fluorescence for taxonomie purposes has been suggested more 
than 40 years ago (Catala-Stucki, 1959). The usefulness of this approach 
has recently been investigated for the Montastraea annularis species 
complex (Manica and Carter, 2000). The Montastraea morphotypes 
showed to be highly heterogeneous in fluorescent characteristics which 
could not be used to separate the species (Manica and Carter, 2000). In 
Madracis the separation of M. decactis and M. pharensis as different 
species is currently debated (Fenner, 1993, Vermeij and Bak, submitted 
A, Vermeij and Bak, in press). No genetic difference was found between 
these two species by Diekmann et al. (2001). However, M. decactis does 
not show any fluorescence in contrast to M. pharensis. We do not think 
this difference is enough to distinguish the two as different species. We 
relate the difference in fluorescence to the different habitat preferences of 
the two species/morphs [Vermeij and Bak, in press). M. decactis 
generally occurs in well lit positions on the reef whereas M. pharensis 
colonies occur in cryptic environments. The difference in light received is 
compensated by the higher photosynthetic efficiency of M. pharensis 
caused by the possession of green fluorescence. The only other species, 
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M. mirabilis, that lacks fluorescence also shows preference for well lit 
locations on the shallow reef (<15m). This suggests that green 
fluorescence has developed in relation to ecological factors, i.e. light 
intensity. Consequently, fluorescence can only be used for taxonomie 
puiposes if the species involved do not occur in multiple (light) habitats. 
The M. pharensis/ decactis species complex occurs in cryptic and 
exposed positions and therefore fluorescence can not be used to 
distinguish between the two beyond the level of (eco)morphs. All other 
Madracis species show identical fluorescence patterns with no diagnostic 
features. 
We conclude that the two functions of fluorescence, photoprotection and 
enhancement of photosynthesis, are both found in the genus Madracis. 
The first function is based on the decreasing number of colormorphs with 
depth and needs further study. The second function is found in all species, 
except those that occur on well lit positions on the reef, i.e. M. decactis 
and M. mirabilis. Fluorescence patterns do not correspond to the 
taxonomie classification of the genus. 

Acknowledgements. We thank the Carmabi Foundation for logistic support. 

Chapter 6 Fluorescence in Madracis 105 



CITED LITERATURE 
Bak RPM (1977) Coral reefs and their zonation in the Netherlands Antilles. Stud Geol 

4:3-16. 
Boelen P, Obernosterer I, Vink AA and Buma AGJ (1999) Attenuation of biologically 

effective UV radiation in tropical Atlantic waters measured with a biochemical 
DNA dosimeter. Photochemistry and Photobiology 69: 34-40, 1999. 

Calkins J and Thordardottir T (1980) The ecological significance of solar UV 
radiation on aquatic organisms. Nature (London) 283: 563-566. 

Catala-Stucki R (1959) Fluorescence effects from corals irradiated with ultra-violet 
rays. Nature 183: 949. 

Deheyn D and Jangoux M (1999) Colour varieties as sibling species in the 
polychromatic ophiuroid Amphipholis squamata (Echinodermata): Evidence 
from inheritance of body color and luminescence characters. Jour Exp Mar 
Biol Ecol 234: 219-234. 

Delvoye L (1995) The histological basis of tissue fluorescence in the hermatypic coral 
Agaricia agaricites (Linnaeus, 1758). Proc 6th Int Conf Coelent Biol 143-150. 

Diekmann OE, Bak RPM, Stam WT and Olsen JL (2001) Molecular genetic evidence 
for reticulate speciation in the coral genus Madracis from a Caribbean fringing 
reef slope. Mar. Biol. 139(2): 221-233. 

Dove SG, Hoegh-Guldberg O and Ranganathan S (2001 ) Major color patterns of reef-
building corals are due a family of GFP-like proteins. Coral Reefs 19- 197-
204,2001. 

Dring MJ (1982) The biology of marine plants. Edward Arnold, London, UK. 
Fenner DP (1993) Species distinctions among several Caribbean stony corals Bull 

Mar Sc 53: 1099-1116. 
Gleason DF (1998) Sedimentation and distributions of green and brown morphs of the 

Caribbean coral Pontes astreoides Lamarck. Jour Exp Mar Biol Ecol 230' 73-
89. 

Haylor GS, Thorpe JP and Carter MA (1984) Genetic and ecological differentiation 
between color morphs of the common intcrtidal sea anemone Actinia equina. 
Mar Ecol Prog Ser 16: 281 -289. 

Hoegh-Guldberg O and Jones RJ (1999) Photoinhibition and photoprotection in 
symbiotic dinoflagellates from reef-building corals. Mar Ecol Prog Ser 183' 
73-86. 

Jokiel PJ and York RH Jr.(1982) Solar ultraviolet photobiology of the reef coral 
Pocillopora damicornis and symbiotic zooxanthellae. Bull Mar Sc 32' 301-
315. 

Jokiel PL, Lesser MP and Ondrusek ME (1997) UV-absorbing compounds in the 
coral Pocillopora damicornis: Interactive effects of UV radiation, 
photosynthetically active radiation, and water flow. Limnol Ocean 42' 1468-
1473. 

Kawaguti S (1944) On the physiology of corals. VI. Studies of the pigments. Contr 

Palao Trop Biol Station 2: 616-673. 
Kawaguti S ( 1969) The effect of green fluorescent pigment on the productivity of the 

reef corals. Micronesia 5: 313. 
Lang JC (1984) Whatever works: the variable importance of skeletal and of non-

skeletal characters in scleractinian taxonomy. Paleont Am 54: 18-44. 
Logan A, Halcrow K. and Tomascik T (1990) UV excitation-fluorescence in polyp 

tissue of certain scleractinian corals from Barbados and Bermuda Bull Mar Sc 
46:807-813. 

Chapter 6 Fluorescence in Madracis \ Qg 



Manica A and Carter RW (2000) Morphological and fluorescence analysis of the 
Montastrea annularis species complex in Florida. Mar Biol 137: 889-906. 

Mazel CH (1995) Spectral measurements of fluorescence emission in Caribbean 
cnidarians. Mar Ecol Prog Ser 120: 185-191. 

Morin JG and Hastings J (1971) Biochemistry of the bioluminescence of colonial 
hydroids and other coelenterates. Jour Cell. Physiol 77: 313-318. 

Nagelkerken I and Bak RPM (1998) Differential regeneration of artificial lesions 
among sympatric morphs of the Caribbean corals Pontes astreoides and 
Stephanocoenia michelinii. Mar Ecol Prog Ser 163: 279-283. 

Philips CES (1927) Fluorescence of sea anemones. Nature 119: 747. 
Richmond RH (1987) Energetics, competency, and long-distance dispersal of planula 

larvae of the coral Pocillopora damicornis. Mar Biol 93: 527-533. 
Salih A, Hoegh-Guldberg O and Cox G (1998) Photoprotection of Symbiotic 

Dinoflagellates by Fluorescent Pigments in Reef Corals. 217-230 in 
Greenwood JG and Hall NJ eds Proc. Austr Coral Reef Soc 75th Anniversary 
Conference, Heron Island October 1997. School of Marine Science, The 
University of Queensland, Brisbane. 

Schlichter D (1990) Coral host improves photosynthesis of endosymbiontic algae. 
Naturwissenschaften 77: 447-450. 

Schlichter D and Fricke HW (1991) Mechanisms of amplification of 
photosynthetically active radiation in the symbiotic deep-water coral 
Leptoserisfragilis. Hydrob 216/217: 389-394. 

Schlichter D, Fricke HW and Weber W (1986) Light harvesting by wavelength 
transformation in a symbiotic coral of the Red Sea twilight zone. Mar Biol 91: 
403-407. 

Schlichter D, Meier U and Fricke HW (1994) Improvement of photosynthesis in 
zooxanthellate corals by autofluorescent chromatophores. Oecologia 99: 124-
131. 

Song PS, Koka P, Prezelin BB and Haxo FT (1976) Molecular topology of the 
photosynthetic light-harvesting pigment complex, peridinin-chlorophyll a-
protein, from marine dinoflagellates. Biochemistry 15: 4422-4427. 

Takabayashi M and Hoegh-Guldberg O (1995) Ecological and physiological 
differences between two color morphs of the coral Pocillopora damicornis. 
Mar Biol 123:705-714. 

Titlyanov EA, Shaposhnikova MG and Zvalinskii VI (1980) Photosynthesis and 
adaptation of corals to irradiance: 1. Contents and native states of 
photosynthetic pigments in symbiotic microalga. Photosynthetica 14: 413-421. 

Titlyanov EA, Titlyanova TV, Loya Y and Yamazato K (1998) Degradation and 
proliferation of zooxanthellae in planulae of the hermatypic coral Stylophora 
pistillata. Mar Biol 130: 471-477. 

Vcrmeij M.JA. and Bak.RPM (Submitted a) Species-specific population structure of 
closely related coral morphospecies along a depth gradient (5-60m) over a 
Caribbean reef slope. Bull Mar Sc. 

Vermeij MJA, Sampayo EM, Broker K and Bak RPM (Submitted b) Taxonomie 
patterns in reproductive ecology of closely related coral species: 
gamctogenesis in Madracis. Coral Reefs. 

Vermeij MJA, Dickmann OE and Bak RPM (Submitted c) A new species of 
Sclcractinian coral (Cnidaria, Anthozoa), Madracis carmabi n.sp. from the 
Southern Caribbean. Bull Mar Sc. 

Chapter 6 Fluorescence in Madracis 107 



Vermeij MJA and Bak RPM (In press) How are coral populations structured by light? 
Marine light regimes and the distribution of Madracis. Mar Ecol Prog Ser. 

Veron J E N (1995) Corals in space and time. Cornell University Press. 
Veron JEN (2000) Corals of the World. Australian Institute of Marine Science, 

Townsville, Australia. 

Chapter 6 Fluorescence in Madracis 108 



Chapter 7 

Three-dimensional morphological analysis of 
growth forms of Madracis mirabilis (preliminary 

results) 

Vermeij M.J.A., Kaandorp J.A., Bak R.P.M, and L.E.H. Lampmann 

Chapter 7 Three dimensional analysis of growth forms 109 



In the previous section (pp. 77-86 in Kaandorp and Kuebler, 2001) the 
morphological analysis of two-dimensional images of growth forms of 
the three species, collected along environmental gradients, was discussed 
in detail. The morphological analysis only partly works using two-
dimensional images; for complex-shaped growth forms with many 
overlapping branches, as shown in Figure 1, a two-dimensional analysis 
fails and a three-dimensional analysis is required. In this section we will 
present some preliminary results on how similar methods, as discussed in 
the previous section (pp. 77-86 in Kaandorp and Kuebler, 2001), can be 
extended towards a three-dimensional analysis. Since a complete set of 
measurements is not yet available (will be described in Vermeij et al. in 
prep.), we will focus on the three-dimensional data acquisition and give a 
short description of the thinning procedure, the construction of 
morphological skeletons, and the measurements based on these skeletons, 
for the three-dimensional case. 

Figure 1. Original images of CT scans of Madracis mirabilis (a and c) with 
corresponding images generated with a surface rendering technique (b and d). (a and 
b) represents a shallow water (10m) growth form of Madracis mirabilis and (c and d) 
a deep water morph (30m). 
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Figure 2. Visualization of a branching object, tessellated with a triangulated mesh. (b). 
The object in (a) is mapped onto a discrete solid representation in a S144A3$ lattice, 
(c). The morphological skeleton is constructed using the lattice representation in (b). 
(d). The junctions, displayed in green, are determined in the skeleton and can be used 
to calculate branching angles, (e). At four of the branching points of the 
morphological skeleton maximum spheres are constructed; the radius of each sphere 
gives an estimation of the thickness of the branching object. 
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For the morphological analysis we have looked at growth forms of the 
stony coral Madracis mirabilis (Figure la,b,c,d). For the three-
dimensional data acquisition we have used X-ray CT (Computed 
Tomography) scanning techniques. The CT scan data was stored in 
DICOM format (a general data format used for medical images). The CT 
scan data consists o f 5 1 2 x 5 1 2 x Z (we used z= 50) three-dimensional 
pixels, the so-called "voxels". The slice thickness of the CT scan data is 
2.5 mm in the XY-direction. Each voxel represents a density value 
between 0 and 2A12, where 0 is the lowest density (the air around the 
coral skeleton), while high values indicate the calcium carbonate of the 
coral skeleton. Within the coral skeleton these density values vary (see 
Figure la,c); in a number of cases, growth layers within the skeleton can 
be distinguished using these density variations. In Figure lc and d two 
images are shown of CT scans of the Madracis mirabilis growth forms 
shown in Figure la and b. In this figure the data sets are visualized using 
a volume rendering (see Upson, 1991). In this figure all density values, 
including those for some of the surface structures (for example corallites), 
are visualized. The same technique can be used to visualize density 
variations in the skeleton, showing growth layers in sections through the 
data set. The surface rendering in Figure lb and d was constructed with 
the marching cube technique discussed in Lorensen and Cline (1987). 
The surface is constructed, approximately, at the boundary between air 
and the calcium carbonate skeleton of the coral. With this technique, 
using the original data set of 512 x 512 x z voxels, an image is 
reconstructed with an equal resolution in X, Y, and Z directions (see for 
details Schroeder et al. 1997). In these images only the surface of the 
coral is visualized, without any surface structures such as corallites. On 
the voxels representing the surface of the corals a triangulated mesh was 
constructed using this surface rendering technique. This triangulated 
surface representation can be used to map the form onto a lattice of 512A3 
voxels, with an equal resolution in the X, Y, and Z directions. An 
example is shown of a simple branching object, which is visualized using 
a surface rendering technique where the surface is tessellated with a 
triangular mesh. Figure 2b is obtained by mapping the object shown in 
Figure 2a onto a 144A3 lattice. The original surface is now converted into 
a solid and discrete lattice representation. This three-dimensional lattice 
representation of the branching object corresponds to the two-
dimensional discrete images used in the previous section (pp. 77-86 in 
Kaandorp and Kuebler, 2001),where a voxel in the state T represents the 
object, while a voxel in state '0' represents the environment. This lattice 
representation can be used as the input data set for a three-dimensional 
version of the thinning algorithm applied in the previous section (pp. 77-
86 in Kaandorp and Kuebler, 2001). An overview of three-dimensional 
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thinning techniques can be found in Jonker and Vossepoel (1995). In 
theory these techniques construct the medial axis or medial plane in a 
three-dimensional object. Figure 2c shows a slice made through a lattice 
obtained by mapping the surface shown in Figure 2a onto a 512A2 lattice. 
For every point in the coral, the shortest distance to the environment, is 
measured by constructing a sphere in every voxel in the coral, which is 
extended until the surface of the sphere reaches the exterior of the coral. 
The radius of this sphere is used to estimate the shortest distance from 
eveiy coral voxel to the environment. 
The medial axis can now, as in the two-dimensional case, be defined as a 
curve connecting the local maxima in the three-dimensional "distance 
map". In three dimensions the ridge of local maxima might be arranged 
along an axis (for example when thinning a cylindrical object) or consist 
of a plane of maxima (for example when thinning a flattened object). 
Slices of the discrete representation, obtained by mapping the surface 
shown in Figure, lb onto a 512A3 lattice at respectively the level j = 151$ 
(a) and j = 251$ (b), approximately through the middle of the colony are 
shown in Figure 3. 
The color gradient indicates, for every point in the coral, the shortest 
distance to the environment. Blue indicates the points which are relatively 
close to the environment, while the white points are more remote from 
the environment. In Figure. 2c the morphological skeleton of the solid 
object shown in Figure 2a. is constructed by applying the thinning 
algorithm described by Tsao and Fu (1981). As in the measurements done 
in section (pp. 77-86 in Kaandorp and Kuebler, 2001), this skeleton can 
used to measure several morphological properties, such as the thickness 
of branches and the determination of branching points, branching angles, 
branch spacing etc. In the next stage, shown in Figure 2d, the branching 
points (junctions) are determined in the skeleton. In Figure 2e the result 
of Figure 2d, is used to construct maximum spheres, where the centers of 
the spheres are located at the branching points in the morphological 
skeleton. The radius of these spheres gives an estimation of the maximal 
thickness of the branches and corresponds to the da measure discussed in 
section (pp. 77-86 in Kaandorp and Kuebler, 2001). The thinning 
algorithm described by Tsao and Fu (1981)gives reasonable results for 
relatively simple branching objects as shown in Figure 2a. One of the 
major pitfalls in many of the thinning techniques, for example in the 
algorithm applied above, is the generation of new branches due to small 
perturbations at the surface of the object. This phenomenon is 
demonstrated in Figure 4. A morphological skeleton consists of one 
medial axis, and in Figure 4 the addition of a small perturbation results in 
the formation of a new side branch. Especially for large three-
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Figure 3. Distance of the various positions in the colony of the Madracis mirabilis 
colony from (Fig lb) to the environment are visualized by a color gradient. The slices 
at j= 151$ (a) and j= 215$ (b) are shown. 

dimensional objects, such as the three-dimensional lattice representation 
of the object shown in Figure lb, the result is a highly complex ("bushy") 
skeleton. For practical measurements this complicated structure is 
virtually useless. In a forthcoming paper (Vermeij et al. in prep.), we are 
planning to analyze three-dimensional data sets obtained from CT scans 
of various Madracis species by using an improved version of the thinning 
technique, producing less "bushy" skeletons which are more suitable for 
carrying out measurements such as those shown in Figure 4. 

Figure 4. Morphological skeleton resulting from applying the thinning procedure to 
the three-dimensional lattice representation of the coral shown in Figure lb. 
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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. 
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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. 

Acknowledgements. We thank the Carmabi Foundation for logistical support and 
facilities. We are grateful for practical assistance and advise from Dr. M. van Veghel 
and Drs. L. Delvoye. G. Nieuwland, J. Smelt and I. de Vries helped with the 
collection of planulae and the histological work. 

Chapter 8 Gametogenesis 135 



CITED LITERATURE 
Bak RPM (1977) Coral reefs and their zonation in the Netherlands Antilles 

Stud.Geol.4: 3-16. 
Bak RPM and Engel MS (1979) Distribution, abundance and survival of juvenile 

hermatypic corals (Scleractinia) and the importance of life history strategies 
in the parent coral community. Mar Biol 54: 341-352. 

Bak RPM and Criens S (1982) Survival after fragmentation of colonies of Madracis 
mirabilis, Acropora palmata and A. cervicornis (Scleractinia) and the 
subsequent impact of a coral disease. Proc 4th Int Symp Coral Reefs Manila 
(2): 221-227. 

Beccrro MA, Uriz MJ and Turon X (1997) Chemically-mediated interactions in 
benthic organisms: the chemical ecology of Crambe crambe (Porifera, 
Poecilosclerida). Hydrobiologia 355:77-89. 

BenDavidZaslow R and Benayahu Y (1998) Competence and longevity in planulae of 
several species of soft corals. Mar Ecol Prog Ser 163:235-243. 

Bruno JF (1998) Fragmentation in Madracis mirabilis (Duchassaing and Michelotti): 
How common is size-specific fragment survivorship in corals? Jour of Exp 
Mar Biol Ecol 230(2): 169-181. 

Coll JC, Leone PA, Bowden BF, Carroll AR, König GM, Hcaton A, Denys R, Maida 
M, Alino PM, Willis RH, Babcock RC, Florian Z, Clayton MN, Miller RL and 
Alderslade PN (1995) Chemical aspects of mass spawning in corals .2. (-)-
Epi-thunbergol, the sperm attractant in the eggs of the soft coral Lobophytum 
crassum (Cnidaria: Octocorallia). Mar Biol 123:137-143. 

Danilowicz BS (1995) The role of temperature in spawning of the damselfish 
Dascyllus albisella. Bull Mar Sc 57(3): 624-636. 

Delvoye L (1988) Gametogenesis and gametogenic cycles in Agaricia agaricites (L) 
and Agaricia humilis Verrill and notes on gametogenesis in Madracis 
mirabilis (Duchassaing & Michelotti) (Scleractinia). Found Scientific Res Sur 
Ncth Ant 123:101-134. 

Diekmann OE, Bak RPM, Stam WT and Olsen JL (2001) Molecular genetic evidence 
for reticulate speciation in the coral genus Madracis from a Caribbean fringing 
reef slope. Mar Biol 139(2): 221-233. 

Duyl FC van (1985) Atlas of thee living reefs of Curacao and Bonaire(Netherlands 
Antilles). Found Scientific Res Sur Neth Ant, 37pp. 

Fadlallah YH (1983) Sexual reproduction, development and larval biology in 
scleractinian corals.A review. Coral Reefs 2:129-150. 

Fcnner DP (1993) Species distinctions among several Caribbean stony corals Bull 
Mar Sc 53:1099-1116. 

Fromont .1 (1994) Reproductive development and timing of tropical sponges (order 
Haplosclerida) from the Great Barrier Reef, Australia. Coral Reefs 13' 127-
133. 

Glynn PW, Gassman NJ, Eakin CM, Cortes J, Smith DB and Guzman HM (1991) 
Reef coral reproduction in the eastern Pacific: Costa Rica, Panama, and 
Galapagos Islands (Ecuador). I. Pocilloporidae. Mar Biol 109:355-368. 

Grime JP (1979) Plant strategies and vegetation processes. John Wiley and sons, 
Ltd.Chichester-New York-Brisbane-Toronto. 216pp 

Harrigan JF (1972) The planulae of Pocilloporia damicornis: Lunar periodicity of 
swarming and substratum selection behaviour. Thesis, University of Hawaii, 

Chapter 8 Gametogenesis 136 



Harrison PL and Wallace CC (1990) Reproduction, dispersal and recruitment of 
scleractinian corals. In: Dubinsky Z ed Ecosystems of the world 25. Coral 
Reefs. Elsevier, Amsterdam, p 133-208. 

Hatta M, Fukami H, Wang WQ, Omori M, Shimoike K, Hayashibara T, Ina Y and 
Sugiyama T (1999) Reproductive and genetic evidence for a reticulate 
evolutionary history of mass-spawning corals. Molecular Biology and 
Evolution 16:1607-1613. 

Hellberg ME ( 1996) Dependence of gene flow on geographic distance in two solitary 
corals with different larval dispersal capabilities. Evolution 50:1167-1175. 

Knowlton N and Jackson JBC (1993) Inbreeding and outbreeding in marine 
invertebrates. Univ Chicago Press. 

Knowlton N, Weil E, Weigt LA and Guzman HM (1992) Sibling Species in 
Montastraea annularis, coral bleaching, and the coral climate record. Science 
255:330-333. 

Kojis BL and Quinn NJ (1981) Reproductive strategies in four species of Porites 
(Scleractinia). The Reef And Man Proc.4th Int Cor Reef Symp 2:145-151 

Kruger A and Schleyer MH (1998) Sexual reproduction in the coral Pocillopora 
verrucosa (Cnidaria, Scleractinia) in KwaZulu-Natal, South Africa. Mar Biol 
132:703-71.0 

Lewis JB (1974) The settlement behaviour of planulae larvae of the hermatypic coral 
Favia fragum (Esper). Jour Exp Mar Biol Ecol 165-172. 

IMcGuire MP (1998) Timing of larval release by Porites astreoides in the northern 
Florida Keys. Coral Reefs 17:369-375. 

Miller RL (1985) Sperm chemo-orientation in the metazoa. In: Metz Jr CB and 
Monroy A eds Biology of Fertilization. Academic Press, New York, p 275-
337. 

