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ABSTRACT 

Variability is a universal, but poorly understood, property of 

ecosystems. A common belief that environmental variability has a 

destabilizing effect on species coexistence is being challanged by a 

growing body of theoretical research; variance in resource abundances 

may actually promote species coexistence. Here, I develop three models 

which give ecological conditions for coexistence on a single resource. 

The first considers a rE~source whose abundance varies seasonally. 

Coexistence maybe possible if there is a tradeoff between foraging 

efficiency and maintenance efficiency. The first species can forage 

profitably on low resource abundances while the second uses dormancy to 

"travel" inexpensively between temporal periods of high resource 

abundance. The secooo considers a resource WhOSE:! abundance varies 

spatially. Coexistence may be possible if there is a tradeoff between 

foraging efficiency and the cost of travel. The first species forages 

patches to a lower giving up density while the second can inexpensively 

travel between patches with high resource abundances. The third 

considers an environment in which foraging costs change seasonally. 

Coexistence may be possible if there is a tradeoff between the cost of 

foraging during different seasons. The species which is the most 

efficient forager changes seasonally. 

Because coexisting species often exhibit little apparent diet or 

habitat separation, seed-eating desert rodents offer a promising 

xii 



xiii 

community for testing the three aforementioned mechanisms of 

coexistence. In a community of four granivorous rodents, (Perognathus 

amplus, ~~ merriami, Spermophilus tereticaudus, and 

Ammospermophilus harrisii), I used artificial. seed patches to measure 

species and habitat specific foraging efficiencies. The third mechanism 

of coexistence appears to explain the presence of E::.. amplus, !h 

merriami, and S. tereticaudus in the communi ty. 

during which it is the most efficient forager. 

Each enjoys a sl:!ason 

The second mechanism of 

coexistence explains the presence of A. harrisii in the community. This 

species preferred to forage a large number of widely spaced patches to a 

high giving up densi ty rather than foraging a. flaw patches to a low 

giving up density. 



CHAPTER 1 

COEXISTENCE ON A SEASONAL RESOURCE 

Environmental variability is a universal property of ecosystems, 

however, its role in structuring ecological communities is not well 

understood. Using the theory of 1imi ting similarity (MacArthur and 

Levins 1964), May and MacArthur (1972) determined that environmental 

variability has a destabilizing effect on communities and that the 

coexistence of competitors is inhibited. These results are dependent 

upon the linear growth response of a species to resource density. 

Relaxing the linearity assumption and permitting variance of either 

resource or consumer densities, can lead to limit cycles such that 

consumer species can coe::dst indefinitely on a single resource (Koch, 

1974, Armstrong and McGehee 1976, 1980). Levins (1979) has shown how 

environmental variability in the form of resource variance, covariance 

and higher statistical moments can be considered as consumable 

resources. These results and a growing body of literature support the 

view that environmental variability may enhance species diversity (Haigh 

and Maynard Smith 1972, Stewart and Levin 1973, Gadgil and Gadgil 1975, 

Chesson and Warner 1981, Chesson 1982, Abrams 1984, Namba 1984, Vance 

1984, 1985). 

For competitive coexistence to occur in nature two conditions 

must be met. First, there must exist an underlying axis of 

1 



environmental heterogeneity and second, an evolutionary tradeoff must 

exist which promotes species differentiation along the axis. Before 

empirical tests of models of competitive coexistence on a single 

resource are possible, the parameters and variables must be rendered 

biologically meaningful. 

2 

Vance (1985) supplies a biologically interpretable mechanism for 

coexistence on a single resource by assuming that intraspecific 

interference competition is more severe than interspecific interference. 

He concludes that it is unlikely that coexistence will occur in nature 

when competition is exclusively exploitative. 

Stewart and Levin (1973) and Abrams (1984) proposed models of 

species coexistence on a single resource via a mechanism of exploitative 

competition. In both models, coexistence results from having a resource 

whose abundance varies temporally, and from having two consumer species 

whose relative resour~ consumption rates vary with the density of the 

resource. Each species experiences periods of time during which it is 

the most efficient forager. 

Under what ecological and evolutionary conditions might we 

expect to find competitors coexisting on a single resource whose 

abundance varies temporally? The model I develop in this paper 

demonstrates that if there is an evolutionary tradeoff between forging 

speed and foraging efficiency, then competitive coexistence will be 

promoted along a niche axis of temporal variance in resource abundance. 

Body size in birds and mammals or wing morphology in birds and 

insects may provide the morphological basis for a tradeoff between 

foraging speed and foraging efficiency. Feeding guilds which may be 



3 

structured according to the model of this paper include desert 

granivorous rodents, nectivorous insects, and desert grassland sparrows. 

l\ssumptions 

The following three sections will consider the coexistence of 

two species on a single resource. Of particular interest is the role of 

foraging efficiencies in promoting species coexistence on a temporally 

varying resource. Measures of foraging efficiency give the ratio 

between the output and input of foraging. I will use energy as the 

currency for both the harvest rate (output) and foraging costs (input). 

(',rhe outputs and inputs of foraging can be considered in terms of any 

currency which is meaningful to fitness.) 

Throughout this chapter, I assume that competition between 

individuals is exploitative; that is, interactions between individuals 

only occur through the common use of resources. In the spirit of 

Tilman's (1982) consumer-resource theory, all of the models will be 

based upon foraging economics. Population dynamics, while always 

implicit, will not be explicitly modelled. 

No Temporal Variation in Resource Abundance 

The environment envisioned in this section consi.sts of several 

consumer species which harvest a single resource. I assume that resource 

renewal is a function of resource density and not a function of time 

directly. I assume that the consumer species devote all of their time to 

foraging with only a negligible amount of time devoted to reproduction 

or other activities. Under these assumptions, competitive coexistence is 

not possible since the most efficient foraging species will outcompete 
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all others (Tilman 1980, Vance 1985). The assumptions of this section 

allow me to construct a basic model which will be elaborated in 

subsequent sections. 

The important parameters and functions of this model are given 

below. For i = 1,2: 

r(n) = the resource renewal rate as a function of resource 

density, n 

ci = the cost of survival for consumer species i (energy per unit 

time) 

hi(n) = the harvest rate of consumer species i as a function of 

resource density, n (energy per unit time) 

Ni = the density or population size of consumer species i. 

I assume that the harvest rate function, hi(n), is monotonically 

increasing in n. Fitness is assumed to be an increasing function of the 

rate of net energy profit, d 1o/dt. I assume that when the rate of net 

energetic profit is zero, then fitness, definea as the per capita rate 

of growth, is also zero. At zero profit the individual just replaces 

itself for future generations. The rate of net energy profit is the 

difference between the harvest rate and the cost of survival: 

d1J!/dt = h· (n) - c· 1 1 

The cost of survival includes metabolic costs, risk of preaation, risk 

of accidental injury or death, and the cost of raising to adulthood a 

replacement individual. All of thes~ components of cost are considered 

in units of energy per unit time (see Chapter 4). 



The change in resource abundance results from the combined 

effects of resource renewal and resource loss via consumption: 

(1) 

To see that only one consumer species can coexist on the single 

* resource note that there exists some ni such that 

* h· (n. ) = c· 
111 

* At ni ' net energetic profit is zero, d~/dt = 0, and by assumption, per 

capi ta rate of growth is zero (dNi/dt = 0). 

with two consumer species, there are three possible outcomes; 

* * * * * * nl > n2 ,n2 > nl ,or nl = n2. The first two result in the 

competitive exclusion of species 1 and species 2 respectively. The 

third results in neutrally stable equilibrium points. 

~'emporal Variation of Resource Abundance and No Alternative Acti vi ties 

The environment envisioned here differs from that in the 

5 

previous section in that resource renewal occurs seasonally. As before, 

consumer species can only spend their time harvesting resources and do 

not have alternative activities. The resource is renewed as a single 

pulse following each seasonal cycle of S time units. At each pulse of 

resources the same initial resource density, no' is restored. 

Realization of fitness by the consumer species is discrete and occurs at 

the end of each seasonal cycle. Fitness is an increasing function of 

net energetic profit accrued during the previous seasonal cycle. The 



per capita growth rate for the seasonal cycle is zero ~·!hen the net 

energetic profit for the seasonal cycle is zero. 

6 

Under these assumptions, competitive coexistence of two consumer 

species is possible. Coexistence requires that at some resource 

densities individuals of species 1 are the most efficient foragers, 

while at other resource densities individuals of species 2 are the most 

efficient. By foraging efficiency, I mean resources harvested (output) 

divided by the energetic cost of foraging (input). For this example 

foraging efficiency is given by: hi (n)/ci· 

Throughout a seasonal cycle following a resource pulse, the 

density of resources will be declining as a result of harvesting by 

consumer individuals. The resource density will be a decreasing 

function of the densities of consumer species, Ni , an increasing 

function of the initial resource density, no' and a decreasing function 

of the time elapsed since the last resource pulse, t (0<t<S) i.e. 

n (Nl'N
2

, t). Net energy profit for a time period is given by the 

cumulative harvest (found by integratio~ minus the cumulative energetic 

cost of survival: 

where integration is from t=0 to t=S and ~i is the net energetic profit 

of species i. 

The carrying capacities of species 1 and 2, Kl and K2, are the 

equilibrium densities achieved in the absence of the other species. 

They are the densities such that the energetic profit of the individual 

is zero: 



(2a) 

(2b) 

In this model, carrying capacity is not necessarily a constant. 

Carrying capacity is a function of the size of the resource pulse, no' 

the cost of survival, ci' the length of the seasonal cycle, S, and the 

foragers' harvest rate, hi (n). 

7 

Under the ~ssumptions of this model, coexistence of the two 

consumer species can occur only if each species can invade a community 

composed of the other species at carrying capacity. In other words, 

coexistence occurs if, in a community where species 2 is at carrying 

capacity and species 1 is infinitesimally rare, individuals of species 1 

experience a positive net energetic profit: 

(3a) 

and vice-versa for species 2 

(3b) 

Together, (3a) and (3b) are the necessary and sufficient 

conditions for the coexistence of species 1 and 2 on the single resource 

of this model. 

competitive coexistence under this model requires that at some 

resource densities, species 1 is the more efficient forager and at other 

resource densities species 2 is the more efficient. To see this, assume 

otherwise and let species 1 have the higher foraging efficiency at all 

resource d~nsities: 



for all n. Integrating both sides over time (t=0 to t=S) and 

substituting in n(K1'0,t) and n(0,K2,t) will preserve the inequality: 

f{h l [n(K1'0,t)]/CI }dt> f{h2[n(K1'0,t)]/c2}dt (4a) 

f{hl [n(0,K2,t)]/cl }dt> f{h2[n(0,K2,t) ]/c2}dt (4b) 

8 

substituting (2a) and (2b) into the right h~nd term of (4a) and the left 

hand term of (4b) respectively and rearranging gives: 

c2S > f{h 2 [n(K1'0,t)] }dt 

f {hI [n(0,K2,t)] }dt > cIS 

Compare these expressions with the necessary and sufficient conditions 

for coexistence, (3a) and (3b). Because (3b) is violated, spt:!cies 2 

will become extinct. The more efficient Spt:!Cies will competitively 

exclude the other. 

This result can be restated in terms of the resource densities 

n(K1'0,t) and n(0,K2,t).. If n(K1'0,t) < n(0,K2,t) for all t then again 

condition (3a) is satis:ifed but (3b) is not. Hence, for competitive 

coexistence it is necessary that for some values of t, 0<t<S, n(Kl ,0,t) 

> n(0,K2,t) and for other values of t, n(0,K2,t) > n(K1'0,t) (fiSjure 1). 

If the two curves in Figure I intersect at some t>0 then coexistence may 

be possible. Intersection of the foraging curves is a necessary but not 

sufficient condition for coexistence. 

Stewart and Levin (1973) were the first to demonstrate that two 

species can coexist on a single temporally varying resource. 'rhey 



Fig. 1. The necessary conditions for the coexistence of species 1 and 2 

on a seasonal resource when there are no alternative 

activities. -- The abscissa is time following the resource 

pulse and the ordinate is resource density. The curve n(Kl ,0,t) 

gives the resource density when species 1 is at its carrying 

capacity and when there are no individuals of species 2. The 

curve n(0,K2,t) gives resource density when species 2 is at its 

carrying capaci~f and when there are no individuals of species 

1. 
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modelled a chemostat system and showed that coexistence is possible if 

one species has the higher resource uptake rate at high resource 

densities while the other species has the higher resource uptake rate at 

low resource densities. In their model, the two species had the same 

energetic costs of survival (ci) and so each species over some range of 

resource densities was the more efficient forager. Abrams (1984) 

considered coexistence on a seasonal resource and allowed the initial 

resource density to vary stochastically. His necessary conditions for 

coexistence are comparable to conditions (3a) and (3b) with the 

exception that he considers the expected values. 

These models and that presented in this section all make similar 

assumptions and come to similar conclusions. From these models it is 

possible to make an important generalization. When a resource is 

supplied seasonally (whether deterministically or stochastically), when 

only exploitative competition occurs, and when the consumer species have 

only one activity, then for competitive coexistence to occur it is 

necessary that one species is more efficient at some resource densities 

while the other species is more efficient at other resource densities. 

Temporal Variation of Resource Abundance and Alternative Activities 

Many organisms, particularly mobile foragers, while pursuing, 

capturing and consuming resources must expend more energy than their 

resting metabolic rates. For organisms such as hummingbirds, the power 

input into foraging may be up to 10 times greater. than resting metabolic 

rates (Brown et ale 1978). In addition, most organisms are more exposed 

to predation risk while gathering and consuming resources than while 



resting or remaining dormant. By remaining dormant or in a resting 

state, an organism can avoid the additional costs associated with 

foraging. Resting and dormancy may therefore provide valuable 

alternative activities. 
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By permitting alternative non-foraging activities it is possible 

to obtain competitive coexistence on a single temporally varying 

resource even if one species is the more efficient forager at all 

resource densities. As in the previous example, coexistence requires 

that the resource density curves n(Kl ,0,t) and n(0,K2,t) intersect at 

some value of 0<t<T. Coexistence results if the species which is most 

efficient at remaining dormant is simultaneously the less efficient 

forager. 

