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ABSTRACT 

Maguire, L.A. and Porter, J.W., 1977. A spatial model of growth and competition strate- 
gies in coral communities. Ecol. Modelling, 3: 249--271. 

A discrete spatial simulation model is developed to investigate the type and intensity 
of biological and physical factors influencing the structure of coral communities. The 
model represents reproduction, growth, and interspecific competition by coral colonies in 
terms of "ownership" of space in a plot of reef habitat. Using data for several eastern 
Pacific coral species, the model reproduces observed changes in species composition and 
diversity during coral community development. Model results suggest that during early 
successional stages, or in areas that are frequently disturbed, larval colonization and rapid 
growth are more important than dominance achieved by extracoelenteric digestion or by 
growing over another coral in acquiring and maintaining possession of reef substrate: In 
mature communities that remain undisturbed, dominance is the best competitive strategy. 
Although the model was developed to study natural and man-induced changes in the 
community dynamics of coral reefs, it could be adapted to study other sessile organisms 
where spatial pattern is an important influence on the frequency and outcome of bio- 
logical interactions. 

INTRODUCTION 

R e c e n t  s tud ies  in b e n t h i c  e c o l o g y  have focused  on  the  i n t e r p l a y  b e t w e e n  
c o m p e t i t i o n  and  p r e d a t i o n  (b io log ica l  d i s t u r b a n c e )  in c o n t r o l l i n g  c o m m u n -  
i t y  s t r u c t u r e  (Connel l ,  1971 ;  D a y t o n ,  1971 ;  D a y t o n  and  Hessler,  1972;  
Grassle  and  Sanders ,  1973 ;  Levin and  Paine,  1974;  Por te r ,  1974a) .  The  inf lu-  
ence  o f  r e p r o d u c t i v e  ra te  and  t i m i n g  in t he  d e v e l o p m e n t  o f  n o n - e q u i l i b r i u m  
or  success iona l  s tages o f  m a r i n e  c o m m u n i t i e s  has also been  c o n s i d e r e d  
(Lev in ton ,  1970 ;  Reiswig,  1973;  R h o a d s ,  1973;  S u t h e r l a n d ,  1974 ;  Grassle  

¢ Operated by Union Carbide Corporation under contract with the Energy Research and 
Development Administration. 
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and Grassle, 1974). Porter (1974a) and Grigg and Maragos (1974) describe 
contrasting patterns of coral community structure in different geographical 
areas and suggest contrasting biological and physical mechanisms to account 
for the differences. This paper describes the construction and preliminary 
analysis of a simulation model designed to investigate how various types of 
coral community structure arise and are biologically and physically main- 
tained. The paper briefly reviews the relevant aspects of coral ecology, 
describes the structure and assumptions of the model, and then discusses the 
results of simulations and their implications for understanding the develop- 
ment of coral communities. 

CORALECOLOGY 

Adult corals are sessile, but they reproduce by means of mobile plank- 
tonic larvae. Huge numbers of propagules are broadcast, but only a few settle 
successfully and begin to grow. Corals grow at species-characteristic rates. 
Most grow approximately radially, although there are many variations on a 
basically circular growth form, e.g., branching, lobes, spheres, and cones 
(Barnes, 1973) (Fig. 1). Corals compete for space, both to capture zooplank- 
ton for food and to provide light for symbiotic algae. Competitive strategies 
among coral species include (1) overtopping, much as plants shade out and 
kill neighboring individuals (Porter, 1974a), and (2) digestive dominance, 
where a more dominant species digests contiguous portions of less aggressive 
corals and grows over them (Lang, 1973) (Fig. 2). Since the effect of an 
overtopping morphology is identical to that of a high position on the diges- 
tive dominance hierarchy, that is, space is successfully captured, these two 
parameters may be summed into an overall dominance rating which is the 
net result of these two space capture mechanisms (Table I). The outcome 
of interspecific competition among sympatric coral species is remarkably 
consistent over a range of physical conditions (Lang, 1973; Porter, 1974a; 
Glynn, 1974; field observations, JWP). In some areas in the Pacific, corals 
are subject to heavy predation by the crown-of-thorns starfish, Acanthaster 
planci, and other vertebrate and invertebrate corallivores (Glynn et al., 
1972; Porter, 1974a). Physical disturbances, such as hurricanes, tides, 
surf, lava flows, and sedimentation, also influence coral reef development 
(Stoddart, 1969; Grigg and Maragos, 1974) (Fig. 3). 

Observations of coral community structure on Hawaiian (Grigg and Mara- 
gos, 1974), eastern Pacific (Porter, 1972a, 1974a), and Caribbean (Porter, 
1972b, 1974a) reefs show consistently different relationships among coral 
cover, diversity, physical disturbance, predation, and interspecific competi- 
tion in the three areas. In the eastern Pacific, there is a negative correlation 
between area covered by live coral and species diversity (Fig. 4). [Species 
diversity is measured according to the Shannon formula (Pielou, 1966): 

n 

F[ = - - ~  Pi log2Pi 
i = l  
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Fig. 1. Eastern Pacific reef corals, PociUopora damicornis (left top and bottom), Pavona 
clivosa (right top), and Pavona gigantea (right bottom), colonize stable (top) and unstable 
(bottom) substrates. These coral colonies probably originated from the successful settle- 
ment and growth of larvae. Note the broken tips and nibbled edges from puffer fish, 
trigger fish, and parrot fish bites. Top left and right: Isla Naranja, 21 March 1971, 5 m 
depth; bot tom left and right: Islas Secas, 24 March 1971, 3 m. 

where Pi = relative abundance of  the ith coral species expressed as a fraction 
of  the total area covered by corals.] Where rates of  disturbance are high, 
coral cover is low but coral species diversity is high because less dominant 
species can persist without interference from the more aggressive species 
(Porter, 1974a; Loya, 1976).  