Nagelkcrken 1 and Bak RPM (1998) Differential regeneration of artificial lesions 
among sympatric morphs of the Caribbean corals Porites astreoides and 
Stephanocoenia michelinii. Mar Ecol Prog Ser 163:279-283. 

Nagelkerken I, Bouma S, van de Akker S and Bak RPM (2000) Growth and 
survivalof unattached Madracis mirabilis fragments transplanted to different 
reefsites and the implication for reef rehabilitation. Bull Mar Sc 66(2): 497-
505. 

Pakker H, Breeman AM, Vanreine WFP and C Vandenhoek (1995) A comparative 
study of temperature responses of Caribbean seaweeds from different 
biogeographic groups. Jour Phycology 31(4): 499-507. 

Potts DC and Garthwaite RL (1991) Evolution of reef-building corals during periods 
of rapid global change. Proc 4th Int Cong on Systematic and Evol Biol 1:170-
179. 

Reutter MA, Szmant FA and Riggs L (1983) Lunar cycles of gametogenesis and 
planulation in the scleractinian coral Favia fragum (Esper). Proc Assoc Isl 
MarLabCaribb 17: 

Richmond RH (1988) Competency and dispersal potential of planula larvae of a 
spawning versus a brooding coral. Proc 6th Int Coral Reef Symp, Townsville, 
Australia 2: 827-831. 

Richmond RH and Hunter CL (1990) Reproduction and recruitment of corals: 
comparisons among the Caribbean, the Tropical Pacific, and the Red Sea. Mar 
Ecol Prog Ser 60:185-203. 

Rinkevich B and Loya Y (1979a) The reproduction of the Red Sea coral Stylophora 
pistillata. I.Gonads and planula. Mar Ecol Prog Ser 1: 133-144. 

Chapter 8 Gametogenesis 137 



Rmkevich B and Loya Y (1979b) The reproduction of the Red Sea Coral Stylophora 
pistillata. II: Synchronization in breeding and seasonality of planula shedding 
Mar Ecol Prog Ser 1:145-152. 

Samoilys MA (1997) Periodicity of spawning aggregations of coral trout 
Plectropomus leopardus (Pisces: Serranidae) on the northern Great Barrier 
Reef. Mar. Ecol. Prog. Ser.160: 149-159. 

Shlesinger Y, Goulet TL and Loya Y (1998) Reproductive patterns of scleractinian 
corals in the northern Red Sea. Mar Biol 132:691-701. 

Stearns SC (1992) The evolution of life histories. Oxford University Press Oxford 
249p. 

Szmant AM (1986) Reproductive Ecology of Caribbean reef corals. Coral Reefs 5-
43-54. 

Szmant-Froelich A, Riggs L and Reutter M (1985) Sexual reproduction of Favia 
Fragum (Esper): Lunar patterns of gametogenesis, embryogenesis and 
plantation in Puerto Rico. Bull Mar Sei 37: 880-892. 

Takabayashi M and Hoegh Guldberg (1995) Ecological and physiological differences 
between two colour morphs of the coral Pocillopora damicornis Mar Biol 
123:705-714. 

Tanner JE (1996) Seasonality and lunar periodicity in the reproduction of Pocilloporid 
corals. Coral Reefs 15:59-66. 

Van Moorsei GWNM (1983) Reproductive strategies in two closely related stony 
corals (Agaricia , Scleractinia). Mar Ecol Progr Ser 13:273-283. 

Van Veghel MLJ (1994) Reproductive characteristics of the polymorphic Caribbean 
reef building coral Montastrea annularis: I. Gametogenesis and spawning 
behavior. Mar Ecol Prog Ser 109: 209-219. 

Vermeij MJA and Bak RPM (Submitted) Species-specific population structure of 
closely related coral morphospecies along a depth gradient (5-60m) over a 
Caribbean reef slope. Bull Mar Sc. 

Vermeij MJA, Diekmann OE and Bak RPM (Submitted a) A new species of 
Scleractinian coral (Cnidaria, Anthozoa), Madracis carmabi n.sp. from the 
Southern Caribbean. Bull Mar Sc. 

Vermeij MJA, Sampayo EM, Broker K and Bak RPM (Submitted b) Differences in 
reproductive behavior of closely related Madracis species: 

Veron JEN (1995) Corals in space and time. Cornell University Press. 
Veron JEN (2000) Corals of the World. Australian Institute of Marine Science, 

Townsville, Australia. 
Wallace CC and Willis BL (1994) Systematics of the coral genus Acropora: 

implications of new biological findings for species concepts. Ann Rev Ecol 
Syst 25:237-262. 

Ward S (1992) Evidence for broadcast spawning as well as brooding in the 
scleractinian coral Pocillopora damicornis. Mar Biol 112:641-646. 

Wells JW (1973a) New and old scleractinian corals from Jamaica. Bull Mar Sei 
23:16-55. 

Wells JW (1973b) Two new hermatypic corals from the West Indies Bull Mar Sc 
23:925-932. 

Willis BL, Babcock RC, Harrison PL and Wallace CC (1997a) Hybridization and 
breeding incompatibilities within the mating systems of mass spawning reef 
corals. Proc 8th int cor reef symp 1:81-90. 

Chapter 8 Gametogenesis j 3 g 



Willis BL, Babcock RC, Harrison PL and Wallace CC (1997b) Experimental 
hybridization and breeding incompatibilities within the mating systems of 
mass spawning reef corals. Coral Reefs 16:53-65. 

Chapter 8 Gamctogenesis 139 



Chapter 8 Gametogenesis 140 



Chapter 9 

Variation in planulae release of closely related 
coral species 

Vermeij M.J.A., Sampayo, E.M., Broker K. and R.P.M. Bak 
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ABSTRACT To determine the degree of variation in coral reproductive 
strategies at a low taxonomical level, we studied the planulae release 
pattern in four Madracis morphospecies, including two colormorphs of 
one species. All species have the same basic planulae release strategy: 
colonies of all species released planulae from April to December and 
spawning intensity fluctuated highly at a daily scale. Two differences 
exist among species. Firstly, species differ in the number of planulae 
released, ranging between 0.02 and 0.11 planulae cm2 day-1. Secondly, 
spawning was not related to a moon-phase for any species except for M. 
senaria. During the last quarter moon in November, M. senaria released 
large numbers of planulae (n> 1000). Mass release of planulae concurrent 
with the Caribbean mass spawning has never been reported for brooding 
coral species. For all species the number of planulae produced is related 
to yearly seawater temperature cycles with a lag-period of one month, i.e. 
planulae production at any given month is related to the seawater 
temperature of the previous month. Yearly temperature cycles dominate 
over lunar cycles in the regulation of plantation in Madracis. The 
number of planulae produced was not related to colony-size in any 
species. The brooding reproductive strategy can be divided in two sub-
strategies: (1) organized mass release or (2) gradual release in low 
numbers without any pattern. Our data show that small but significant 
differences exist in reproductive strategies of closely related coral 
species, even at the level of colormorphs, which differ in the fraction of 
spawning colonies in a population. 

INTRODUCTION 

The reproductive behavior of corals consists of two basic strategies. 
Species either spawn large numbers of male and female gametes in the 
water column followed by external fertilization or they brood larvae 
(planulae) that are produced after internal fertilization (Harrison et al. 
1984, Szmant 1986, Harrison and Wallace 1990). However, 
categorization in just two reproductive strategies easily results in 
generalizations that possibly ignore relevant differences within these 
strategies. Temporal patterns in gamete and planulae release affect life-
history aspects of a coral species, such as fertilization success, juvenile 
survival, adult growth and mortality patterns. Together, these life history 
elements determine a species fitness, so differences in reproductive 
behavior directly affect population dynamic processes (Jokiel et al. 1985, 
Tanner 1996, Ward 1992, Kruger and Schleyer 1998, Shlesinger et al' 
1998, Knowlton et al. 1997). 
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Variation in life-history strategies is important as a possible start for 
evolutionary divergence (Richmond and Hunter 1990). Small differences 
in life history processes can result in speciation if the direction of change 
is associated with an increase in fitness (Stearns 1992, Moran 1992). This 
highlights the need for high resolution studies looking more closely into 
reproductive strategies, beyond the overall classification brooding or 
spawning. 
Approximately 60% of the colonial scleractinian Caribbean coral species 
are brooders, thus the scarcity of data on their reproductive strategies is 
surprising (Fadlallah 1983, Van Moorsel 1983, Szmant 1986, Van Veghel 
1994, deGraaf et al 1999). Brooding is associated with small colony size 
and believed to be favored in disturbed environments (Stearns 1992, Ayre 
etal. 1997). 

Figure 1. Location Curaçao and sample site Buoy Zero. Scalebar : 

respectively. 
500 and 10 km 

Van Moorsel (1983) showed that differences between species are very 
subtle. He separated Agaricia agaricites and A. humilis as different 
species based on their reproductive behavior. The differences in Agaricia 
reproductive strategies were related to the predictability of the habitat, 
suggesting that these strategies resulted as different adaptational 
responses. For these Agaricids, but also in the Montastraea species 
complex (Van Veghel 1994), genetical and ecological characterization 
indicate the existence of considerable ecological variation within 
traditional morphological species boundaries. Closely related species with 
an uncertain taxonomical position, due to morphological similarity, 
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therefore provide an ideal model to study the variation in reproductive 
strategies. 
The Caribbean coral genus Madracis currently comprises 7 species, 
including M. asperula, a deepwater (>100m) species (Wells 1973a, b, 
Vermeij et al. subm.). The taxonomie status of two species, M. pharensis 
and M. decactis, is debated (Fenner 1993, Diekmann et al. 2001). Fenner 
(1993) described M. pharensis and M. decactis as different ecotypes 
based on light preference. Diekmann et al. (2001) show in a that only M. 
senaria and M. mirabilis form "true" or monophyletic genetic species 
whereas M. decactis, M. pharensis and M. formosa exchange genetic 
information and form a species complex. Mature gametes are present in 
all Madracis species at the same time, which provides possibilities for 
hybridisation. Since hybridisation maintains genetic variation and genetic 
exchange between species it plays an important role in the formation of 
such species complexes (Veron 1995, Kenyon 1997, Odorico and Miller 
1997). The genus Madracis therefore provides a number of 
morphospecies, as well as colormorphs that differ in their relatedness. 
The morphological diversity from branching (M. mirabilis) to encrusting 
(M. pharensis and M. senaria) species and the different ecological niches 
they occupy provide an ideal setting to study the relation between 
reproductive differences and the currently debated taxonomical 
classification of the genus. 

MATERIALS AND METHODS 

Species distinctions 
We studied four Madracis species: M. mirabilis and M. senaria are 
classified according to Wells (1973a,b), M. pharensis and M. decactis 
were defined according to the proposed morphotypes by Fenner (1993). 
Encrusting and nodular colonies were classified as M. pharensis and M. 
decactis, respectively. Encrusting Madracis pharensis colonies occurred 
in different colormorphs. The planula release of the two most abundant 
colormorphs, brown and green, was individually investigated during the 
1999 spawning season. The other Madracis species were not monitored 
because they occur too deep to be included in this study 

Collection of planulae 
Planulae collections were made daily during a period of 13 months from 
September 18th 1998 till November 8th 1999 at the site Buoy Zero near 
Piscadera Bay on the SW-coast of Curaçao (Figure 1). Plankton-gauze 
net traps (Nitex, 80-120 urn) were placed over Madracis colonies (n= 12-
15 per species, colony surface 100-500 cm"2) in a depth range of 15-20 
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meters. Rubber bands were used to close the net traps at the bottom end. 
Replaceable plastic test tubes were fixed on the upper end of the cone-
shaped net traps (Figure 2) where planulae concentrate after extrusion. 
Test tubes were collected and replaced daily in the morning (8h00-9h00) 
since larval release occurs at night for all species. Planulae were counted 
and their size was measured under a dissecting microscope. Occasionally, 
planulae (total n= 32) were released from the test tubes and followed 
visually to study their settling behaviour. 
Nets were removed and cleaned every two weeks using a 4% Clorox-
solution and then rinsed in flowing water in order to prevent algal 
overgrowth that reduces light-intensity and water flow. A pilot 
experiment indicated that tissue degradation and colour change could 
occur when the nets were left over colonies for more than four weeks. 
Therefore, after cleaning, the nets were placed over different colonies at 
the same site. All colonies sampled in this study occurred within a 54m 
wide area between the 15 and 30m isobath. The living tissue surface of 
the sampled colonies was measured in order to relate the release of 
planulae to colony surface area. Area was determined by overlying a 
colony with a transparent slide with black dots, marking square 
centimetres, and counting the number of dots covering the living tissue. 
Because of its branching morphology, the surface measurements of M. 
mirabilis were corrected using the aluminium foil technique (Marsh 

removable 
tube 

Figure 2. The net-trap used to collect planulae. 
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1970): Tissue area = 2.83 x Area measured by using the sheet (R2= 0.91, 
n= 50). The strict microhabitat preference of all morphospecies, M. 
mirabilis and M. decactis on exposed and M. pharensis and M. senaria on 
cryptic positions, excludes this factor to interfere with planula release 
patterns. 

Tests of efficiency of the net trap method 
Since Madracis planulae are not described elsewhere, we confirmed 
using genetic characterisation (species specific ITS-sequences) that the 
planulae captured were indeed produced by Madracis colonies 
(Diekmann, unpublished data). Preliminary observations on the behaviour 
of planulae in the tubes indicated negative geotaxis after extrusion for at 
least 16-24h for all species. Consequently, planulae concentrated in the 
plastic tube at the top of each net. To determine the effectiveness of the 
net trap method, we compared the release of planulae of colonies in situ 
with colonies (n= 12; each species) in aquaria following the method of 
McGuire (1998). Intact colonies were removed from the reef using 
hammer and chisel and transported to the flow-through, outdoor aquarium 
system of the Caribbean Marine Biological Station in water-filled Zip-
lock bags within 10 minutes of collection. No planulae were found in the 
Zip-lock bags after transport and planulae released in the aquaria could be 
easily counted with the naked eye. There was no significant difference 
between the two sampling methods (Kruskal-Wallis ANOVA, p > 0.42) 
indicating that the net traps can be used for quantitative planula 
collections on the reef. 

Temperature 
Seawater temperature was determined using a permanent Seamon-mini 
temperature logger placed at 15m measuring every 30 minutes (Hugrun 
ehf. 1995-1998). 

Statistical analysis. 
Interspecific differences in planulae release (the percentage spawning 
colonies per species per night) and spawning intensity (the number of 
planulae produced per cm2 per species per night) were analyzed using t-
tests and Kruskal-Wallis ANOVA's. Chi-square and regression analyses 
were used to analyse the relationship between planulae release and lunar-
and temperature cycles respectively. Lunar cycles were subdivided in 
lunar weeks and lunar days to determine the temporal scale regulating 
planulae release. Each moon phase indicates the middle of a lunar week. 
The relation between the number of planulae produced and colony 
surface area was determined using regression analysis (McGuire 1998). 
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All statistical tests were performed using SYSTAT 10.0 (SPSS, Inc. 
2000). 

RESULTS 

Planula characteristics and behaviour 
Planulae of all species are spheroid or ball shaped, but their form is 
plastic and changes on a minute time-scale (Figure 3a). Only planulae of 
M. mirabilis and M. senaria were observed with a brown ring consisting 
of zooxanthellae on their oral end (Figure 3b). Planulae size differ 
between species (square root transformed size data, ANOVA, F= 6.90, df 
= 4, p < 0.001), but this difference is mainly caused by M. decactis 

Figure 3a. (left) Planulae of M decactis without zooxanthellae. Maximum diameter is 
approximately 330nm. 3b. (right) Planulae of M. senaria with zooxanthellae. 
Maximum diameter is approximately 31 Opim. 

(0.038mm3; SD 0.030, n= 150) that has larger planulae (t-test; t> 0.37; n> 
55; p< 0.003) than all other species (Tab. 1; together with ecological and 
genetical characteristics of all morphospecies). The planulae for this 

Table 1. Planulae size for all Madracis morphospecies combined with ecological and 
genetical characteristics of the adult colonies. 

Species Colony Habitat Genetically Planulae Planulae size (mmJ) 
shape preference related to*) zooxanthellate? average sd n 

M.decactis nodular exposed M. pharensis no 0.038 0.030 106 

M. senaria encrusting cryptic none yes 0.021 0.034 54 

M. mirabilis branching exposed none yes 0.021 0.020 66 

M. pharensis brown encrusting cryptic M.decactis no 0.027 0.035 56 

green encrusting cryptic M.decactis no 0.029 0.019 66 

) Based on Diekmann ef a/. (2001) 
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Table 2. The relation between the number of planulae released and colony size for 
Madracis species. 

Species R* p-value n 
M.decactis 0.27 0.08 105 
M. senaria 0.48 0.54 76 
M. mirabilis 0.19 0.45 105 
M. pharensis brown 0.17 0.06 76 

green 0.02 0.14 43 

comparison were obtained from different colonies (n> 50) during the 
1999 spawning season. This allowed the inclusion of the green morph of 
M. pharensis whose planulae release was monitored only during this 
period. 

Planulae showed negative geotaxis, but were never observed going higher 
than lm above the bottom. They move in a tumbling way at a speed of 9-
12 cm min"1 and start to explore the bottom 16-24 hours (n= 32) after 
release. The planulae crawl over the reef bottom and often resume 
swimming for small distances (< 0.50m).. 

Timing of planulae release 
Planula release occurred from April to December with maximum release 
from September to November for all species. Two sperm clouds were 
found in nets positioned over M. senaria colonies together with planulae 
in October 1998. Maximum planulae release occurred during the autumn 
months from September to November. During a single night up to 67% of 
the colonies of M. senaria and M. mirabilis released planulae. This 
maximum percentage of spawning colonies was lower for the other 
species: 30% for M. pharensis (brown morph) and M. decactis and 20% 
for M. pharensis (green morph). In all species, a single colony often 

Table 3. Planulae production per surface area for Madracis species (n cm"2 day"1). The 
time needed for a polyp to produce a new planula is calculated using a polyp density of 
25.1 cm"2 (all Madracis species; SD 4.8, n = 180) 

M.decactis M.pharensis M.pharensis M.senaria 
brown green 

Planula Release (n cm 2 day 1) 

min 0.001 0.002 0.001 0.000 0.001 
mean 0.054 0.034 0.043 0.110 0.017 
max 1.917 0.889 0.167 3.301 0.218 
SD 0.171 0.093 0.044 0.407 0.029 
n 131 97 27 99 131 
Time for one polyp to produce a planula (in days) 
mm 38750 10107 32550 56575 17825 
mean 465 739 579 228 1492 
max 13 28 150 8 115 
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Figure 4. Daily planulae release (n planulae released cm") for all Madracis species 
from September 18lh 1998 until November 8,h 1999 at Buoy Zero, SW-coast of 
Curaçao. The temperature was measured daily at 12h00. 
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contributed the majority of the planulae (>90%) during a particular night 
and these colonies generally released planulae over consecutive days. The 
longest release period was recorded for a colony of M mirabilis, lasting 
12 days in October 1999. On average colonies spawn between 1.1-1.4 
days in a row. 
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Figure 5. The relation between the average number of planulae released (daily data 
pooled for each month) and the water temperature of the previous month for all 
Madracis species. The temperature was measured daily at 12h00. 

Colony size and fecundity 
The number of planulae released (expressed as the total number of 
planulae produced by one colony in two weeks) was independent of 
colony size in all species (Table 2). Although correlation coefficients 
were close to significance for U. decactis and the brown morph of M. 
pharensis, colony size only contributes 17-27% of the observed variation 
in planulae release. Species differed in fecundity (Table 3), expressed as 
the number of planulae released per cm2 per day for spawning colonies 
(ANOVA, F= 3.00, df = 4, p < 0.02). Subsequent post-hoc test indicated 
that the difference in fecundity was significant only between M. mirabilis 
and M senaria (p= 0.03) Based on the average number of polyps, 25.1 
cm-2 (all Madracis species; SD 4.8, n = 180), we calculated that the 
average time for a polyp to produce a planulae exceeds one year for all 
species, except M senaria (Table 3). 
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Figure 6 The timing of larval release of Madracis senaria in relation to lunar day 
(numbers 0-30) for the four lunar cycles with maximum planulae release. (LC) 937, 
[20-09-98/ 19/10/98]; LC 938, [20-10-98 -18-11-98]; LC 949, [09-09-99 - 08-10-99]; 
LC 950, [09-10-99 - 07-11-99]). Maximum release takes place around the last quarter 
moon (day =23). Note the logarithmic scale indicating the number of planulae cm"". 
New moon is lunar day 1; First quarter is lunar day 8; Full moon is lunar day 17; Last 
quarter is lunar day 23. 

Differences between two colormorphs of M. pharensis 
The number of spawning colonies was lower for the green morph (t-test; 
t= 2.23, df= 453, p< 0.01) compared to the brown morph. The 
colormorphs of M. pharensis did not differ in the number of released 
planulae (t-test; t= 1.16, df= 285, p= 0.25) and produced equally sized 
planula (t-test; t=-0.37, df= 56, p= 0.70). 

Temperature and planulae release 
On Curaçao the average annual seawater temperature is 27.43°C (SD 
1.14, range: 24.95- 29.58°C). Since large daily fluctuations occur in the 
number of planulae released (Figure 4), we used a monthly average to 
relate the number of planulae to seawater temperature (Figure 5). A 
positive relation between spawning frequency (i.e. the percentage of 
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spawning colonies) as well as spawning intensity (i.e. the number of 
planulae produced cm2) with temperature showed up for all species (R2> 
0.33; p< 0.05, n= 13; n=9 for the green morph of M. pharensis), except 
for M. senaria. This relation is significant only if the number of planulae 
was related to the seawater temperature of the previous month. The 
spawning intensity of M. senaria showed no relation with the average 
seawater temperature of the previous month, because of the peaks in 
planulae release in October and November (R2= 0.03, p= 0.60, n= 13). 
Lag periods longer than one month never resulted in significant relations 
between temperature and spawning frequency or -intensity. 

Lunar cycle and planulae release 
Only the larval release of M. senaria was related to the lunar cycle. 
Planulae release differed between the different lunar weeks (Chi-Square = 
18.79 df = 3 p < 0.000) and was highest around the last quarter moon 
(Figure 6). Because M. senaria released >95% of its planulae during 
lunar day 21 and 26 in the months October and November, the relation is 
found in these months only. These are the same nights many broadcast 
spawning Caribbean coral species participate in the annual coral mass 
spawning (Veghel 1993, de Graaf et al. 1999). None of the other 
Madracis species showed a lunar pattern in larval release and the 
percentage of spawning colonies was highly variable on a daily scale, 
ranging between 0 and 67%, independent of lunar phase. 