For the example developed in this section, I assume that the 

consumer species can either engage in foraging activity or remain 

dormant. When dormant the organism incurs an involuntary fixed cost 

(FC). When foraging, additional energy must be expended. The extra 

energetic cost of for.aging is the organism's variable cost of foraging 

(VC) and it is a voluntary cost to the organism. with these exceptions, 

conditions are the same as in the previous section. 

Like the cost of survival discussed earlier, the fixed cost is a 

complex aggregate of costs and risks. The fixed cost of an organism not 

only includes the unavoidable resting metabolic cost but also includes 

the energetic costs of producing and raising to adulthood a replacement 

individual. That is, the cost of replacing itself amortized over the 

expected lifetime of the organism represents part of an individual's 

fixed cost. The variable cost of species i can be defined as 



where ci is the total cost of survival used in the previous two models 

and FCi is the fixed cost of species i • 
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. When an individual of species i is foraging, the rate of change 

in the net energetic profit during the time period is 

rtl, ./dt = h· (n) - VC· - FC· v'I'l 1 1 1 (5) 

while change in net energetic profit when remaining dormant is simply 

If harvest rate is zero when resource density is zero, if 

harvest rate is a monotonically increasing function of resource density, 

and if hi(n) > ci at some resource density, then there exists a unique 

* resource density n· such that 1 

* h· (n· ) = vc·. 
111 

(6) 

* By substituting expression (6) into (5) it is evident that at ni 

the change in net energetic profit from foraging is the same as that 

from remaining dormant. A profit maximizing forager should forage 

whenever n>ni* and should remain dormant whenever n<ni*. I will refer 

to ni* as the switch density since it denotes the resource density at 

which the individuals of a species switch from foraging to dormancy. 

For this model I will assume that for all n 

(7) 

where a > 0. If there were no alternative activities such as dormancy 



then the relationship of "a" to c2/cl determines which species is the 

most efficient forager. If: a > c2/cl' then species 2 is the more 

efficient forager at all resource densities and species 2 would 

competitively exclude species 1. Thus, when there are no alternative 

activities competitive coexistence is not possible by assumption (7). 

When there are alternative activities, the meaning of foraging 

efficiency is no longer clear. In fact there are three efficiencies 
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which can be considered: hi(n)/VCi , hi(n)/FCi' and hi(n)/ci. I will 

refer to hi(n)!VCi as the foraging efficiency because the variable cost 

of foraging represents the additional energetic input which a forager 

must invest to harvest resources. The fixed cost would have been 

expended regardless of whether the individual was foraging or not. I 

will refer to hi(n)/FCi as the maintenance efficiency because it is the 

amount of harvest rate capability which can be maintained per unit cost. 

It tells how fast an organism could forage per unit of involuntary 

upkeep costs. I will refer to hi(n)/ci as the total foraging efficiency 

since it gives the total foraging output as a result of the total energy 

input. I will show that competitive coexistence is possible if one 

species has the greater foraging efficiency and total foraging 

efficiency while the the other has the greater maintenance efficiency. 

Assume that species 1 has a greater switch density than species 

2, nl* > n2*. At the resource density where species 1 becomes dormant, 

individuals of species 2 continue to forage. Therefore: 

(8) 
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Furthermore, if n1* > n2*' then species 2 has the hig~er 

foraging efficiency. To see this substitute expression (6) into (7) for 

h1 (n1*) and substitute the result into (8) for h2 (n1*) to give: 

(9) 

Dividing expression (7) by (9) gives 

(10) 

Thus, the species with the higher foraging efficiency has the 

lower switch density and vice versa. 

To develop the necessary conditions for the coexsitence of 

species 1 and 2, we must consider the amount of time required by 

individuals of species i to harvest resources from the initial density 

to their switch density. Because inter- and intraspecific competition 

is purely exploitative, harvest rates are a function of resource density 

only. Two individuals will harvest resources twice as quickly as one. 

But, the combined forging time for two individuals to harvest a fixed 

number of resources is the same as that for one individual to harvest 

those resources. Hence, the combined time, ti*' required for the 

individuals of species i, in the absence of the other species, to 

depress resource density to their switch density, ni*' is independent of 

the density of species i. The sum of individual foraging times, ti*' 

required to achieve the switch density is a function of the initial 

resource density n0, and the harvest rate function, hi(n). 

The carrying capacity of species i, Ki , is the number of 

individuals of species i, in the absence of the other species, which 
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yields the individual a net energetic profit of zero over the seasonal 

cycle. The energetic gain to an individual of species 1 will be the 

total resources harvested by the species, no - ni*' divided by the total 

number of individual foragers, Ki • The total cost is the sum of fixed 

costs experienced over the duration of the seasonal cycle, SOFCi , and 

* variable costs experienced \'lhile foraging, ti VCi/Ki • The average 

amount of time actually spent foraging by an individual will be the 

total time spent foraging by species i, ti *, divided by the number of 

individuals foraging. The carrying capacity, Ki , must satisfy the 

expression: 

Rearranging this expression gives: 

* t· VC· )/S·FC. 
1 1 1 

(11) 

What are the conditions for species 1 to invade a community of 

species 2 at carrying capacity? Recall that species 1 ceases foraging 

at a higher density of resources than species 2. If species 2 at 

carrying capacity depresses resource densities more rapidly than species 

1 at carrying capacity then an individual of species 1 in a species 2 

community will experience a lower harvest rate and consequently a 

negative net profit at the end of the season. Thus, for species 1 to 

invade a community of species 2, it is necessary and sufficient that 

during the period of time when resource density is greater than species 

lIs switch density, the resource density curve of species 2 lies above 

the resource density curve of species 1, n(0,K2,t) > n(Kl ,0,t). That 
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is, the rate of resource depletion in a community of species 2 is less 

than the rate in a community of species 1. Thus: 

and substituting assumption (7) for h2(n) gives 

(12) 

substituting expression (11) for Kl and K2, and rearranging gives 

which is the necessary and sufficient condition for species 1 to be 

present in the community. 

Condition (13) is easier to interpret if it is reduced from a 

necessary and sufficient condition to simply a necessary condition. By 

assumptions (7) and (9) the right hand side of condition (13) is always 

greater than 1. Furthermore, it decreases asymptotically towards one as 

no increases to infinity. From (13) and assumption (7), I obtain the 

necessary condition for species 1 to invade a community of species 2: 

(14) 

When expression (14) is satisfied there will always exist an n' such 

that when n0 > n' condition (13) is satisfied. To be present in the 

communi ty the species with the lmoJer foraging efficiency must have the 

greater maintenance efficiency. 

For species 2 to invade a community of species 1, it is 

necessary and sufficient that an individual·of species 2 experiences a 
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net energetic profit in a community of species l3t carrying capacity. 

When both species are present, the foraging time of species 2 occurs in 

two phases. While n > nl* both species are foraging but when nl* > n > 

* n2 only individuals of species 2 are foraging. By assumption (7), 

during the period when n > nl* an individual of species 2 harvests "a" 

times as much as an individual of species 1. The necessary and 

sufficient condition for species 2 to invade a community of species 1 is 

where the first tenn is the energetic gain to species 2 while 

individuals of species 1 are foraging, the middle term is the gain while 

foraging for the remainder of the period (At the giving up density of 

species 1 the harvest rate of species 2 is aVC1• If species 2 is so 

rare that it has negligible impact on resource density, then this 

harvest rate is maintained for the rest of the season, S - tl*/Kl .), and 

the last tenn is the energetic cost from foraging for the duration of 

the period. Substituting expression (11) into (15) for Kl and 

rearranging gives 

(16) 

Expression (16) is the necessary and sufficient condition for 

species 2 to be present in the community. Rearrangement of (16) shows 

that species 2 must have the higher total foraging efficiency. 

Competitive coexistence results when both expressions (13) and (16) are 

satisfied simultaneously. To be present in the community the species 
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with the lower maintenance efficiency must have the higher foraging 

efficiency and the higher total foraging efficiency. 

A wide range of parameter values will permit two species 

coexistence on the single seasonal resource. If the values of VCl' VC2 

and FC2 are fixed such that 

then expression (16) is satisfied for all values of FC1• The harvest 

* * * rate functions and VCl and VC2 determine the values for nl ' n2 ' tl ' 

and t2*' Given that expression (16) is satisfied independent of FCl , 

there will always exist a sufficiently small value of FCl such that 

expression (13) is satisfied. 

For coexistence to occur when species 1 is the less efficient 

forager, the rate of resource depletion when species 1 is at carrying 

capaci ty must be greater than the rate when species 2 is at carrying 

capacity. This is shown in Figure 2 with a plot of n(Kl ,0,t) and 

n(0,K2,t) versus t. While species 1 is foraging, n(K1'0,t) < n(0,K2,t) 

but since species 1 ceases foraging at a higher density of resources, 

there exists a t' such that n(Kl ,0,t) > n(0,K2,t) for t > tie 

Figure 3 is a graph of the two species' zero growth isoclines 

when coexistence is possible. Species lis isocline is a straight line 

with slope -a. Species 2's isocline is non-linear. As the density of 

species 1 increases, a greater proportion of species 2's resources comes 

from the period when species 1 has ceased foraging. Thus, the slope of 

species 2's isocline increases (becomes less negative) as the density of 

species 1 increases. When h2(nl*) > VC2 + FC2 then species 2's isocline 



Fig. 2. The necessary conditions for the coexistence of species 1 and 2 

on a seasonal resource when there is a variable cost of 

foragingo -- The axes and the curves are defined the same as 

those in Figure 1. 
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Fig. 3. The zero-growth isoclines of ~pecies land 2 when coexistence 

on a seasonal resource is possible. -- Species lis isocline is 

a straight line. Independent of the density of species 1 and 

2, each individual of species 2 harvests "a"th as much resource 

as an individual of species 1 during th period when resources 

are above the switch density of species 1. Species 2's 

isocline is concave to the origin. As the density of ,species 1 

increases a greater fraction of the resources harvested by 

species 2 comes from the period following the switch density of 

species 1. Thus, each additional individual of species 1 has a 

smaller effect on the total amount of resources harvested by 

species 2. 
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does not intersect the x-axis ana there is no density of species 1 which 

can exclude species 2 from the community. If the inequality is reversed 

then species 2's isocline intersects the x-axis. 

Effect of Productivity 

Temporal variation in resource abundance provides the niche axis 

for species differentiation in the model of the previous section. Both 

the magnitude and the frequency of the resource pulse effect resource 

procluctivity and variability. This section examines the effects of 

changing productivity via i) changes in pulse size ana ii) changes in 

pulse frequency on the abundance and diversity of foraging species. 

Increasing the pulse size decreases the "amount of time spent 

foraging by individuals. Any increase in the proportion of time spent 

inactive is to the advantage of the species with the higher maintenance 

efficiency. Increasing pulse size increases the density of species 1 

ana decreases the density' of species 2. Under the assumptions of the 

moclel, changing pulse frequency has no effect on the proportion of time 

spent foraging or inactive. The relative frequencies of species 1 and 2 

remains unchanged as pulse freqency is changed. 

Effects of Changing Resource Pulse Size 

Assume that species 1 has the greater maintenance efficiency and 

that species 2 has the greater foraging efficiency ana total foraging 

efficiency. The size of the resource pulse, no' determines whether 

species 1 is present in the community. The greater the pulse size, the 

more likely that species 1 will be present. Increasing resource 

productivity by increasing pulse size should increase the density of 
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species 1 but it is not obvious what the effect on the density of 

species 2 should be. 'The following demonstrates that increasing pulse 

size increases the density of species 1 and decreases the density of 

species 2. 

By definition, at equilibrium densities of species land 2, 

individuals harvest sufficient resources to just balance their variable 

and fixed costs of foraging" For individuals of species 1 this can be 

expressed as 

where 

* El (") = (no - nl ) / (Nl + aN2) 

* e 1 (0) = tl /(Nl + aN2) 

(17) 

(lSa) 

(lSb) 

and (") is shorthand for (no,Nl'N2)" For species 1, El (") is the amount 

of resource harvested and-e(") is the time spent foraging by an 

individual. 

Taking the derivative of expression (17) with respect to pulse 

size, no' gives 

(19) 

Expression (19) states that if productivity changes, then at the new 

equilibrium any changes in resources harvested must be balanced by 

changes in the amount of variable cost incurredo 

An increase in pulse size results in less time spent foraging, 

()8 l (")/8n o < 0. If this were not true then when n'o > n"o' n'(t) > 
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nil (t) for all t. In which case: 

However, this violates the equilibrium assumption given by (17). Thus, 

time spent foraging declines with pulse size (see Figure 4). 

If time spent foraging declines with pulse size, a8l (·)/ano < 

0, then by expression (19) the amount of resources harvested must also 

decline, dEl(O)/dno < 0. Hence, an increase in productivity benefits an 

individual of species 1 by decreasing the amount of variable cost 

incurred b~t costs an individual of species 1 by decreasing the amount 

of resources harvested. 