Along the Caribbean coast of  Panama, there is a positive correlation 
between coral cover and diversity (Porter, 1972b, 1974a). Among species 



Fig. 2. Eas te rn  Pacific reef  corals c o m p e t e  for  space by  over - topp ing  ( top  lef t  and  bo t -  
t o m ,  Pocillopora damicornis > Pavona clivosa) and  by  "diges t ive  d o m i n a n c e "  where  the  
d o m i n a n t  species kills the  physica l ly  ad jacen t  coral  and  overgrows its dead ske le ton  ( t op  
r ight ,  Pavona varians scales the  side o f  Pavona clivosa; no te  also t he  dead areas of  Pavona 
clivosa ad jacen t  to  the  b r anches  of  Pocillopora in the  cen te r  of  the  uppe r  left  figure).  As 
in Fig. 1, no t e  the  extens ive  fish nips and  scrapes.  Top  lef t :  Islas Secas, 24 March 1971 ,  
4 m d e p t h ; t o p  r ight :  Isla Uva, 23 March  1971,  3 m;  b o t t o m :  Isla Naranja ,  21 March  1971 
6 m .  
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Data for eastern Pacific coral species in model 
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Species name Species number Dominance * Radial growth rate ** 
(cm/year) 

Pocillopora damicornis 6 High 10 
Pocillopora robusta 5 5 
Pavona gigan tea 4 2 
Pavona clivosa 3 2.5 
Porites panamensis 2 ~ 1 
Psammocora stellata 1 Low 1 

* Dominance is the net result of space-capture abilities due to an overtopping morphol- 
ogy and/or to a high position on the digestive dominance hierarchy. Positions are assigned 
here based on laboratory and field data from Porter (1974a) and Glynn (1974) and per- 
sonal observations (JWP). 
** Radial growth rate is for optimal conditions without predation or other disturbances. 

Fig. 3. Biological events, such as.predation (left, Acanthasterplanci attacking eastern 
Pacific Pocillopora darnicornis and Pavona ponderosa), and physical disturbances, such as 
storm damage (top right, toppled Pocillopora) or collapse (bot tom right, Pocillopora reef 
caved in), can play a major role in the production of new sites for colonization. Numer- 
ous organisms in addition to corals will compete for these settling places. Left: Isla Uva, 
23 March 1971, 2 m; top right: Isla Uva, 23 March 1971, 3 m; bot tom right: Islas Secas, 
24 March 1971, 3 m. 
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Fig. 4. With a minimum of disturbance (physical or biological) to reset the successional 
development, most shallow-water eastern Pacific coral communities tend toward the 
condition illustrated by the Pocillopora reef on the left. Stages in such a development 
pattern would include earlier periods of higher diversity and lower cover (top right and 
bottom right) before competitive exclusion reduced the diversity to a monospecific stand 
of the dominant coral (left). Left: Islas Secas, 24 March 1971, 3 m; top right: Islas Secas, 
24 March 1971, 3.5 m; bottom right; Islas Secas, 24 March 1971, 3.5 m. 

f r o m  this  area,  the  fas tes t -growing are the  weakes t  c o m p e t i t o r s  in t e r m s  o f  
digestive d o m i n a n c e .  I t  has  been  suggested (Por ter ,  1974a)  t h a t  t he  lack o f  
c lear-cut  c o m p e t i t i v e  super io r i ty  in a single Car ibbean  species re ta rds  devel- 
o p m e n t  o f  t he  m o n o s p e c i f i c  s tands  t h a t  are c o m m o n  on  eas te rn  Pacific reefs.  

O f f  the  Hawai ian  coas t ,  lava f lows per iodica l ly  d e s t r o y  sec t ions  of  coral  
reefs .  Grigg and  Maragos (1974)  observed  the  ra tes  a t  which  reefs  in shel- 
t e r ed  and  unshe l t e red  wate rs  recover  to  the i r  p r ed i s tu rbance  cond i t ion .  T h e y  
f o u n d  a negat ive  cor re la t ion  b e t w e e n  coral  cover  and  divers i ty  and  suggested 
t h a t  in she l te red  areas,  a c o m p e t i t i v e l y  d o m i n a n t  species m o n o p o l i z e s  m o r e  
and  m o r e  area  as coral  cover  increases.  In less she l te red  waters ,  wave  ac t ion  
con t inua l ly  des t roys  corals ,  keep ing  cover  low and divers i ty  high. 