DISCUSSION 

This study quantified the timing of plantation and the number of 
planulae released for four closely related coral species of Madracis in 
Curaçao. Comparative studies on the reproductive behaviour of closely 
related species have previously been largely restricted to species that 
spawn gametes instead of brooding planulae: e.g. the Montastraea 
species-complex (Van Veghel 1994, Knowlton et al. 1997), Acropora 
species (Willis et al. 1997a,b) and Porites species (Kojis and Quinn 
1981). An exception is the work by Van Moorsel (1983), who elegantly 
illustrated how the use of differences in reproductive strategies can be 
used to distinguish between closely related brooding species. Since we 
gathered our data daily in situ for one year, we can show the degree to 
which the four Madracis species differ in their reproductive strategies. In 
general, interspecific differences are small, which corresponds to 
Harrison's hypothesis (1985) that reproductive strategies follow 
phylogenetic lineages. Nevertheless, small interspecific differences in 
planulae number and timing of spawning exist between the different 
Madracis species. 
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Planulae production and fecundity 
Of all species only M. mirabilis and M. senaria differ in fecundity, 
although the ranges overlap with all other species (Table 3). The time 
needed to produce a new planula is on average more than one year 
(except for M. senaria), which suggests that not all polyps reproduce 
synchronously every year. The presence of only one planula per polyp is 
also found for Pocillopora damicornis (Tanner 1996). Another 
pocilloporid characteristic found in Madracis is the independence of the 
number of planulae produced and colony size (Table 2). Peak production 
of individual colonies, independent of size, is mainly responsible for the 
absence of this relation and Tanner (1996) found similar patterns for P. 
damicornis. Planulae production in Madracis corresponds to values found 
for other brooding species: 0.03-0.20 planulae cm" day" for Porites 
asteroides (McGuire 1998) and 0.03-0.12 planulae cm"2 day"' for two 
agaricid species (Van Moorsel 1983). Within the genus, species that 
depend most on fragmentation, i.e. M. mirabilis and M. pharensis 
(Vermeij and Bak subm.), produce the lowest number of planulae. 

Larval size 
Planulae size is identical between species, except for M. decactis whose 
planulae are nearly twice as large compared to the other species. 
Madracis planulae are among the smallest known for Scleractinian corals 
(Fadlallah 1983, Harrison and Wallace 1990). The volumetric size of 
planulae of another pocilloporid, P. damicornis, is 3 times larger than that 
of Madracis planulae. Madracis species therefore combine low levels of 
planulae release with small planulae size. This can be functional because: 
(1) Small size and low abundance reduces the risk of being preyed upon. 
(2) Small size and low abundance of planulae allow species to invest 
more energy to maintenance or growth to ensure the survival of the 
colony. (3) It allows species to spread the production of planulae, i.e. 
allocation of energy to reproduction, over a longer period of time, 
reducing the possible negative effect on growth and maintenance. 
The scleractinian fauna (colonial and solitary corals) on settlement racks 
positioned at our study site consisted for 22.8% of Madracis species (n= 
127; Vermeij unpubl. data). This indicates that Madracis planulae, 
despite their small size, are indeed successful colonizers relative to other 
brooding and spawning species. 

Timing of planulae release 
Temperature, photoperiod, lunar-, tidal- and seasonal cycles have been 
proposed as temporal cues, regulating planulae release within populations 
(Kojis and Quinn 1982, Jokiel et al. 1985, Willis 1985, Hunter 1988). 
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Unlike many other Pocilloporids, the members of the Madracis genus 
show no lunar periodicity except for M. senaria. All species release 
planulae nearly all year round, from March to December, with peak 
release in the months September and November. This pattern has also 
been found for other Caribbean brooding species (Van Moorsel 1983). 
Planulae release correlated with seawater temperature with a lag-period 
of one month. The onset of gamete production is directly dependent on 
seawater temperature and it takes approximately a month for the oocytes 
to mature. Maturation is followed by quick planula release when eggs are 
fertilized (Vermeij et al. subm.). The second order nature of planulae 
release has also been suggested for Favia fragum (Szmant-Froelich et al. 
1985) where the release of sperm is directly related to lunar cycles. 
McGuire (1998) found an identical relation between planulae release and 
seawater temperatures of the month prior to planulae release for Pontes 
astéroïdes. Planulae release and seawater temperature are indirectly 
related through gametogenesis and this indirect relation occurs widely in 
brooding taxa. 

The genetic confirmation of M senaria as a true species (Diekmann et al. 
2001) corresponds to the different pattern of planulae release compared to 
the other Madracis species. M. senaria has a lunar pattern of planulae 
release superimposed on a seasonal cycle and spawns more planulae than 
all other species. The simultaneous release of many planulae can be 
advantageous in terms of predator satiation, i.e. preventing planulae from 
being consumed by predators (Harrison et al. 1984). Other brooding 
species that release many (>100) larvae simultaneously also show lunar 
periodicity (McGuire 1998, Szmant-Froelich et al. 1985). Lunar cycles 
supposedly synchronize gamete release to increase fertilization success, 
but this function is of no importance in brooding corals. We suggest that a 
relationship exists between the amount of reproductive output, i.e. 
number of gametes or planulae, and the organisation of their release. In 
brooding species we distinguish two patterns of planulae release: (1) 
Species that release many planulae (such as M. senaria and Pontes 
asteroides, McGuire 1998) organise their planulae release to prevent their 
offspring from being eaten by predators. (2) Species with low 
reproductive output, such as all other Madracis species or agaricids (Van 
Moorsel 1983) do not require such organization to induce prédation 
satiation. This explains the absence of lunar release patterns in these 
species. 

The superimposition of a lunar cycle over a seasonal cycle for M. senaria 
whereas all other Madracis species only show only a seasonal cycle 
suggests that lunar cycles are probably younger on the evolutionary time-
scale in this genus. 
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Demographic consequences of spawning patterns 
The occurrence of peaks in planulae release affects the size frequency 
distribution of Madracis senaria populations (Bak and Meesters 1998, 
Meesters et al. 2001). In a parallel study on the demography of Madracis 
species, the colony size (cm2) of all M. senaria colonies (n= 132) was 
measured in a 30 xlm beltransect along the 20m-isobath at our study site 
in December 1999. This is one or two months after the October and 
November spawning. Two peaks occur in the size classes 0.04-0.08 and 
0.16-0.32 cm2. These must result from the two recruitment peaks 
following the October and November spawning peaks. This shows how 
that a spawning strategy of a species can be reflected in its population 
size frequency distribution depending on the time of the year (Vermeij 
and Bak subm.). The regular, non fluctuating pattern of planula release in 
all other species never resulted in the presence of recruitment peaks in 
their size frequency distributions (Vermeij, unpubl. Data). 

In conclusion 
Madracis species release planulae from April to December in relation to 
increasing water temperatures, with maximum release from September to 
November. Only for M. senaria does a lunar pattern exists. M. senaria 
spawns (>98%) of its planulae during the last quarter moon. Interspecific 
differences in fecundity are small and only significant between M. 
mirabilis and M. senaria. The recent taxonomie reclassification of 
Madracis species from the Pocilloporid to the Astronicoenid family is 
currently debated (Veron 2000). Gametogenic similarities (Vermeij et al. 
subm.,) and characteristics of planulae release argue for the position of the 
Madracis species in the Pocilloporid family. The brooding reproductive 
strategy can be divided in two sub-strategies: (1) organized mass release 
or (2) gradual release in low numbers without any pattern. This indicates 
that reproductive strategies of closely related species harbour previously 
neglected subtilities that can be essential for understanding their ecology 
and evolution. 
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Chapter 10 

Corals on the move: rambling of Madracis 
pharensis polyps early after settlement 

Vermeij, M.J.A. and R.P.M. Bak 
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Throughout their life corals are sedentary organisms. The majority of 
species only moves through space as planulae, or in case of fragmentation 
and displacement due to environmental disturbance. Only as planulae can 
corals actively choose favored locations on the reef, to enhance future 
chances for successful growth and survival. After settlement calcification 
starts and there is no further active movement over the reef bottom. 
On Curaçao (12°N, 69°W) we noticed a new mode of behavior that 
allowed recently settled planulae of Madracis pharensis (volume 0.023 
mm ; sd= 0.035; Vermeij, et al. submitted) to move over their substratum 
after settlement (April 12th, 1998). On the reef (depth 15m) two day old 
free-swimming planulae (n~ 80) settled in test tubes (placed over colonies 
to quantify planulae release patterns in five Madracis species, (Vermeij, 
et al. submitted). The behavior of these planulae was subsequently 
followed. We attached the open test tubes with the planulae to a plastic 
rod, in the original orientation and at the same height (10 cm) over the 
reef bottom. Some planulae died and others metamorphosed and started 
calcification (Fig. 1). However, the majority (>70%) of the planulae 
attached to the tube-walls. They metamorphosed into polyps, but without 
starting calcification. These polyps started moving the following days, 
crawling and tumbling over the substratum. From the moment this was 
noticed the planulae were photographed daily (H 09.00) to follow their 
movement. Holding on to the substrate with their tentacles, polyps moved 

Figure 1. Detail of test tube with settled Madracis pharensis planulae. 
Metamorphosed planulae are visible on glass surface. Polyps that started calcification 
after settlement (a), i.e. deposition of basal plate is visible between tumbling polyps. 
Outside diameter of test tube 15 mm. 
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Figure 2. Movement of polyps over three consecutive days. Pictures traced from 
photographs. 
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their basal part in a direction away from the majority of planulae that 
settled at the same time (Fig. 2). This type of movement has previously 
been described for anemones (Shick 1991). Most planulae moved at a 
speed of millimeters per day, but some were exceptionally rapid. At a 
speed of up to one centimeter per day they moved away from the flock 
shown in Fig. 2. Our observations were interrupted at day five, when a 
tourist boat anchor destroyed our experimental setting. 
The polyp movement we observed allows corals after settlement, i.e. after 
the first decision regarding habitat selection is made, to explore the 
substratum at a small scale. We hypothesize that being a polyp allows for 
more adhesion to the substratum of initial choice than being a planula and 
this emphasizes the importance of the first decision. It appears that the 
polyps consequently search for micro habitats at a scale of mm and cm, 
possibly for small pits or crevices, within the patch of substratum that 
they initially choose as suitable settlement substratum. It remains to be 
seen how such behavior relates to the presence/absence of known stimuli 
for coral settlement such as calcareous red algae (Morse, 1994; Morse, et 
al. 1996; Morse and Morse, 1996) or microorganisms (Negri et al. 2001). 
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Chapter 11 

A new species of Scleractinian coral (Cnidaria, 
Anthozoa), Madracis carmabi n.sp. from the 

Southern Caribbean 

Vermeij M.J.A., Diekmann O.E. andR.P.M. Bak 
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ABSTRACT Madracis carmabi, n.sp. is a relatively common 
zooxanthellate scleractinian coral in the southern Caribbean. The species is 
described based on colonies collected on Curaçao. Features that distinguish 
this species from other Madracis species are the combination of (1) a 
branching morphology and (2) decameral septal organization. The species is 
mostly found between 20-40m depth and is believed to have resulted from 
hybridization of M decactis and M.formosa. 

INTRODUCTION 

The scleractinian coral genus Madracis (Milne Edwards and Haime, 1849) is 
a widespread taxon in tropical waters from the Western Indian ocean and the 
Red Sea to the Eastern Pacific and from the Western to Eastern Atlantic 
where the genus occurs in the sub-tropical Mediterranean (Zibrowius 1980, 
Wells 1983, Leao, et al. 1988, Veron 1995, Carpenter, et al. 1997, Veron 
2000). Currently 9 species are described worldwide (Wells 1973, Wells 
1973, Veron and Pichon 1976, Nishihira and Veron 1995) and 
approximately 4 fossil species are recognized (Veron 1995). In present time 
most species (7) are restricted to the Caribbean where they are present since 
the Eocene although most species appear in the fossil record only since the 
Pleistocene (Swedberg 1994). The species status of some Madracis species 
is currently debated (Zlatarski and Estalella 1982, Fenner 1993, Diekmann, 
et al. 2001). Large morphological plasticity and overlapping morphometric 
characters are mainly responsible for the vague species boundaries. 
In our study on the evolutionary ecology of the Caribbean members of the 
genus Madracis we first encountered the new species while surveying the 
south coast of Curaçao, Dutch Antilles (12°05'N, 69°00'W) in 1997. The 
species is easily identifiable based on a combination of over-all colony 
morphology and the number of septs. Until now it has been observed at 
locations throughout the Caribbean basin: Saba, Aruba, Bonaire and 
Curaçao. The new species shares characteristics with two other Madracis 
species: colony morphology and septal arrangement correspond to that of M 

formosa and M. decactis respectively. Close relationships and exchange of 
genetic information have been found for Madracis species (Diekmann, et al. 
2001), suggesting that species formation is currently taking place in this 
genus following the principles of reticulate evolution (Veron 1995). In such 
a case traditional species concepts (Mayden 1997) can not be used for 
Madracis. Our purpose is to describe the new species for taxonomie 
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purposes and therefore we follow the morphological or phenetic species 
concept (Cronquist 1988). 
In this paper we will describe Madracis carmabi n.sp. from colonies we 
collected from the fringing reef of Curaçao, Netherlands Antilles and 
provide additional information on its ecology. 

Figure 1. The holotype colony of M. carmabi n.sp. Zool. Museum University of 
Amsterdam no.COEL 08514. Collection loc: Buoy 2, Curaçao, N.A. Depth 15m. 
15x13x12 (width x depth x height). 

MATERIALS AND METHODS 

Seven complete colonies of M carmabi n.sp. were collected between 15 and 
45m depth in April 1999 and deposited in the Zoological Museum of the 
University of Amsterdam (ZMA), The Netherlands. For comparison material 
of M. decactis and M. formosa from the same location was examined. 
Additional in situ examinations of M. carmabi n. sp. were performed at 
various locations around Curaçao. All material was examined under a 
binocular dissecting photo-microscope under various magnifications. As a 
rule at least 50 measurements using an ocular micrometer were made at 
random colonies and positions to describe skeletal structures. Polyp density 
was measured by overlying the colony with a flexible plastic sheet with a 
square centimeter grid. Ecological data is taken from other studies done at 
the same location. Distributional data is obtained from Vermeij and Bak 
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(submitted) and reproductive information comes from Vermeij et al. 
(submitted). 

Description 

Phylum Cnidaria 
Subphylum Anthozoa 
Class Zoantharia 
Order Scleractinia 
Family Pocilloporidae 

Genus Madracis (Milne, Edwards and Haime 1848) 
M. carmabi, n.sp. 

Figure 2. Typical branching patterns of M carmabi n.sp. photographed and redrawn from 
three colonies growing at 30m at Buoy 2, Curaçao, Netherlands Antilles. 

Colony consists of thick, compact, plocoid branches, brown in color with 
green-yellow stomodea (Fig. 1). Sometimes tentacles have a gray color at 
parts of the colony. It is easily identifiable underwater but shares 
characteristics with both M. decactis (decameral septal arrangement) and M. 
formosa (branching morphology). Branches, oval to round in cross section, 
bifurcate but 3rd order branches are seldomly found. Typical branching 
patterns are shown in Fig. 2. Many branches are poorly developed resulting 
in a bumped surface of the branches. Bifurcating branches often grow in one 
plane and often fuse (anastomosis). The mean distal branch width is 12.5mm 
(SD = 3.1, n = 50) and branches are terminally blunt or lobed. Much of the 
basal part of the colonies is dead and overgrown with sponges, coralline 
algae and polychaetes. Therefore colonies mostly consist of a morphological 
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autonomous structure and living tissue on separate branches is often not 
connected. 
On the underside of branches of deep water colonies (>30m) the polyps are 
spaced one to three diameters apart. Polyp diameter is on average 1.36 mm 
(SD = 0.26; n = 178) and ranges between 0.7 and 1.8mm. Polyp density 
ranges between 12 to 35 polyps per cm2 and is on average 24.8 polyps cm" 
(SD = 4.3; n = 56). Intra-colony variation in corallite morphology is large. 

4$ 

Figure 3. Corallite variation in M. carmabi n.sp. Scalebar indicates 0.1mm. Colonies 
were collected by Diekmann (Diekmann et al. 2001) for a phylogenetic study. 
Samples are taken at the sides of four different colonies sampled at Curaçao. Note the 
variation in coenosteum structure (a vs. d), the variable number of septs (c), the 
presence of weakly developed secondary septs (a and c) and the variation in columella 
build-up (c vs. d). 

Both corralites and septs are found sunken below the level of the 
coenosteum but also extending above it. The coenosteum in between the 
polyps is minutely granulöse. The septa are decamerally arranged (Fig. 3) 
with occasionally a second set often weakly developed secondary septs. All 
septs connect to the central columella, which sometimes lies sunken into the 
coralite. The species is zooxanthellate. 
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M. carmabi n. sp. has probably been referred to as M. formosa due to 
difficulties counting the number of septs in situ. For example the three 
colonies on page 15 (Vol. 2, in: Veron 2000), referred to as M. formosa, are 
likely to be M. carmabi n. sp. The colony referred to as M. formosa in 
Humann (1992) is another example of confusion between the two species. 
Ten septs are clearly visible at his picture of M. formosa which 
characterizes, together with the branching morphology, the colony as M. 
carmabi n. sp. 
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Figure 4. Abundance (n/ m2) of M carmabi n.sp. at Buoy 2, Curaçao, Netherlands Antilles, 
at three depths where it was found. 

Type Material 
Holotype: M. carmabi, n.sp. ZMA no.COEL 08514. Curaçao, CARMABI 
Buoy 2, N.A. Depth 15m. . 15x13x12 (width x depth x height) 
Paratypes: ZMA no.COEL 08515. Depth 15m. 13x9x21 
ZMA no.COEL 08516. Depth 25m. 13x11x21 
ZMA no.COEL 08517. Depth 25m. 13x9x17 
ZMA no.COEL 08518. Depth 25m. 13x10x14 
ZMA no.COEL 08519. Depth 45m. 16x13x17 
ZMA no.COEL 08520. Depth 15m. 30x13x26 
ZMA no.COEL 08514. Depth 15m. 15x13x12 
All collections were done in April 1999 by M.J.A.V. at Buoy 2, Curaçao, 
Netherlands Antilles (12°7'47.96"N; 68°58'33.98"W). 
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Etymology 
We named this species in recognition of the supportive role of the 
CARMABI institute throughout more than 40 years of Caribbean coral reef 
research. 

Ecological information 
M. carmabi n. sp. was observed in all reefs surrounding the Netherlands 
Antilles and has a limited bathymétrie distribution. The largest colonies were 
generally found at >20m depths on the windward coasts of the islands and 
the largest colony found measured 6748cm2 (projected surface area; Playa 
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Figure 5. The relative abundance (%) of M. carmabi n.sp. is given over the entire reef 
slope together with two closely related Madracis species, M. decactis and M. formosa, 
from which the new species is believed to have originated through hybridization. 

Canoa, Curaçao 28m). The abundance of M carmabi n. sp. at CARMABI 
Buoy 1 in 30 isobathic lm2 quadrants is given in Fig. 4 for the depth where it 
occurs. In Fig. 5 the relative abundance of M carmabi n.sp. is given together 
with two close related Madracis species, M. decactis and M. formosa, from 
which the new species is assumed to have originated through hybridization 
(Diekmann et al. 2001). The distributional pattern suggests a classical hybrid 
zone (Futuyma 1986) which corresponds to the data from (Diekmann et al. 
2001). It is not clear if hybridization is currently taking place, i.e. a zone of 
secondary contact (Margalef 1974) or whether M. carmabi n.sp. inherited 
the intermediate depth preference from a combination of its supposed 
parental species, and no genetic exchange is currently taking place. Genetic 
exchange is possible since reproductive isolation is absent between all 
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Madracis species (Vermeij, et al.submitted). All species, including M. 
carmabi n.sp. are fertile from August till October and brood planulae. 

The study of hybridization processes in corals has only recently begun 
(Babcock 1995, Richmond 1995, Miller and Benzie 1997, Willis, et al. 1997, 
Hatta, et al. 1999) and already led to the idea that hybridization is more 
important in the evolution of corals than previously believed (Veron 1995). 
Since coral genera containing many species are scarce in the Caribbean and 
field observations on hybrids are relatively rare, the genus Madracis can be a 
suitable subject to study the role of hybridization in coral evolution. 
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Chapter 12 

Morphological variation related to habitat 
heterogeneity suggests genetic structure at a small 

spatial scale in a Caribbean coral species 
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ABSTRACT We discuss a framework to study the evolution of 
morphology in corals based on the concepts of polyphenism and 
polymorphism. The two morphotypes in the Madracis pharensis/decactis 
complex show organization suggesting genetic structure on a small 
spatial scale (< 1km). Habitat heterogeneity appears responsible for 
organizing the frequencies of the morphotypes. Along a range of 
intermediate habitat complexities (defined as the proportion of horizontal 
vs. vertical surface) a transient polymorphism is observed. Outside this 
range, populations go to fixation for one of the two morphotypes and the 
direction of fixation depends on the dominant habitat type. Fixation 
occurs since the benefits for tolerance to environmental variation do not 
outweigh the costs associated with expressing the wrong morphotype. 
The degree of fixation differs between islands and relates to the over-all 
reef typology. Within an island setting, absence of reefs dominated by 
one of the two habitat types prevents local fixation and increases the 
error-rates (n) for expressing the right morphotype-environment match. 
The encrusting morphotype, M. pharensis, shows inferior fitness 
compared to the nodular morphotype, M. decactis. However, the 
morphotype is maintained in the species complex as a fugitive morph in 
the polymorphic population. Our study suggests that relative fitness 
differences can result m the maintenance of genetic polymorphisms in 
coral species complexes. For the first time we present an environmental 
factor responsible for controlling genetic variation in coral populations 
and discuss possible implications for reticulate organization in coral 
evolution. 

INTRODUCTION 

In Scleractinia (stony corals), the study of ecology and evolution is 
hindered by large morphological variability within and between species 
(Veron 1995). Part of this variation has been related to environmental 
factors, but part remains unexplained. If this morphological variation 
remains unexplained, the absence of a static and discrete species concept 
makes ecological and evolutionary studies impossible due the presence of 
intraspecific plasticity and cryptic species. Many organisms that inhabit 
heterogeneous environments show environmental modification of the 
phenotype (i.e. phenotypic plasticity; Gauss 1982, Via and Lande 1985) 
and the range of phenotypes produced by one genotype in response 
environmental modification is known as a reaction norm (Stearns 1992). 
The direct relation of environmental factors and gene expression 
(polymorphism) contrasts with polyphenisms where a token stimulus 
intervenes with the environmental signal and consistent gene expression 
(Evans and Wheeler 2001). 
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Environmentally-related morphological variation is known in corals and 
is a likely force guiding reticulate evolution (Veron 1995). The concept of 
reticulate evolution has a long history in terrestrial botany where it is 
shown to organize gene-pools through time and across space. Reticulate 
evolution implies constantly changing patterns of genetic connectivity: 
gene-pools are loosely connected and their integration changes through 
evolutionary time by repeated rounds of species separation (Veron 1995, 
Bullini 1994, Kenyon 1997, Hatta et al. 1999). The concept of reticulate 
evolution is still largely conceptual and lacks explanatory power of the 
mechanisms responsible for the organization within the gene-pools 
comprising the reticulate network. Genetic polymorphisms that arise from 
spatial variation in selection pressures over a heterogeneous landscape 
can be the onset of speciation, especially if migration between habitat 
types is low. In Scleractinia the occurrence of consistent genetic structure 
across space is generally believed to be rare since long distance dispersal 
of gametes and propagules by ocean currents prevents local adaptation 
(Veron 1995, Jokiel 1984, Dahan 1998). But the validity of larval 
panmixia is losing support as numerous studies are emerging suggesting 
genetic population structure within marine species with continuous and 
wide distributional ranges (Palumbi, 1992, 1996, 1997, Ayre et al. 1997, 
Ayre and Hughes 2000). These studies suggest that when very low 
dispersal occurs for many generations, genetic fixation in corals can 
occur (Sammarco and Andrews 1988, Knowlton and Jackson 1993, 
Hellberg 1996). Although this genetic structure is suggested to be in part 
due to local adaptation, we know of no studies relating the two. Here we 
look for evidence of local adaptation of an interbreeding group of corals 
in response to small-scale habitat heterogeneity. 
In this paper we examine the genetic effects of local environmentally 
driven selection in two sympatric morphospecies of the Caribbean coral 
genus Madracis. The two morphotypes share a common gene-pool 
(Diekmann et al. 2001) and differ only in over-all colony morphology. 
Obvious morphological variation and its wide spatial distribution make 
this species an ideal system to search for the processes that cause spatial 
genetic variation in scleractinian corals. Revealing the mechanisms 
responsible for genetic organization in coral populations is a critical step 
in determining whether reticulate evolution operates in the Scleractinia. 
Upon settlement corals must contend with a variety of substrate 
characteristics. Depth, (Sartori 1980, Dalby and Young 1992, Chiappone 
and Sullivan 1996, Mundy and Babcock 1998) light availability, 
(Weinberg 1979, Maida et al. 1994, Mundy and Babcock 1998) density 
(Stearns 1992) and orientation (Bak and Engel 1979, Van Moorsel 1988, 
Hodgson 1990, Maida et al. 1994) each influence the success of a settling 
polyp. When the scale of dispersal becomes less than the scale of 
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environmental heterogeneity, a landscape emerges for potential 
adaptation to local conditions. Because planulae from brooding corals 
generally settle close to the adult colony (Olson 1985, Grosberg 1987, 
Sammarco and Andrews 1988, Lasker and Kim 1996, Ayre et al. 1997,' 
Lasker et al. 1998, Todd 1998, Ayre and Hughes 2000), local' 
environmentally-driven adaptation is likely to occur in such coral species, 
like members of the Madracis genus. Assuming that critical habitat 
characteristics for a coral species have a fairly coarse grain of variation, 
an opportunity emerges for morphological or genetic variability to be 
maintained. Selection will favor local populations with more frequent 
representation of locally common habitat types. 