What is the effect of increasing productivity on the foraging 

profits of individuals of species 2? Recall that for individuals of 

species 2, foraging is divided into two phases: i) a period during which 

individuals of both species are actively foraging and ii) a period 

following cessation of foraging by species 1o The first period lasts 

until s.t (0) and during this period an individual of species 2 harvests 

'a'th as much resource as an individual of species 1, aEl (.) (recall 

assumption (7)). During the second period, individuals of species 2 

harvest additional resources, E2(·), and spend additional time foraging, 

8
2 

( .) • 

The equilibrium condition for individuals of species 2 is: 

Taking the derivative of this expression with respect to the 

pulse size, no' yields: 



Fig. 4. Changing the size of the resource pulse. -- The effect of 

changing the size of the resource pulse, no' on the curve of 

resource density, n(K1,0,t). When pulse size is increased from 

n"o to n'o' time spent foraging by an individual of species 1 

decreases from e" to e'. 
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a-dEl(O)/ano - vc2·ae 1 (O)/ano + aE2 (')/dno - VC 2°ae 2 (0)/ano = 0 (20) 

Recall that species 2 has the higher foraging efficiency and so 

aVC1 > VC2• Substituting this into (20) yields an inequality; 

By equality (19) the first two terms of (21) equal zero and so 

(22) 

Expression (22) requires that at the new equilibrium, 

individuals of species 2 increase their net profit from foraging during 

the period when species 1 has ceased foraging. During this second 

period, individuals of species 2 compete intraspecifically for a fixed 

* ~< amount of resources, n1 - n2 ° Thus, the only way to increase an 

individual's share of these resources is to decrease the equilibrium 

densi ty of species 2o 

An increase in pulse size results in a disproportionate increase 

in the density of species 1 at the expense of species 2 whose density 

declines. The causes of this are the species specific costs and 

benefits of increasing pulse size. The benefit of increased pulse size 

is the decrease in variable cost incurred, the cost is a decrease in 

resources harvested. For species 1 these cos~s and benefits at 

equilibrium must be equal_ However, they are not equal for individuals 

of species 2. For species 2, the cost of increasing pulse size is 'a'th 

that of species 1. But, because species 2 has the higher foraging 

efficiency the benefits to species 2 are not 'a'th as much as the 
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benefit to species 1 (aVC1 > VC2). By decreasing foraging time 

individuals of species 2 do not recoup proportionately as much variable 

cost. Thus, increasing pulse size results in a greater cost than benefit 

to species 2 and its density declines. 

As productivity increases, the density of species 1 increases 

both as a result of the added resources and as a result of the decrease 

in the density of species 2. Conversely, a decrease in productivity 

actually results in an increase in the density of species 2 as a result 

of a steep decline in the density of species 1. The changes in species 

density resulting from changing resource pulse size is shown by means of 

isoclines in Figure 5. 

Effects of Changing Resource Pulse Frequency 

Here I will consider the effect of changing the frequency of 

resource pulses on diversity and on the relative abundances of consumer 

species. I assume that the size of the resource pulse, no' is held 

constant but that the time between pulses, S, varies. As before, assume 

that species 1 has the higher maintenance efficiency and that species 2 

has the higher foraging efficiency and total foraging efficiency. 

Changing the frequency of resource pulses has no effect on the 

presence or absence of species or on species diversity, because neither 

of the conditions for coexistence, (13) and (16), are dependent upon the 

period between resource pulses, S. It may seem counterintuitive that 

the conditions for coexistence are unaffected by pulse frequency. Might 

not pulses become so frequent that species 1 never spends time dormant? 

This would occur if species' densities were not allowed to equilibrate. 



Fig. 5. The eff~t of increasing pulse size on the equilibrium density 

of the two species. -- A plot of zero-growth isoclines showing 

the effect of increasing the initial pulse size from nllo to 

nlo. Each species' isocline shifts outwards; from K\ to K'l 

and from K"2 to K1

2• The new equilibrium, however, is such 

that the density of species 1 increases tremendously while the 

density of species 2 declines slightly. 
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As resource pulses become more frequent the equilibrium densities of 

foragers increases accordingly. Resources are foraged down more rapidly 

and the alternating periods of foraging and dormancy simply become 

shorter. Of course, in the limit as pulses occur more frequently, 

resou~C9 renewal occurs continuously and there is no seasonal variation. 

In nature, seasonal timing of growth and reproduction may prevent 

continous resoure renewal. 

What is the effect of changing pulse frequency on the relative 

abundance of species 1 and 2? The relative abundance of the two species 

is determined by the proportion of time spent foraging (incurring the 

variable cost). By virtue 9f its higher maintenance efficiency species 

1 incurs relatively less cost during periods of dormancy than species 2; 

aFCl < FC2• By virtue of its higher total foraging efficiency species 2 

incurs relatively less cost during periods of foraging than species 1; 

a (VCl + FC1) > (VC2 + FC2). Environmental changes that result in a 

lower proportion of time spent foraging and hence a smaller fraction of 

variable cost to total cost benefit species 1 relative to species 20 

Conversely, changes that result in a larger fraction of vadable cost to 

total cost benefit species 2 relative to species 1. This effect can be 

seen by increasing pulse size, no. As we have already seen increasing 

pulse si ze decreases the amount of time spent foraging, ~ (0) 0 This 

results in a smaller proportion of time spent foraging and is to the 

benefit of species 1 and the detriment of species 2. 

What is the effect of changing S on the proportion of time spent 

foraging by species I? Recall that at equilibrium the time spent 

foraging, 81 (0), is given by expression (18b) and that at equilibrium 



Nl + aN2 = Klo Substituting expression (11) into (18b) for car.rying 

capacity gives an expression for time spent foraging, 81 (°)0 Dividing 

this by the time between pulses, S, gives the proportion of time spent 

foraging by species 1: 

(23) 

To see how proportion of time spent foraging changes with 

29 

frequency of resource pulses take the derivative of expression (23) with 

respect to S: 

a[ 8.J. (0) /S]/ as = 0 

As pulse frequency varies, the proportion of time spent foraging 

by individuals of species 1 does not change. A similar argument can be 

used to demonstrate that the proportion of time spent foraging by 

species 2 does not change. Thus, as productivity changes the absolute 

equilibrium numbers of the two species vary but the relative numbers 

remain constant. 

Effect of Combined changes in no and S 
While Holding Productivity constant 

Increasing productivity through pulse size while holding pulse 

frequency constant increases species diversity and increases the density 

of species 1 while decreasing the density of species 2. Increasing 

productivity through pulse frequency while holding pulse size constant 

has no effect on diversity or the relative abundances of the two 

species. What is the effect of holding productivity constant but 

changing pulse size and frequency? 



An equivalent resource productivity can result from either 

infrequent large pulses or from frequent small pulses. Any effect of 

changing the seasonality of a resource will be felt through changes in 

pulse size alone since pulse frequency has no effect on relative 

abundances or diversity. As the resource becomes less seasonal, pulse 

size declines, diversity declines and species 2 increases in density 

while species I declines (perhaps even to extinction). The opposite 

occurs as the resource becomes more seasonal. 
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Although productivity affects the absolute density of foragers, 

it is the initial density of resources (pulse size), independent of 

productivity, that determines species diversity and the success of the 

species with the higher maintenance efficiency. 

Discussion 

When the abundance of a resource exhibits temporal variation and 

when foraging costs include a voluntary variable cost component, two 

attributes of a forager contribute to its success; maintenance 

efficiency and foraging efficiency. High maintenance efficiency permits 

an individual or species to maintain a large amount of foraging 

potential inexpensively. A forager can utilize periods of abundant 

resources to great advantage. In fact, maintenance efficiency is the 

most important attribute of the individual during periods of high 

resource abundance while foraging efficiency is the most important 

attribute during periods of low resource abundance. A tradeoff between 

high maintenance efficiency and high foraging efficiency can allow for 

competitive coexistence on a niche axis of variance in resource 
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abundance. The former species harvests resources more rapidly while the 

latter can forage profitably on a lower density of resources. 

Coexistence is the result of habitat selection in time. Each 

species experiences an environment in which it has the competitive 

advantage. The species with the higher maintenance efficiency ~~omes 

dormant at a higher density of resources than the species with the 

higher foraging efficiency. Thus, the former species, on average, 

forages in an environment with a higher resource density. The 

alternative activity of dormancy permits habitat selection in time. 

Each species can travel (in time) from one period of high resource 

abundance to the next by remaining dormant during unfavorable periods. 

The species with the higher maintenance efficiency has a relatively 

lower cost of IItravellingll from one temporal habitat to the next while 

the species with the higher foraging efficiency has a relatively lower 

cost of exploiting temporal habitats. 

In the model of coexistence presented in this chapter, the 

variation in resource abundance is the result of the foraging activities 

of the individuals. without foragers the resource would attain a 

carrying capacity that would be maintained through time. The temporal 

variation of resources in natural environments is influenced by many 

factors of which foraging behavior is only one. However, it is the 

existence of variability which is important, not whether the variance is 

endogenously or exogenously generated, or whether the variance is 

determined or stochastic. Any source of variability may promote 

competitive coexistence. Yet, it is significant that even in the face 



of environmental uniformity, foraging activity itself may generate the 

variability which promotes coexistence. 
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The model predicts a positive relationship between the size of the 

resource pulse and species diversity (the number of species, not 

necessarily the evenness of species' abundances). Increased 

productivity permits the competitive coexistence of the species with the 

higher maintenance efficiency. Increased productivity, while decreasing 

the density of the species with the higher foraging efficiency, can 

never result in the competitive exclusion of that species because the 

necessary and sufficient conditions for the success of species 2 are 

independent of the size of the resource pulse (see condition (16)). As 

productivity increases it may be possible to add species with ever 

higher maintenance efficiencies. This addition may result in the loss 

of an intermediate species which suffers from the combined competitive 

effect of species with higher foraging efficiencies and species with 

higher maintenance efficiencies. Thus, as productivity increases and 

species with higher maintenance efficinecies invade the community, 

diversity either remains the same or increases. 

Many factors contribute to the diversity of species within a 

feeding guild. Mechanisms of competitive coexistence include diet 

separation, habitat selection and predator mediated coexistence. In 

this paper I present yet another mechanism; coexistence as a result of 

temporal variation in resource abundances. As justification for this I 

cited our current confusion over the role of variability in promoting 

species coexistence. NOW, I would like to examine the structure of 

several communities as evidence of the utility of this model. I am not 
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suggesting that temporal variability is the only mechanism which has 

contributed to species diversity in these communities, merely that a 

niche axis of resource variance and an evolutionary tradeoff between 

maintenance efficiency and total foraging efficiency has sometimes been 

overlooked as a contributor to community structure. 

Given that resource abundance varies temporally, promising 

candidates for applying this model include systems of sympatric species 

which exhibit little apparant diet separation and exhibit obvious 

morphological patterns. Communities which I shall discuss are desert 

rodents, honey bees, hummingbirds, Hawaiian honeycreepers, and grassland 

sparrows. 

The seed resource of desert granivorous rodents is renewed 

rarely (semi-annually to once every two or three years) and varies 

greatly in density over time and space (Reichman 1984). Among syrnpatric 

rodent species there are often two distinct morphological types, the 

first possesses bipedal locomotion and inflated auditory bullae and the 

second possesses quadrupedal locomotion. These morphologies seem to be 

the result of differential predation risk between the bush and open 

microhabitat (Webster and Webster 1971, Clarke 1983, Kotler 1984, Brown 

and Wirtz 1986). Coexisting desert rodent species also exhibit a 

morphological pattern of dissimilar body sizes (Brown 1973, 1975, Bowers 

and Brown 1982). 

Variation in resource abundance could promote competitive 

coexistence of dissimilarly sized rodents if body size represents a 

tradeoff between maintenance efficiency and total foraging efficieny. 

The speed with which heteromyid rodents harvest seeds increases with 
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body size (Price 1983, Price and Heinz 1984). However, the incr~ase in 

speed is not sufficient to compensate for the additional energetic cost. 

Thus, smaller species seem to have higher foraging efficiencies. 

Rosenzweig and Sterner (1970) measured seed husking rates among 

heteromyid rodents. They found that larger species hulled seeds faster 

but smaller species were more efficient e.g. the ratio of energy husked 

to metabolic rate was higher. I am currently field testing the 

hypothesis that tradeoffs in foraging speed and efficiency contribute to 

coexistence in a community of desert rodents (Spermophilus tereticaudus, 

120grams; Dipodomys meriami, 38grams; and Perognathus amplus, 12grams). 

The data indicate that while larger species do have the faster 

harvesting rate, smaller species demonstrate a greater foraging 

efficiency by foraging seed patches to a lower density (Chapter 5). 

Schaffer et ale (1979) examined foraging energetics and 

sociality in three species of bees, Apis mellifera, Bombus sonorus, 

xylocopa arizonensis, in southern Arizona. All three species were 

competing exploitatively for a single resource; the nollen and nectar of 

Agave schottii. The abundance of the resource varied temporally on a 

daily basis. During the night, a high standing crop of nectar and 

pollen is achieved which is depleted by foragers during the day. Apis 

was found predominantly in productive habitats (i.e. early in the day), 

Bombus in intermediate habitats, and Xylocopa in unproductive habitats. 

The authors conclude that coexistence and competition is regulated by 

the relative costs of foraging and the costs of a colonial existence. 

The results can be interpreted in terms of the model of 

coexistence on a single resource which varies temporally. Apis is 
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colonial with a colony mass of 400-6400 grams, ~bus is colonial with a 

colony mass of 12.5-112.5 grams, and XylocoPa is solitary with a mass of 

.61 grams (Schaffer et ale 1979). All species forage actively during 

the early part of the day but Apis ceases foraging first, followed by 

Bombus, and Xylocopa forages throughout the day. Recall that resources 

have their peak abundance in the morning and decline throughout the day. 

Thus, on average Apis forages in an environment with a higher resource 

density. 

The bees exhibit a distinct pattern of colony "body" size. It 

appears that while Apis has the higher maintenance efficiency it has the 

lowest foraging efficiency and while Xylocopa has the highest foraging 

efficiency it has the lowest maintenance efficiency. Since Apis is the 

faster forager it should confine itself to more productive habitats, 

while Xylocopa should predominate in unproductive habitats. 

Johnson and Hubbell (1975) and Hubbell and Johnson (1978) 

investigated communities of bees in Costa Rica which appear to coexist 

without any obvious resource partitioning. Group foraging species occur 

more commonly on richer patches of flowers than do solitary foragers. 

The temporal and spatial variation of resource availability among 

patches may promote competitive coexistence where the group foraging 

behavior leads to a higher maintenance efficiency but a lower foraging 

efficiency. 

Brown et ale (1981), using hummingbirds and insects in 

southeastern Arizona, investigated the relationship between foraging 

behavior and resource availability. At each of two sites nectar 

resources were provided by a single shrub species, Ribes pinetorum at 



36 

,higher elevations and Chilopsis lineari~ at lower elevations. In 

general, nectar concentrations were highest in the morning and then 

steadily declined throughout the day. Hummingbirds restricted their 

foraging activity to periods of high nectar resources. At higher 

elevations where nectar levels increased again in the late afternoon the 

hummingbirds would forage again following a midday period of inactivity. 