In s u m m a r y ,  m a j o r  fac tors  inf luencing  c o m m u n i t y  s t ruc tu re  and  develop-  
m e n t  are: (1) coral  r ep roduc t ive  strategies;  (2) c o l o n y  g rowth  ra tes ;  (3) com-  
pet i t ive  d o m i n a n c e  re la t ionships ;  (4) p reda t ion ;  and  (5) physical  d i s tu rbance ,  
such as s to rms .  The  m o d e l  invest igates observed  fea tures  o f  coral  c o m m u n i t y  
s t ruc tu re ,  such as the  re la t ionships  b e t w e e n  coral  cover  and  species divers i ty .  
Thus  far,  e f fec t s  o f  coral  r ep roduc t ive  strategies,  g rowth ,  and  c o m p e t i t i v e  
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dominance have been studied using the model. Predation {biological distur- 
bance) and storms (physical disturbance) will be examined later. 

THE MODEL 

The model represents coral communi ty  development  in a 25 m 2 plot 
randomly located in a homogeneous reef habitat. The modeled plot is 
covered by  a rectangular grid of  points {Fig. 5 shows a section of  the plot), 
and the model  keeps track of  which coral species "owns"  each point. The 
model  has been implemented to represent reproduction,  growth, and com- 
peti t ion among the six major coral species that may be expected to occur 
sympatrically on eastern Pacific reefs. Species names, estimated maximum 
growth rates, and probable dominance relationships are summarized in Table 
I. 

Reproduction 

In the model,  we assume that all six coral species reproduce at the same 
time twice a year. In actuality, reproductive patterns are highly variable from 
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Fig. 5. Diagram of system of grid points on a portion of the modeled plot. Heavy vertical 
hatching represents area occupied by a coral of species 2 centered at (5, 4); lighter hori- 
zontal hatching represents area potentially occupied by coral of species 1 centered at 
(3, 5). The more dominant species (defined in text), species 2, destroys species 1 in the 
disputed squares (3, 4) and (4, 5). 
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species to species. No species is known to reproduce less than once per year 
after maturi ty is reached, but  bi-annual and even monthly  spawning have 
been described (Harrigan, 1972). The model presently assumes synchronous 
breeding of  all species, but  asynchronous breeding schedules could also be 
used. 

The reproductive rate for each species is defined in terms of  successful 
larval production,  i.e., the number  of larvae of  each species that  could settle 
and begin to grow in an empty  plot. Thus, successful larval production 
would be evaluated after mortali ty occurring in the planktonic phase of  
larval life, bu t  before mortal i ty of  young corals due to competi t ion or preda- 
tion on the sessile form. Better data on the mortal i ty patterns of  planktonic 
and newly settled coral larvae would be helpful here. 

As a first approximation, we assume that successful larval production for a 
given species is independent  of  the area of  the plot already covered by that 
species. The plot is empty  at the beginning of  the simulation and the initial 
colonizing larvae are assumed to be carried in from other reefs by  ocean 
currents. Most authors feel that  coral larvae settle within the first several 
days after release (see Connell, 1973, for review), with a maximum time in 
the plankton of  2 weeks. Assuming normal currents passing over a reef at 0.1 
to 0.5 knots, the dispersal range of larvae could be 0 to 300 km, depending 
on the duration of the planktonic stage. Eastern Pacific and Hawaiian corals 
show very close taxonomic affinities to their Indo-Pacific congeners and are, 
therefore, probably long dispersers capable of  several months '  survival in the 
plankton. Due to the constant,  vigorous movement  of water in the vicinity 
of  reefs, it seems likely that  larvae settling in the model 's 25 m 2 plot are 
produced by corals established elsewhere as well as by ones established 
within the plot. Thus our assumptions are fairly realistic for species having 
large numbers of widely dispersing propagules, as many benthic organisms 
do. Alternative assumptions were tested in the model  and the results are 
described below. 

Initially, all six species were given the same successful larval production -- 
three larvae/25 m2/reproductive season. Successful larval product ion by coral 
species with extensive three<limensional structures, such as branching corals, 
will be somewhat  underestimated by our two-dimensional approximation. 
The effect  of  differential success in larval product ion due to differences in 
reproductive potential or colonizing ability among different species will be 
discussed later. 

When reproduction is simulated in the model, a pseudorandom number  
generator specifies the coordinates of  a grid point  for each available larva. 
If the point  is already occupied by  an established coral, the larva is eaten. If 
the point  is unoccupied,  the larva settles and begins to grow. The process is 
repeated until all propagules for all six species have either settled or been 
eaten. 
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Growth 

We assume that  coral growth can be approximated in two dimensions as a 
constant  increase in radius. At each iteration of  the model, a constant length 
DRi is added to the radius of each coral of species i in the plot. In Fig. 5, 
which shows a small portion of the grid, a larva of species 1 settled at point 
(3, 5). During the next  iteration, it grew by an amount  DR1 = 1.0, in units of  
the distance between grid points. 

Competi t ion 

In the model, each coral potentially owns all the grid points falling within 
its radius. When two corals potentially own the same point [for example, 
(3, 4) and (4, 5) in Fig. 5], the conflict is resolved on the basis of competi- 
tive dominance. If two corals of different species are involved, the more 
dominant  species takes the point. In Fig. 5, species 2 is dominant  and would 
claim both disputed points. It removes the less dominant  species from the 
immediate area by digestion or by overtopping (Fig. 2). In terms of the 
model, the effects of  both competitive mechanisms are identical. If the two 
corals are of the same species, either may be regarded as owning the point 
since corals of the same species fuse or stop growing in an area of contact  
(Lang, 1973). Corals that  have been completely grown over by more domi- 
nant species, and thus own no points, are considered dead and are removed 
from the plot. 