Morphological variation can be exhibited in a population through two 
mechnisms, allelic polymorphism and polyphenism (Karlin and 
McGregor 1972, Hedrick et al. 1976, Futuyma 1986, Hedrick 1986, 
Stearns 1992). The two mechanisms have distinct implications to studies 
of population genetics across space and through time. Polymorphic 
variation of phenotypic frequencies reflects underlying variation of 
genotypic frequencies. Alternatively, polyphenism consists of one 
genotype that can express multiple phenotypes. Focusing on simple 
fitness optimization, a mixture of polymorphism and polyphenism can be 
constructed in which the polyphenism itself can be turned on and off by 
selective responses to environmental factors. Such 'switching 
polyphenism' (Moran 1992) is based upon the suggestion that the 
selective advantage of polyphenism will be lost in environments that are 
homogenous for the environmental variable responsible for changes of 
the trait in question. 

Across an autocorrelated landscape in which the scale of dispersal for the 
organism is less than the grain of the correlation grain of the 
environment, distinct mechanisms result in specific patterns of habitat 
matching of the different phenotypes. 

Polymorphism 
Two distinct phenotypes in a population can be caused by genetic 
polymorphism. The simplest case is a haploid genome with two alleles at 
a locus, one coding for each of the two phenotypes (Levene 1953). If the 
two phenotypes are not subjected to selection, persistence of the 
polymorphism will simply be a function of population size and dispersal 
rates. Ultimately, drift will lead to fixation of one allele in the population. 
Differential selection for each phenotype will change the coexistence 
time of the two alleles. Assuming a well-mixed population, with heavy 
selection for each trait, and high levels of environmental heterogeneity 
for the habitat type for which the phenotypes are selected, an essentially 
infinite coexistence of the two alleles is assured (Futuyma 1' 
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However, if the habitat becomes skewed towards one habitat type, and if 
the scale of dispersal decreases, reducing the explorative range of an 
individual's offspring, the likelihood of allelic fixation increases. In the 
extreme case, as the habitat becomes homogeneous, individuals with the 
favored genotype will be reproductively superior and lead to genetic 
fixation of the population. The relationship between dispersal distance 
and grain of the habitat heterogeneity will establish the point where 
allelic fixation or coexistence are most expected. Assuming 
complementarity of vital rates, a sigmoidal relationship of phenotypic 
frequency against habitat frequency should emerge (Endler 1973). 
Extensions of this model including additive traits and between habitat 
migrations of offspring (i.e. gene flow) show similar patterns of 
phenotype/habitat matching. 

Classical polyphenism 
Polyphenisms are a suite of traits that can each be expressed by one 
individual, dependent upon developmental decisions influenced by 
environmental cues. The phenotype of a polyphenic individual is 
unknown until the developmental decision has occurred, differing from 
strict genetically controlled phenotypes that can be predicted by the 
genetic composition. Polyphenisms often occur in species that are 
exposed to widely ranging environmental conditions, where the 
difference between benefits derived from correct and incorrect 
phenotype/environment matches is high. Much theoretical literature has 
explored conditions for the selection of polyphenism over monophenism 
in a population (Schlichting and Levin 1986, Futuyma and Moreno 1988, 
Van Tienderen 1991, Stearns 1992, Lortie and Aarssen 1996, Whitlock 
1996, Sultan 1995, 2000, 2001). Many authors explore the tradeoff 
between costs of the potential to switch weighted against the benefit of 
phenotypically matching the environment (Moran 1992, Skelly 1994). 
Dominant to such discussions is the occurrence of errors in habitat 
matching by a polyphenic organism. Such an error rate due to 
misinterpreting habitat conditions prevents observed phenotypic 
homogeneity in even homogeneous environments. 

Switching polyphenism 
Moran (1992) described theoretically the costs of polyphenisms in 
habitats that are homogeneous. For an idealized species, this work 
computes the threshold of environmental homogeneity at which point the 
decision-making error rate inherent to phenotypic plasticity would make 
the maintenance of plasticity no longer beneficial. A species with the 
evolutionary capacity to activate and inactivate polyphenic potential 
would therefore use this capacity dependent upon the heterogeneity 
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experienced within an area likely to be explored by its offspring and (to a 
discounted extent) each successive generation. The prediction emerges 
under fairly simple, yet general conditions, that if future generations are 
likely to experience habitat frequencies higher than 1-(error rate of 
matching), then selective advantage favors individuals without the 
capacity for polyphenism. As with the polymorphism scenario, the 
relationship between habitat frequency and proportion of matching 
phenotypes would have extreme morphological frequencies at each 
habitat extreme. The ranges of fixation suggest that at high (or low) 
habitat frequencies, the capacity for plastic growth has been lost 
indicating a genetic, adaptive response to environmental conditions. 
Between these extremes would be a linear relationship identical to that 
described by the classical polyphenism. 

Although theoretical models are often characterized as being too 
simplistic, they nevertheless provide a framework upon which to build 
testable hypotheses and a starting point for incorporating ecological 
factors into the models (Haiti and Clark 1989). 
The two morphospecies in this study, Madracis decactis and M. 
pharensis, were originally described by Wells (1973a,b) based on 
corallite characteristics. Their division as different species has been 
questioned (Fenner 1994, Zlatarski and Estalella 1982) and a recent 
genetic study by Diekmann et al (2001) shows no genetic difference 
between small samples of the two phenotypes. Both morphospecies brood 
planulae (Vermeij et al. submitted) and differ mainly in overall colony 
morphology: nodular for M. decactis and encrusting for M. pharensis. 
These morphologies generally correspond to the position of the colonies 
on the reef substrate, exposed and cryptic for M. decactis and M. 
pharensis respectively. The division based on colony morphology is 
adopted by various authors to distinguish between the two morphs (e.g. 
Fenner 1994, Nagelkerken and Bak 1998) and also used in this paper. 
Biogeographically, the two morphospecies occur in the entire Caribbean 
although M. pharensis seems absent in the Northern and Southern regions 
(Florida, Bermuda, Brazil; Leao et al. 1988, Echevema et al. 1996). In 
this paper, we will investigate the mechanism that maintains alternative 
phenotypes, i.e. M. decactis and M. pharensis in populations on Bonaire 
and Curaçao, occurring in a structurally heterogeneous environment on 
the reef slope. 

METHODS 

All research was conducted on two leeward islands of the Netherlands 
Antilles, Bonaire (12°N, 68°W) and Curaçao (12°N, 69°W). Van Duyl 
(1985) offers a thorough description of the reef characteristics on both 

Chapter 12 Habitat heterogeneity and population structure 180 



70° * 

N 

69 

CURACAO 

" ^ V -n 

KLEIN CURAÇAO 

VENEZUELA 

69 

r^ boca patrick 

Caribbean Sea 

wreck st. preîu 

playa iargu 

porto marie /\J ^ \ CURA' 

slangenbaai^. _ î1 

biauwbaar ^" v - ' 
buoy 1 

superior 

canoa 

_ .Witiemstad 
fc*y) 

Ö \ 

seaquarium' / m*-
producer j a n thiel 

^ ^ 
Caribbean Sea 

windjammer 0|.b|ue_ . 

smaîl walk 
BONAIRE 

habitat \ s. 

^w l ': Kralendijk 
(city) 

( 
hilma hooker ; 

v./> 
blue 

) \ hole 

, ) 
5 km 

margate bay 

\ hole 

, ) 

Figure 1. The islands of Curacao and Bonaire (Netherlands Antilles) with study sites. 
Note that "Habitat Wreck" and "Habitat Wall" are not indicated. These sites are close 
(<200m) to the site "Habitat". 

Chapter 12 Habitat heterogeneity and population structure 



islands. The composition of the local Madracis decactis and M. pharensis 
population was determined and related to the substrate complexity at 23 
sites around the two islands (Fig. 1). 

Assessment of the local coral population 
At each site, approximately 239 colonies (mean +/-89 sd) were measured 
along a lm wide 20m isobathic belt transect. The number of measured 
colonies is generally lower (<200) for the populations that were sampled 
on wrecks (Superior Producer, Hilma Hooker, Habitat wreck and St. 
Pretu wreck) where available surface limits the number of colonies. 

Figure 2. The REEFER (2 x 1.5m) used to quantify habitat characteristics (expressed 
as the proportion horizontal vs. vertical substrate present at a site). 

Each colony was deemed either nodular (N) or encrusting (E) 
corresponding to the two morphospecies Madracis decactis and M. 
pharensis, respectively. Colony area (in cm2) was determined from two 
cross-colony width measurements. We classified each coral's position 
based on the substrate orientation. Colonies situated on surfaces deviating 
less than or more than 45° from horizontal were classified as horizontal 
(H) and vertical (V), respectively. Colonies on horizontal, exposed 
positions receive direct sunlight from the sea surface, differing from 
vertical, cryptic colonies that receive sunlight indirectly and typically 
occur in crevices or under overhangs. Since nodular M. decactis colonies 
are by far most abundant on horizontal positions and encrusting M. 
pharensis dominate vertical habitats, we used these combinations as a the 
natural match in our model. This habitat matching concurs with other 
natural historical accounts of the two morphospecies (Fenner 
1993,Vermeij and Bak in press). 
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Assessment of the local habitat 
Sites were selected along a continuum of surface complexity, ranging 
from near vertical walls to essentially horizontal surfaces. Bottom 
complexity was defined as the distribution of horizontal and vertical 
surfaces at a 10cm scale. To avoid effects of depth change, we sampled 
one dimensional transects within the 17-23m depth range using the Reef 
Environment Efficient Estimator of Relief (REEFER). The REEFER, 
modified after McCormick ( 1994), consists of a 2m wide frame (Fig. 2) 
containing vertical, free moving 1.5 m long pvc-poles every 10cm over 
its entire width. To use, one diver lowered the REEFER until all poles 
touched the benthic surface. Keeping the frame horizontal, a second diver 
recorded the height that each of the 21 poles extended above the frame. 
Height differences between consecutive poles were compared to estimate 
the surface profile in each 10cm section of sampled reef. We defined a 
10cm height difference between consecutive poles as the threshold 
distinguishing horizontal (<10cm) and vertical (>10cm) surfaces. This 
10cm threshold related to a mean topographic orientation of 45° from 
horizontal within the sampled surface. 
For vertical walls a variation to the original REEFER, the VEEFER 
(Vertical Environment Efficient Estimator of Relief) was used. The 
vertical poles of the REEFER were too short when used on a vertical wall 
since successive poles correspond to a horizontal movement of 10cm 
which results in a near infinite distance along the z-axis on a vertical wall. 
A weight and floating object were attached to a flexible measurement 
tape and placed in front of a vertical wall. The distance to the wall was 
determined by positioning a calibrated measurement pole horizontally 
between the tape and the wall every 10cm. The measurement pole was 
kept horizontal by referring to an attached leveling instrument. 
Differences between successive measurements now correspond to 
horizontal surfaces and the same decision angle was used to distinguish 
between vertical and horizontal surface. For the VEEFER a height 
difference of 10cm, or higher, between two consecutive poles then 
defines a horizontal surface. The VEEFER works precisely as a REEFER 
turned 90° to the benthic surface. 
Because of the nearly bimodal distribution of habitat types in vertical and 
horizontal surfaces, the position of the decision angle distinguishing 
between horizontal and vertical surfaces hardly affects the proportion of 
surface defined as either vertical or horizontal. This bimodality is caused 
by the relatively few unoccupied habitats that slope between 
approximately 30-70 degrees (Vermeij and Bak, submitted). Furthermore, 
colonies that grow on gently sloping (approximately <30°) surfaces alter 
their growth direction to receive direct sunlight as if they were on a 
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horizontal slope, creating this self-organized topography of the coral reef 
(Vermeij and Sandin, pers. obs.). 
As vertical surfaces between a constant 10cm lateral distance contain 
more absolute distance than horizontal surfaces, a correction was needed 
to determine available substrate in each orientation. Pythagoras' rule tells 
us that the linear distance between consecutive poles is defined as: 
sqrt((10cm)A2+(vertical difference)A2). As the vertical difference 
increases, so does the linear distance between pole tips. The fraction of 
horizontal substrate available is therefore defined as the summed linear 
distances between consecutive poles sloping <45°, divided by the sum of 
all surfaces. The fraction of vertical substrate is simple 1 minus the 
fraction of horizontal substrate. 

Absolute vertical walls (prop H= 0) were included by studying the 
populations present on three wrecks that were submerged longer than 20 
years and a wreck at St. Pretu. The St. Pretu wreck has been submerged 
for only 4 years, but Madracis colonies were nonetheless abundant on its 
surface (average density 26.0 colonies m"2). 
Since dispersal rates determine effective population size (Hellberg 1996) 
local adaptation depends on the distance that planulae travel from their 
parent colony. Dispersal rates were determined by directly tracking 
following planulae released from parental colonies (n = 36). 

Assumptions for polyphensim models 
In case of a switching polyphenism (sensu Moran 1992) where adaptive 
matching of phenotype and environment occurs, a reversal of the relative 
fitnesses of the alternative phenotypes is required when the habitat 
changes from prop H= 1 (horizontal) to prop H= 0 (vertical). Depending 
on (1) the frequency in which the respective habitats occur (prop H), (2) 
the fitness that phenotypes achieve in the respective environments and (3) 
the error rate of the phenotype-environment match (n), the species exists 
either as a phenotypic generalist or as one of the respective monophonie 
strategies (N or E), also known as "phenotypic fixation". This is given in 
formula as (Moran 1992) 

/ (N ,H)>/ (g ,H)>/ (E ,H) (1) 

and 

. / (E,V)>/(g,V)>/(N,V) (2) 

where ƒ (g,H) and /(g,V) are the fitnesses of the generalist phenotype in 
environment 1 and 2. N and E correspond to the respective nodular and 
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encrusting morphologies and V and H indicate vertical and horizontal 
surfaces. The average fitnesses of the generalist strategy, wg depend on 
the frequency of the habitats, i.e. the proportion of horizontal compared to 
vertical surface and can be written as 

wg = prop H • /(g,H) + (1-prop H) • /(g,V) (3) 

We can now calculate when the polyphenic strategy will be advantageous 

prop H • /(g,H) + (1-prop H) • /(g,V) < (l-n)h • /(N,H) + (nh)prop H • 
/(E,H) + (l-n)v( 1-prop H) • /(E,V) + nv(l-prop H) • /(N,V) (4) 

We assume nh ~r|v and /(E,H) = 0 given their low abundance of 
encrusting colonies at horizontal surfaces, so 

prop H (n) /(N,H) + (l-n)-/(N,V) > (l-n)-/(E,H) (5) 

at intermediate complexities, prop H= 0.5, so specialization occurs if 

n-/(N,H) > (l-n)[/(E,V) - /(N,V)] (6) 

/(N,H) > (l-r,)/n-[ /(E,V) - /(N,V)] (7) 

/(N,H) > (1-prop H)-(l-n)/(prop H-r,)-[/(E,V)-/(N,V)] (8) 

Error rates (n) are defined as the percentage of colonies of one 
morphotype occurring the non-corresponding habitat when the habitat has 
an equal amount of horizontal and vertical surface (i.e. Jan Thiel, 
Curaçao). The error rates were used to adjust the theoretical relation 
between habitat and morphotype occurrence, i.e. a straight line through 
(0, 0) and (1, 1), in case of a polyphensism. Intercepts at x=0 and x=l are 
set to y= n and \-r\ respectively and in case of a switching polymorphism, 
the switchpoints are tied to the polyphenic error rates, n and 1-n, 
following Moran (1992). 

Fitness determination 
The assumption of phenotype-habitat matching being adaptive requires a 
reversal of the relative fitnesses of the alternative phenotypes in the two 
habitat types. An integrated fitness parameter is difficult to obtain for 
corals since it results from various interacting life-history elements. We 
measured RNA/DNA ratios as an indicator of fitness (Buckley et al. 
1999, Chung and Deb 1998, Frantzis et al. 1992, Meesters et al. in press, 
Bak and Meesters, in press). Using fluorometric dye-binding assays we 
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Table 1 Overview of all sampled sites (n= 23) with the composition of the local 
habitat (proportion of horizontal surface) and composition of the local coral 
population (proportion nodular and encrusting colonies).n indicates the number of 
colonies sampled. B indicates sites on Bonaire, all other sites are on Curaçao. 
%(encr_hor) indicates the percentage of encrusting colonies on horizontal surfaces, 
i.e. the wrong morphotype-habitat match for this morphotype. Vert= vertical surface' 
and nod= nodular colonies. %(nod_vert) indicates the percentage of nodular colonies 
in the wrong habitat. 

Population Position Position 
composition encrusting nodular 

col. col. 
propH propV n (% Encrusting.) %(hor) %(vert) %(hor) %(vert) 

Superior Prod. (Vert.) 0.00 1.00 1000 100.0 0.0 100.0 0.0 0.0 
Hilma Hooker (Vert.)(B) 0.00 1.00 1000 100.0 0.0 100.0 0.0 0.0 
Wreck Habitat(38m)(Vert) 0.00 1.00 1000 100.0 0.0 100.0 0.0 0.0 
Wreck St. Pretu (Vert) 0.00 1.00 1000 93.3 0.0 93.3 0.0 6.7 
Klein Curacao 0.10 0.90 887 94.1 0.0 94.1 5.9 0.0 
Blauw Baai 0.16 0.84 814 98.3 1.3 97.1 1.7 0.0 
Small wall (B) 0.24 0.76 574 99.0 0.7 98.4 1.0 0.0 
Wall Habitat (B) 0.29 0.71 450 99.5 0.0 99.5 0.5 0.0 
Slangen Baai 0.38 0.62 874 64.0 5.1 58.9 25.5 10.5 
Windjammer (B) 0.42 0.58 1254 66.9 5.0 61.9 22.2 4.2 
Margate Bay (B) 0.43 0.57 1570 71.3 2.7 68.6 21.7 7.0 
Playa Largu 0.42 0.58 1060 94.1 4.5 89.6 5.9 0.0 
Porto Marie 0.44 0.56 1120 79.5 5.8 73.8 17.9 2.6 
Habitat (B) 0.45 0.55 978 52.7 5.5 47.3 34.1 13.2 
Seaquarium 0.46 0.54 1136 80.1 1.6 78.5 13.9 6.6 
O/'S/ue (B) 0.44 0.56 1074 48.1 4.7 43.4 21.2 5.4 
Buoy 1 0.45 0.55 1300 82.0 5.0 77.1 9.0 9.0 
Jan Thiel 0.50 0.50 1136 76.0 3.1 72.9 14.9 9.2 
HHooker (B) 0.57 0.43 714 50.2 4.6 49.1 28.1 21.8 
Canoa 0.57 0.43 1359 36.1 2.4 33.7 43.4 20.5 
Blue Hole(B) 0.64 0.36 992 45.0 4.4 40.6 34.7 20.3 
Boca Patrick 0.70 0.30 1400 9.0 0.0 9.0 89.6 1.5 
Superior Prod. (Hori.) 1.00 0.00 1000 8.7 8.7 0.0 91.3 0.0 
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determined the fitness of eight colonies of both morphotypes in both 
habitats. Meesters et al. (in press) provide technical details. 

RESULTS 

Overall phenotype-environment relation 
The 23 sites span a range over which the proportion of horizontal habitat 
gradually increases (Tab. 1). The composition of the local coral 
population relates to this proportion of horizontal surface (H). Near the 
end of the habitat range (towards prop H = 0 and 1) populations approach 
a 100% fixation for the respective corresponding morphologies. Habitats 
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Figure 3. The sigmoidal relation between habitat heterogeneity expressed as the 
proportion horizontal of surface (prop H) against the proportion of nodular 
colonies in the population. For sample sizes and exact values, see: table l. 

with a proportion of horizontal surface less than 0.3 are dominated by 
encrusting colonies (>93.3%). If the proportion of horizontal surface 
exceeds 0.7, encrusting colonies dominate the population (>91.0%). 
Absolute fixation of the encrusting phenotype was observed in three 
populations that occur on vertical sides of wrecks (Superior Producer, 
Hilma Hooker, Wreck Habitat). The behavior of the encrusting 
colonies with increasing fraction of horizontal surface is opposite to 
that of nodular colonies. 
Because of the domination of one morphotype at the ends of the 
habitat range, population composition and substrate are sigmoidally 
related (fig. 3). The proportion horizontal surface of representative 
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Table 2. Results from ANCOVAs on population composition between islands 
(Bonaire and Curaçao) using habitat composition as a covariable. 

F-ratio df P 
Source 
island 
habitat 
Error 

10.05 
0.32 

1 
1 
8 

0.01 
0.59 

reefs of the leeward coast of Curaçao and Bonaire ranges between 
0.38 (Slangenbaai, Curaçao; Tab. 1) and 0.57 (Hilma Hooker Tab. 1). 
Over this range the fraction of nodular colonies is consistently higher 
at Bonaire than on Curaçao for identical habitat characteristics 
(ANCOVA; p< 0.05; Tab. 2). Deviations from the right environment-
phenotype combinations are largest at sites where the horizontal 
surface approximately equals the vertical surface (prop H= ± 0.5; fig. 
4). The deviations from the right environment-phenotype match are 
larger for nodular colonies compared to encrusting colonies. Planulae 
(n= 36) traveled less then 2m from the parent colony before settling. 
With increasing habitat similarity (i.e. 0<- prop H->1) the chance that 
a planulae encounters the same habitat type as its parent increases. 
The proportion of horizontal surface is higher at sites on the exposed 
north coasts of the islands (prop H= 0.57 - 0.70). Vertical walls (prop 
H < 0.29) are rare on Bonaire, (Van Duyl 1985) so only two small 
vertical walls (surface < 500m2) were included in our study (Small 
Wall, Habitat Wall). 
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Table 3. Maximum likelihood results for different models explaining the relation 
between habitat heterogeneity and coral population composition. 