When feeders were available, so that resource concentration was always 

high, hummingbirds foraged throughout the day. In contrast, honeybees' 

foraging activity was related to temperature and not to available levels 

of nectar (Brown eta ale 1981). 

Assuming that hummingbirds forage faster but less efficiently 

than honeybees, and that honeybees are able to forage profitably on a 

lower density of resource than hummingbirds, the two groups seem to fit 

the model discussed here. 

Yasuda (1984) concluded that temporal differences in resource 

use permits the coexistence of two dung beetles (Onthophagus lenzii and 

Liatongus phanaeoides). The quality of cow pats decline both with age 

and with the densities of dung beetles. In this community the 

alternative activity available to dung beetles is emigration rather than 

dormancy. Nonetheless, o. lenzii, by leaving cow pats following a 

shorter residency time, demonstrated a lower foraging efficiency than L. 

phanaeoides. However, O. lenzii demonstrated a greater facility for 

colonizing new pats. 

There are three species of honeycreepers in Volcano National 

Park, Hawai i: (Vestiaria coccinea, Himatione sanguinea, and Loxops 

virens). Carpenter (1978) proposes a mechanism of interference 
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competition to explain the presence of Vestiaria, a larger bird which is 

inter-specifically aggressive (Pimm and Pimm 1982). The high aspect 

ratio of the wing of Vestiaria generates fast but energetically 

expensive fligh~ Vestiaria has the higher foraging speed but require a 

higher density of flowers to forage profitably (Pimm and Pimm 1982). 

Relative to the other two species, Vestiaria seems to have the higher 

maintenance efficiency (the high aspect ration while increasing its 

variable cost should not appreciably affect its fixed cost) and the 

lower foraging efficiency. 

Pulliam (1983) suggests that the coexistence of grassland 

sparrows is the result of variation in seed abundances and differences 

in foraging efficiencies among coexisting sparrow species (Pulliam 

1985). His data suggest that the minimum density of resources necessary 

to sustain a sparrow species increases with increasing body size. If 

the larger species have a greater maintenance efficiency than 

coexistence may be possible on a single seed resource whose abundance 

varies temporally. 

Other communities which exhibit regular patterns of body size 

with little resource partitioning are African grazing ungUlates 

(McNaughton 1978, Maddoch 1978), coexisting species of penguins (Simpson 

1976, Peterson 1979), and communities of generalized insectivorous bats. 



CHAPTER 2 

COEXISTENCE ~~ A RESOURCE WHOSE ABUNDANCE VARIES SPATIALLY 

Mechanisms of competitive coexistence on a single resource are 

emerging as alternatives to more familiar mechanisms. The coexistence 

of several species on a single resource is possible as a result of 

interference competition (Gadgil and Gadgil 1975, Vance 1984, 1985), 

temporal variation in species specific natality and mortality rates 

(Chesson and Warner 1981, Chesson 1982), temporal variation in resource 

abundances (Stewart and Levin 1973, Abrams 1984, Chapter 1), non

equilibrium species dynamics (Koch 1974, Armstrong and McGehee 1976, 

1980), and spatial variation in growth sites (Schmida and Ellner 1984). 

Empirically investigated examples of competitive coexistence on a single 

resource. These include the coexistence of bee species on a resource 

whose abundance varies temporally (Schaffer et. al. 1979) or spatially 

(Johnson and Hubbell 1975, Hubbell and Johnson 1978), and the 

coexistence of grassland sparrows on a seed resource whose abundance 

varies spatially and temporally (Pulliam 1983, 1985). 

Spatial variation in the abundance of a single resource provides 

an attractive niche axis for species coexistence and differentiation for 

at least three reasons. First, as a result of both deterministic and 

random processes spatial variation is a ubiquitous property of resource 

distributions. Second, many consumer species possess traits (sensory 

38 
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apparatus and mobility) which permit them to perceive this spatial 

variation and repond to it. Third, the empirical work of Hubbell and 

Johnson (1978) and Pulliam (1983) suggests that this mechanism operates 

in natural systems. 

This chapter presents a model of competitive coexistence on a 

niche axis of spatial variation in resource abundance. Besides 

demonstrating the theoretical feasibility of the mechanism, the model is 

testable. All of the parameters and variables are designed to be 

practical to measure. The model is used to: 1) identify evolutionary 

tradeoffs among foragers that will permit species differentiation and 

species coexistence, 2) determine the effects of productivity and 

resource renewal rates on coexistence and species diversity, 3) consider 

the effects of prey mobility, and 4) suggest natural communities that 

may exhibit this mechanism of coexistence. 

The model presented here is a companion to a model of 

coexistence on a temporally varying resource (Chapter 1). The two 

models provide a comparison of the conditions for coexistence on niche 

axes of spatial versus temporal variability. In both of these models, 

coexistence is possible if there is a tradeoff between foraging 

efficiency and the efficiency with which an individual can travel from 

one favorable period or place to the next. (Under temporal variation 

dormancy permits "travelling" through time, and under spatial 

variability mobility permits travelling from one patch to the next.) 

Body size or morphology may provide the basis for this tradeoff. The 

mechanism of this paper may contribute to an explanation of diversity of 

such guilds as desert granivorous rodents, hummingbirds, honeybees, 
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grassland sparrows, African grazing ungulates, and aerial insectivorous 

bats. 

The Model 

The model considers mobile foragers seeking a comparatively 

sessile resource (this is the first of several assumptions to be relaxed 

in a later section). The resource is distributed patchily and resource 

renewal occurs within each patch. All patches share the same resource 

renewal function. A forager encounters unoccupied patches at random (I 

assume there is at most one forager per patch.) and prior to encounter a 

forager does not know the resource abundance of particular patches. 

Upon encounter, however, a forager is able to assess patch resource 

abundance. within a patch a forager's harvest rate is an increasing 

function of resource abundance and independent of the particular patch. 

I assume that a forager's harvest rate, and a forager's cost of foraging 

are greater than the resource renewal rate. Thus, in time a forager 

will deplete the resources of a patch and will be obliged to seek a new 

patch. 

The foragers do not influence each others' fitnesses directly. 

Competition is exploitative only and occurs through the harvest of the 

common resource. The only activities considered are harvesting 

resources from a patch and travelling between patches. This assumes 

that no time is devoted to other activities such as mating, grooming, 

and offspring care, or that a constant proportion of time is so spent by 

all foragers. The fitness of an individual forager is a function of its 

net profit from harvesting resources. 



below: 

The important parameters and functions of the model are given 

Q = number of patches in the enviroment 

r(~ = resource renewal rate of a patch as a function of 

its resource abundance n (resources per unit time) 

c· = the cost of survival of forager species i (resources 
1 

per uni t time) 
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Ti = expected travel time of species i between patches 

hi(n) = the harvest rate of species i as a function of 

patch resource abundance n (resources per uni t time). 

A forager's cost of survival, in units of resources per unit 

time, is independent of whether the forager is actively harvesting 

resources from a patch or in transit between patches. It includes the 

rate of resource acquisition necessary to survive and to raise to 

adulthood a replacement individual. 

I make the simplifying assumption that the mapping of resources 

harvested onto fitness is linear (this is the second assumption that 

will be relaxed later). Thus, when the average rate of resource harvest 

of species i equals ci then species i's popUlation size remains 

constant. When average harvest rate is greater or less than ci then the 

population size is increasing or decreasing respectively. 

Single Forager Species 

In this section I consider: 1) the effect of a single forager 

species on the distribution of resources among patches, and 2) the 



42 

effect of the mean and the variance of resource abundances among patches 

on the fitness of a forager. I will begin with a brief discussion of 

the results of this section and then follow with the formal logic which 

produces them. 

Even if resource renewal and resource harvest are completely 

deterministic processes, the activity of the foragers will create 

variation in resource abundances among patches. within a single patch 

the abundance of resources is constantly changing. The resource 

abundance of a patch, upon being vacated by a forager, begins to 

increase; in time it may even reach some maximum resource density. Also 

in time, however, the patch will be revisited by a forager and resource 

abundance will decline until the forager departs. The duration of time 

that an unoccupied patch remains fallow (unvisited by a forager) is a 

random variable. For example, if foragers enter unoccupied patches at 

random then the probability distribution of this random variable is a 

negative exponential. While the abundance of resources within each 

patch is constantly changing, the overall distribution of resource 

abundances among patches ~ttains a state of dynamic equilibrium. The 

activity of the forgers themselves will create an environment in which 

there is an equilibrium distribution of resource abundances among 

patches. 

Foragers enter patches and forage the resources down to some 

density and then leave (the density of resources at which a forager 

quits a patch is the 'giving up density'). A forager that is attempting 

to maximize net profit should select a giving up density at which the 

benefits of continued foraging do not outweigh the cost (the cost is the 
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opportunity missed by not moving to a new patch). Because harvest rate 

is an increasing function of resource abundance, it is highest when the 

patch is first entered and declines steadily as the patch is exploited. 

Also, net profit increases with an increase in mean patch resource 

abundance. As net profit increases the missed opportunity cost of not 

moving to new patch increases and the giving up density increases. 

Increasing the variance of resource abundances among patches 

"'hile holding the mean fixed also increases net profit. As a forager 

depletes a patch to its quitting density, it experiences all resource 

densities ranging from the patch's initial abundance to the giving up 

density. Increasing the variance in initial patch. abundances amounts to 

exchanging foraging time at intermediate abundances for foraging time at 

higher abundances. Since harvest rate is an increasing function of 

resource density, this too results in an increase of net profit and an 

increase in the giving up density. 

Formal Development 

Consider a population of forager species i in the absence of all 

other species. Its carrying capacity, Kit is 

K· = rQ/c. 
1 1 

(1) 

where r is the average resource renewal rate of patches (a function of 

the distribution of resource abundances among patches), Q is the number 

of patches in the environment, and ci is the cost of survival for an 

individual of species i. 
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The numerator of the right hand side of (1) is the combined rate 

of resource renewal of all patches. It is also the combined average 

rate of harvest for all individuals of species i. Thus, Ki is the 

number of individuals that can be supported with an average harvest rate 

that equals the cost of survival. By assumption, ci > r and the number 

of foragers is less than the number of patches. 

According to the Marginal Value Theorem (Charnov 1976) an 

individual, foraging optimally, should cease foraging in a patch and 

move to another when the patch harvest rate equals the average harvest 

rate. Thus, in a population of species i at carrying capacity the 

quitting density of species i, ni*' satisfies 

* h·(n. ) =c· 
1 1 1 

* Let ti be the expected time that an individual spends in a 

patch. The number of patches occupied by foragers at any moment, Bi , is 

* * B· = t· K·/(t· + T·) 1 1 1 1 1 (2) 

Each individual is expected to enter a new patche at intervals 

* of (t i + Ti); so the rate of entry by foragers into unoccupied patches 

(recall the assumption that there is at most one forager per patch), Ri , 

is 

* R· = K./(t. + T.) 
1 1 1 1 

(3) 

and the proportion of unoccupied patches being occupied by foragers per 

unit time, Ai' is the rate of entry (3) divided by the number of 

unoccupied patches: 
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/ * ;\. = K· (t· + T·) (Q - B·) 
1 1 1 1 1 

(4) 

substituting expression (2) into (4) for Bi and (1) for Ki gives: 

(5) 

Note that (3) - (5) require the assumption that travel time is 

independent of the number of vacant patches. 

Expression (5) is the probability that a vacant patch will be 

occupied per unit time. Thus, the probability that a patch remains 

unvisited after t units of time, Pi(t), is: 

P . (t) = (1 - ;\ . ) t 
1 1 

which corresponds to a negative exponential probability distribution of 

times spent fallow by patches: 

The expected time spent fallow, E(t), is 

E (t) = 1/;\. 
1 

and the variance of time spent fallow, 0t' is 

(6) 

(7) 

Expression (6) is in implicit form. The expected time spent 

foraging per patch, ti*' is a function of travel time, Ti , resoutce 

renewal rate, r, harvest rate, hi(n) , and of the frequency distribution 

of resource abundances among unoccupied patches. In other words the 



46 

distribution of resources among patches determines the optimal behavior 

of the foragers which in turn determines the distribution of resources. 

By the implicit function theorem, there exists a coefficient of 

exponential decay, A, associated with an equilibrium distribution of 

resources among patches which satisfies (5) and (6). The effects of 

travel time, resource renewal rates, and harvest rates on this 

distribution form the topic of the following section. 

Comparative Statics 

The harvest rate and the cost of survival determine the giving 

up density for an individual in a community at carrying capacity. Also, 

there exists a unique distribution (negative exponential) of time spent 

fallow by patches which yields foragers an average harvest rate that 

equals their cost of survival, i.e. there exists a unique A. The 

actual distribution of resources among patches is determined by two 

values: 1) the giving up density of the consumer species, and 2) the 

rate of exponential decay of time spent fallow by patches, A. 

A comparative statics analysis of expression (5) gives the 

effects of travel time, resource renewal, and harvest rate on time spent 

fallow by patches. 

Travel time, T, can be increased by either slowing the travel 

speed of the forager or by decreasing the density of patches. Changing 

travel time has no effect on the giving up density of the forages. 

Increasing travel time, however, has both a direct and an indirect 

effect on time spent fallow and on the equilibrium distribution of 

resource abundances among patches. The direct effect is to increase the 
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average number of resources per patch. This, in turn, increases the 

. * average tlme spent foraging in a patch, ti' Together, these effects 

increase the mean and the variance of time spent fallow, i.e. increasing 

T decreases II. 

The effect of increasing the resource renewal rate on time spent 

fallow and on the distribution of resources among patches is ambiguous. 

