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We analyzed a simple genetic model of ecological character displacement in a 
fluctuating environment. Character states of two identical, competing species were 
determined by a single-gene, two-allele model. In each generation, the carrying 
capacity of different segments of a uniform resource spectrum fluctuated randomly. 
Inter- and intraspecific exploitation competition reduced litnesses of similar 
genotypes. In contrast to demographic models of niche shift, this genetic model led 
to a high average overlap of species in a variable environment. However, for 
moderate or small environmental fluctuations, character distributions of the two 
species diverged signilicantly and rapidly. Results were nearly identical for a model 
of environmental fluctuations that incorporated resource “crunches.” These models 
were sensitive to the intrinsic rate of increase of the competing species: divergence 
was substantially slower at small values of r. Nevertheless, most simulations of this 
simple genetic model suggest that interspecific competition can lead to significant 
divergence, even in a moderately fluctuating environment. 0 1991 Academic press, Inc. 

The phenotypes of ecologically similar species sometimes diverge in sym- 
patric populations. Character displacement (Brown and Wilson, 1956) 
refers to those cases in which selection for reduced interspecific 

19lead to phenotypes siSection for 19a avoidance of hybrid 
matings may also cause displacement (Bossert, 1963; Levin, 1986), but will 

not be considered here. 
There have been many mathematical treatments of phenotypic 

divergence, and it is useful to distinguish between genetic and demographic 
models. Genetic models of character displacement describe an evolutionary 
shift in the mean and/or variance of phenotypes of competing species (e.g., 
Bulmer, 1974; Crozier, 1974; Slatkin, 1980). Selection favors phenotypes 
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that do not overlap too much with competitors, leading to a divergence of 
populations and a reduction 
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increased or decreased in a variable environment? 3) Lastly, are the results 
sensitive to the particular form of the competition equation or the pattern 
of temporal variation in carrying capacity? 

MATERIALS AND METHODS 

Life Cycle 

For each of two competing species, we assume a randomly mating 
population of infinite size with non-overlapping generations. Inter- and 
intraspecific exploitation competition reduce the fitnesses of different 
genotypes each generation. The two species use resources identically, and 
inter- and intraspecific competitive effects are symmetric. 

Character Inheritance 

We assume that character states are determined entitely by a single gene 
with two alleles, resulting in three different genetypes (AA, Aa, and aa). 
The resource spectrum is assumed to be a one-dimensional, uniform dis- 
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a given genotype, fitness decreases below 1.0 as competing populations 
exceed carrying capacity (g,, > 1 .O). 

However, there are important differences between our model and 
Roughgarden’s (1971) single-species selection models. Roughgarden’s 
(1971) model operates be present in the denominator of g, for exact corre- 

spondence with the logistic equation. However, our goal was not to model 
the logistic equation, but to provide a simple competition model that 
incorporates temporal stochasticity in available resources. 

Note that the fitness of variation 
in the carrying capacity noise” (May, 1974), with no 

serial autocorrelation. 
We used Eqs. (2) and (4) to track changes in allelic frequencies for both 

species through time. The model assumes random mating, so genotype 
frequencies each generation were calculated from the Hardy-Weinberg 
equation. Genotype frequencies were scaled to mean fitness each 
generation, and 

Wj was set to 0.0 if it ever became negative. 
To test the sensitivity of the model to the assumption of a linear fitness 

function, we considered three alternative formulations to Eq. (4). Each of 
these non-linear fitness functions is derived from a variant of the logistic 
growth equation (Hutchinson, 1978): 

wjsl.O+r( 1.O+ej-(i, gjj)') 

Equation (5) is a quadratic form derived from Gilpin and Ayala (1973). 

w,=l.~+(')('.~+~j-Cf=, g,i) 
I (l.O+ej+Cfzl gg) ’ 

(6) 
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of niche overlap to quantify the overlap of phenotypes of species 2 on 
species 1: 

cI = c:= 1 C(g1,Hg2,)1 
IX::= 1 models. For all models, the initial allele fre- 

quencies were P,,, i = 0.75 and P,,, 1 = 0.50 in the two species populations. 
These frequencies generated a starting alpha of 0.7457 (Table I). 

Table I shows the initial genotype frequencies, and illustrates the effects 
of inter- and intraspecific competition for the deterministic case. In the 
absence of interspecific competition, both species converge to an identical 
genotype distribution, with the heterozygote being most common. In 
the presence of interspecific competition, each species specializes on one 
end of the resource spectrum, and the most common genotype is the 
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For the deterministic case, this yielded an alpha of 0.333, reached in 31 
generations. The equilibrium overlap was stable, and was reached no 
matter what the initial genotype frequencies. The only exception to this 
equilibrium occurred if the initial 1; range of ej = 0.8) to a series that ran first for 100 generations. 

Average alpha values were identical to two decimal places and variances 
were identical to one decimal place. The moving average difference had to 
be lowered to achieve stable overlap values at small r. 

Simulation Procedures 

Simulations were first written in CP/M interpreted BASIC on a Kaypro 
(1984) PC, then converted to Turbo PASCAL 5.0 and run on an IBM 
Model 40. Each generation, we tracked genotype frequencies for 100 
generations beyond the point at which Eq. (9) was first satisfied. We 
recorded the number of generations to equilibrium and the mean overlap 
the 
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FIG. 1. Average time in generations to reach equilibrium. The average F two standard 
deviations is shown for 100 simulations of the linear fitness function (Eq. (4)) under the model 
of independent resource fluctuations (model 1) (r = 1.0). 

crunch model (model 2) generated overlap means (Fig. 2b) and standard 
deviations (Fig. 3b) that were virtually indistinguishable from those 
generated by the independent fluctuations model (model 1). 