Model Classical Polymorphism Switching 
polyphensim polyphensism 

#ofparams 2 3 4 3 4 
A -0.02 0.29 0.28 0.00 0.00 
B 1.43 0.76 0.73 1.52 1.52 
alpha 0.03 0.03 0.05 0.03 
beta 0.03 0.09 0.05 0.09 
Likelihood 396.07 216.46 214.80 322.97 319.01 
AIC 400.07 222.46 222.80 328.97 327.01 

A is x-intercept at y=0 

B is x-intercept at y=1 

alpha is expected error at 'fixation' for low habitat values 

beta is expected error at 'fixation' for high habitat values 

Models: polymorphism , classical and switching polyphenisms 
Three models were constructed and tested for their explanatory power of 
the observed relation between habitat and population composition using 
Maximum Likelihood techniques (Hillborn and Mangel 1997): (1) a 
polymorphism, (2) a classical polyphenism and (3) a switching 
polyphenism sensu Moran (1992). Two model parameters were defined 
(A and B; the x-intercepts for y= 0 and 1) as the points connecting a line 
describing the theoretical relation between substrate and population 
composition. An additional error term needed to be included in the 
polymorphism and switching polyphensism model (a and ß), representing 
expected error rates (0<a, ß< 1) at fixation for low and high habitat 
values. Within the polymorphism models, the error terms can be made 
independent (i.e. by including one additional parameter in the model), but 
this did not change the likelihood of the model (Chi-squared= 3.3; df= 1; 
p> 0.05). We therefore used a three-parameter model for the 
polymorphism. 
The polymorphism model describes the relation between coral population 
composition and habitat structure much better than our two polyphenism 
models and differences between the models are highly significant (Chi-
squared> 16.3; df= 3; p«0.001, Tab. 3). Akaike Information Criteria 
(Sakamoto et al. 1986) differ between the models. A relatively low AIC 
value indicates the model that fits the data best, adjusting likelihood 
estimates for the number of free parameters involved. Theoretical 
predictions of the relationship between substrate and population 
composition are shown in fig. 5 together with the original data. Although 
there appears to be no fixation at low habitat values for the switching 
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(a) Classical Polyphenism 

(b) Switching Polyphenism 

(c) Polymorphism 

Figure 5. Graphs showing the theoretical relation between habitat heterogeneity (prop 
H) and population composition (prop N) for (a) a classical polyphenism, (b) switching 
polyphenism and (c) a polymorphism. Black markers show collected data from 23 
sites. 

polyphensism (fig. 5b), populations do go to fixation at this end of the 
habitat range when prop H « 0.001). 

Fitness 
Both morphotype-habitat combinations have a higher fitness in the 
exposed environment; in this habitat the nodular morphotype had the 
highest fitness value of all possible combinations (Tab. 4). In the cryptic 
habitat the encrusting morphotype has the highest fitness. Therefore a 
reversal of the relative fitnesses of the alternative morphotypes in the two 
habitat types occurs. We calculated the habitat characteristics when 
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Table 4. Results from RNA/DNA analyses. In the last column all values are 
expressed proportionate to the highest value (4.73) for nodular colonies on 
horizontal surfaces. 

Morphotype •Environment match 
average sd n proportional (0-1) 

(nodhor) 4.73 4.73 8 1.00 
(nod_vert) 0.43 0.14 6 0.09 
(ener hor) 2.10 2.82 6 0.44 
(encr_vert) 0.99 0.72 8 0.21 

fixation would occur for both morphotypes using the fitness values (Tab. 
4) in the formulas of Moran (1992). These switchpoints occur at prop H= 
0.08 and 0.33, and at prop H= 0.1 and 0.6 after optimization in the model. 
The resulting likelihood estimates are an order of magnitude larger 
(approximately around 4000) than the original models (Tab. 3). 
Therefore, the integration of measured fitness values (RNA/DNA) to 
calculate polyphenic switchpoints provides no likely scenario to explain 
the observed relation (fig. 3). The phenomenologically-derived values for 
the polymorphism model show the best fit to the data. 

DISCUSSION 

The results of our study demonstrate that small spatial scale habitat 
characteristics organize the expression of underlying genetic variation in 
two different morphotypes in the Madracis pharensislM. decactis 
complex. Local fixation can occur when polymorphic coral populations 
lose one morphotype due to reduced genetic exchange guided by local 
selection for the favored type. Limited dispersal of planulae (Sammarco 
and Andrews 1988, Lasker and Kim 1996, Lasker et al. 1998, Todd 1998, 
Ayre and Hughes 2000) and high levels of asexual reproduction 
(Bothwell 1981, Jackson and Coates 1986, Karlson 1986, Hunter 1988, 
Hughes et al. 1992, Bruno 1998, Adjeroud and Tsuchiya 1999) have both 
been observed in corals and all contribute to inbreeding causing the 
population to become monomorphic. Random genetic drift alone 
resulting in fixation is not supported by our findings since the direction of 
fixation is not random, but instead is related to habitat characteristics, 
suggesting directional selection. Differences in survival (Reznick et al. 
1997) and reproductive activity (Wyngaard 1986) cause an increased 
reproductive output (reproductive surface x fecundity) or fitness of the 
morphotypes in the habitat to which they adapted, resulting in segregation 
distortion or meiotic drive (Futuyma 1986). Although the absolute fitness 
values in horizontal habitats are always highest for both morphotypes, the 
fitness of encrusting colonies is higher in vertical habitats, compared to 
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that of nodular colonies (Tab. 3). Fitness asymmetry is a likely 
mechanism maintaining polyphenisms and polymorphisms (Moran 1992, 
Futuyma and Peterson 1985, Wilson and Turelli 1986). In the Madracis 
complex, two distinct fitness aspects are combined: the maintenance of 
reasonable fitness levels in poor environments (i.e. low light, cryptic, 
vertical reef positions) and achieving high fitness in favorable, resource 
rich conditions, i.e. high light, exposed, horizontal positions on the reef 
(Noble 1989, Sultan 1995, 2001). The encrusting morph can be 
considered a fugitive morph within the species complex, one that is 
capable to maintain itself through time by occupying a unique habitat for 
scleractinian corals. Reduced sedimentation and competition for space 
allow the encrusting morph to survive in large numbers relative to the 
nodular morph (average density 9.2. and 1.2 m"2 respectively; Vermeij 
and Bak, subm.). Our study suggests that these relative fitness differences 
can result in the maintenance of genetic polymorphisms in coral species 
complexes. 

Although studies on genetic structure are not new in coral ecology 
(Neigel and Avise 1983, Stoddart 1984, Heyward and Stoddart 1986, Van 
Veghel and Bak 1994, Stobart and Benzie 1994, Benzie et al. 1995, 
Mcfadden and Aydin 1996, Romano and Palumbi 1996, Adjeroud and 
Tsuchiya 1999) mechanisms responsible for the observed patterns in 
genetic variation are seldomly studied. This study is one of the first to 
indicate such a mechanism, habitat complexity, as a factor that affects 
genetic variation in coral populations at a small spatial scale (<200m) 
resulting in the observed ecological distribution. We observed fixation in 
the M. pharensis-decactis complex around 30% and 70% horizontal 
habitat for encrusting and nodular colonies respectively (Fig. 3), while at 
intermediate habitat complexities, a transient polymorphism exists. From 
supporting physiological data and natural history, we suggest a threshold 
exists here, where the costs for tolerance to habitat heterogeneity 
outweigh the negative costs associated with the error of expressing the 
wrong morphotype (Bradshaw, 1965). 
Speciation driving the morphotypes to different species due adaptation to 
the different habitats can occur if an association evolves between habitat-
specific fitness loci (i.e. those responsible for the differences in 
RNA/DNA ratio's) and other loci that increase fitness or reproductively 
isolate the populations in each habitat. We have no indication whether 
such a process is currently taking place. The values of environment-
phenotype mismatch (fig. 4) can therefore potentially serve as a measure 
of progress in a population towards speciation. Since we know that most 
reefs on Bonaire and Curaçao occur between 0.38-0.57 (prop H), 
speciation between Madracis pharensis and M. decactis is not expected 
since fixation occurs at values 0.3> prop H> 0.7. However, these values 
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occur on north coast reefs (prop H> 0.6) where the nodular morphotype, 
i.e. M. decactis, dominates local populations. 
Our data confirm earlier studies that showed that genetic structuring 
resulting from different habitat preference is theoretically possible (Rice 
1984, Moran 1992). Polymorphisms in combination with habitat 
heterogeneity provide an explanatory mechanism to understand the 
behavior of the Madracis species complex across space and through time 
within the context of reticulate evolution (Veron 1995). Fixation within 
the complex depends on local circumstances and, in our case, also differs 
between islands (Tab. 2). Bonaire and Curaçao are of approximately 
similar size and are separated by 60km of open sea (>1500m depth). The 
reefs around Bonaire lack the vertical walls that are common on Curaçao 
(Van Duyl 1985). The lower degree of fixation within the Madracis 
pharensis/ decactis complex at Bonaire sites corresponds to this 
observation. On average the accuracy of the phenotype-environment 
match is 1.5 times higher on Curaçao compared to Bonaire. Low habitat 
heterogeneity at island scale reduces the effect of disruptive selection 
acting on the two phenotypes resulting in low developmental sensitivity 
to environmental factors, i.e. n increases. 
The polymorphism on Bonaire can likely settle at an island-wide 
proportion, distinct from the proportional heterogeneity on Curaçao. That 
the degree of heterogeneity within a species complex can differ between 
islands is also found in the Caribbean Montastraea annularis-species 
complex (Knowlton et al. 1997, Van Veghel and Bak 1994). Using 
allozymes, the three phenotypes comprising the complex were classified 
as different species in Panama. However, using identical techniques, Van 
Veghel and Bak (1994) indicated a much smaller degree of speciation on 
Curaçao and genetic differences were too small to classify the phenotypes 
as different species. Island scale genetic heterogeneity therefore can be 
influenced by meso-scale habitat characteristics. 
Both the Montastraea and Madracis species complexes indicate that 
speciation in corals varies across space and not only through evolutionary 
time. It would be possible to study the behavior of a species complex (its 
"evolutionary trajectory") by comparing the complex in geographic 
distant populations that form a gradient of the environmental factor 
driving (disruptive) selection. Preliminary observations show that the 
encrusting morph or M. pharensis is not found in the Northern Caribbean 
where the reefs mainly consist of horizontal patch reefs (Florida and 
Bermuda). This fits our hypothesis and shows the importance of 
environmental heterogeneity in promoting variation in corals. 
Foundational to such heterogeneity are genetic pathways relating 
individual fitness to habitat characteristics. 

Chapter 12 Habitat heterogeneity and population structure 193 



Time is traditionally used as the axis along which evolutionary progress 
of species is depicted. Space should also be taken into account since it 
interacts with time to determine a local degree of speciation. The 
synergistic effect of time and space defines the end result of the 
speciation process resulting in dissimilar evolutionary trajectories at 
different locations. Changes in habitat heterogeneity due to natural 
disturbance affect the degree to which the two morphotypes can occupy 
their favored positions on the reef. Permanent genetic fixation of a 
population is therefore difficult since populations exchange individuals 
(Hanski and Gilpin 1997). However, temporal dynamics of the species 
complex were not addressed in this study. This interaction between space 
and time highlighted by reticulate evolution is therefore just an 
elaboration of concepts fundamental to classic models of allopatric 
speciation. The distinction is the consideration of larger scales 
simultaneously, not simply speciation across one such physical structure 
dividing populations. Specifically for the Madracis complex, the relative 
absence of encrusting colonies on reefs at the north side of Bonaire and 
Curaçao and total absence in northern and southern regions (Bermuda, 
Florida, Brazil; Leao et al. 1988, Echeverria et al. 1996) in the Caribbean 
indicate that fixation can occur at various spatial scales in response to the 
same structuring factor: habitat heterogeneity. 
Local differences m the genetic variation present within coral populations 
in response to habitat heterogeneity is indicative of reticulate evolution 
(Veron 1995). It shows that gene-pools can harbor multiple morphotypes 
if disruptive selection by environmental factors is weak. The absence of 
an explanatory mechanism has resulted in a debate on the species status 
of Madracis pharensis and M. decactis (Fenner 1993, Diekmann et al. 
2001). We have shown how polymorphic strategies are organized across 
space and resulted in ecological significantly different distributions on 
both small (i.e reef) and large (i.e. island) scales. 
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Development of population structure in corals: 
temporal and spatial sources of variation 
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ABSTRACT Populations of the scleractinian coral Madracis pharensis 
show great similarity over both spatial (between islands) and temporal 
(>30 yrs) scales on two islands of the Netherlands Antilles. After a 
growth phase, population structure becomes stable within five years after 
the start of settlement. At this point, colonies span 94% of the size classes 
that will be occupied at later stages. The stable size frequency distribution 
results from a balance between various life history processes: growth, 
(partial) mortality and recruitment. Low spatial and temporal variation in 
size frequency distributions characterizes them as a stable state because 
of (1) the presence of a stable equilibrium state (i.e. constant population 
structure); (2) resilience or resistance causing the population to return to 
this point after disturbance. We suggest that the population structure of 
Madracis pharensis should be regarded as at stable equilibrium at the 
population level. This is the first case where stable states are described at 
this organizational level. The minimum area and minimum time period 
for which a M. pharensis population can be stable or persistent is on a 
200m scale and 5 years, respectively, provided that recruitment from 
elsewhere is large enough to initiate population development. 

INTRODUCTION 

The quantification of variation is an important tool to describe the 
behavior of biological systems. In such systems, the observed variation in 
population characteristics is often the result of independent, interacting 
factors. The difficulty of quantifying the relative importance of each 
individual factor as a source of variation hinders the recognition of cause 
and effect relationships in underlying structuring processes. In the 
literature, variation that can not instantly be related to a certain source is 
often qualified as "error", i.e. back ground variation or noise, leaving the 
potential biological significance unattended. 

The life history characteristics of an organism determine the size 
distribution of a population in response to different environmental 
conditions. For clonal organisms, the size distribution of individuals is an 
informative population characteristic since size relates better to biotic and 
abiotic processes than age (Connell, 1973, Hughes and Cornell, 1987, 
Soong, 1993). Size frequencies of clonal populations therefore 'reflect 
ecological responses of the species involved. Quantifying variation within 
these populations can reveal less obvious structuring factors in the 
population biology of these organisms. 

In coral ecology, size variation in populations is best studied after log-
transformation of the original data (Bak and Meesters, 1998, Vermeij and 
Bak, 2000, Meesters et al. 2001). This corrects for the different increases 
in size with every growth step (i.e. AsiJ A,). Because of the corals 
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exponential growth process, the number of growth steps leading to a 
certain size rather than size itself is preferred to describe colony variation 
in a population (Vermeij and Bak, in press). The log transformed size 
frequency approaches a normal distribution that more closely reflects an 
age distribution. A normal distribution, indicative of the amount of the 
variation present, can be described using standard descriptive statistics 
(e.g. kurtosis, skewness, gini-coefficient). This variation can be compared 
between populations subjected to different environmental conditions (Bak 
and Meesters, 1998, Bak and Meesters, 1999, Meesters et al. 2001, 
Vermeij and Bak, subm. a) or to quantify differences between species life 
history strategies (Vermeij and Bak, in press, Vermeij and Bak, subm. a). 
These studies address a specific source of variation, environmental or 
life-history related, and describe the corresponding variation. The power 
of such analyses depends on the degree to which the studied source can 
be distinguished from natural variation. 
Natural variation consists of spatial and temporal elements. Spatial 
variation results from the interaction of life history characteristics and the 
local environment. Temporal variation arises since biological systems 
often need time to reach an equilibrium state, during which the 
composition of a population changes. The spatial-temporal variation in 
coral size frequency distributions is low under natural conditions 
(Meesters et al. 2001) and the variation present is mainly determined by a 
species life history strategy (Vermeij and Bak, subm. a, Meesters et al. 
2001). The absence of variation over large spatial scales (kms) suggests 
that coral populations possess characteristics of self-organizing systems 
near or at a stable equilibrium. When a population develops towards its 
equilibrium state (i.e. the size frequency distribution becomes stable 
through time) dynamic responses of the population gradually replace 
environmental stochasticity as a major structuring factor (Bak and 
Meesters, 1998). Main structuring factors are: juvenile input, growth, 
partial mortality and total mortality. Partial mortality provides an influx 
from large size classes to intermediate and small size classes. A 
bidirectional influx towards intermediate size classes evolves: from 
fragmenting colonies in higher size classes and from growing colonies in 
smaller size classes (Bak and Meesters 1998, Vermeij and Bak, in press). 
The combined effect of juvenile input, growth, mortality and partial 
mortality determine a dynamic equilibrium which translates to a near 
normal size distribution where the mode indicates the size at which 
partial mortality starts affecting colony size (Bak and Meesters, 1998). 
Information on the underlying dynamics of marine communities and 
populations is important for ecological studies. Many studies however 
address the dynamic aspects of ecodynamics at the community level 
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Figure 1. Map showing the locations where populations of Madracis pharensis were 
quantified on Curaçao (n= 10), Klein Curaçao (n= 1) and Bonaire (n= 7). 
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focusing on succession, interspecific competition and the distribution of 
rare and dominant species (Margalef 1968, Hughes, 1984, Somaschini et 
al. 1997). Studies on the underlying dynamics at the population level are 
rare but essential to relate the degree of variation in a population to non 
natural (e.g. anthropogenic), stochastic (e.g. weather) or catastrophic (e.g. 
hurricanes) disturbance events. 
This study aims to investigate the development and stability of coral size 
distributions, as an expression of underlying population dynamics, at a 
range of natural temporal and spatial scales. As a model, we use the 
species Madracis pharensis, an encrusting zooxanthellate species that 
prefers cryptic habitats. It is a dominant member of the coral communities 
(average density 4.3 ind m" ; Vermeij and Bak, subm. a) over reef slopes 
and along islands in the Southern Caribbean. 

MATERIAL AND METHODS 

Study site and surveys 
Surveys were carried out on Bonaire (12°N, 68°W) and Curaçao (12°N, 
69°W), the leeward islands of the Netherlands Antilles in the southern 
part of the Caribbean Sea (Van Duyl, 1985). We quantified the size 
distributions of 21 populations of the coral Madracis pharensis (Wells, 
1973a) at 20m depth in April- June 2001. Populations were separated 
over various geographical scales: 0-5km, 5-10km, >10km and between 
islands (Fig. 1). Secondly, populations differed in age, i.e. they differed in 
the time period passed since initial colonization. This was accomplished 
by incorporating artificial reefs (wrecks, settlement racks) in our study. 
Madracis pharensis is an opportunistic species and among the first corals 
to colonize new available space, irrespective of substrate type (Vermeij 
and Bak, subm. b). 
At each site up to 150-300 colonies were measured. Colonies <5cm~ were 
measured with calipers. Each colony was subdivided into simple 
geometric shapes whose surfaces were measured separately to the closest 
mm and then summed. Colonies >5cm were measured overlying them 
with a flexible sheet denoted with a 1 cm -grid. The number of squares 
overlying the colony was counted. Partial mortality was measured as 
(recently) dead colony surface completely or partially surrounded by 
living tissue (type I and II respectively sensu Meesters et al. 1997) for 
600 colonies at the site Buoy 1 on Curaçao. At the same site, the relation 
between total colony surface area and the number of contributing colonies 
was studied in 110 0.25m" randomly placed quadrants along the 20m-
isobath. 
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Spatial variation Since we compared 21 different populations in a non
nested design, we looked for a robust measure of over-all similarity 
independent of the number or relation of the populations under 
consideration. We used the Spearman Rank coefficient for rank order 
data. (Sokal and Rohlf, 1981) to compare populations, (1) differing in 
spatial separation, (2) with different periods of development and (3) 
containing different numbers of individuals. We log-transformed the 
original size data using the formula (see: Vermeij and Bak, in press, for 
theoretical background) 

x = In (original size) / ln(2) ( 1 ) 

where x is a proxy for the age of a coral, compensating for the 
exponential nature of the coral growth process. We then compared the 
distribution of colonies over the resulting logarithmic size classes (Bak 
and Meesters, 1998, Vermeij and Bak, 2000, Meesters et al. 2001). For 
each of the three distance classes, the similarities between all possible 
population combinations were calculated. Populations on the settlement 
racks (Fig. 1) were excluded from this analysis since they comprised a 
relatively low number of individuals (<100). The average and variation of 
all correlation coefficients within each distance class represents the 
variability present between populations at that respective scale. 
Temporal variation We distinguished two types of temporal variation: 
(1) variation resulting from age, i.e. different development times since 
first colonization, (2) natural fluctuations in population composition on a 
yearly scale. To quantify the first type of temporal variation, we used 
settlement racks (total surface 23.12m2) to study population development 
for substrates submerged < 4 years (t= 0.80, 1.65 and 2.40 yrs), for more 
details see:. (Van Moorsel, 1983). The structure in populations with age 
4 yrs and higher was quantified by monitoring the populations present on 
4 wrecks (submerged for t= 4, 5, 20 and 24 yrs) in 2000/ 2001. We 
assume that populations in natural reef environments have an age of at 
least 30 yrs. The exact age is unimportant to our analyses, but decadal 
scales incorporate processes that profoundly influenced the dynamics of 
the Caribbean reefs (e.g. the Acropora and Diadema die-offs (Gladfelter, 
1982, Bak et al. 1984, Lessios et al. 1984) and the effects of increased' 
coastal development (Bak and Nieuwland, 1995). We used the Spearman 
Rank coefficient to quantify variation in population structure through 
time. The development of the size distribution through time was 
investigated using measurements of size hierarchies that are used in 
terrestrial plant demography: skewness (g,), kurtosis (g2), coefficient of 
variation (CV) and the gini-coefficient (G) (Weiner and Solbrig, 1984, 
Bendel et al. 1989, Bak and Meesters, 1998, Vermeij and Bak, subm. a). ' 
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Figure 2. Spatial variation in size frequency distributions of Madracis pharensis 
populations on Curaçao. The population structure is given as the percentage of the 
population falling in successive logarithmic size classes. The total number of colonies 
is indicated by n. 
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Figure 2 (continued). Spatial variation in size frequency distributions of Madracis 
pharensis populations on Bonaire. The population structure is given as the percentage 
of the population falling in successive logarithmic size classes. The total number of 
colonies is indicated by n. 
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Figure 3. Temporal variation in size frequency distributions of Madracïs pharensis 
populations on Curaçao and Bonaire. The population structure is given as the 
percentage of the population falling in successive logarithmic size classes. The total 
number of colonies is indicated by n; the age of the population is given in years (yr). 
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Yearly fluctuations in population structure were studied in five 
populations at Curaçao measured in May-June 2000 and May 2001 
(Superior Producer, Klein Curaçao, Blauwbaai, Buoy 1, Slangenbaai Fig 
1). 
To include consideration of a possible species-effect on the development 
of size distributions, we monitored the population structure of a related 
coral species: Madracis senaria (Wells, 1973b). M. senaria shows 
morphological similarity with M. pharensis and occupies the same 
ecological niche, but it is genetically distinct at the species level 
(Diekmann et al. 2001). We surveyed Madracis pharensis and M senaria 
on the same substrate, the wreck at Sta. Pretu, Curaçao (population age t= 
4 yrs). Size distributions for Madracis senaria are also available from 
Buoy 1, Curaçao (population age t> 30 yrs). 