If the density of foragers is held fixed then increasing the mean 

resource renewal rate increases the mean density of resources per patch 

* which increases the average time spent foraging in a patch, t i • This 

increases the mean and the variance of time spent fallow by patches, 

i.e. increasing r decreases A. Also, since foragers have higher 

average rates of harvest, their giving up density increases. On the 

other hand, if the density of foragers is allowed to increase to its new 

carrying capacity, increasing r causes an increase in the number of 

foragers. Patches remain fallow for shorter periods (although this is 

partially compensated for by the faster recovery of resources in 

patches), i.e. increasing r increases A. For this case the foragers' 

giving up density remains unchanged. 

Increasing the harvest rate of foragers at all positive resource 

* densities decreases the average time spent foraging in a patch, ti • 

This decreases the time a patch remains fallow, i.e. increasing hi(n) 

for all n > 0 increases A. Also, increasing the foragers' harvest rate 

decreases their giving up density. 

T~e effects of travel time, resource renewal rates, and harvest 

rates on the mean and variance of time spent fallow by patches are 

swnmarized in Figure 6. Later, these results will be useful for 



Fig. 6. Factors which influence time spent fallow by' patches. -- The 

effect of increasing the harvest rate, hi(n) , travel time, Ti' 

resource renewal rate, r, and carrying capacity, Kif on the 

probability that a patch will be encountered by a forager per 

unit time, Ai' ~n increase in Ai results in a aecrease in the 

mean time spent fallow by a patch, IA i' This decreases the 

mean resource abundance of patches and aecreases the variance 

in time spent fallow, It? i 2. 
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understanding the conditions for the competitive coexistence of two 

species on the single resource. 

Time Spent Fallow 
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The resource density of a patch encountered by a forager is 

determined by the giving up density of the previous forager and the time 

since it departed. Hence, the time spent fallow by a patch can be used 

as a surrogate for its resource density. In fact, time spent fallow 

will often be the most useful measure of resource density. If resource 

renewal is a function of resource density then the actual distribution 

of resources among patches may be complex and difficult to describe. 

The distribution of time spent fallow, however, can be described by a 

single parameter, A, and is a negative exponential. If giving up 

densities are constant, any time spent fallow corresponds to a unique 

resource density. Thus, estimating patch resource densities by time 

spent fallow results in the transformation of a complex distribution 

into a simpler one. 

Can we also transform the forager's giving up density into time 

spent fallow? Such a mapping is possible if one assumes that resource 

renewal in unoccupied patches is positive even at zero resource density, 

perhaps as a result of the immigration or passive dispersal of 

resources. Formally, the transformation of some resource density, nt, 

into units of time, e', is the amount of time necessary for patch 

resource dens i ty to increase from (3 to n': 

e I f(l/r(n))dn 
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where the limits of int:egration are n = 0' to n = n'. In particular, we 

can use this time, e, as a surrogate for giving up densities, where 

e. * f·'~ . . 1 is the trans ormatlon of ni lnto unlts of time. 

This permits description of all distributions of resource 

abundances among patches in units of time using two parameters. The 

first, 8 can be used to describe in units of time the initial density 

at which patches begin accruing resources and the second, Adescribes 

the probability distribution of time spent fallow by patches. 

The foraging success of an individual is determined by the 

distribution of resources among patches. In the preceding development, 

the distribution of resource abundances among patches was a function of 

the individuals' foraging behavior." The harvest rate and foraging costs 

determined the patch giving up density, 8i *, and the rate of entry by 

foragers into unoccupied patches determined the mean and variance of 

time spent fallow, l/Ai and 1/Ai2 respectively. Now, however, imagine 

that the distribution of resource abundances among patches is externally 

imposed and maintained. Assume that this distribution of resources is 

defined by an initial patch resource density, 8, and a negative 

exponential probability distributions of time spent fallow, A. What 

combinations of e and A will yield an individual of species i an 

average harvest rate that just equals its cost of survival, ci? Let 

(8) 

define the combinations of e and A such that the average harvest rate 

of an individual of species i is its cost of survival, Cia Obviously, 

(8i*,1/Ai) is one pair of points which satisfies (8). Also, for any 



51 

distribution that satisfies (8), individuals of species i should 

continue to maintain the same patch giving up density, ei*' since their 

average harvest rate is ci" 

If, for an externally imposed distribution, the lower bound of 

patch resource densities is greater than the giving up density of 

species i ( e> ei*) then individuals should forage in all encountered 

patches. If the lower bound, however, is less than the giving up 

density ( e< ei*) then individuals should only forage in those patches 

with resource densities greater than the giving up density. In the 

former case ( e> e i *) the proportion of encountered patches accepted 

by the forager is 1, and in the latter case ( e < e i *) the proportion 

of encountered patches accepted is: 

EXP [ X( e/ -e ) ] (9) 

The average harvest rate of a forager increases with an increase 

in the mean density of resources per patch. Increasing the lower bound 

of resource densities, ~ increases the mean density of resources per 

patch and increasing the mean of time spent fallow, llA, increases the 

mean density of resources per patch. Thus, to satisfy expression (8), 

any increase in the lower bound, e, will require a corresponding 

decrease in the mean time spent fallow, l/A, and vice-versa. 

Figure 7 is a plot of the combinations of the lower bound of 

resource densibJ and mean time spent fallow, (8, l/A), that satisfy 

expression (8) and yield an average harvest rate of ci. The x-intercept 

is the necessary patch resource abundance when there is no variance in 

time spent fallow (mean time spent fallow is zero) and all encountered 



Fig. 7. The initial resource density and mean time spent fallow are 

substitutes. -- The combinations of initial resource density, 

a, and mean time spent fallow, llA, that result in an average 

harvest rate that just covers the cost of survival. Fitness is 

an increasing function of both. 



I 
~r:----------- --- - --

52 

e 



53 

patches have the same initial resource abundance. The y-intercept is 

the necessary mean time spent fallow by patches when the lower bound of 

patch resource density is zero. 

The significance of Figure 7 is that the lower bound of resource 

abundances and the mean time spent fallow are interchangeable to the 

forager. The negative of the slope of Figure 7 is the rate at which a 

forager would be willing to substitute the lower bound for time spent 

fallow. Each can be thought of as a consumable resource (Levins 1979). 

The next section shows how species coexistence is possible if one 

forager species "specializes" on the lower bound of resource abundances 

and the other on the mean and variance of time spent fallow. 

Two Forager Species 

This section will develop the conditions for the coexistence of 

two forager species on a single resource that exhibits spatial variation 

in abundance. Coexistence is possible because the species which 

benefits most from the variance of time spent fallow will tend to 

promote a distribution of resource abundances with low variance but with 

a high lower bound of resource abundance. Likewise, the species that 

benefits most from the lower bound of resource abundance will promote a 

distribution with a low lower bound and with high variance of time spent 

fallow. The tradeoff is between foraging efficiency and the cost of 

travelling between patches. 

By foraging efficiency I mean the ratio between the output and 

the input of foraging (see Chapter 1). The output is the harvest rate, 

hi(n), and the input is the cost of survival, c i " Foraging efficiency 



determines the minimum resource density that can be harvested 

prnfitably, 8i* ~ilman 1982, Vance 1985, Chapter 4); the greater the 

efficiency, the lower the density. If two species have the same 

, ff" th * ,~ foraglng e lClency en nl = n2 • Their giving up densities are the 

same and they will differ only with respect to the mean time patches 

must lie fallow to permit an average harvest equal to the cost of 

survival. If species 1 requires a lower mean than species 2, that is 
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l/Al < l!A2' then species 1 will competitively exclude 2. If l/Al = 

1/A2 then the two can coexist, but equilibrium densities of the two are 

only neutrally stable. 

Assume that species 2 is the more efficient forager, which means 

species 2 can forage profitably on a lower density of resources than 1, 

* * ~ > 82 • As a result of the structure of the model, and in 

particular the assumption that competition is exploitative only, the 

necessary and sufficient conditions for coexistence are that each 

species can invade a community of the other species at carrying 

capacity. 

An individual of species 1 in an all species 2 world forages 

from a resource distribution with a lower bound of ~* and a mean time 

spent fallow of 1/A2• Assume that l/A' is the mean time spent fallow 

necessary for species 1 to achieve an average harvest rate of cl when 

the lower bound of resource density is ~ *. That is (from (8»: 

The necessary and sufficient condition for species 1 to invade a 

community of species 2 at carrying capacity is: 



l/~ > 1/AI (10) 

Note that, since 81>'< > 82*, it must be true that 1/ A' > l/A l (refer 

back to Figure 7). 
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Similarly, an individual of species 2 in an all species 1 world 

* would forage from a resource distribution with a lower bound of 81 and 

a mean time spent fallow of l/Al • Assume that 8' is the lower bound 

of resource density necessary for species 2 to achieve an average 

harvest rate of ~ when the mean time spent fallow by a patch is l/Al. 

That is (from (8)): 

The necessary and sufficient condition for species 2 to invade a 

community of species 1 at carrying capacity is 

8 * > 8' 1 (11) 

For species 1 and 2 to coexist, conditions (10) and (11), must 

be satisfied simultaneously. Species 1 must promote a faster turnover 

of patches (a lower mean time spent fallow), and species 2 must be a 

more efficient forager (have a lower giving up density). A large set of 

parameter values and harvest functions simultaneously satisfy conditions 

(10) and (11). To obtain them, fix values for cll c2' and T2, and fix 

the functions hl (n) and h2 (n) such that the giving up density of species 

1 is higher than the lower bound of resource density required by species 

. * 8 'I 2 when mean time spent fallow is zero, l.e. 8 1 > where g2(8",0) = 

c2" This insures that condition (11) is satisfied for all values of Tlo 



The parameters and functions that have been fixed determine the values 

* * for 61 ' 62 ' and 1/A2. Now, because in the limit as Ti goes to 

zero, 1/~ goes to zero, there will always exist a TIl such that when 

T1 < TIl condition (10) is also satisfied. 

The conditions for coexistence can also be shown graphically 

(Figure 8) by plotting, for both species 1 and 2, the combinations of 

lower bound of resource density, 6, and mean time spent fallow, 11A, 
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that yield an average harvest rate of cl and c2 respectively. Figure 8a 

gives the configuration of species 1 and 21s zero growth isopleths such 

that coexistence is possible. For coexistence to be possible the 

* isopleths must intersect in the region of state space between 62 and 

~*. Note that the intersection of the two isopleths does not represent 

the equilibrium state. The actual distribution of times spent fallow 

and distribution of resources among patches will be a complex function 

of the foraging behavior of both species. Figures 8b and 8c 

respectively, give the configuration of isop1eths such that species 1 

and 2 exclude the other. 

Figure 8d gives a configuration of isopleths such that the 

outcome of competition is dependent upon the initial conditions. 

Species 1 cannot invade an equilibrium community of 2 and vice-versa. 

This configuration cannot result when competition is exploitative and 

when individuals forage optimally. Speciea 2 benefits more from 

increasing the lower bound of resource densities than species 1. 

Increasing the lower bound of resource density, 8, while increasing 

mean patch resource density does not affect the variance in time spent 

fallow. Species 1 benefits more from increasing the mean time spent 



Fig. 8. The outcomes of competition between the two consumer species. 

-- Four conceivable configurations of species 1 and 2's zero

growth isopleths in the state space of initial resource 

density, ~ and mean time spent fallow, l/A: a. competitive 

coexistence of both species, b. species 1 competitively 

excludes species 2, c. species 2 competitively excludes species 

1, d. although drawable, this configuration is not possible 

under the assumption of exploitative competition and the 

assumption that individuals forage optimally. In a,b, and c 

species 1 benefits more from variance in time spent fallow than 

species 2, and species 2 benefits more "from the lower bound of 

resource densities. 
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fallow, liAr than species 2. Increasing mean time spent fallow 

increases both the mean patch resource density and the variance in time 

spent fallow. Recall that the more efficient species benefits more from 

the mean of the distribution and less from the variance in the 

distribution than species 1. Species 2 has a greater marginal rate of 

substitution of lower bound for mean time spent fallow than does species 

1. At any point in the state space, the negative of the slope of 

species 2's isopleth will always be greater than the negative of the 

slope of species lis isopleth. This makes the configuration shown in 

Figure 8d not possible. 

Figure 9 is a graph of the two species' zero growth isoclines in 

the state space of species' densities. The configuration corresponds to 

Figure 8a and permits coexistence. Each species' zero growth isocline 

is non-linear and concave to the origin if the average rate of patch 

resource renewal is independent of the number of foragers. However, the 

degree of concavity to the origin is influenced by the effects of 

forager densities on total resource productivity. When additional 

foragers decrease productivity, the concavity is exaggerated. In some 

cases, additional foragers may increase productivity. For instance, 

harvest of grasses by ungulates can increase the productivity of 

grasslands on the Serengeti (McNaughton 1978). Such an effect will 

reduce concavity. In fact, the isocline may become convex to the origin 

over part of the range in species densities. 



Fig. 9. The zero growth isoclines of species 1 and 2 when competitive 

coexistence is possible. -- Both are non-linear and in general 

concave to the origin. If there are strong effects of 

population densities on resource productivity than these 

isoclines may possess convexities. 
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Tradeoffs 

There must exist an evolutionary tradeoff among the foragers in 

order for spatial variation in resource abundance to provide a niche 

axis for species coexistence. This will occur if to become better at 

exploiting riche~ patches, an individual must sacrifice ability to 

utilize poorer patches. The conditions for coexistence given by (10) 

and (11) can be used to gain insights into the nature of these 

tradeoffs. 

From condition (10), it follows that the average time spent 

fallow by a patch in an all species 1 community must be less than that 

for an all species 2 community, i.e. l/Al < 1/A2• Substituting 

expression (5) for A 1 gives the following necessaary condition: 

(12) 

From condition (11) it follows that species 2 has the lower giving up 

density~ 

(13) 

Conditions (12) and (13). are the necessary conditions for the 

competitive coexistence of species 1 and 2. Condition (12) requires 

that species 1 expends less energy exploiting a patch than species 2. 

The cost of exploiting a patch includes both the cost of travelling to 

the patch, ciTi' and the cost of harvesting the resources of a patch to 

the giving up density, ti*(ci - r). Note that the cost of harvesting 

the reaources from a patch is mitigated somewhat by the resource renewal 
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that occurs while the patch is being harvested. Condition (13) requires 

that species 2 has the higher foraging efficiency than species 1. 