When the central resource was held constant (model 3), overlap showed 
more of an increase with environmental stochasticity, and the four popula- 
tion equations diverged at the highest levels of noise (Fig. 2~). The hyper- 
bolic fitness function (Eq. (6)) generated the largest overlap, and the 
exponential fitness function (Eq. (7)) generated the smallest overlap. The 
standard deviation of overlap was reduced in the central resource crunch 
model and the model of independent fluctuations (Fig. 3~). 

The behavior of these population models was very sensitive to the intrin- 
sic rate of increase, r (Roughgarden, 1975; Turelli, 1978a). r is a measure 
of the responsiveness of the population to changes in carrying capacity 
(Roughgarden, 1975). We simulated Eq. (4) with smaller values of r and 
found that the time to reach equilibrium increased by a factor of roughly 
l/r (Table II). A second consequence of reducing r is that it acts as a scalar 
and also reduces ei, the amount of environmental stochasticity (Feldman 
and Roughgarden, 1975). Thus, at small r, the populations reached a lower 
equilibrium overlap. However, the behavior of the model under the 
different scenarios of environmental fluctuations, and for the four fitness 
functions, was not sensitive to Y. 
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FIG. 3. Standard deviation of overlap as a function of increasing environmental variation. 
Each point is the average of 100 standard deviations calculated for 100 generations after 
equilibrium was tirst reached. Symbols and models as in Fig. 2. 

TABLE II 

Effects of Varying r on the Number of Generations to Equilibrium and the 
Equilibrium Overlap Achieved (Eq. 4) 

r= 1.0 r=o.s r=O.l 

Range of alpha equilibrium alpha equilibrium alpha equilibrium 

e/ time time time 

0 .3333 31 .3333 46 .3333 2.52 

0.1 .3350 35 .3340 42 .3357 200 

0.5 .3131 68 ,358s 55 .3444 301 

1.0 .4901 105 .4137 70 .3517 371 
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DISCUSSION 

For these simple genetic models, environmental variation increases over- 
lap between competing species. This increase contrasts sharply with the 
decrease in overlap that is predicted by some of the demographic models 
of niche shift (May and MacArthur, 1972; May, 1974; but see Turelli, 
1978a). Although overlap increases with environmental variation, low or 
moderate levels of stochasticity (range of ej < 0.4) do not affect average 
overlap very much. Even in a moderately fluctuating environment, com- 
petition between species should lead to strong divergence of sympatric 
populations. The increased overlap of competitors in a variable environ- 
ment is in accord with Wien’s model. However, even under models of 
strong environmental fluctuations, both species exhibited substantial 
divergence, as Schoener has argued. 

The results of these models were sensitive to variation in r, the intrinsic 
rate of increase. At high values of r (r = l.O), populations rapidly achieved 
carrying capacity, so they diverged quickly even in the face of fluctuating 
resources. At low values of r (Y = .lO), populations diverged so slowly that 
competition was not an important force in the short run. Nevertheless, 
these models were quite robust to the form of the fitness function, the 
pattern of environmental fluctuation, and the strength of the stochastic 
forces. The results suggest that competing species may diverge under a 
variety of scenarios of resource fluctuation. 

Of course, 0.0 
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FIG. 4. Variability about point estimates of overlap. The average f two standard devia- 
tions is shown for point estimates of overlap measured 100 generations after equilibrium was 
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fluctuations are small or moderate (range of ej < 0.4), divergence of the two 
populations from an initial state of high overlap should be detectable. 

Comparisons with Other Models 

It is instructive to briefly review the behavior of demographic models of 
niche shifts and genetic models of character displacement in constant and 
variable environments. In a constant environment, there is no effective limit 
to similarity in the demographic models (May and MacArthur, 1972; May, 
1974), and hence no divergence of competing species. However, the greater 
the overlap between species, the more restricted the range of carrying 
capacities that allow for coexistence (May, 1974). In contrast, most genetic 
models predict divergence of competitors in a constant environment (e.g., 
Crozier, 1974; Bulmer, 1974; Milligan, 1985) as long as there are some 
constraints on the phenotypic variance (cf. Slatkin, 1980; Taper and on the 

magnitude of divergence. However, May and MacArthur’s (1972) model 
contained several biological and mathematical flaws (Feldman and 
Roughgarden, 1975; Abrams, 1975; Turelli, 1977, 1978a, 1978b). Turelli 
(1978a) reformulated the model and concluded that weak to moderate 
stochastic variation in the environment has a very minor effect on limits to 
similarity. 

Turelli’s models also showed that increasing stochasticity led to a 

decrease in overlap (Tables l-4 in Turelli (1978a); Fig. 3 in May and 
MacArthur (1972); note that May and MacArthur’s (1972) measure of 
“niche overlap,” d/ w, is actually a measure of niche separation). The dif- 
ference in the models was whether the decrease in overlap overlap in 

resource use. In contrast, the genetic models we have analyzed here suggest 
that a fluctuating environment prevents specialization in resource use and 
leads to increasing overlap between competing species. 

Further Considerations 

These simulation results must be interpreted cautiously because they 
incorporate at least two unrealistic assumptions. First, we have assumed 
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infinite population sizes of both species, so there were no effects of genetic 
drift or demographic extinction. Extreme resource fluctuations occasionally 
led to gene fixation and species extinctions, but only when the range of ej 
exceeded 1.0. Slatkin (1980) found that, in a constant environment, 
divergence was affected by the relative densities of the two competing 
species. 

A second limitation of our approach is that we have posited an 
extremely simple genetic model of character states and resource use. The 
strong divergence that we found in our models may result from these con- 
straints on phenotypic variance (Slatkin, 1980; Taper and Case, 1985). A 
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