RESULTS 

Overall variation Similarity in size distributions ranged between 0.71 
and 0.91 indicating large over-all similarity in structure of M pharensis 
populations over both spatial (Fig. 2) and temporal (Fig. 3) scales. There 
are significant differences between the various sources of variation 
(ANOVA, df= 10, F= 10.14; p< 0.0001) and post-hoc comparisons (LSD-
Test) indicated that different population age resulted in significantly more 
variation between populations than all other sources of variation that were 
considered (Fig. 4). 

Spatial variation Population size structure is less variable in Bonaire 
compared to Curaçao (populations pooled per island, intra CUR and intra 
BON; Fig. 4). This pattern also evolves when spatial scales are 
considered individually: Bonaire shows higher average similarity in its 
populations than Curaçao populations (except for the combination Cur 
>10 and Bon 0-5; Fig. 4). 

Temporal variation After showing that population age contributes most 
to variation in size distributions (Fig. 4), we described the temporal 
development of size structure within M. pharensis population. M. 
pharensis is an opportunistic colonizer and we assume identical 
development in 7 different populations studied on similar artificial 
substrates (i.e. vertical walls with low light). The substrates differ in the 
time that they are submerged. The submersion time is identical to the 
time the population was able to develop, i.e. the age of the population. 
Standard statistics were used to describe the change in population 
structure and geometric characteristics (Tab. 1; see for further details on 
the statistics used: (Bak and Meesters, 1998, Weiner and Solbrig, 1984, 
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Figure 4. Overview of factors responsible for variation in size frequency distributions 
of Madracis pharensis populations on Curaçao and Bonaire. The similarity between 
populations differing for each factor is indicated by the average similarity (+sd) in 
their size frequency distribution using the Spearman Rank Coefficient. The lines 
underneath the graph indicate significant differences between factors. Dots represent 
the significance level: white 0.05>p>0.01, gray 0.01>p>0.00l and black pO.001. T 
indicates temporal variation between populations that differ in the time after initial 
settlement ("after settl") and differ in structure on an annual scale ("lyr 
fluctuations").The average similarity within and between islands is indicated by 
"intra" and "inter" respectively. Numbers indicate the kilometer scale over which 
populations were separated. Bon= Bonaire and Cur= Curaçao. 
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Table 1. The relation with time (0.4 - >30 years) of eight statistics describing the size 
frequency distribution of Madracis pharensis populations 

Statistic R Square tStat P-value 
mean 0.56 4.87 0.000 
stdev 0.62 4.49 0.000 
range 0.50 3.53 0.002 
max 0.68 6.88 0.000 
Gini 0.71 4.62 0.000 

skewness (g, ) 0.03 0.79 0.438 
kurtosis (g2) 0.04 -0.91 0.374 
CV (sd/mean) 0.09 -1.51 0.146 
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Figure 5. Statistics, describing size structures show two patterns through time. The 
Gini coefficient (G) shows the behavior of statistics that initially increases in value 
and becomes stable after 5 years (see: Tab. 1); Skewness (gl) represents the behavior 
of statistics that show no relation with time (see: Tab. 1). 

Bendel et al. 1989, Meesters et al. 2001, Vermei] and Bak, subm. a). Two 
patterns evolved: (1) statistics do not change through time (Tab. 1, 
skewness, kurtosis and the coefficient of variation) and (2) statistics 
increase with time (till approximately t= 5 yrs) and then become 
relatively constant (Tab. 1, mean size, stdev, range, maximum size and 
the gini-coefficient). 
The first group consists of statistics that quantify the shape of the size 
distribution, whereas geometric statistics related to size dominate the 
second. Fig. 5 shows how a statistic of the first (skewness) and second 
group (Gini-coefficient) behave through time. After 5 years all characters 
of the size frequency distributions are constant (Fig 5). The same 
phenomenon was observed in M. senaria. The highly negatively skewed 
size frequency distribution, that is characteristic for this species (Vermeij 
and Bak, subm. a) was already present in a 4 year old population (Fig. 6). 
We conclude that the shape of a populations size distribution becomes a 
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stable and species specific characteristic within 5 years after the species 
started colonizing the newly available substratum. 

Stable size frequency distributions 
After settlement, Madracis pharensis colonies grow, moving into higher 
size classes until the resulting population structure becomes stable, i.e. 
reaches an equilibrium (around t= 5 yrs, Fig. 5). From this point, the 
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Figure 6. Size frequencies of populations of Madracis pharensis (above) and M. 
senaria (below) at two different times after initial settlement: 4 years (left) and 
>30 years (right). The number of colonies is shown falling in successive 
logarithmic size classes. 

mean colony size is constant. Only a small fraction of the colonies 
(6.1% y') is able to grow into new maximum size-classes (Fig. 3). In 
stable size distributions partial mortality becomes a structuring factor 
since it causes transitions of colonies from larger to smaller size 
classes. At a size greater than =40cm~, M. pharensis colonies become 
susceptible to partial mortality (Fig. 7). This size corresponds roughly 
with the mode, the size class that contains most individuals, in nearly 
all populations (Fig. 2). 
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Life history processes 
The effect of interacting life history processes in M. pharensis 
populations is also shown by data on the spatial distribution of colonies, 
when the cumulative colony surface was expressed as a function of the 
number of individuals per surface area (0.25 m2-quadrants; n= 110, Fig. 
8). At low densities (up to 5-6 individuals 0.25m"2), colony growth is the 
dominant process in the population (growth phase). This phase is 
characterized by an increase in cumulative colony size while the number 
of individuals remains relatively constant. The curve is steep initially 
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Figure 7. The relation between dead and living colony surface area (both in cm2) 
Partial mortality starts to affect colonies larger than = 40cm2 (indicated by vertical 
line on x-axis). 

during the growth phase but flattens, approaching an asymptote: the 
cumulative surface becomes relatively constant while the number of 
individuals is increasing due partial mortality and local recruitment. We 
now see a dynamic equilibrium around the size at which M. pharensis 
becomes first susceptible to partial mortality (=40cm2). When a colony 
size of 40cm2 is reached, partial mortality becomes a structuring factor in 
the population size distribution (Fig. 7). The relation between cumulative 
surface and density, assuming an average colony size of 40cm2 at all 
densities is indicated by the black dots in Fig. 8. Bidirectional growth 
around this size class results in a net accumulation of individuals around 
this size class. Since growth becomes less important and partial mortality 
only starts to affect the size distribution, colonies at this density have the 
largest relative size, i.e. the distance between the two curves in Fig. 8 is 
minimal. Colonies (< 40cm2) grow towards this size from smaller size 
classes (i.e. recruits), whereas partial mortality results in size reduction of 
larger colonies (>40cm2). 
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DISCUSSION 

Variation in population structure 
Our results indicate that spatio-temporal variation is mainly determined 
by the time that a population is present on the reef (Fig. 4) until 
equilibrium is reached after 5 years of population development. 
Population development is therefore best divided in two stages: a growth 
stage followed by a more dynamical stage. During the latter, species 
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Figure 8. The relation between colony density, i.e. n(colonies)/0.25nr quadrant and 
their cumulative surface area (cm2). The black dots indicate the cumulative surfaces 
assuming all colonies are 40cm", which is the size when partial mortality starts to 
affect colony size. 

specific life histoiy elements (e.g. influx of colonies, partial mortality) 
cause a stable equilibrium characterized by resilience or resistance to 
environmental structuring (Pahl-Wostl, 1995). In this phase, the stable 
population structure is maintained due positive feedbacks and "ecological 
engineering" within the population (Peterson, 1984). The time to reach 
this stable, but dynamic stage is estimated at 5 years for M. pharensis. 
This is surprisingly short given the slow growth that characterizes 
scleractinian corals species. The presence of an asymptote, the maximum 
cumulative coral surface per surface area, indicates an upper limit to the 
cover of the reef bottom by M. pharensis (Fig. 8). Competition can be 
excluded as a factor since competitive interactions are minimal (Vermeij 
and Bak, pers. obs). Colony expansion would only be limited by the 
availability of substrate with suitable abiotic characteristics (e.g. light, 
low sedimentation). With regard to size variation, history matters only 
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during the early stages of population development (< 5 yrs) when 
catastrophic events causing whole colony mortality are common in the 
population (Bak and Meesters, 1998). After this initial stage, all 
populations, independent of time and space, converge towards a stable 
species specific population composition (Tab. 1, Fig. 5). 
Variation in population size frequencies highly depends on species 
specific characteristics (Meesters et al. 2001, Vermeij and Bak, subm. a). 
The average Spearman rank correlation indicating the similarity between 
six Madracis species is 0.49 (Vermeij and Bak, subm. a), whereas 
similarity in spatio-temporal different populations is nearly twice as large, 
between 0.79 and 0.91 (Fig. 4). Variation in population structure between 
species is twice as large as temporal variation related to the time of 
population development, the largest source of variation in this study. This 
difference in the proportion of variation related to species specific and 
spatio-temporal (environmental) factors is also found for populations of 
13 other Caribbean coral species (Meesters et al. 2001). 

Population equilibrium and stable states 
The data show that Madracis pharensis populations occur in a stable 
equilibrium state, i.e. a stable size frequency distribution. The coral 
population at stable equilibrium can be represented as a marble on a 
topographical complex underground analogous to theories on community 
organization sensu (Lewin, 1983, Mcintosh, 1985). Stable states are 
represented by valleys and unstable states by hill-tops (Pahl-Wostl, 
1995). The movement of the marble over this phase space is driven by the 
interaction with state variables and represents the dynamics of the system. 
The low variation in populations of M. pharensis over large temporal 
(decades) and spatial scales (islands; 10's kms) indicates that they are 
either characterized by high resilience or resistance, i.e. that populations 
quickly return to their equilibrium state or that severe environmental 
disturbance is needed to move the system to another state. Our data 
shows the existence of stable equilibria in coral populations, but the 
number of alternative stable states is unknown. Benthic communities can 
occur in discrete, alternative states in both temperate intertidal (mussel vs. 
rockweed; Dudgeon and Petraitis, 2001) as well as tropic reef systems 
(corals vs. algal domination; Hughes, 1994). The possibility that coral 
populations may not go through slow successional phases but quickly 
shift to alternative states emphasizes the need for research on alternative 
states in ecodynamics at the community as well at the population level. 
This provides essential information in the perspective of global reef 
decline (Wilkinson, 1993, Bak and Nieuwland, 1995, Hughes et al 1999 
Hughes and Tanner, 2000). 
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Figure 9. Schematic overview of the life history processes that affect the size 
frequency distribution of Madracis pharensis populations. The arrows indicate the 
theoretical relation between population size and cumulative surface area for 
populations at stable equilibrium (straight line) and when external factors affect the 
balance between life history processes (curved lines). 

Spatiotemporal scales of stable states. 
Questions on stability in ecology address constancy in numbers of species 
in communities. We want to address stability on the population level in 
terms of species specific population structure. We regard the size 
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frequency distribution of a species as an equilibrium state to which a 
population returns after being disturbed by an external force. Population 
structure of corals can be susceptible to restructuring by external factors: 
at degraded reefs (Meesters et al. 2001) or at the limit of a species depth 
distribution (Vermeij and Bak, in press, subm. a). The change in the 
population structure indicates that in these populations population 
dynamical adaptations are not available to withstand local disturbances. 
However, this study indicates that in populations facing natural 
continuous disturbance, i.e. they continuously experience and participate 
m reef community dynamics, the resulting population structure remains 
stable indicating ecological resistance/ resilience. Populations that occur 
m frequently disturbed habitats (e.g. the wind exposed north coasts of 
Bonaire and Curaçao) can therefore be more resilient/ resistant than those 
in infrequently disturbed environments. 

On undisturbed reefs, M. pharensis populations satisfy the requirements 
sensu Connell and Sousa (1983) to be characterized as being at stable 
equilibrium: (1) the presence of a stable equilibrium state (i.e. species 
specific population structure); (2) resilience or resistance causing the 
population to return to this point after disturbance. We suggest that 
population structure can be used as an indicator of stable equilibrium at 
the population level. We can not predict whether multiple stable states 
exist (Lewontin, 1969), i.e. if population structure can shift towards a 
fundamentally different state, when disturbance is of the right kind, rate 
or intensity. 

Stable state dynamics 
The equilibrium state, the stable size distribution, is maintained by a 
dynamic balance of life history elements: growth, partial and total 
mortality and recruitment. There are several types of partial mortality 
(e.g. Meesters et al. 1996, Meesters et al. 1997). We distinguish three 
types each with a characteristic effect on density of the population or 
cumulative surface area. All life history processes have a synergistic 
effect on a population structure. The forces acting on populations in terms 
of numbers and density are shown in Fig. 9. In our data set (populations 
older than 5 years) the combined effect of all arrows in this figure 
maintains the typical stable shape of a species size distribution. The 
forces represented by the arrows maintains the typical shape of a species 
size distribution independent of the number of individuals comprising the 
population Numbers and shape of the size distribution are independent 
which follows from the observation that the shape of the size distribution 
remains unaffected when different populations are pooled. The 
proportion between density and cumulative surface is therefore constant 
and characteristic of the species involved. This stable proportion between 

Chapter H Development of population structure 218 



numbers and shape of the size distribution indicates that the point 
representing the stable state ,of the population can travel along a straight 
line (Fig. 9). If external factors reduce or increase one of the life history 
processes, the balance is distorted and the relation between density and 
cumulative surface changes. This is indicated by the curved lines (Fig. 9). 
Our data showed stability in populations at the limited spatial scale at 
which we measured our populations (<200m) indicating that such reef 
surface provides adequate conditions to maintain a population. The 
minimum area and minimum time period for which a M. pharensis 
population can be stable or persistent would thus be on a 200m scale and 
5 years, respectively, provided that recruitment from elsewhere is large 
enough to initiate population development. 
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Chapter 14 

Coral settlement revisited: A 100-fold decrease on a 
Caribbean reef over the last 20 years 

Vermeij M.J.A. and R.P.M. Bak 
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ABSTRACT Caribbean coral reefs, constituting 14% of the total estimated 
global reef area (Smith 1978) are degraded to the point where their intrinsic 
value and utility are greatly reduced ((Hughes 1996, Connell 1997, 
McClanahan and Muthiga 1998). This degradation has been attributed to 
several interacting factors: nearshore antropogenic activities resulting in 
increased sedimentation and habitat destruction, (Wilkinson 1993, 
Wilkinson 1999) global climate change and coral bleaching, (Smith and 
Buddemeier 1992, Wilkinson 1999) diseases of key-stone organisms of the 
reef ecosystem (Acropora, (Gladfelter 1982) Diadema antilliarum) (Lessios 
et al. 1984) algal overgrowth and phase shifts. (Connell 1997, Rawlins et al. 
1998) Long term data on changes in degrading coral reefs are limited to 
coral cover and derived variables. For the first time, we present long-term 
data on coral recruitment rates, a crucial process in coral population 
maintenance. Revisiting the same Caribbean reef site and depths, using 
identical methods and material, we found that after 20 years coral settlement 
has decreased 160 to more than 10000 percent depending on species. The 
understanding of the observed decrease in recruitment is of crucial 
importance to manage coral reef ecosystems effectively and understand the 
ecological response of coral populations in stressed environments. 

INTRODUCTION 

Worldwide, the decline of coral reef functioning is often illustrated by 
quantifying the decrease in coral cover (Hughes 1994, Bak and Nieuwland 
1995, Shulman and Robertson 1996, Connell 1997)and the presence of 
diseases. (Done 1995, Hodgson 1999) The uncertain future of the coral reef 
ecosystem drives interest in the processes underlying reef degradation and is 
the main focus of coral reef research today. 
Studies dealing with the dynamics of coral populations are still amazingly 
few (but see:, (Hughes and Tanner 2000) but of crucial importance in 
understanding reef degradation and implementing effective management 
strategies of degraded areas. Hughes (Hughes and Tanner 2000)showed that 
not coral cover, but fecundity correlated with the number of recruiting 
individuals in Indo-Pacific coral populations. Coral cover is therefore not a 
necessarily useful proxy for population processes, i.e. it does not reflect 
changes in population dynamic processes that affect the population's 
survival through time. Studies based on coral cover can therefore 
underestimate the true decline in a coral population. Because of practical 
limitations such as the quantification of planulae in the water column and 
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survival during early life-history stages, important bottlenecks in population 
survival remain unstudied. 
To quantify changes a historical perspective is needed. Only then, the 
changes over time in coral reef processes can be quantified. For coral 
settlement there is a unique data set, where coral settlement was quantified 
per surface area over the reef slope in 1979-1981 (Van Moorsel 1988, 1989). 
We repeated this study, using identical methods at the same location over a 
similar time interval, to determine whether coral recruitment rates changed 
over the last 20 years. 

MATERIAL AND METHODS 

In 1979 and 1999, settlement racks (for technical details see: Van Moorsel 
1989) were placed at 15 and at 30m at the reef study site Buoy Two at the 
Curaçao South coast (12°05'N, 69°00'W), Netherlands Antilles. We used 
closed grates and total surface of the artificial substrate, consisting of 
polystyrene grids and formica panels, was 11.56m (1979-1981) and 
23.12m2 (1999-2001). We surveyed the racks for two years and recorded all 
scleractinian settlers. In 1999-2001 the probability of detecting small 
juvenile colonies was enhanced by additional surveys at night with a Night 
Sea Blue Light (NightSea LLC). This facilitates the discovery of juvenile 
colonies because many of them show green fluorescence. The size and 
position of each settler was determined. Subsequent surveys allowed the 
quantification of the colony growth process and facilitated classification to 
species of colonies to small for determination at first discovery. Settlers 
were measured to the closest mm2 with calipers. Each settler was subdivided 
into simple geometric shapes; surfaces were measured separately and 
summed. A final comparison between the 1979-1981 and 1999-2001 
settlement was made after two years, in 1981 and 2001. 

RESULTS 

A large and over-all decrease in settlement rate was found for all coral 
species (Wilcoxon Z= -3.519; n= 13; p= 0.000, Tab. 1), including both 
hermatypic (n= 10) and ahermatypic species (n= 3). Settlement was 
consistently higher on the underside of the settlement racks (1981: 15m: 
51%; 30m: 84%; 2001: 15m: 96%; 30m: 97% of all individuals present). 
The smallest settlers observed consisted of 1 polyp and measured 3 mm". 
The overall decrease in settlement rate is larger for hermatypic species than 
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Table 1. Coral recruitment in 1981 and 2001 at Buoy 2, Curaçao. 

Average density of recruits (n m 2) 

^ ^ ^ ~ ~ ~ 15m 

Hermatypic species 
1981 2001 %-change 

30m 
1981 2001 %-change 

Agaricia humilis 
Agaricia agaricites 
Pontes pontes 
Pontes astreoides 
Acropora spec. 
Colpophyllia natans 
Madracis pharensis 
Other hermatypes 

Ahermatypic species 

Tubastrea coccinea 
Astrangia solitaria 
Rhizosmilia maculata 

6.07 0.09 7012 0.78 0.04 1803 
0.52 0.00 >10000 0.78 0.04 1803 
0.26 0.00 >10000 
1.13 0.04 2605 0.43 0.00 >10000 
2.08 0.00 >10000 
0.26 0.00 >10000 
3.73 2.34 160 5.46 0.91 601 
0.09* 0.04** 200 0.35*** 0.00 >10000 

2.34 
5.81 
0.52 

0.09 
0.17 
0.22 

2705 
3356 
240 

0.78 
5.11 
1.82 

0.04 1803 
0.13 3940 
0.43 421 

*) Manicina areolata 
**) Eusmilia fastigiata 
***) Meandrina meandrites or Eusmilia fastigiata 

Figure 1. Settlement rack detail with one colony of Madracis pharensis. 

for ahermatypic species (Tab. 1). Only 4.4% of the individuals (1999-
2001 ; all species pooled n=l 06) that settled on the racks died within the 2 
year period indicating that juvenile mortality is low. 
Madracis pharensis was the most abundant hermatypic settler (Fig. 1) and 
M. pharensis population dynamics was monitored at discrete intervals 
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during the study period (May 2000, Aug2000, Apr 2001; see Fig. 2 for the 
size frequency distribution of the M. pharensis population in April 2001). 
Although it is generally assumed that mortality is the dominant factor that 
affects juvenile corals (<5cm2), we observed all aspects of clonal strategies, 
i.e. bidirectional growth, partial mortality, fragmentation and fusion in our 

16 

14 

12 

10 

CD 6 

0.02 0.04 0.08 0.16 0.32 0.64 1.28 2.56 5.12 10.2 20.5 41 81.9 

Size c lasses (cm2) 

Figure 2. Size frequency distribution M. pharensis at 15m in April 2001 (n- 74). The 
colonies that resulted from fragmentation are indicated in gray. 

M. pharensis population (Fig. 3). The proportion between transitions is 
similar through the year except for the influx of juveniles, which was higher 
in Aug2000-Apr2001, the reproductive period of the adult population. 
(Vermeij et al. submitted) Partial mortality was observed in colonies larger 
than 270mm2 and after 2 year 12.7% of the M. pharensis colonies on the 
racks resulted from partial fragmentation. 

DISUSSION 

We found that the recovery potential of the coral community at Curaçao has 
severely decreased during the last 20 years. The two-year deployment of the 
settlement racks reduces the effect of fluctuations in recruitment rates due 
environmental or reproductive cycles. Yearly temporal variation in 
settlement rates is small on Curaçao (factor 3.69 ± 4.82 (SD); Van Moorsel 
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1989) and corresponds to values found for Indo-pacific brooders (factor 3-
Hughes et al. 1999, Van Moorsel 1989). These yearly fluctuations are small 
when compared to the observed decrease over the last 20 years (factor 88.32 
±218.13 (SD); this study). Patterns in gamete release in response to annual 
(e.g. temperature) or lunar cycles are mainly responsible for interannual 
fluctuations in settlement rates (Van Moorsel 1989 Van Veghel 1994 
McGuire 1998, deGraaf et al. 1999) 

May2000-August2000 
(outside reproductive period) 

August2000-April2001 
( reproductive period) 

mortality 

Explanation transition graph 

Figure 3. Transitions within M. pharensis populations at the settlement racks during and 
outside the reproductive period within two years after exposure to settlement in 
September 1999. Colonies are distributed over logarithmic size classes. 

To explain the observed decrease in settlement rates two possible 
explanations emerge: increased spatial competition with algae and reduced 
fecundity in the adult population. The main difference between the 1979-
1981 and the 1999-2001 series in the composition of biota settling on the 
racks, was the low abundance of coralline red algae in 1999-2001 
Macroalgae (mainly Dictyota and Lobophora species) and algal turfs were 
dominant on the settlement racks, trapping sediment. Coralline algae release 
substances that are important in directing the settlement behavior of coral 
planulae. (Morse et al. 1988, Morse 1994, Morse and Morse 1996, Heyward 
and Negri 1999) The absence of these algae in the 1999-2001 series can be a 
major factor determining the enormous decrease for many coral species in 
successful recruitment. More than 99% of the settlers in the 1999-2001 
series were found on the underside of the settlement racks where crustose 
coralline algae were relatively abundant. 