Coral cover, relative abundance, and diversity 

In the model, "ownership" of  one grid point represents cover of  a square 
area equal to the square of the distance between grid points. Total coral 
cover in the plot is calculated as the percentage of the total number of points 
in the plot that  are owned by corals of any species. The relative abundance 
of  species i is the percentage of  total points owned by corals of all species 
that  are owned by species i. Diversity is calculated from the formula cited 
above, where Pi is relative abundance expressed as a fraction, rather than as a 
percentage. 

Output  

Sample results from a model run using the original estimates for successful 
larval production and growth rates appear in Fig. 6; model output  is graphed 
at 2-year intervals. As observed for an undisturbed eastern Pacific reef, coral 
cover increases (Fig. 6a), the relative abundance of the most dominant  
species (species 6) increases (Fig. 6b), and diversity decreases (Fig. 6c) with 
time until an "equil ibrium" is reached with the most dominant  species occu- 
pying the entire plot. Old, undisturbed eastern Pacific reefs are monopolized 
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by the competit ively dominant  Pocillopora {Porter, 1974a) (Fig. 4). In eight 
model  runs, the average time to equilibrium was 17 years. This result agrees 
with our intuition regarding the speed of  succession in coral communities. 
Endean (1973) suggests a development time of  20--40 years for Australian 
reefs recovering from starfish infestations. 

Grid size and time step 

The model makes a discrete approximation to continuous growth and 
competi t ion using partial difference equations in one time dimension and 
two spatial dimensions. As long as the coral growth function is strictly linear, 
i.e., a constant  addition to the radius at each iteration, length of  the time 
step chosen to run the model  has no effect on the accuracy of  the solution. 
If coral growth rates are changing continuously through time, e.g., as func- 
tions of  colony size, density, or depth, then shorter time steps would give 
more accurate solutions. 
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Fig. 6. Model output for original estimates of successful larval production and growth 
rate: (a) total coral cover versus time; (b) relative abundance of species 1 through 6 versu 
time; and (c) diversity (defined in text) versus time. 
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The effect of  changing the distance between points on the spatial grid was 
tested using distances of 1, 2, 5, 10 and 20 cm. There were no significant 
differences at a = 0.01 among the model results obtained for the different 
distances because the ratio of occupied to unoccupied points stays the same 
over the range of distances tested. Insensitivity to time step and grid size are 
desirable features of the model because they allow the user to choose grid 
sizes and time steps that  are computationally efficient without  affecting the 
accuracy of the solution. Most of the subsequent analyses were performed 
using 10 cm distance between points. 

Order of reproduction 

Ross and Harper (1972) have pointed out  that  in plants order of seedling 
establishment can influence final stand composition through both inter- 
specific and intraspecific competit ion at the seedling stage. In the original 
formulation of the model, larvae of species 1 (least dominant)  had the first 
opportuni ty  to become established at each reproductive season, then larvae 
of  species 2, and so on. To test whether the order in which larvae of differ- 
ent species were permitted to settle influenced model behavior, three alter- 
natives to the original order of reproduction were also used. None made a 
significant difference in the model results so the original formulation proved 
acceptable. 

SIMULATION RESULTS 

The model behavior shown in Fig. 6 demonstrates that  the model pro- 
duces a realistic simulation Of coral communi ty  development on undisturbed 
eastern Pacific reefs (Fig. 4). The analyses of  t ime step, grid size, and order of  
reproduction indicate that  technical problems in the model formulation are 
not  biasing our results. We can, therefore, use the model as a framework for 
stating hypotheses about factors that  influence coral communities, and for 
projecting the consequences of these hypotheses in terms of patterns of coral 
communi ty  development. 

Because no single number characterizes the model output ,  three aspects of 
the solution were chosen for comparison: (1) total coral cover after 6 or 10 
years; (2) relative abundance of the most dominant  species (species 6) after 
6 or 10 years; and (3) number of years to reach equilibrium. 

Use of  a pseudorandom number generator to produce the spatial distribu- 
t ion of corals in the plot results in stochastic variation in model output.  To 
compare model behavior for different hypotheses, several replicates were run 
for each set of parameter values and statistical comparisons were made 
(Hunter and Naylor, 1970). Percentage data were transformed according to 
the recommendations in Steele and Torrie (1960, pp. 156--158), and simple 
linear regression or one-way analysis of variance was used to test for signifi- 
cant effects of the hypothesis being tested on model output.  In cases where 
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the analysis of variance indicated significant effects, Duncan's new multiple 
range procedure was used to determine which of several alternatives were 
significantly different from each other. Although sample sizes were small 
(three to nine), there were no borderline decisions at a = 0.01, so the results 
are considered statistically reliable. In every test, the effect of  the indepen- 
dent variable was either significant for all three aspects of the solution 
described above or not  significant for all three. 