Two tradeoffs can result in competitive coexistence: 1) tradeoff 

between harvest rates at low and high resource abundances, and 2) 

tradeoff between foraging efficiency and the cost of travelling between 

patches. In what follows I will consider each of these tradeoffs in 

turn. Particular attention will be given to how necessary conditions 

(12) and (13) can be satisfied simultaneously. 

Tradeoff Between Harvest Rates at Low and High Resource Abundances 

Assume that each species has the same cost of survival, cl = c2' 

and the same between patch travel time, Tl = T2• ASSilloe that at low 

resource densities species 2 has a higher harvest rate than species 1. 

Species 2, therefore, has the lower giving up density and condition (11) 

is satisfied. 

If species 2 has the higher harvest rate for all resource 

densities then species 2 competitively excludes species 1 from the 

community. To see this, notice that, because of its higher harvest 

rate, species 2 always achieves a greater profit than species 1 from 

foraging a patch to the same giving up density as species 1. By 

* foraging to the optimal giving up density of n2 species 2 has a net 

profit of zero in a steady-state community. If species 2 were to select 

a giving up density of any other value, say nl*' it would experience a 

negative profit. Thus, species 1 also experiences a negative profit by 

* using its optimal giving up density, nl' Species 1 cannot invade a 

steady-state community of species 2. In this example necessary 
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condition (12) is satisfied but the necessary and sufficient condition 

(10) is not satisfied. 

When species 1 and 2 have the same cost of survival and between 

patch travel time and when species 2 has the higher harvest rate at 

lower resource abundances, coexistence requires that species 1 has the 

higher harvest rate at high resource abundances (Figure 10). At high 

resource abundances, species 1 achieves a higher rate o~ net profit from 

foraging. If, at resource densities greater than its giving up density, 

species 1 has a faster harvest rate than species 2, then the average 

time spent harvesting a patch will be much less for individuals of 

. 1 h . . * * specles t an specles 2, l.e. tl < t2 • Necessary condition (12) is 

satisfied and necessary and sufficient condition (10) can be satisfied. 

A tradeoff between harvest rates at low and high resource abundances can 

promote coexistence. 

Tradeoff Between Foraging Efficiency and the Cost of Travel 

Assume that a heritable phenotype such as body size, physiology, 

or morphology determines the harvest rate, survival costs, and travel 

time of the individual. In particular, assume that harvest rate, 

survival costs, and travel time scale proportionately to the phenotype 

of the individual. What if all of these scale by the same factor; is 

coexistence possible? Let: 

h2 (n) = ahl (n) 

where a > 0. 



Fig. 10. The harvest rate functions of species 1 and 2 when there is a 

tradeoff between harvest rates at high and low resource 

densities. -- The axes are resource density versus harvest 

rate. 
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By assumption both species 1 and 2 have the same giving up 

density since hl(n)/cl = h2(n)/c2, and each species has the same cost of 

travelling between patches, ClTl = c2T2o Necessary condition (13) is 

not satisfied. Coexistence requires that harvest rate, cost of 

survival, and travel time scale by different factors. 

Assume that harvest rate scales less and travel time scales 

greater than the cost of survival (or vice-versa). To achieve a lower 

cost of travelling between patches necessarily means becoming a less 

efficient forager. The species which is the most efficient forager 

satisfies condition (13). By making travel time sufficiently short it 

is possible to satisfy condition (12). A tradeoff between foraging 

efficiency and the cost of travelling between patches can promote 

coexistence. 

The extreme case of coexistence occurs when species 2 is an 

exceedingly efficient forager with a very low giving up density and 

species 1 has little or no travel time. Such a situation may pertain to 

mammalian versus insect herbivores. To a large ungulate, the travel 

time to each clump of grass is negligible and it is able to keep the 

spatial abundance of vegetation relatively uniform. Some insect 

herbivores (including some gregarious Lepidopteran larva) travel slowly 

from clump to clump. But, they can subsist on very sparse clumps of 

vegetation (see Parker [1984] for an example with a grasshopper 

species). 
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Spatial Versus Temporal Variation 

Temporal variation in the abundance of a resource can also 

promote competitive coexistence. Coexistence can result from a tradeoff 

between resource harvest rates at high and low resource densities 

(Stewart and Levins 1973, Abrams 1984), or a tradeoff between foraging 

efficiency and the efficiency of remaining dormant (Chapter 1). Each of 

these cases has a direct analog in the model of coexistence on a 

spatially variable resource. 

In the models of Stewart and Levin (1973) and Abrams (1984) the 

species with the higher harvest rates at high resource densities, 

species 1, promotes a temporal distribution of resources with a high 

mean and a low variance. This distribution favors the species with the 

higher harvest rates at low resource abundances, species 2. Species 2 

promotes a temporal distribution of resources with a low mean and a high 

variance. This distribution favors species 1. As I have shown, a 

tradeoff between harvest rates at high and low resource densities can 

also promote coexistence on a resource· whose abundance varies spatially. 

If each of two competing species has the same total cost of 

survival, and species 2 has the higher harvest rate at all resource 

densities then coexistence is still possible if the foragers have the 

option of foraging or remaining dormant (Chapter 1). When species 2 has 

the greater foraging efficiency, then species 1 must have the greater 

efficiency at remaining dormant. 

This condition for coexistence on a temporally variable resource 

is analogous to coexistence on a spatially variable resource when there 

is a trRdeoff between foraging efficiency and travel cost. High 



66 

foraging efficiency permits the individual to profitably forage during 

periods (temporally) or from patches (spatially) with low resource 

abundance. High efficiency at remaining dormant permits an individual 

to "travel" inexpensively between periods of high resource abundance and 

low travel cost permits an individual to travel inexpensively bet\<leen 

patches. As we have seen before, the species with high foraging 

effi~iency promotes a distribution of resources, either temporally or 

spatially, with low mean and high variance. The species with high 

efficiency at remaining dormant or with low travel cost promotes a 

distribution with high mean and low variance. 

Changing Productivity 

When a resource is distributed patchily there are two ways to 

increase its productivity: 1) increase the average rate of resource 

renewal per patch, and 2) increase the density of patches. Both ways of 

increasing productivity enhance the importance of foraging efficiency 

and diminish the importance of travel cost to the forager. Increasing 

productivi ty increases the probability that the communi ty wil.l include a 

species with a higher foraging efficiencf and increases the probability 

that the community will exclude a species with a lower travel cost. The 

opposite is true for decreasing productivity. 

Increasing the average rate of resource renewal per patch, r(n), 

increases the number of foragers and decreases the number of patches per 

forager. 

fallow. 

This results in a lower mean and variance of time spent 

Furthermore, the average time spent by a forager in a patch 

increases (Figure 6). Foragers, regardless of species, will spend 
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proportionately more time foraging in patches and less time moving 

between patches. On average they will be foraging on lower densities of 

resources. This favors greater foraging efficiency. In the extreme 

case, where the rate of resource renewal is greater than both species' 

cost of survival, travel cost becomes irrelevant (i.e. never leave a 

patch) and the species with the lower giving up density (higher foraging 

efficiency) will exclude all others. 

Increasing the density of patches while holding the average rate 

of resource renewal per patch approximately constant does not influence 

the number of patches per forager, but does decrease travel time between 

patches. The decline in travel time results in less time spent per 

patch and a lower mean and variance of time spent fallow (Figure 1). 

These results of increased productivity favor foraging efficiency. 

Again, in the extreme case of no travel time the species with the lower 

giving up density will exclude all others. 

Any factors, endogenous or exogenous, which effect spatial 

variability in resource abundances or effect between patch travel times 

will alter the relative worth of foraging efficiency and travel cost. 

CDanging productivity is one way of doing this. As productivity 

increases from zero to some very high level, the number of species that 

coexist as a result of the mechanism of this paper may at first increase 

and then decline. At very low resource productivities species with high 

foraging efficiencies and travel costs will be excluded. As 

productivity increases they will be included in the community until 

finally at still higher productivities they will exclude species with 

low travel costs and lower foraging efficiencies. 
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Mobile Prey 

In the development of the conditions for competitive coexistence 

on the single resource I assumed that the resource ~las sessile. What is 

the effect on this model of having resources or prey which are mobile? 

Suppose prey movement from a patch occurs passively or actively 

in response to the arrival of a predator. Assume that the predator's 

capture rate is a function only of the remaining density of prey in the 

patch. Thus, the departure of prey from a patch does not change the 

predators giving up density but it does alter the number of prey 

harvested from a patch. When the prey are sessile, patch depletion 

occurs only from the direct removal of prey by the predator. The number 

of prey harvested by the predator is the difference between the initial 

density and the giving up density. If prey begin leaving a patch in 

response to the predator then patch depletion occurs both from prey 

capture and prey escape from the patch. 

Prey escape decreases the effective value of a patch and 

increases the importance, to the predator, of moving from patch to 

patch. Because competitive coexistence is the result of a tradeoff 

between travel costs and foraging efficiency, prey which move in 

response to the predator's presence select against foraging efficiency 

and for lower travel costs. This will tend to make coexistence 

according to the mechanism of this paper more difficult. When prey 

leave exceedingly quickly then foraging efficiency wi thin a patch 

becomes almost irrelevent and coexistence according to this model 

becomes impossible. Of course, faced with mobile prey, predators may 



coexist as a result of other mechanisms such as active pursuit versus 

sitting and waiting. 
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Mobile prey may move in response to other environmental cues 

besides the presence of predators. In particular, prey may tend to move 

by chance or comp,eti ti ve pressures from patches of high prey densi ty to 

patches of low. This too, will make competitive coexistence, according 

to the mechanism of this paper, more difficult. When prey move from 

patches where they are abundant to patches where they are not, they will 

favor the more efficient predator by depressing the variance in resource 

abundances. 

The conditions for competitive coexistence on a spatially 

variable resource are more easily met when the prey are sessile than 

when the prey are mobile and move from patch to patch in response to the 

presence of predators or conspecifics. The two important features of 

the environment from the view of the predators are the lower bound of 

resource abundances and the mean and variance of time spent fallow. 

Prey movement away from predators enhances the importance of travelling 

between patches and diminishes the importance of foraging efficiency. 

Prey movement from dense patches to sparse patches diminishes the effect 

of variance in time spent fallow on resource density. This diminishes 

the importance of travelling between patches and enhances the importance 

of foraging efficiency. 

Resources and Fitness 

In the development of the model I assumed that the mapping of 

resources harvested onto fitness was linear. This is a convenient 



assumption since it makes fitness a function of the average rate of 

resource harvest only and not a function of the variance in resource 

harvest. 
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More realistically, fitness as a function of resources harvested 

will be non-linear. Both the average rate of resource harvest and the 

variance in the rate of resource harvest will have an effect on fitness 

(this has become known as risk sensitive foraging; Caraco 1980, Real 

1981). If there are increasing returns to fitness from resources 

harvested (i.e. each increment of resources harvested yields a greater 

increment of fitness) then fitness is an increasing function of the 

variance in the rate of resource harvest. If there are diminishing 

returns to fitness from resources harvested (i.e. each increment of 

resources harvested yields a smaller increment of fitness) then fitness 

is a decreasing function of the variance in the rate of resource 

harvest. 

Non-linear fitness functions do not change conditions for 

coexistence. However, risk sensitive foraging does create the 

additional complication that the giving up density of a forager is not 

simply a function of its harvest rate and cost of survival. Giving up 

density becomes a function of the variance in the rate of resource 

harvest. Figure 8a still provides a graphical illustration of 

competitive coexistence but the giving up density of a species is no 

longer constant along its zero growth isopleth. If a forager is risk

averse, then its giving up density increases along its isopleth from the 

x-intercept to the y-intercept. This is because the variance in the 

rate of resource harvest is also increasing. The effects of risk 
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sensitive foraging on competitive coexistence are ambiguous. While the 

conditions for competitive coexistence remain unchanged, risk 

sensitivity may alter the shape and positions of the isopleths so as to 

promote or inhibit coexistence. 

Discussion 

A mechanism of coexistence involves an underlying axis of 

environmental variability and a corresponding evolutionary tradeoff 

among the organisms. One such environmental axis is the spatial 

variation in the abundance of a resource. This variation may be the 

result of spatial heterogeneity and stochastic processes or it may be 

the result of the behavior of the foragers themselves. Two evolutionary 

tradeoffs can promote coexistence along this axis: 1) a tradeoff between 

harvest rate at low and high resource densities, and 2) a tradeoff 

between foraging efficiency and the cost of travel between patches. The 

species with the higher foraging efficiency can profitably harvest more 

resources from any given patch; the species with the lower cost of 

travel can inexpensively move from patch to patch and acquire a greater 

proportion of high density resources. 

Under both tradeoffs, the species with lower cost of travel or 

with the higher harvest rate at high resource densities (species 1) 

benefits proportionately more from the variance in resource densities 

among patches than does the other species. The species which has the 

higher foraging efficiency or harvest rate at low resource densities 

(species 2) benefits proportionately more from the mean of patch 

resource densities. Coexistence results because species 1 promotes a 
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distribution of resource densities with high mean and low variance while 

species 2 promotes a distribution with low mean and high variance. 

The mechanism of coexistence is a form of habitat selection. 

Although both species forage in the same patches, each actually 

experiences a different environment. When both species are present, 

species 1 has a higher giving up density and finds fewer of the 

encountered patches profitable for foraging than species 2. Species 1 

uses the part of the environment with a higher average density of 

resources and a greater distance between suitable patches. Species 2 

uses the part of the environment with a lower average density of 

resources and a shorter distance between suitable patches. Each species 

experiences the environment in which it has the competitive advantage. 

Body Size 

Competitive coexistence on a resource whose abundance varies 

spatially provides a good alternative hypothesis for close competitors 

that exhibit little apparent diet or habitat differences. Spatial 

variation in resource abundances is a ubiquitous attribute of 

ecosystems. However, application of the mechanism requires the 

identification of traits among close competitors which may represent a 

tradeoff between: 1) foraging efficiency at low and high resource 

densities, and 2) foraging efficiency and travel cost. 