Reduced fecundity in the adult population results in decreased recruitment 
(Hughes and Tanner 2000) The ongoing decline of Caribbean reefs (Hughes 
1994, Bak and Nieuwland 1995) negatively affects colony fecundity due 
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partial colony mortality, (Van Veghel and Bak 1994) pollution (Yap and 
Gomez 1985, Bak et al. 1987, Guzman and Holst 1993, Rawlins et al. 
1998)or increased competition with macroalgae. (Hughes 1994, Tanner 
1995, McCook et al. 1996, Antonius and Ballesteros 1998, McCook 1999) 
Reductions in the size of open populations due to natural events or human 
impacts would be readily reversible if a virtually inexhaustible supply of 
recruits exists. Our data show that the influx of settling individuals has been 
greatly reduced over the last two decades. This highlights the influx of 
settlers as a crucial factor in the in the population dynamics of corals. 
We suggest that both life-history elements (i.e. reduced fecundity) as well as 
the decrease in suitable substrate (coralline algae) have led to the observed 
decrease in successful scleractinian recruitment. Identifying key processes in 
the population dynamics of corals, instead of percentage cover, is essential 
for managing marine reserves and for understanding changes in the ecology 
of coral species. 
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In this thesis the evolutionary and ecological status of six Madracis 
species is addressed. Whether the observed differences can be used to 
reveal mechanistic species that can be used to describe the genus through 
evolutionary time, depends on the spatio-temporal scale on which we 
performed this research (Pahl-Wostl 1995). In general, temporal as well 
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M. decactis 

M. pharensis 

- ' 
M. carmabi 

M. formosa 

M.senaria M. mirabilis. 

COLONY MORPHOLOGY 

Figure 1. Representation of the various species in a three dimensional space. The 
various axes represent the paradigms from which corals arc studied. The y-axis (not 
shown) represents the ecological paradigm and is the direction from which the 
viewer looks at the graph. 

as spatial scales are characterized as a range between stability and 
stochasticity. Within the limited space and time of this study and based 
on the patterns we observed, an attempt is made to determine whether the 
current Madracis morphospecies are evolutionary meaningful units, i.e. 
occur at the stable end of the spatio-temporal scale. The question whether 
such is desirable is a second one, but at the risk that the complexity 
resulting from detailed descriptions of the species clouds all structural 
information, I will now try to describe the nature of species in 
scleractinian corals using Madracis as an example. 
Based on definition, the highest systematic hierarchy at which we can 
describe Madracis is at the level of a syngameon in which spatio-
temporal organization takes place. A syngameon is a group of species that 
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are capable of hybridizing sensu Veron (1995). A syngameon is 
reproductively isolated in the present from other syngameons and 
therefore exists in space only. Their component species can be allopatric 
or sympatric separated by genetic or reproductive mechanisms or lack of 
hybrid fitness (Veron 1995). Our spatio-temporal scale is defined by the 
duration of the research (1998-2001) and the locations it was carried out 
(Bonaire and Curaçao; approx. 9375km2; see chapter 12 for map). 
Although I agree that this scale seems too limited for far reaching 
conclusions, I also claim that by investigating patterns observable at 
present, underlying processes can be characterized that are consequent 
through time. It is therefore necessary to adopt a process perspective 
describing the relations between structural and functional properties 
instead of a mechanistic perspective where cause and effect are often 
indistinguishable (Pahl-Wostl 1995). 

The relational perspective results from the combination of three 
paradigms that are currently used in coral biology: morphometries, 
genetics and ecological descriptions. All of these paradigms are 
informative, but limited as combinations of anthropogenic classification 
and interpretation and natural evolutionary organization. In summary, the 
organization of the genus is shown in Figure. 1. The two axes indicate 
two of the paradigms: genetics (based on (Diekmann et al. 2001) and 
colony morphology. Certain species are easily distinguished based on 
both axes (e.g. M. pharensis and M. mirabilis). Other combinations can 
be separated along only one (e.g. M. senaria and M. pharensis can only 
be separated along the genetic axis). Most combinations can not be 
distinguished along both axis because of morphological and genetic 
overlap (e.g. M. pharensis and M. decactis). Nevertheless, we can see that 
the clusters representing these species differ in Figure 1. That is because 
we look along the third axis representing the third paradigm: ecological 
characteristics. Ideally, such projection of multiple species characteristics 
would be performed in an n-dimensional graph, where n represents the 
number of characteristics that were studied simultaneously. Because of 
logistical and analytical limitations such an approach is, unfortunately, 
impossible at present. I regard the three axes representative of the 
dominant characteristics of a species analogous to a principal component 
analysis. 
Figure 1 indicates that M. mirabilis and M. senaria are distinct from each 
other and all other Madracis genetically and morphologically. Their 
different ecological strategies are not shown, but should be visualized by 
the different position of species the along the y-axis. Since M. mirabilis 
and M. senaria show no significant overlap with other morphospecies, 
they are regarded as "true" species sensu (Veron 1995). These species 
adapted a specialist strategy on the reef {chapter 3 and 5), which was then 
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followed by reproductive isolation due allo-recognition {chapter 8). 
Since none of the characteristics is shared with the other four species, the 
separation from these species likely took place 15-1 IMa ago (Budd et al. 
1994, Swedberg 1994, Budd et al. 1995). At present, M. mirabilis and M. 
senaria provide excellent evolutionary units to study ecologically, 
morphologically or genetically, but they are useless to describe speciation 
processes in corals. 
The remaining four species show interspecific overlap in morphological, 
genetic and ecological characteristics. Therefore they provide a much 
better opportunity to study organizational processes in coral evolution. I 
found indications of two of such organizational processes in Madracis: 
introgressive hybridization and the controlled expression of genetic 
polymorphisms. More precisely, the M. pharensis/M. decactis-complex is 
a genetical polymorphism organized by habitat heterogeneity at a small 
spatial scale (chapter 12). Secondly, introgressive hybridization between 
M. formosa and the M. pharensis/M. decactis complex resulting in a new 
species: Madracis carmabi (chapter 10, Diekmann et al. 2001). The 
participation of the M. pharensis/M. decactis complex in both processes 
clearly illustrates the evolutionary dynamics of these species. In these 
species, there appears to be a tendency towards speciation. Only when the 
environment provides conditions that allow speciation, i.e. niche 
diversification combined with fitness differences, the variation in species 
brakes down into separate new species. The scale, at which 
environmental variation occurs, that causes organization within species 
gene-pools, is surprisingly small and was found between closely located 
islands (chapter 12). A similar observation exists for the component 
species of the Montastraea annularis (sensu lato) complex, (Van Veghel 
and Bak 1993, Weil and Knowlton 1994) where divergence between the 
three morphs differed between islands as well, be it at a larger spatial 
scale. Both the Madracis as well as the Montastraea species complex 
indicate that the organization of gene-pools (and thus potential 
speciation) is determined by local, spatial factors. These conditions may 
vary on a temporal scale. Depending on the duration of certain 
environmental conditions, variation evolves into new species or 
dissapears when environmental factors no longer cause a disruptive 
gradient within the gene-pool. If reproductive isolation between newly 
formed morphospecies or ecotypes, has not established itself at this point, 
previously discrete species could fuse again. In Madracis, this likely to 
have occurred between the M.pharensis/M. decactis complex and M. 
formosa) (Diekmann et al. 2001). Ecological data (chapter 3 and 10) and 
genetic data (Diekmann et al. 2001) strongly indicate that hybridization 
occurs between the two species, but we do not know for sure whether the 
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Figure 2. Impression of the relation between the Madracis morphospecies in a 
reticulate network. Morphospecies are defined along two axes representing 
paradigms. The transverse cut through the network shows the current degree of 
organization and indicates the presence of monophyletic species (M. mirabilis and M. 
senaria) as well a syngameon (M. decactis, M. formosa, M. carmabi and M. 
pharensis). 

M.pharensis/M. decactis complex and M. formosa move apart or towards 
each other through evolutionary time. Separation in clusters without 
being genetically discrete (Diekmann et al. 2001) suggests that previously 
organized gene-pools (i.e. the clusters) are currently integrading due 
hybridization (i.e. no genetic separation). In the genus we then have an 
example of a group where speciation could potentially occur 
(M.pharensis/M. decactis complex), but also where existing species 
reintegrate due hybridization (M.pharensis/M. decactis complex and M. 
formosa). The concurrence of fusions and splits in Madracis gene-pools 
as they are organized through evolutionary time, supports the presence 
reticulate evolution in Madracis. This process is often visualized as a 
network of splitting and fusing branches, variable in width, representing 
the temporal organization of gene-pools. This can be visualized for 
Madracis as a horizontal cut through a network looked at from above 
(Figure 2). We see that when the organizational processes are known and 
multiple paradigms are combined simultaneously, species become visible. 
They can not be defined a priori and evolve as patterns from processes 
that respond to upper and lower constraints through time. 
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Samenvatting 
Koraalriffen vormen samen met tropische regenwouden de meest diverse 

TSTî\0P aafdC (Ueth 6n Whittaker' 1975; Wande^ 1976, Ray 
1988). Het rif wordt gebouwd door koralen en korstvormende kalkalgen 
en biedt ruimte aan duizenden soorten organismen. Vanwege deze 
belangrijke functie in een van de meest fascinerende ecosystemen 
worden koralen a ] v a n a f h e t b e g m y a n d e [ge ^ ^ ^ y ^ 

1962). Sinds het moment dat men met het onderzoek aan koralen begon 
heef men gewerkt met het morfologisch soortsbegrip vanwege de 
praktische voordelen. Tot voor kort werd dit soortsconcept gebruik! voor 
studies aan koralen. Recentelijk is echter gebleken dat koralen over een 
enorme variatie aan morfologische, ecologische en ook, naar recent 
gebleken, genetische kenmerken beschikken 
In de laatste twintig jaar hebben de ontwikkeling van duikapparatuur en 
genetica het koraalonderzoek enorm gestimuleerd. Met name het nel 
groeiend aantal studies aan de genetische karakterisatie van koralen heeft 
er toe geleid dat het voorheen zoveel gebruikte morfologische 

o Z t e g n P , t e r K d l S C U S S i e 1S k 0 m e n tC Staan- M e t — doo de ontdekking dat binnen één genetische soort een enorme variatie aan 
morfologische kenmerken kan bestaan, lijkt het morfologisch 

an korfS Td e l°0 S V ° 0 r r d e r e e C ° l 0 g i S C h e » e V O l u t ™ e s ^ i e s aan koralen. Indien men koralen vanuit een evolutionair/ecologisch 
perspectief wil bestuderen, is het essentieel te weten welk soortsconcept 
menmoet gebruiken en of een dergelijk soortsbegrip van toepassing isïn 

De steenkoralen (Scleractinia) vormen thans, waar ook ter wereld de 
basis voor elk rif. Ze zijn derhalve verantwoordelijk voor de enorme 
biodiversiteit aan organismen die men op het rif aantreft. Koralen vormen 
op zich zelf reeds een morfologisch en ecologisch divers phylum Sinds 
de on dekking dat morfologische variatie wordt verklaard «îoor 
verschillende genetische componenten (Stephensen en Stephensen 1933) 
denkt men dat karakteristieken van een koraal kolonie worden bepaald 
door een door de omgeving gecontroleerde expressie van de in het DNA 
aanwezige genetische informatie (e.g. Yonge, 1968). Derhalve werd 
variatie in koralen voortaan beschreven inclusief de omgevingsfactoren) 
waarvan men dacht dat ze voor de waargenomen variai 
verantwoordelijk waren (e.g. Roos, 1970; Wijsman Best 1972) 
Desalniettemin kan een groot gedeelte van de variatie nog steeds met 
worden verklaard (Potts, 1978). Voorbeelden van dergehjke variatie 
betreffen ecologische eigenschappen zoals inter- en intaspecif eke 
agressie (Bak en Criens, 1981) en het voorkomen van onverklaarbare 
morfologische variatie binnen één soort m hetzelfde habitat (Van DuyT 
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Morfologische en genetische studies zijn veelal van beschrijvende aard, 
waardoor de processen die leiden tot dergelijke variatie vaak buiten 
beschouwing worden gelaten. De mogelijke aanwezigheid van 
reproductieve isolatie, genetische Polymorphismen of -phenismen, het 
voorkomen van selectie, verschil in ecologische eigenschappen en fitness 
verschillen zijn allemaal bepalend voor het gedrag van een soort op een 
evolutionaire tijdsschaal. Ondanks hun mogelijk belangrijke rol hebben 
bovengenoemde processen relatief weinig aandacht gekregen. 
Onze onderzoeksgroep kent een lange traditie in het bestuderen van de 
riffen rond Curaçao en Bonaire, de benedenwindse eilanden van de 
Nederlandse Antillen (e.g. Bak, 1973, 1974, 1975; Bak, et al. 1977; Bak 
en Engel, 1979; Bak en Luckhurst, 1980; Bak, 1983, 1987; Van Veghel 
en Bak, 1993; Meesters en Bak, 1993; Bak en Nieuwland, 1995; 
Meesters, et al., 1996, 1997; Van Veghel, et al. 1996; Nagelkerken en 
Bak, 1998; Bak en Meesters 1998; Gast, et al. 1999; Meesters, et al., 
2001; Diekmann, et al., 2001). 

Geconfronteerd met de eerder beschreven problemen over het te 
gebruiken soortsconcept voor koralen, begon onze onderzoeksgroep in 
1990 aan de studie van het soortsprobleem in koralen aan de hand van het 
koraal Montastraea annularis (Ellis & Solander), een veelvoorkomend 
koraal in het Caraïbisch gebied. Morfologische karakteristieken, 
ecologische eigenschappen en genetica werden bestudeerd van drie 
morfologische ondersoorten in deze soort (Van Veghel, 1994). Hoewel er 
kleine verschillen bestonden tussen de soorten (e.g. in agressie), waren 
deze dusdanig klein dat men concludeerde dat de drie morfologische 
soorten niet als aparte soorten kunnen worden gezien. 
Veron (1995) bracht recentelijk een nieuw paradigma voor het 
bestuderen van koralen naar voren door te suggereren dat "reticulate 
evolutie" optreedt in koralen. In deze visie wordt de classificatie op basis 
van morfologische kenmerken vervangen door het model van een 
genetisch netwerk waarin aanleg voor ecologische en morfologische 
variatie middels genetisch contact wordt uitgewisseld tussen taxa. Een 
dergelijke indeling bepaald dat taxa niet noodzakelijkerwijs permanent 
gescheiden hoeven te zijn door de tijd of ruimte. Hoewel de variatie 
(morfologisch en/of ecologisch) binnen dergelijke groepen vaak groot is, 
resulteert zij slechts zelden in speciatie (Veron, 2000). Op een hoger 
niveau treft men "syngameons" aan. Dit zijn verzamelingen van groepen 
organismen waartussen uitwisseling van genetische informatie plaatsvindt 
en die reproductief gescheiden zijn van andere, net zo georganiseerde 
verzamelingen. Een syngameon is nutteloos voor taxonomische 
doeleinden en bestaat omdat de "soorten" waaruit het bestaat, in elkaar 
overvloeien omdat variatie niet consequent gerelateerd wordt aan 
omgevingsfactoren. Binnen een syngameon zijn de relaties tussen soorten 
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genetisch bepaald en niet op basis van gedeelde morfologische 
karakteristieken (Veron, 2000). 

Hoewel reticulate evolutie een nieuw en interessant concept is voor 
koraal onderzoek, is ondersteunend bewijs schaars en alleen gebaseerd op 
genetische studies (Kenyon, 1997; Odorico en Miller, 1997- Hatta et al 
1999; Diekmann, et al., 2001). 

Gebruikmakend van deze nieuwe inzichten en door de beschikbaarheid 
van nieuwe genetische technieken werd een Caraïbisch koraal genus 
onderzocht door de onderzoeksgroep. Met het doel meer inzicht te krijgen 
m de organisatie binnen soortscomplexen werd voor het koraal genus 
Madracis gekozen, waarvan op de Caraïbische riffen vijf soorten 
voorkomen (Wells, 1973a, b). In twee studies wordt tegelijkertijd de 
morfologische, genetische en ecologische variatie bestudeerd van de vijf 
Madracis soorten: Madracis decactis, M. formosa, M. mirabilis M 
pharensis en M. senaria. De genetica en morfometrie worden bestudeerd 
door Onno Diekmann, ecologie en morfologie zijn door de auteur dezes 
onderzocht. Het proefschrift dat nu voor u ligt is het resultaat van deze 
studie. 

Het koraalgenus Madracis (Pocilloporidae) 
Het genus Madracis (Milne Edwards en Haime 1849) bestaat wereldwijd 
uit 8 soorten. M. asanoi (Yabe en Sugiyama, 1941) komt alleen voor in 
het noordwestelijk deel van het Pacifisch gebied en M. kirbyi (Veron en 
Pichon, 1976) wordt aangetroffen van het Pacifisch gebied tot aan de 
Kode Zee. Alle andere soorten komen voor in het Caraïbisch gebied Het 
verspreidingsgebied van sommige soorten strekt zich verder uif tot 
Noord Afrika, Brazilië en de oostkust van Florida. Eén van de caraïbische 
soorten, M. asperula, (Milne Edwards en Haime, 1850) is een diepwater 
soort (>200m, Vermeij pers. obs.) en komt derhalve niet verder te sprake 

ï o U ï f , f0"6"' M pharensis ( H d l e r 1868), M. senaria (Wells 
1973b), M. formosa (Wells, 1973a), M. decactis (Lyman 1859) en M. 
mirabilis (Duchassaing en Michelotti, 1861) worden onderling 
onderscheiden op basis van morfologische kenmerken van de coralliet en 
de totale kolonie (Wells, 1973a,b). Hoewel Madracis mogelijk één van de 
meest voorkomende genera is in het Caraïbisch gebied (gemiddelde 
dichtheid op Curaçao: 9.2 kolonies m"2; Hfdst. 3), zijn studies aan dit 
genus vrij zeldzaam. De meeste studies aan Madracis richten zich 
voornamelijk op de vertakkende soort M. mirabilis, waaraan men de 
functie van kolome fragmentatie bestudeerd in de levenscyclus van deze 
soort (Bak en Criens, 1981; Bruno, 1998; Nagelkerken, et al., 2000) en de 
manier waarop het voedsel vergaart (Sebens, et al. 1996- 1997- 1998) 
Fenner (1993) beschrijft de moeilijkheden in het determineren'van M 
pharensis en M. decactis als aparte soorten op basis van morfologische 
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JÄH 
M. mirabilis 

M. pharensis M. decactis M. carmabi 

M. formosa 

M. senaria 

Figure 1. Genetische relaties tussen de verschillende morfologische Madracis soorten. 
Het aantal septen wordt aangegeven door het cijfer in de hoek van elke afbeelding. M. 
senaria heeft 10 primaire septen waarvan er zes uitsteken boven het koraaloppervlak. 

karakteristieken. Hij stelt dat de twee soorten eerder als ecologische 
ondersoorten dan als "werkelijke soorten" dienen te worden beschouwd. 
De studie aan de phylogenetica van Madracis door Diekmann et al. 
(2001) vormt de eerste poging de status van de verschillende Madracis 
soorten te ontrafelen. 
De phylogenetische relaties tussen de vijf caraïbische Madracis species 
werden bestudeerd binnen één individu, tussen individuen en tussen 
soorten aan de hand van het ITS1-5.8S-ITS2 deel van het ribosomale 
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DNA cistron. De genetische variatie tussen morfologlsche soorten is 
gering en van dezelfde orde als tussen individuen van dezelfde soort 
fongeveer 5%). Slechts twee soorten vormen monophyletische groepen 
M. senana en M. mirabilis. De overige soorten zijn genetisch 
nauwverwant. M pharensis en M decacüs zijn zelfs genetLh Identiek 
De phylogeme van de Madracis soorten is weergegeven in figuur 1 ( 
gebaseerd op Diekmann et al. 2001). Diekmann et al. vermoeden da 
hybridisatie met mtrogressie optreedt tussen de M formosa groep en de 
M. decactis/M pharensis groep. Deze laatste hypotLe s l u i t T b i on 
vermoeden (Vermeij, Dtekmann, Bak) dat er nog een Madracis \ Z 
bestaat, waarin eigenschappen van M. decactis (10 primaire septen) en 
Mformosa (vertakkende kolonie morfologie) worden gecombineerd. We 

S/ir^r even ais een meuwe soort: Madrads carmM 

Aan de hand van dezelfde studie werd de tijd waarop de verschillende 
soorten zijn ontstaan geschat op 4.8-12 mrljoen jaar (Diekmann, et al 
2001) Deze schatting komt overeen met de geschatte tijd op basis van 

15-llMa (Budd, et al., 1994, 1995; Swedberg, 1994). Van de andere 
soorten zyn geen fossielen bekend, met uitzondering van één beschrijvmg 
van M pharensis (1.5Ma, Budd en Johnson, 1999) Omdat de 
morfologische kenmerken die voor de soortsbepaling worden gebrmk 
overap p e n tussen de soorten (Vermeij, Diekmann Bak; pers Tbs 
(Zlatarski en Estalella, 1982; Penner, 1993), blijft het onduidelijk of de 
afwezigheid van soorten als fossiel wordt veroorzaakt door een 
taxonomisch artefact of doordat zij recentelijk zijn ontstaan « 12 Ma). 

