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Chapter 13 

Development of population structure in corals: 
temporal and spatial sources of variation 

Vermeij M.J.A. and R.P.M. Bak 
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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, 

Chapter 13 Development of population structure 210 



1.00 

0.95 

I 0.90 

I 0.85 

0.80 

0.75 

-O 

-o 

Variation source 

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 
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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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