For some systems, body size may be that evolutionary trait. In 

what follows I will briefly discuss several communities described in the 

literature that invite application of the mechanism. Coexistence on a 

resource whose abundance varies spatially provides an" added mechanism to 



those already proposed for these communities. In most cases the 

mechanisms are complementary and could work together to promote 

diversity. 
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Pulliam (1983) studied a grassland community of granivorous 

sparrows in Southeastern Arizona. The densities of seed resources 

exhibit both temporal and spatial variation (Pulliam and Brand 1975). 

There is little diet separation in the field based upon seed size, 

although the different sparrow species have maximum handling time 

efficiencies on seeds of different sizes (Pulliam 1985). Pulliam (1983, 

1985) suggests that the mechanism of coexistence may be mediated through 

interference competition, seed size selection, or spatial variation in 

the distribution of seeds. This last alternative fits the mechanism of 

this paper. From both laboratory and field measurements Pulliam (1983) 

found that while larger species forage and handle seeds more quickly, 

the smaller species were more efficient. In these sparrows, body size 

may represent a tradeoff where the smaller species has the lower giving 

up density, while the larger species has the higher harvest rate because 

it travels more quickly between patches. 

The grazing and browsing ungulates of East and Southern Africa 

provide diverse communities of close competitors. Within these 

communities are combinations of species which differ in body size and 

exhibit little detectable habitat or diet separation. Mechanisms of 

coexistence which have been proposed include: 1) subdivision of the 

resource by plant species, plant age, or plant part (Bell 1970, Maddoch 

1978), 2) protein content of forage where body size represents a 

tradeoff between foraging efficiency and diet breadth {Tieszen et ale 



1979, Owen-smith and Novellie 1982), and 3) tradeoff between foraging 

efficiency and predation (Sinclair 1985). 
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Maddoch (1978) and Sinclair (1985) provide data on zebra, 

wildebeest, and Thompson's gazelles showing that the three prefer 

similar grassland habitats and have s),milar diets. During the wet 

season (May-June) Zebra are found at the forefront of migrating 

wildebeest herds (Sinclair 1985). Often following the wildebeest are 

the Thompson's gazelles (Maddoch 1978). During the dry season the 

association of zebra and wildebeest oreaks down. Body size in these 

three species may represent a tradeoff between foraging speed and 

foraging efficiency. The Thompson's gazelle is the slowest forager but 

has the lowest giving up density. The zebra is the fastest forager. In 

fact, the non-ruminant physiology of the zebra may contribute to its 

foraging speed; it has a very rapid although inefficient digestive

system. During the wet season the quality of adjacant patches of 

grassland should be correlated. Where the wildebeest have been should 

be of poor quality and where they have not been should be of good 

quali ty. Therefore the zebra are better off to associate with and move 

ahead of the wildebeest. During the dry season the correlation between 

patches may not be as strong since the growth cycle of the vegetation is 

complete (McNaughton 1978). This should encourage the zebra to 

disassociate themselves from the wildebeest. 

Bat communities can be diverse; " ••• at Finca La Selva, Heredia 

Province, Costa Rica, at least 63 species of bats are lmown to coexist." 

(Findley 1976). Many coexisting species are generalized aerial 

insectivores and are thought to have broadly overlapP'ing diets (Belwood 
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and Fenton 1976, Bell 1980, Vaughan 1980, Warner 1985). These bats are 

seeking an insect resource distributed in a three dimensional medium. 

Insects should exhibit spatial variation in their distribution. Body 

size among some bats in the community may represent a tradeoff between 

foraging efficiency and foraging speed. In addition wing aspect ratio 

may contribute to the tradeoff. A low aspect ratio generates slow and 

energetically inexpensive flight and a high aspect ratio generates fast 

and energetically costly flight. As an alternative mechanism, McKenzie 

and Rolfe (ms.) found that, among an Australian bat guild in mangroves, 

aspect ratio correspond to spatially distinct microhabitats. 

Other Adaptations 

A variety of adaptations besides body size often make foraging 

much faster but simultaneously less efficient. Such adaptations may 

include physiology (endothermy versus ectothermy), and wing morphology 

(high versus low aspect ratios). In hummingbirds wing loading varies 

considerably among different species (casey and Epting 1973) and 

influences foraging efficiency and travel cost (Feinsinger and Chaplin 

1975). Similarly, bat species exhibit different wing loadings which 

correlate with the speed and energetic cost of flight (Farney and 

Fleharty 1969). Any morphological character that appears to represent a 

tradeoff between speed and efficiency should encourage application of 

the model. Particularly noteworthy are group versus solitary foraging 

in bees, and morphology in heteromyid rodents. Johnson and Hubbell 

(1975) for bees and Reichman and Oberstein (1977) for desert rodents 

have verbalized the mechanis~ of coexistence presented in this paper. 
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Johnson and Hubbell (1975) and Hubbell and Johnson (1978) 

studied bee communities in Costa Rica that coexist with little apparent 

diet or habitat selection. Group foraging species occurred more 

commonly on richer patches of flowers than solitary foraging species. 

~ney proposed that group foraging may increase foraging efficiency on 

dense resources while decreasing foraging efficiency on sparse 

resources. 

Bipedal kangaroo rats and kangaroo mice, and quadrupedal pocket 

mice represent two distinct morphologies found among rodents of the 

family Heteromyidae. In deserts of the southwestern USA these rodents 

may form diverse assemblages of granivores with little diet and habitat 

selection (see Price and Brown 1983 for a review). The "clump size 

hypothesis" suggests that morphology may represent a tradeoff between 

rapid, efficient locomotion and efficient foraging (Reichman and 

Oberstein 1977, Hutto 1978, Price 1978). Bipedalism, while sacrificing 

giving up density, may enhance ability to exploit rich but widely 

dispersed seed clumps. This evolutionary tradeoff could also be the 

result of body size. Frye and Rosenzweig (1979), however, found no 

difference between species in the selection of seeds from clumped or 

dipersed seed resources. 



CHAPTER 3 

SEASONAL VARIATION IN FORAGING EFFICIENCIES: 
COEXISTENCE ON A SINGLE RESOURCE 

Subdivision of a single resource on the basis of temporal or 

spatial variation in abundance provides a promising mechanism to account 

for coexistence of close competitors that differ little in diet or 

habitat use. Levins (1979) showed how the mean, variance, and higher 

statistical moments of resource abundance can provide distinct 

consumable "resources" for species coexistence. A growing body of 

literature is documenting the theoretical feasibility and the ecological 

conditions for coexistence on a single, varying resource (Stewart and 

Levin 1973, Chesson and Warner 1981, Chesson 1982, Abrams 1984, Chapters 

1 and 2). In addition, several empirical studies on bee communities 

have concluded that variance in resource abundance operates to promote 

coexistence (Johnson and Hubbell 1975, Hubbell and Johnson 1978, 

Schaffer et ale 1979). 

Competitive coexistence requires an underlying axis of 

environmental heterogeneity and a corresponding evolutionary tradeoff 

among the coexisting species (an exception to this may be rendezvous 

point habitat selection [Rosenzweig 1979, Colwell 1985]). A tradeoff 

between harvest rates at high and low resource densities can promote 

coexistence on an axis of temporal or spatial variation in resource 

abundance (Stewart and Levins 1973, Abrams 1984, Chapter 2). Although 

two species can both have harvest rates which increase with resource 
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density, if one species has the higher harvest rate at high resource 

densities and the other has the higher rate at low resource densities, 

then coexistence is possible. 
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If foraging efficiency is defined as the ratio between the 

harvest rate and the cost of foraging (the output and input into 

foraging), then the mechanism of coexistence described in the previous 

paragraph can be interpreted in terms of a seasonal rotation in foraging 

efficiencies. That is, during periods of high resource abundances one 

species is the more efficient forager and during periods of low resource 

abundance the other is the more efficient. 

Another way to generate a seasonal rotation of foraging 

efficiencies is to have the cost of foraging vary temporally. If the 

cost of foraging varies independently between the t~~ species, then 

during certain periods one species can have the higher foraging 

efficiency and during other periods the other species has the higher 

foraging efficiency. Coexistence may be promoted if a tradeoff exists 

such that to have a lower cost of foraging in one season requires having 

a higher cost in another season. 

I will examine the conditions under which a seasonal rotation in 

the cost of foraging permits coexistence of competitors for a single 

resource. The conditions for coexistence will be used to generate 

predictions concerning properties of the individuals and the community. 

The predictions are different from those involving a tradeoff between 

harvest rates at low and high resource densities. 

The predictions are tested using a community of four granivorous 

rodent species in the Sonoran desert, Arizona, USA. Three of the 
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speci~s (Arizona pocket mouse, Perognathus amplus; Merriam's kangaroo 

rat, Dipodomys merriaini; and the round-tailed ground squirrel, 

Spermophilus tereticaudus) fit the predictions of the model, suggesting 

that seasonal variation in foraging efficiencies contributes to the 

diversity of desert granivores. 

The Model 

The model considers several species of foragers seeking a single 

resource. Though there is no spatial variation, the abundance of the 

resource can vary temporally. Competition between foragers is 

exploitative and occurs through the harvesting of the shared resource. 

There are no direct interference or agonistic behaviors among foragers. 

The foragers spend all of their time harvesting resources and devote 

only a negligible amount of time to other activities such as mating, 

rearing young, or nest maintenance. Forager fitness is simply an 

increasing function of net profit from foraging. The change in net 

profit from foraging is the difference between the harvest rate and the 

cost of foraging (both can be considered in terms of units of 

resources). The harvest rate is assumed to be an increasing function of 

resource density. All foragers regardless of species are assumed to 

possess the same density-dependent harvest rate function. 

Species differ only in their costs of foraging. The cost of 

foraging is non-autonomous, and is a direct function of time. That is, 

the cost of foraging changes with time on a seasonal basis. Each 

species experiences the same cycling of foraging costs and has the same 

temporal average of foraging costs. However, the costs of foraging for 
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the different species cycle asynchronously. Thus, while one species is 

experiencing a low cost of foraging another is experiencing a high cost 

of foraging. 

The important parameters and functions of the model are: 

r = rate of resource renewal (resources per unit time) 

n = resource density 

h(n) = the harvest rate of a forager as a function of resource 

density (resources per unit time) 

Ni = the population size of forager species i 

c·(~ = cost of foraging of species i as a function of time 
1 

(resources per unit time). 

The rate of resource renewal, r, is assumed to be constant and 

independent of resource density. Thus, changes in resource density are 

given by 

dn/dt = r - h(n)LNi (1) 

The cost of foraging changes seasonally with a period of T time 

units. The cost of foraging for species i is assumed to have the 

following functional form: 

ci (t) = c + b·sin [2Tf (t + si) /T] (2) 

where c and b are constants and si is specific to species i. The 

constant si is the phase shift of species its cost of foraging. 

According to assumption (2), the cycling of the cost of foraging is 

sinusoidal with mean cost c and periodicity T. 
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What remains to be included in the model is the dynamics of the 

population sizes of the forager species. 

No Forager Recruitment During the Seasonal Cycle 

Given the above model, the simplest case of forager recruitment 

is built from the assumption that recruitment occurs only at the 

endjbeginning of a temporal cycle. Fitness is only realized every T time 

units and is a function of the net profit accrued over that time period. 

Under this assumption the sustained stable coexistence of competing 

species is not possible. Following a complete seasonal cycle, each 

individual, regardless of species, will harvest the same amount of 

resources. Similarly, al~~ough at any given instance the different 

species experience different costs of foraging, their mean cost of 

foraging over the complete cycle is the same. It equals c. Thus, each 

individual regardless of species has the same net profit from foraging 

over the time period and has the same fitness. species are 

interchangeable and any combination of species will be neutrally stable. 

The fitness of an individual will be affected only by the total number 

of foragers, not by the species identity of the foragers. 

To obtain species coexistence on the single resource as a result 

of seasonal changes in foraging costs will require that the realization 

of fitness occurs more frequently than every T time units. T;.e number 

of foragers within a species must not remain constant over the course of 

a seasonal cycle, but must be allowed to fluctuate. 
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Seasonal Changes in Species' Population Densities 

The population density of a species can change during the course 

of a seasonal cycle if recruitment occurs more frequently than T time 

unitso Consider the case where recruitment occurs every time unit and 

is given by the following population dynamics: 

(3) 

where t and t+l are adjacent time units, G(O) is the fitness function of 

the individual as a function of net profit during a time unit (note that 

(") is shorthand for [H (t) - Ci (t) ]), H (t) is the resources harvested by 

an individual during time unit t, and Ci(t) is the total cost incurred 

by an individual of species i during time unit t. By assumption all 

individuals regardless of species, harvest the same amount of resources 

during a time unito Furthermore, assume that all individuals regardless 

of species share the same fitness function G(O). 

The resources harvested by an individual during time unit t is 

H(t) =/h[n(t)]dt 

where the limits of integration are t and t+l. The cost of foraging of 

species i for the time unit t is 

c· (t) = Ic. (t) dt 
1 1 

where the limits of intergration are t and t+l, and ci(t) is a rate and 

is given by (2). 

Since fitness is a compound process, the number of individuals 

at the end of one complete cycle is equal to the number of individuals 



at the start of the cycle multiplied by the product of fitnesses for 

each time unit during the cycle: 
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where the product, IT, is taken from t = 0 to t = T-l. This product is 

the fitness function of an individual during one cycle. To distinguish 

it from the ind i vidua lis fitness functi on given by G (.) , I wi 11 refer 

to the product of fitnesses over one cycle as the compound fitness 

function. The distinction will be important because the fitness 

function is the per capita rate of growth over a time unit and the 

compound fitness function is the per capita rate of growth over a 

complete seasonal cycle. 