Samenvatting 

fenusenj!fmene m t r 0 d r t i e Van dC S t e e n k o r a l e n (Wdst. 2), wordt het 
genus Madracis geïntroduceerd. Ondanks dat Madracis kolonies veel 
voorkomen op Caraïbische riffen, zijn er in het verleden wemfg 

wefn dhe d e C O l , T C h e StUdieS Van h 6 t g e n U S S e m a a k t- Daaiom z"n 
we in dit onderzoek begonnen met de verspreiding van de soorten op het 
rif De grootte verdeling van elke soort werd bestudeerd over een 
nfhe hng tot een diepte van 60 meter en vergeleken met de heersende 
abiotische factoren (Hfdst. 3). De populatie structuur (uitgedrukt als de 
verdeling van kolonies over verschillende grootteklasses) en di pte 
verspreiding blijken soortspecifiek te zijn. Variatie binnen soorten 
veroorzaakt door omgevingsinvloeden is twee keer zo klein als vanatie 
tussen soorten onderling. In tegenstelling tot de opbouw van een 
popuia ie, hangt de dichtheid van kolonies wel af van omgevingsfactor 
Aan he einde van de diepteverspreiding van een soort, d.w.z onder 
marginale omstandigheden, verandert de populatie structuur in alle 
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soorten op een karakteristieke manier. Voornamelijk omdat grote 
kolonies gaan domineren in de populatie. Twee nieuwe statistieken 
worden geïntroduceerd binnen het koraalonderzoek: de Gini-coefficient 
en het range standaardiseren van kolonie grootteverdelingen. Met deze 
nieuwe technieken kunnen populaties die onder suboptimale condities 
groeien worden herkend. Verder tonen we aan dat ecologische 
beschrijvingen op basis van kolonie grootteverdelingen een toevoeging 
vormt op klassieke morfologische en genetische technieken voor het 
beschrijven en opsporen van potentiële koraalsoorten. 
Door een combinatie van bestaande (Bak en Meesters, 1998, 1999; 
Meesters, et al., 2001) en nieuwe technieken (uit Hfdst. 3) voor het 
bestuderen van grootte verdelingen in koralen, komen verschillende 
verbanden naar voren in 19 Caraïbische koraal soorten {Hfdst. 4). Bijna 
al deze technieken vereisen dat de grootte van een kolonie vooraf wordt 
log-getransformeerd. Log-transformatie vergroot het aantal grootteklasses 
voor relatief kleine kolonies en maakt dat de grootteklasses het aantal 
groeistappen representeren die tot een dergelijke grootte hebben geleid. 
Hierdoor kunnen soorten onderling beter worden vergeleken en vergroot 
men het inzicht in processen die optreden tijdens de vroegste stadia van 
koloniegroei. Populaties van soorten met een kleine absolute kolonie 
grootte, zoals de Madracis soorten, worden gedomineerd door een relatief 
grote fractie kleine koralen. Soorten waarvan de kolonies relatief groot 
worden zoals de Montastraea soorten, vertonen het omgekeerde patroon. 
Soorten die larven produceren (zgn. "brooders") worden gekenmerkt door 
een kleine soortsspecifieke kolonie grootte. Soorten die eieren en sperma 
produceren (zgn. "spawners") vertonen wederom het omgekeerde 
patroon. De variatie in koloniegrootte binnen koraalpopulaties neemt af 
met afnemende dichtheid. Dit geeft aan dat de grootteverdeling van 
kolonies binnen een populatie meer uniform wordt onder marginale 
omstandigheden. In het algemeen, worden populaties in marginale 
habitats gekenmerkt door een coëfficiënt van variatie (CV) hoger dan 0.5. 
Na vastgesteld werd dat zowel de diepteverdelingen over de rifhelling als 
de populatie structuur soortspecifiek zijn, zochten we naar een verklaring 
voor de verschillen in de diepte verdel ing tussen de verschillende soorten. 
Van oudsher neemt men aan dat de hoeveelheid beschikbaar licht van 
invloed is op zowel de diepteverdeling als de morfologie van koralen 
(Roos, 1967, van den Hoek, et al., 1978; Titlyanov, 1981; Graus en 
Macintyre, 1982; Falkowski, et al., 1984; Chalker, et al., 1988; Nakamori, 
1988; Graus and Macintyre, 1989; Haramaty, 1997; Kaandorp, 1999; 
Muko, et al., 2000). Hoewel de invloed van licht op bovengenoemde 
eigenschappen alom wordt aangenomen, zijn er verassend weinig studies 
aan gewijd. Voor alle Madracis soorten relateerden we het licht dat 
kolonies opvangen aan hun verdeling over het rif en morfologische 
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eigenschappen (Hfdst. 5). Soorten vertoonden verschillend gedrag ten 
opzichte van het licht dat ze opvangen en in totaal vonden we dr 
verschallende strategieën: (1) Soorten proberen zoveel mogelijk licht op 
te vangen en komen alleen voor boven een minimale hoeveelheid licht 

beoerlTn V Î m ° g d l j k h e i d ° m °? ^ ^ depten te voor te komen 
beperkt. Dergelijke soorten treft men aan in ondiep (<15m) water en 
morfologische variatie is bij hen met te relateren aan de variatie in lieh" 
dat door kolonies wordt opgevangen. (2) Soorten die eveneens zoveel 
moge ijk licht proberen op te vangen, maar slechts voorkomen onder een 
bepaalde hchtwaarde. Hierdoor komen ze voor in de diepere gedeelte^ 
(>30m) van de rifhelling. Morfologische variatie is eveneens 
onafhanke ijk van de hoeveelheid opgevangen licht. (3) Soorten komen 
voor op plaatsen waar de hoeveelheid licht die zij ontvangen klein is 
Deze soorten komen over de gehele rifhelling voor (5-60m) De 
complexiteit van de bodem bepaalt de beschikbaarheid van dergelijke 
hchtarme habitats. De hoeveelheid licht die een kolonie van deze soorten 
ontvangt bepaalt gedeeltelijk de aanwezige morfologische variatie De 
variatie m ontvangen licht in kolonies van dezelfde soort is even groot 
tussen dieptes als binnen kolonies aanwezig op dezelfde diepte. Hierdoor 
is het gebruik van diepte als een indicatie voor licht met toegestaan in 
deze soorten. Het gezamenlijk voorkomen van soorten ^ e zin 
blootgesteld aan enorme hoeveelheden licht in ondiep water en soorten 

ne33OmVe0e9V^ m e t T.601, k l e m e h 0 e v e d h e d e n licht op grote diepte 
33m 0.26% oppervlakte licht; zie Hfdst. 5) geeft aan dat koralen in 

staat zijn zich aan te passen aan een enorme variatie aan 
omgevingssituaties. Fluorescentie komt voor in het weefsel van koralen 
en men vermoedt dat het een mogelijke rol speelt in de bescherming 
tegen teveel zonnestraling (photoprotectie) en dat het de fotosynthese van 

Sdih Ï ^ r t ' a anWeZlge ^ « ^ algen ondersteund 
(Salih, et al., 1998). Veel is er echter met bekend over het natuurlijk 
voorkomen van fluorescentie in koralen. Daarom onderzochten we alle 
Madracis soorten en verschillende kleurvormen in M. pharensis over een 

? X S t T T , ? m e t e r ° P ^ a a n w e Z 1 ^ van fluorescentie 
(Hfdst. 6). Het aantal kleurvormen (in totaal 25) nam exponentieel af met 
de diepte en met de afname in licht. We vermoeden derhalve dat de 
kleurvormen ontstaan zijn als een photoprotectieve aanpassing waarbij 
schadelijk hcht van korte golflengtes (i.e. UV) wordt omgezet in 
onschadelijk hcht van langere golflengtes. Tegelijkertijd blekerfkoralen 
in cryptische habitats groene fluorescentie te vertonen. De golflengte van 
he uitgestraalde groene licht valt samen met de optimale S t a t i e 
golflengte van zooxanthellate fotosynthetische pigmenten. Groene 
koraalfluorescentie vergroot zo de hoeveelheid licht dïe ter beschikking 
komt aan de endosymbiontic algen in het koraal weef sel. 
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Het ontbreken van methoden om complexe groeivormen objectief te 
beschrijven bemoeilijkt het onderzoek naar de aanwezigheid van 
cryptische soorten. We hebben daarom de mogelijkheden onderzocht van 
röntgen computer tomografie, i.e. CT-scanning, om de morfologische 
variatie tussen en binnen soorten te onderzoeken (Hfdst. 7). We bekijken 
of de nieuwe mogelijkheid om voorwerpen drie-dimensionaal te 
onderzoeken de hoeveelheid informatie vergroot die van koraalkolonie 
verkregen kan worden. We gebruiken hiervoor Madracis mirabilis als 
voorbeeld. Hoewel er nog steeds technische problemen bestaan om de 
originele kolonie vorm te reduceren tot een simpel draadmodel, geven de 
gebruikte methodes wel degelijk aan dat de gepresenteerde technieken 
een nieuwe manier vormen om de morfologische variatie in koralen 
efficiënt te onderzoeken. 
De observatie dat genetische informatie wordt uitgewisseld tussen 
bepaalde soorten in Madracis (Diekmann, et al., 2001) bevestigt de 
suggestie van Veron (1995) dat reticulate evolutie optreedt in koralen. 
Soortscomplexen die kenmerkend zijn voor een dergelijke evolutionaire 
organisatie bestaan uit clusters van ondersoorten die waartussen in meer 
of mindere mate genetische uitwisseling plaatsvindt. Om te bepalen of 
temporele reproductieve isolatie optreedt tussen de Madracis soorten en 
in hoeverre de soorten onderling verschillen in reproductieve strategieën, 
bestudeerden we gedurende 13 maanden maandelijks de gametogenese 
{Hfdst. 8) en dagelijks de planula uitstoot van alle soorten (Hfdst. 9). Alle 
soorten blijken hermafrodiet en stoten volledig ontwikkelde larven 
("planulae") uit. Alle soorten vertonen een identieke ontwikkeling van de 
gameten, die samenvalt met de jaarlijkse stijging in de watertemperatuur. 
Temporele reproductieve isolatie is afwezig in het genus en volgroeide 
gameten zijn aanwezig in de periode van augustus tot november. Alleen 
het aantal en de grootte van de eieren ("oocyten") verschilt tussen de 
soorten. Dergelijke elementen uit de overlevingsstrategie van een soort 
vertonen trade-offs tussen de nauwverwante soorten. Bijvoorbeeld, het 
bezit van grotere oocyten gaat in het algemeen ten koste van het aantal. 
Verder stellen we dat de eigenschappen van de planulae samenhangen 
met de afstand die zij moeten afleggen teneinde inteelt in de 
koraalpopulatie te voorkomen. Op basis van de afwezigheid van planulae 
in duizenden histologische preparaten, stellen we dat de term "brooding" 
niet van toepassing is op de Madracis soorten en stellen de term "quick-
releasing" als alternatief. Als we de Madracis soorten vergelijken met 
andere Pocilloporidae, vinden we grote overeenkomsten in reproductieve 
eigenschappen op hetzelfde taxonomische niveau. De uiteindelijke 
strategie is daarom samengesteld uit elementen kenmerkend voor elk 
taxonomisch niveau waarvan de onderzochte soort deel uitmaakt. Voor 
Madracis is gebleken dat verschillen tussen soorten pas op het laagste 
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taxonomische niveau gevonden worden en derhalve zeer subtiel van aard 
zijn. 

Na de bevruchting stoten alle soorten planulae uit van april tot December 
waarbij de uitstoot dagelijks fluctueert. De uitstoot volgt een maand nadat 
de gameten volgroeid zijn. Omdat de ontwikkeling van de gameten wordt 
bepaald door de temperatuurstijging van het zeewater, is de uitstoot van 
planulae gerelateerd aan de zeewatertemperatuur een maand eerder. 
Soorten en zelfs kleurvormen van dezelfde soort verschillen 
hoofdzakelijk in het aantal planulae dat per oppervlak wordt uitgestoten 
Madracis senaria verschilt verder van alle andere soorten omdat de 
uitstoot van planulae wordt gereguleerd door de maancyclus. M. senaria 
stoot enorme hoeveelheden planulae (>1000) tegelijk uit tijdens de 
caraibische "coral mass spawning" in oktober en november (Van Veghel 
1994; deGraaf, et a l , 1999). De andere Madracis soorten stoten planulae 
gelijkmatig en m kleine hoeveelheden uit zonder enig patroon. De 
traditionele opdeling van reproductieve strategieën in "brooders" en 
"spawners" is niet representatief voor de variatie die op het rif wordt 
aangetroffen en voor de "brooding" strategie stellen we volgende 
opdeling voor: (1) soorten die planulae massaal en georganiseerd 
uitstoten en (2) soorten die planulae geleidelijk in kleine hoeveelheden 
en ongeorganiseerd uitstoten. De laatste strategie kenmerkt de meeste 
Madracis soorten en heeft als mogelijke evolutionaire voordelen: (1) het 
verkleint de kans op predatie, (2) zorgt dat er meer energie beschikbaar 
blijft voor het vergroten van de overlevingskansen van de kolonie zelf en 
(3) reduceert het effect van eenmalige totale mortaliteit door catastrofes 
op de samenstelling van de volgende generatie. 
Een groep planulae settelde in een reageerbuis die we gebruikten om 
planulae te vangen voor bovengenoemde studies. Enkele planulae 
begonnen met calcificeren, terwijl een ander gedeelte veranderde in 
poliepen, die over het substraat konden bewegen. We geven een korte 
beschrijving van dit tot op heden onbekende gedrag waarmee koralen in 
staat worden gesteld het substraat waarop zij zich vestigden verder te 
verkennen (Hfdst. 10). 

Gedurende het onderzoek werd een koraalmorf ontdekt die niet in de 
Madracis soortsbeschrijvingen van Wells (1973a, b) voorkomt. In eerste 
instantie, beschouwden we deze vorm als een nieuwe variant van 
Madracis decactis. Na verdere inspectie en door het genetische werk van 
Diekmann et al. (2001), vermoeden we dat deze vorm is ontstaan door 
(recentehjke) hybridisatie tussen M. decactis en M. formosa. We hebben 
deze vorm beschreven als een nieuwe soort op basis van de unieke 
combinatie van een vertakkende kolonie morfologie en de aanwezigheid 
van 10 septen in de coralliet. De soort is genoemd naar het marien 
biologisch station op Curaçao: Madracis carmabi (Hfdst. 11). 
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Tot nu toe, zijn er genoeg data verzameld om M. mirabilis en M. senaria 
als "ware" soorten te karakteriseren omdat zij ecologisch en morfologisch 
verschillen van alle andere soorten. Dit vermoeden wordt verder 
onderbouwd door het werk van Diekmann, et al. (2001), die aantoonde 
dat beide soorten monophyletisch zijn. De relatie tussen M. formosa en 
alle andere soorten is reeds kort besproken (Hfdst. 11). Uit ecologische, 
morfologische en genetische data (Diekmann, et al., 2001) blijkt dat M. 
decactis nauw verwant is met M. formosa, vermoedelijk middels 
introgressieve hybridisatie. Daarom blijft er op dit moment één relatie 
onduidelijk, namelijk die tussen de genetisch identieke soorten M. 
pharensis en M. decactis. We richten ons vervolgens op de mogelijke 
mechanismen die verantwoordelijk zouden kunnen zijn voor het in stand 
houden van dit soortscomplex (Hfdst. 12). We vonden dat er een 
sigmoidale relatie bestaat tussen het percentage nodulaire kolonies (i.e. 
M. decactis) in het soortscomplex en de beschikbaarheid van horizontal 
oppervlakte op het rif. Korstvormige kolonies (i.e. M. pharensis) 
vertonen het omgekeerde patroon en hun aantal neemt toe binnen een 
populatie indien meer verticaal oppervlak beschikbaar komt. We 
schuiven drie mogelijke mechanismen naar voren die een dergelijke 
relatie zouden kunnen verklaren: een klassiek polyphenisme, een 
"switching" polyphenisme sensu Moran (1992) en een polymorphisme 
model. Maximum likelihood (Hillborn en Mangel, 1997) analyse wijst 
het polymorphisme model aan als datgene waardoor de relatie tussen 
bodem- en populatiesamenstelling het best verklaard wordt. We laten 
verder zien dat de genetische variatie die voor kolonie morfologie 
verantwoordelijk is afhangt van habitat complexiteit en dat populaties 
gefixeerd kunnen raken voor één morfotype. Dit gebeurt als de kosten die 
verbonden zijn aan het in stand houden van genetische variatie, nodig is 
om in een complexe omgeving te overleven, niet meer opwegen tegen 
het negatieve effect van fitnessafname. Deze afname in fitness ontstaat 
omdat er altijd een fractie in elke koraal populatie het verkeerde 
morfotype uitdrukt in het verkeerde habitat. We kunnen nu ook verklaren 
waarom geëxponeerde rifgemeenschappen worden gedomineerd door M. 
decactis. De geringe habitatcomplexiteit is te laag om beide morfotypes 
in stand te houden. Vervolgens laten we zien hoe de relatieve expressie 
van beide morfotypes, M. pharensis en M. decactis, afhangt van de over
all habitat complexiteit op eilandschaal (i.e. 10km scale). 
M. pharensis populaties op Bonaire en Curaçao vertoonden een grote 
mate van gelijkheid in de grootteverdeling van kolonies op verschillende 
locaties. Omdat grootteverdelingen een belangrijk informatief karakter 
hebben in koraalpopulaties (zie: Hfdst. 3 en 4), bestudeerden we enkele 
spatio-temporele factoren waarvan we vermoeden dat ze bijdragen tot 
groottevariatie in koraalpopulaties (Hfdst. 13). De leeftijd van een 
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populatie (i.e. de tijd verstreken sinds de plek waar de populatie 
aanwezig is voor het eerst aan recruitment werd blootgesteld) bleek het 
meeste bij te dragen aan de variatie in koloniegrootte binnen een 
populatie. Na vijfjaar nemen M. pharensis populaties hun soortspecifieke 
vorm aan die nauwelijks verschilt tussen verschillende locaties op 
Bonaire en Curaçao. Vanwege deze constantheid over grote ruimtelijke 
schaal, stellen we dat de populatiesamenstelling van M. pharensis een 
stabiele eigenschap is, een zgn. "stable state". Dit houdt in dat een 
populatiestructuur gelijk is op een grote ruimtelijke schaal en relatief 
ongevoelig is voor omgevingsinvloeden. Deze studie is één van de eerste 
die aantoont dat "stable states" mogelijk zijn op populatieniveau in plaats 
van het alom gebruikte gemeenschapniveau. 
Als onderdeel van de vorige studie, werd gedurende drie jaar de 
ontwikkeling van M. pharensis populaties op kunstmatige riffen 
bestudeerd (Hfdst. 14). Deze populaties vertoonden reeds de kenmerken 
typisch voor klonale organismen: het samengaan of uiteenvallen van 
individuen, partiële mortaliteit en snelle groei gedurende de vroegste 
ontwikkelingsstadia. Het wordt over het algemeen aangenomen dat totale 
kolonie mortaliteit de belangrijkste structurerende factor is in juveniele 
koraalpopulaties. Onze studie toont echter aan andere processen evenwel 
een structurerend effect hebben op koraalpopulaties. Bijvoorbeeld 13% 
van de kolonies die na twee jaar op het kunstmatige rif aanwezig waren 
zijn gevormd door opsplitsende kolonies. Omdat we dezelfde methode en 
locatie gebruikten als Van Moorsel (1989), konden we het verschil in 
settlement (i.e. nieuwe individuen m2) voor verschillende soorten 
vergelijken over een periode van twintig jaar. We vonden een enorme 
afname in de settlement voor 13 soorten steenkoralen (Hfdst 14) 
Afhankelijk van de soort, is mate van settlement afgenomen met een 
waarde van 1600 tot > 10000% tussen de perioden 1979-1981 en 1999 
2001. Deze afname overstijgt de jaarlijkse fluctuatie in settlement i e een 
factor 3 (Hughes, et al., 1999) enorm. We vermoeden dat twee processen 
verantwoordelijk zijn voor deze afname: (1) overgroei door algen van 
geschikte settlement posities en (2) afgenomen vruchtbaarheid 
veroorzaakt door milieuvervuiling. Men neemt veelal aan dat open-
populaties zich kunnen herstellen indien de belasting van het milieu 
wordt opgeheven. Onze resultaten geven aan dat de instroom van nieuwe 
individuen d,e voor een dergelijk herstel noodzakelijk is momenteel 
ernstig is afgenomen. Dit laat eveneens zien dat de instroom van nieuwe 
individuen in een populatie een cruciaal proces is in de 
populatiedynamiek van koralen. Het geeft aan dat veelal gebruikte 
karakteristieken van koraalpopulaties, zoals het percentage 
bodembedekking, niet representatief zijn voor kritische processen die 
zich in een populatie afspelen. Het vaststellen van dergelijke processen is 
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essentieel voor het succesvol in stand houden van het koraalrif systeem 
en het begrijpen van het gedrag van koraal populaties in een gestresste 
omgeving. 

Referenties: zie pagina 21. 

Samenvatting 251 



Samenvatting 
252 



Acknowledgements 

Acknowledgements 253 



Spending the last four years on Curaçao and Bonaire allowed me to meet an enormous 

provided the facilities to explore the reef scientifically and acted as the sefrino far 
many adventures. 1 thank mr. Walter Bakhuis, Dolfi D.bTZnV^ L t 

and .ectaic,, . s s l s , „ „ , , h a n k J a a p ta^BÄ™ H 

«»„„„sly. Ai,«„ ,»„ Da„ M<TO „,„ ^ X'-X 
biology 

provided genetical assistance in our planulae study. I thank Enk Mee ter S 
discussions on coral population structure and for teadmg a few ! t fi 
expérimental' articles and show me how it should be done. I thank Petra v Z e r nd 

Acknowledgements 
254 



with a 50kg. beer barrel which made everybody at Carmabi stay in a hotel for a 
weekend, but also for his ideas and company at Carmabi. I thank Maureen for her 
help, enthusiasm and watching after me on the many deep-dive adventures. Elroy 
Cocheret de la Morinière was excellent company at Carmabi and made me start every 
day with a smile. 1 am extremely grateful to Onno Diekmann for elegantly doing the 
genetical work on the same genus. I think our work is an excellent example how the 
sum can be more than the parts. Nina Johansen and Sheena Gladding are thanked for 
their help with using the reefer and translating my English into better English (or 
Australian...). Eveline Snelder for being my second brain in Amsterdam and her help 
with organizing parties. A lot of other people helped with the REEFER project. 
Jumping of the cliffs on the north coast with our oversized garden-fence was a big 
hassle, but good fun. 1 owe them beers for the rest of my life: Jameal the "Jordanian 
Prince", Scotty "the hairy midget", Andy "the Wrasse" and Blair "Brice Bright 
Benjamin", all members of the Dwuuzendputen-society. I thank Amanda Hawn 
(another Dwiezendputen member) for good conversation and playing with my head. I 
especially thank Stuart "BJ" Sandin (also a Dweezendputen member). I'm glad we 
got something done and that ideas from the backs of beer coasters can turn into good 
papers (unless you throw them into a fan...). There are many new ideas to work on, so 
we'll see each other at tropical locations again. 
Getting started as a PhD-student is difficult, but with the presence of four excellent 
students during my first year at Curaçao, the job was easy enough. Eugenia, Koen, 
Hielke en Yolanda, without you this book would have been definitely smaller and less 
interesting. Hopefully we will be working together in the future again and otherwise 
we'll have to find new excuses for trips to sunny countries wherever, or bars closer 
by. Another warm thanks goes to Manuel Boot. He has been the one who taught me 
most about Curaçao and, most important, how to catch oversized mean silver fish. I'll 
never forget the "beer-breakfasts" at Bullenbaai or the "thick-fmger"-adventure. He 
and Anna opened their house whenever I came over and were good company in nearly 
every event I ended up in on Curaçao. Gerard Nieuwland had the awful job to be my 
"logistical manager", "general corrector" and "histological helper". I thank him for 
helping me out during my entire project with all sorts of "things", from processing 
large amounts of Brights to large amounts of samples. I thank Linda Tonk for her 
patience, company, good ideas and fun. If there is anybody that should work in this 
field it should be you and I sincerely hope we will be colleagues soon. 
Thanks alone are not enough for three other persons. First, I thank Rolf Bak for the 
freedom and thrust he gave me while doing my work on Curaçao. He kept me on 
track whenever I got lost in my "own ideas" and acted as a smart sparring partner in 
all sorts of conversations on all sorts of places. Without this attitude this book would 
not exist. I'm sure we'll be working together again in the future (there is a book to 
write...). Then, finally, I thank my parents. They created the excellent working 
environment for the traveling PhD-student. Whenever in the Netherlands, I was 
welcome and they tolerated my chagrin writing behavior and the rebuilding of their 
house to meet my writing needs. Again, this book wouldn't have existed without 
them just being there. 

MV Ulvenhout January 7* 2002 

Acknowledgements 255 







^ 
* ' X ' • • ^ 

mSÈÈËÉÊÊ 

A 

• • " » 
TB 

"•"; ; ^ s * 

* 

n 
* * . 

,•': 

ü 
* - Î J 'H* -

[ft 



ËMÊmm 
- : i u E K l " Se s 

WmÈm 
;••-:-...•• 1 in Immw 

WÊÊÊÊ pMH 
WSBSSk 

ïmmËÊi m 

WÊm KpS^WR 

aüsü 111111111 

SB 

HÉ 