Colonization strategy 

There would appear to be a biologically defined lower limit to distance 
between grid points, a minimum area that  can be considered available for 
colonization by a coral larva. The model can be used to examine the conse- 
quences of two colonization strategies/~hat could produce a minimum area 
for colonization. One possibility is that  larvae settle passively on a random 
spot, and then suffer high mortali ty through competit ion or predation 
(Stimson, 1974; Schuhmacher, 1974) if they are too close to an already 
established coral. It is known (Porter, 1974b) that  some species of coral can 
eat larvae of other coral species. (It is not  known at this t ime whether or 
not  they accidentally eat larvae of  their own species.) Alternatively, larvae 
might actively choose where to settle, responding to factors such as light or 
type of substrate (Harrigan, 1972; Stimson, 1974; Lewis, 1974) in a way 
that  tends to keep them from settling near established corals. Evidence exists 
in the literature both for nonrandom underdispersion of coral larvae (Lewis, 
1974), where it is hypothesized that  the larvae tend to settle near the 
parent; and for nonrandom overdispersion (Stimson, 1974), where it is 
hypothesized that  predatory activity of epibiotic crustaceans is increased 
near the parent, thus causing greater survivorship away from the parent. This 
latter pattern is similar to predation models currently being developed for 
seed dispersion (Janzen, 1971). Either of  the observed dispersion patterns 
could be produced by either active or passive larval settling strategies, and 
both strategies would be characterized by a minimum area for successful 
colonization. Active choice of  the settling site based on cues that  would 
differentiate suitable from unsuitable sites would appear to be more 
adaptive. The passive strategy would bring about a decline in successful 
colonization as soon as there was a significant probability that  a randomly 
selected point in the plot would be occupied, whereas the active strategy 
would not  produce a decline in successful colonization until all points were 
occupied. Therefore, we would expect the approach to equilibrium to be 
faster under the active colonization strategy. We would also expect species 
with an active larval settling strategy to have at least a short-term advantage 
over those that  settle passively. Simulations showed that  the active strategy 
does produce a significantly shorter time to equilibrium. This is clearly an 
area where research on the larval biology of each species is greatly needed. 
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Successful larval production: some alternatives 

The original assumption for the model was that  successful larval produc- 
tion for species i (as defined above) is independent  of  the area of  the plot  
covered by  species i (Fig. 7, curve a). If species i were not  represented in the 
plot, its larvae would nevertheless be carried in by  ocean currents; with very 
few larvae surviving from those shed, compensatory mechanisms could 
easily make the total number  produced in the plot  irrelevant to successful 
larval production.  

Three alternative assumptions, in which successful larval production by  
species i is a function of  area in the 25 m 2 plot covered by  corals of  species i, 
have been tested. The first is a linear function (Fig. 7, curve b), with success- 
ful larval production by  the ith species (St) directly proportional to the area 
in the plot covered by  corals of  the ith species (Ai). We assume that each 
species will attain the original estimate of  successful larval production (Ni = 
3 larvae/25 m 2) when it occupies one-sixth of  the plot. Maximum successful 
larval product ion for each species (when it occupies the whole plot) is then 
6N~. The equation for successful larval production by  species i as a function 
of  area of  the plot  covered by  species i is then 

Si = 6 N i A i / T  (1) 

where T equals the area of  the whole plot. 
The second alternative tested is that  successful larval production by species 

i is a Michaelis--Menten function of  the area in the plot covered by  corals of  
species i. The equation is fi t ted so that  the original estimate for successful 
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Fig. 7. Four  functions relating successful larval p roduc t ion  for species i to fract ion o f  the 
plot covered by species i: (a) constant ;  (b) linear; (c) Michaelis--Menten function, equa- 
t ion 2 in t ex t ;  (d) Michael is--Menten function, equation 3 in text .  
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larval production will be reached when a species occupies one-sixth of  the plot 
(Fig. 7, curve c). In this case 

Si = 6NgAi/(~T + Ag) (2) 

The third alternative is also a Michaelis--Menten function. However,  in this 
case the equation is fi t ted to the assumption that successful larval production 
is at 99% of its maximum value of  6Ng when species i occupies the whole plot 
(Fig. 7, curve d): 

Si = 6NiAi/(~-~6T + Ai) (3) 

For each of  the three alternatives, we assume that Si equals one larva when 
Ai equals zero; otherwise, an empty  plot would remain empty  forever. 

The original assumption, successful larval production independent  of  area 
covered (curve a), and the first two alternatives (curves b and c) produce 
essentially the same results -- the plot  reaches equilibrium in an average of  
17--19 years. The third alternative (curve d) significantly accelerates the 
development  of  the plot -- it reaches equilibrium in an average of  12 years. 

The results suggest that  larval production and colonization strategies are 
important  only in the early stages of  coral communi ty  development,  while 
the plot is relatively bare. Distinguishing between alternative assumptions 
regarding successful larval production as a function of area covered is impor- 
tant only for functions that  respond sharply to changes in Ai in the lower 
range of Ai values (such as Fig. 7, curve d). After 8 to 10 years, when the 
plot is 90% covered (Fig. 6a), the behavior of  the model is entirely domi- 
nated by  the growth and competi t ioq of  established corals. Williams (1975) 
and others have hypothesized that in many species with both sexual and 
asexual reproduction,  sexual reproduction is most  important  in colonizing 
new habitats, whereas asexual reproduction is most  important  in already 
occupied habitats. This hypothesis seems very plausible for colonial corals. 
Larval production (sexual reproduction) is most important  for dispersal to 
and colonization of  new or recently disturbed reef areas, bu t  growth of  estab- 
lished coral colonies (asexual reproduction) is most  important  for maintain- 
ing a coral species in more mature reefs. Loya's  (1976) observations on the 
recolonization of  Red Sea reefs damaged by  an unusually low tide support  
this hypothesis.  

