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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 

Vermeij M. J. A., Sandin S.A. and J.F. Samhouri 

The order of authors was determined by a swim competition around the island 
of Klein Curaçao on June 20, 2001 
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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 

Chapter 12 Habitat heterogeneity and population structure 177 



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 
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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". 
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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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Figure 4. Percentage OT population mat expresses me wrong morpnotype-environment 
match (e.g. nodular colonies on vertical surface) for the encrusting (encr_hor; black 
markers) and the nodular (nod_vert; white markers). 
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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. 
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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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