Sensitivity to rates o f  successful larval production and rate o f  growth 

Simulations were made using values for successful larval production 
2 ranging from one-third to ten times the original estimate of  3 larvae/25 m 

for each species. There is a significant linear relationship between rate of  
successful larval production and the speed with which the system approaches 
equilibrium, indicating the direct sensitivity of  this space-limited ecosystem 
to colonization rates. 
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Due to heavy (although possibly facultative) dependence of coral on its 
symbiotic photosynthetic algae (Muscatine and Porter, 1977), the linear 
growth rate of reef corals is closely related to ambient light levels. Eastern 
Pacific Pocillopora tissue, for instance, is about 15% plant biomass, 85% 
animal biomass by dry weight (L. Muscatine, personal communication, 1977), 
and its growth rate can vary by almost one order of magnitude under natural 
conditions (Glynn and Stewart, 1973). There is an inverse relationship 
between growth rate and depth, but the exact nature of this relationship has 
not yet been systematically investigated. Actual growth rates are usually 
lower than the maximum listed in Table I due to predation, competition, 
high turbidity or sedimentation. Additional simulations were therefore made 
using values ranging from one-tenth to ten times the original estimates of 
radial growth rate for each species. There is a significant linear relationship 
between growth rate and the speed with which equilibrium is reached, but 
this linear relationship is steeper than the one for increased larval production 
rates. A doubling of growth rates accelerates the approach to equilibrium 
more than does a doubling of successful larval production, reflecting the 
overriding importance of growth and competition after the initial coloniza- 
tion phase of coral community development. 

To determine the impact of a single species' behavior on the behavior of 
the whole system, successful larval production and growth rates of species 1 
and of species 6 were varied while holding the other parameters constant. 
Varying parameters for the least dominant, slowest-growing species (species 
1) and for the most dominant, fastest-growing species (species 6) should 
indicate the extremes of system responses to a sir~gle species' behavior. 
Changing the rate of successful larval production for species 1 has no impact 
on the behavior of the system (Fig. 8, curve a), but the same change for 
species 6 has a marked effect on the speed with which equilibrium is reached 
(curve b). Similarly, changing the growth rate of species 1 has no impact, but 
changing the growth rate of species 6 has a marked effect. These results 
demonstrate that the behavior of the competitively dominant, fastest-grow- 
ing species will dominate the behavior of the whole system in the absence of 
disturbance. This effect is fortunate from the standpoint of collecting field 
data, since it is often easier to make measurements on abundant and rapidly 
growing species in a community. Decreasing the rate of successful larval 
production (or growth) has a greater impact on the model response than a 
comparable increase (curve b) because the speed with which the equilibrium 
is reached approaches an upper bound. 

Growth rates and dominance 

The model can be used to explore the suggestion made by Porter (1974a) 
that a positive correlation between dominance and growth rate in eastern 
Pacific corals contributes to the rapid development of monospecific stands 
of the most dominant species. In contrast, among Caribbean species diges- 
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tively dominant  corals are among the slowest-growing, retarding the develop- 
ment of  a monospecific stand. For  the six eastern Pacific coral species used in 
the model,  rapid growth and dominance are positively correlated except  that  
the third and fourth most  dominant  are the fourth and third fastest-growing, 
respectively. Four alternatives are tested: (A) the original assumption, a posi- 
tive correlation between growth rate and dominance; (B) no correlation, all 
six species have growth rates equal to that  of the fastest-growing species; (C) 
no correlation, all six species have growth rates equal to half the growth rates 
used in B; and (D) negative correlation between dominance and growth rate, 
i.e., species 1 (least dominant)  is given the growth rate previously assigned to 
species 6 and vice versa, species 2 is given the growth rate previously assigned 
to species 5, etc. Fig. 9 shows that the type  of  correlation between growth 
rate and dominance has a profound effect on the time required to reach 
equilibrium. Alternatives C and D are both  significantly different from each 
other and from A and B. Reversing the correlation between growth rate and 
dominance from positive to negative extends the time to equilibrium by a 
factor of 10. Although a monospecific stand of  the most  dominant  species 
develops eventually if undisturbed, the time required (180--200 years) is so 
long that even infrequent reductions in coral cover (e.g., predation, storms) 
might prevent the communi ty  from ever reaching equilibrium. 

These model experiments support  the hypothesis that  lack of  correlation 
between growth rate and digestive dominance in Caribbean corals may be an 
important  factor in maintaining the diversity of  Caribbean coral communities.  
However, it cannot  be the complete explanation. Additional factors --  such as 
density dependence in growth or competitive dominance, or periodic removal 
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of coral cover by predation or physical disturbance -- must  be acting to pre- 
vent the eventual development of a monospecific stand. 

D ominanc e  versus g rowth  rate as compe t i t i ve  strategies 

Porter (1974a) has suggested that  there is an evolutionary ~rade-off 
between dominance and growth rate in the highly co-evolved Caribbean 
coral species, although this does not  seem to be the case in geologically more 
recent eastern Pacific coral communities. (The slow-growing, less dominant  
species in the eastern Pacific may have broader physiological tolerances than 
faster-growing, more dominant  species, and thus may not  be less fit in all 
environments.) Runs of the model where growth rate and dominance are 
negatively correlated can be used to assess the competitive advantages of 
high competitive dominance versus rapid growth in different ecological 
situations. Fig. 10. shows the relative abundance of the six coral species as 
the plot develops toward a monospecific stand of species 6 for a model run 
with negative correlation between dominance and growth rates; compare 
this with Fig. 6b, where dominance and growth rate are positively correlated. 
In Fig. 6 the sequence in which the six species become more or less abundant 
through time shows that  a fast growth rate (although low dominance), as 
exhibited by species 1, is the most successful strategy during the first few 
years of  communi ty  development or in ecological situations where frequent 
disturbance keeps the plot nearly empty most of  the time. It may be consid- 
ered an "r- type"  strategy, in the sense of Southwood et al. (1974). Compet- 
itive dominance, even with a low growth rate, as exhibited by species 6 in 
this run of  the model, is the most successful long-term strategy in situations 
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where the habitat remains undisturbed for long periods of time. This is a 
"K- type"  strategy. In habitats that  are disturbed with intermediate fre- 
quency, some combination of  intermediate growth rate and intermediate 
dominance (species 2 or 4) will be most advantageous. 

Coral cover  and diversi ty  

In all runs of the model except those where growth rate and dominance 
are negatively correlated, there is a monotonic increase in total coral cover 
(Fig. 6a) and a monotonic decrease in diversity (Fig. 6c) with time (year 2 is 
the first output  from the model run). Thus there is always an inverse 
relationship between cover and diversity, as is observed on eastern Pacific 
(Porter, 1972a, 1974a) and Hawaiian (Grigg and Maragos, 1974) reefs. In 
those model runs where growth rate and dominance are negatively corre- 
lated, a positive relationship between cover and diversity persists for consid- 
erable periods of  time. We believe this to be analogous to the positive rela- 
tionship observed on some Caribbean reefs (Porter, 1972b, 1974a). These 
results strengthen the hypothesis that  the balance between dominance and 
growth rate in Caribbean coral species is important  in determining the struc- 
ture of Caribbean coral communities. 

The role of periodic disturbances, in combination with growth and domi- 
nance relationships, in maintaining diversity should be investigated further. 
The frequency of storms of different intensities in a given locality is largely 
unknown. Stoddart (1971, 1972) suggests that  the frequency of catastrophic 
disturbances in an area correlates with the presence of certain shallow water 
formations and their orientation, but  systematic observations are lacking. 

DISCUSSION 

The major processes of coral communi ty  development -- radial growth 
rate, competit ion by overtopping or extracoelenteric digestion, and mortal- 
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ity due to disturbance -- appear to be continuous in t ime and space and 
should be appropriately modeled by  a system of differential equations. We 
have made several unsuccessful at tempts to describe this system in terms of  
the continuous rates of  change in area covered by  each species with no 
explicit spatial variables. The interaction terms -- describing the area a 
species gains by  growing over less dominant  species and loses by  being grown 
over by more dominant  species -- are particularly t roublesome because the 
frequency and outcome of competit ive interactions depend on the spatial 
configuration of  corals in the plot. For example, since competit ive interac- 
tions take place only at the colony perimeter, a species will have more inter- 
actions if it has many small colonies distributed throughout  the plot than if 
it has only one large colony. The behavior shown in Fig. 6b and Fig. 10 
looks like the solution to a set of  rather simple differential equations, but,  as 
mentioned above, we could not  derive a set of  simple equations from basic 
biological information. At best, we could fit a set of  equations to the curves 
in Fig. 6b and Fig. 10, but  the parameters had no obvious biological mean- 
ing, did not  satisfy the boundary  conditions, and could not  easily be changed 
to incorporate alternative hypotheses.  The model described in this paper 
seems to be the simplest and most  flexible representation of the biological 
system. 

In developing the simulation model, we made discrete approximations of  
continuous temporal and spatial processes that may seem crude. Yet the 
discrete spatial model (based on a few simple assumptions about  coral 
growth and competi t ion) generates a realistic description of  coral commun- 
ity development  in undisturbed eastern Pacific reefs. It has provided a frame- 
work for testing effects of  different reproductive, growth, and competit ive 
strategies on communi ty  patterns. We have used the model  to co r robo ra t e  
Porter 's (1974a) hypothesis that the type  of  correlation between competi- 
tive dominance and gro:~rth rate could be partly responsible for the different 
coral cover and diversity relationships observed on some Caribbean and 
eastern Pacific reefs. The model  also suggests the need for more studies on 
the  role of  periodic disturbances in maintaining reef communi ty  structure. 
Although we have found our two-dimensional approximation of  coral colony 
structure to be a very useful tool  for investigating coral reef development,  
further realism could be gained by extending the model into a third spatial 
dimension in order to s tudy the vertical structure of  coral reefs. 

We plan to use the model to investigate other features of  coral ecology. It 
can be used to explore effects of  differences in dispersal and colonizing abil- 
ity among different species. For example, Grigg and Maragos (1974) note 
that  on Hawaiian reefs recovering from lava inundation, larvae of  certain 
coral species do not  appear for some years, until the substrate has been stabil- 
ized by  early colonizers. Various non-random dispersal and colonization 
patterns could be studied, such as the possibility that  colonization is heavier 
near the parent coral (Lewis, 1974) 

The effects of  recurring physical disturbances -- waves, hurricanes, lava 
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flows, freshwater inundation or man-induced perturbations such as oil 
spills -- could be simulated using a stochastic model to generate disturbances. 
The frequency and severity of  the disturbance and differential mortal i ty for 
different species, depending on growth form (e.g. branching versus spherical) 
and physiological tolerance, would influence communi ty  development  
(Connell, 1973; Loya, 1976). The level and frequency of  disturbance 
required to maintain observed patterns of  diversity could then be investi- 
gated. 

Biological disturbance, such as predation by  the crown-of-thorns starfish, 
could be modeled as selective or random removal of  coral cover from areas 
in the plot. Data on the effects of predation on coral communi ty  structure 
are becoming available for the eastern Pacific (Porter, 1972a; Glynn, 1973), 
Hawaii (Branham et al., 1971), Guam (Randall, 1973), Australia (Pearson, 
1974) and the Red Sea (Loya, 1976). Species assemblages from different 
geographical areas for which growth and competi t ion data are available could 
be modeled. The types and intensity of  factors producing observed differences 
in communi ty  characteristics could be analyzed by comparing model behav- 
ior with field data. In general, in all cases where the spatially dominant  coral 
(in the eastern Pacific ecosystem, Pocillopora) sustains disproportionately 
high destruction through biological disturbances such as predation or local- 
ized competit ive inferiority, or from physical disturbances such as storm 
damage, the diversity of  the system will be increased and the trend towards 
species loss will be retarded (Paine, 1966; Porter, 1974a). 

The model  also has potential use as a tool for designing and evaluating field 
experiments. The grid patterns produced by  simulations can be sampled 
using different field sampling methods (e.g., transect, quadrat) and their 
accuracy and precision in estimating cover and diversity evaluated for a 
wide variety of  communi ty  patterns. Field experiments involving manipula- 
tion of natural communities could first be simulated to suggest the range of  
experimental treatments that should be used. 

Several other investigators have developed models similar to the coral 
model  described here. Glass (1973) has developed models for the dynamics 
of  inhibitory fields in one dimension. The process is similar to the growth 
and interaction of  coral colonies, but  his model does not  include space explic- 
itly. Levin and Paine (1974) have studied the role of  disturbance and patch 
formation in determining communi ty  structure. Their model deals with a 
problem related to coral spatial patterns, but  on a larger scale, since they do 
not  consider overlap or confrontat ion between patches. Williams and Mitton 
(1973) and Williams (1975) have constructed two-dimensional pencil-and- 
paper simulations of  competi t ion between sexually and asexually repro- 
ducing clones that are conceptually very similar to the computer  simulations 
described in this paper; Korn (1969) has also developed a pencil-and-paper 
model for simulating the growth of  a colonial alga on a planar lattice of  
points. 

The model described here was motivated by  an interest in coral commun- 
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ity dynamics,  but  its application is certainly not  limited to this topic. It 
could be used advantageously to s tudy the dynamics of  many systems of  
relatively immobile organisms -- benthic invertebrates, such as barnacles and 
sponges; bacterial colonies; mosses, algae, lichens, and higher plants {Harper 
and White, 1971) - -whe re  spatial pattern is important  in determining the 
frequency and type  of biological interactions. 

SUMMARY 

This paper describes a discrete spatial simulation model  of  coral com- 
muni ty  development  based on larval production,  radial growth, and inter- 
specific competi t ion.  The model is quantified using data for six eastern 
Pacific coral species, and realistically simulates the development  of  undis- 
turbed reefs into a monospecific stand of  the competit ively most  dominant  
species. Analyses of  some technical aspects of  the model  show that the 
results are not  sensitive to changes in time-step length, the distance between 
grid points in the simulated plot, or the order in which larvae from each 
species settle in the plot. 

The model  investigates some of the factors influencing coral communi ty  
structure. Results suggest that  coral reproduction by  means of  planktonic 
larvae is important  mainly during the early stages of  communi ty  develop- 
ment  when the reef area is relatively bare. Within 8 to 10 years the plot  is 
90% covered by  coral, and growth rates and competit ive interactions of 
established coral colonies dominate the behavior of  the system. Simula- 
t ion results support  Porter's (1974a) hypothesis that  a positive correlation 
between growth rate and dominance in eastern Pacific coral species could 
accelerate the development  of  a monospecific stand of  the dominant,  fastest- 
growing species. The lack of  correlation between digestive dominance and 
growth rate in Caribbean coral species, in conjunction with occasional 
physical disturbance such as hurricanes, may maintain high diversity in 
Caribbean reef communities. The model shows that a fast growth rate is a 
more successful competit ive strategy than high dominance in the early stages 
of  communi ty  development,  or in situations where coral cover is kept  low by  
frequent physical or biological disturbance. High dominance is the more 
successful strategy for space capture and retention over the long term in 
environments where coral cover remains undisturbed. 

Although the discrete spatial model  is only an approximation to continu- 
ous processes, it is a more flexible and biologically meaningful representation 
of  the real system than any differential equation formulations we have tried. 
The model  shares similarities with other models that have been developed to 
s tudy inhibitory fields, growth of  colonial algae, patch formation in benthic 
communities,  and competi t ion between sexual and asexual propagules. 
Although the model  was developed to s tudy coral communi ty  dynamics, it is 
well suited to s tudy any relatively immobile organisms where spatial pattern 
has an important  influence on system dynamics. 
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