All individuals regardless of species share the same compound 

fitness function. Also, over the course of a seasonal cycle all 

individuals harvest the same total number of resources and incur the 

same total amount of costs. This, however, does not mean that each 

individual and each species has the same compound fitness following a 

seasonal cycle. The compound fitness of an individual is sensitive to 

the mean and variance of fitness, G (0) (MacArthur 1968). The mean and 

variance of fitness, G(·), is in turn determined by the variance in the 

net profit over a time unit, H(t) - Ci (t). The variance in net profit 

can differ among the species and this leads to a difference in the 

compound fitness of each species. The sensitivity of the compound 

fitness function to variance in net profit provides a potential avenue 

for species coexistence. This forms the topic of the next section. 
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coexistence 

Let the two foraging species differ in that their seasonal 

cycles of foraging costs are out of phase: in expression (2), sl = 0, 

and s2 = T/2. When species 1 experiences its lowest cost of foraging, 

species 2 experiences its highest and vice-versa. Twice during a cycle 

both species experience the same cost of foraging. 

Competitive coexistence is possible if each species can invade a 

steady-state community of the other species. Because both species are 

identical except for the phase of their foraging cost function, if 

species 2 can invade a community of species 1 then species 1 can invade 

a community of species 2. The conditions for coexistence can therefore 

be defined by showing the circummstances required for either species to 

invade a steady-state community of the other. 

Consider a steady-state community of species 1 in the absence of 

species 2. By steady-state, I mean that the density of species 1 is the 

same at the end and the beginning of any cycle; i.e. N1 (T) = Nl (0). 

Thus, the compound fitness function of species 1 equals 1: 

lG [H (t) - C1 (t)] = 1 (5) 

where the produc~ is taken from t = 0 to t = T-1. Species 2 can invade 

this community if its compound fitness is greater than 1: 

lTG[H(t) - C2 (t)] > 1 (6) 

where the product is taken from t = 0 to t = T-l. 

In short, (5) and (6) are necessary and sufficient for 

competitive coexistence of species land 2. In what follows, I will 
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discuss biological conditions that inhibit or promote coexistence. In 

what follows, I will assume that, throughout a seasonal cycle, resource 

abundances and harvest rates pertain to the conditions experienced by a 

steady-state community of species 1. 

competitive coexistence is determined by two relationships: 1) 

the correlation between harvest rate and species LIs cost of foraging, 

and 2) the functional relationship between net profit and fitness. A 

positive correlation inhibits coexistence while a negative one promotes 

coexistence. Diminishing returns to fitness from increasing net profit 

simply reinforces the effect of the positive or negative correlation. 

Increasing returns to fitness from increasing net profit opposes the. 

effect of the positive or negative correlation. Table 1 shows which 

combinations yield coexistence, competitive eXClusion, or ambiguous 

results. 

Effect of Correlation Between Harvest Rate and Cost of Foraging 

I will consider the effect of a positive and negative temporal 

correlation between the harvest rate and foraging cost of individuals of 

species 1 on promoting or inhibiting the coexistence species land 2. 

If changes in resource density occur rapidly in response to 

changes in the density of species 1, then foraging activity of the 

individuals of species 1 may generate a positive correlation between the 

individual's harvest rate and foraging cost. When foraging costs are 

increasing, net profit declines. On average, periods of declining net 

are associated with periods of negative fitness. When population 

densities are falling or rising, the density of resource, n, increases 
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Table 1. The effects on coexistence of a correlation between harvest 

rates and foraging costs of individuals in a single species 

community, and the effects of increasing and diminshing 

returns to fitness from increasing net profit. A "+" and a "_II 

indicates a positive and negative correlation respectively. 

The entry "ambiguous" means that either competitive exclusion, 

"exclusion", or competitive coexistence, "coexistence", can 

occur depending upon the specific parameters and functional 

relationships of the system. 

D~inishing returns 

Increasing returns 

+ 

exclusion 

ambiguous 

Correlation 

coexistence 

ambiguous 



and decreases respectively. Finally, there is a positive relationship 

between the individual's harvest rates and resource densities. Thus, 

periods of rising cost are associated wi th periods of rising harvest 

rates. 
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To summarize, an increase (decrease) in the cost of foraging 

results on average in a decrease (increase) in population size which 

increases (decreases) resource density which increases (decreases) the 

harvest rate. Figure 11 is a plot of cost of foraging and harvest rate 

for both species in an equilibrium population of species 1. The 

simulation parameters and functions are given in the figure legend. 

There is a positive correlation between the harvest rate and cost of 

foraging of species 1, and consequently, a negative correlation between 

the harvest rate and cost of foraging of species 2. 

A time lag between changes in forager density and changes in 

resource density can generate a negative correlation between the harvest 

rate of individuals and the cost of foraging of species 1. For 

instance, for many predator-prey systems, time lags in reproduction may 

result in asynchronous cycling of predator and prey (see Hassell 1978, 

Taylor 1984). 

I will now examine the effect on species coexistence, of a 

correlation between harvest rate and foraging cost. First, assume that 

fitness, G(O), is a linear function of net profit: 

G(O) = 1 + a[H(t) - Ci (t)] 

I make this assumption so that any effects of a correlation (between 

harvest and foraging cost) on species coexistence is independent of the 



Fig. 11. The fluctuations of foraging costs and harvest rates over the 

course of a seasonal cycle. The foraging cost of species 1, 

C(l), is out of phase toJith species 2's, C(2). The harvest 

rate, H[n(t)], reflects the cycling of resource abundances 

which would occur in a community composed of species 1 only. 

The harvest rate and the foraging cost of species 1 is 

positively correlated. In this example r = 200, T = 100, c = 

2, b = 1, sl = 0, s2 = 50, H (n) = n/1000. The arrows apply 

to this model when there is a fixed and variable cost of 

foraging (discussed later in paper). The downward arrow 

indicates when species 2 would enter dormancy, and the upward 

arrow indicates when species 2 would resume foraging (PC = 

0.5). 
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effects of diminishing or increasing returns to fitness from increasing 

net profit. (This assumes there are constant returns to fitness from 

increasing net profit.) 

Under the above assumption, the average fitness over T time 

units (not to be confused or equated with the compound fitness) is: 

l:G(·)/T 1 + ar[H(t) - Ci(t)]/T (7) 

Because the right hand side of (7) is equal for both species 1 and 2; 

both species have the same average fitness during one complete cycle. 

The compound fitness function given in (4) is a form of 

geometric mean. The geometric mean fitness is an increasing function of 

the arithmetic mean fitness and a decreasing function of the variance in 

fitness during the cycle. Because the arithmetic mean fitness is the 

same for both species (see expression (7», any differences in compound 

fitness between species 1 and 2 is the result of differences in the 

variance of fitness. By assumption (7), the variance in fitness during 

the season is directly proportional to the variance in net profit during 

the season: 

Var [G (.) ] aVar[H(t) - Ci(t)] (8 ) 

where 'Varll refers to variance. 

Consider both possible cases: 1) positive correlation between 

the harvest rate and foraging cost of individuals of species 1, and 2) 

negative correlation. If there is a positive correlation then species 

coexistence is not possible. Species 1 has the lower variance in net 

profit and hence the lower variance in fitness. Therefore species 1 has 
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the higher compound fitness and, when species 1 is at its steady state, 

condition (6) is not satisfied. If there is a negative correlation, 

then coexistence is possible. Species 1 has a higher variance in 

fitness, a lower compound fitness function, and condition (6) is 

satisfied. 

Suppose coexistence is not possible; i.e. there is a positive 

correlation between harvest rate and the foraging cost of species 1. 

Species 2 cannot invade a steady-state community of species 1. 

Similarly, in a steady-state community of species 2 there would be a 

positive correlation between harvest rate and species 2's cost of 

foraging and species 1 would not be able to invade. Thus, the outcome 

of competition is dependent upon the initial conditions. Whichever 

species is more numerous (weighted by the conditions pertaining to the 

particular time unit of the seasonal cycle) will competitively exclude 

the other. The equilibrium density of the two species is an unstable 

saddle point. In ecological models, such saddle points are usually 

associated with interference competition. In this case, the saddle 

solution results from exploitative competition and an extrinsic forcing 

function which prevents the system from reaching equilibrium. 

Diminishing and Increasing Returns to Fitness from Net Profit 

It is unlikely that fitness, G (0), is a precisely linear 

function of net profit, [H(t) - Ci(t)]. Fitness might be an 

accelerating function of net profit (Le. d2G(')/dtJf > 0 where I}J = 

[H (t) - Ci (t)]) or a decelerating function of net profit (i.e. 

d2G (.) /d 1}J2 < 0) (Figure 12). For some organisms, fitness may be a 



Fig. 12. Increasing (a) and decreasing. ~) returns to fitness from 

increasing net profit. The axes are fitness, G(o), versus net 

profi t, H (t) - Ci (t). 
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sigmoid function of net profit. At starvation levels (very negative net 

profits) there may be increasing returns, whereas under steady state or 

growth conditions (non-negative net profits) there may be diminishing 

returns. 

An organism that experiences diminishing returns should be "risk 

averse" because when there is variance in net profit, the fi tness 

associated with the expected net profit is greater than the expected 

fitness: 

G[E(\jJ)] > E[G(!/J)] 

where E refers to the mean or expected value. t1ean fi tness, E [G (.) ] , 

decreases with increasing variance of net profit. 

An organism that experiences increasing returns should be "risk 

prone" because when there is variance in. net profit the fitness 

associated with the expected net profit is less than the expected 

fitness: 

Mean fitness, E[G(o)], increases with increasing variance of net profit 

(for the use of the terms risk averse and risk prone and discussions of 

risk sensitive foraging see Caraco 1980, Caraco et ale 1981, Real 1980, 

Real et ale 1983) ° 

The compound fitness function (geometric mean fitness) increases 

with increasing mean fitness, E[G(')], and decreases with increasing 

variance in fitness, Var[G(O)]. The effect of increasing or decreasing 

returns will be influenced by whether there is a positive or negative 
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correlation between harvest rate and the cost of foraging of species 1. 

For coexistence, species 2 must have a higher compound fitness than 

species 1 in a steady-state community of species 1. 

If harvest rate and forRging cost are positively correlated, 

then species 2 has a higher variance in net profit than species 1. This 

by itself makes coexistence less likely by giving species 2 a higher 

variance in fitness (see previous section). If there are increasing 

returns, however, then species 2 has the higher mean fitness. Species 

coexistence is possible if species 2's mean fitness is sufficiently 

higher to overcome the detrimental effect of also having a higher 

variance. In conjunction with a positive correlation, increasing 

returns promotes coexistence. On the other hand if there are diminshing 

returns then species 2 not only has the higher variance but also has the 

lower mean fitness as well. In conjunction with a positive correlation, 

diminishing returns inhibits coexistence (Table 1). 

If harvest rate and foraging cost are negatively correlated, 

then species 1 has the higher variance of net profit. This by itself 

makes coexistence more likely by giving species 2 the lower variance in 

fitness. If there are increasing r.eturns, however, then species 2 has 

the lower mean fitness. In conjunction with a negative correlation, 

increasing returns inhibits coexistence. If there are diminshing 

returns, then species 2 not only has the lower variance but has the 

higher mean fitness as well. In conjunction with a negative 

correlation, diminshing returns promotes coexistence (Table 1). 



94 

variable and Fixed Cost of Foraging 

Thus far, I have assumed that the organism has no alternative 

activities, and devotes all of its time to foraging. Coexistence via 

seasonal cycling of foraging costs is possible on a single resource but 

it requires particular combinations of correlations and fitness 

relationships (see Table 1). Here, I relax the assumption of no 

alternative activities and explore the implications for promoting or 

inhibiting coexistence. In particular, I will divide the cost of 

foraging into a fixed and variable cost component. This gives the 

forager the option of two activities: 1) foraging, or 2) dormancy. 

The fixed cost, FCi , is an involuntary cost and includes, 

resting metabolism, maintenance costs, and the cost, amortized over the 

lifetime of the individual, of raising to adulthood a replacement 

individual (Chapter 1). The variable cost, VCi' is a voluntary cost and 

is the additional cost incurred by an individual when it forages. The 

cost of dormancy is FCi • The cost of foraging is Fei + VCi • Most 

organisms experience a fixed and variable cost o£ foraging. In 

hummingbirds ti1e total cost of foraging is about 10 times higher than 

resting metabolism (Brown et ale 1978); in the bat, Pipistrellus 

pipistrellus, the total cost of foraging can be over 500 times as great 

as the metabolic cost of torpor (Avery 1985). 

To incorporate the fixed and variable cost into the model, I 

assume that the fixed cost is constant through time and the same for all 

species, and that the variable cost of foraging is time dependent and 

given by expression (2); i.e. let VC i = ci - FC i . 
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Dormancy adds a ne\<1 dimension to the model by giving the 

individual a choice of whether to forage or remain dormant. The change 

in net profit from remaining dormant is just the negative of the fixed 

cost, -FC, and the change in net profit of species i from foraging is 

the harvest rate minus the total cost of foraging; h[n(t)] - VCi(t) -

FC. A forager should remain dormant when the change in profit when 

dormant is greater than the change in net profit from foraging: 

-FC ) h [n(t)] - VCi (t) - FC 

which can be rearranged to give 

VCi (t) > h [n(t)] (9) 

A forager should remain dormant when either the variable cost of 

foraging becomes too high or the harvest rate becomes too low. 

To see the effect of a variable cost on coexistence, consider 

the case where there is a positive correlation between the harvest rate 

and species lis cost of foraging, and where there are diminishing 

returns to fitness "from net profit. Recall that coexistence is not 

possible under these conditions in the absence of the possiblity of 

dormancy. I will show how dormancy is a more valuable strategy to 

species 2 than to species 1 in a steady-state community of species 1. 

Dormancy can permit species 2 to raise its mean fitness, E[G(O)], 

sufficiently to permit coexistence. 

Individuals of species 1 will spend all or most of their time 

foraging. Because of the positive correlation, the variable cost of 

foraging of species 1 will rarely be substantially higher than the 
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harvest rate. Individuals of species 2, however, should spend extended 

periods of time dormant, (Figure 11), because their variable cost of 

foraging is inversely correlated to the harvest rate. During periods of 

highest variable cost they experience their lowest harvest rates. 

Dormancy has an important effect on the mean and variance of net 

profit. By remaining dormant, individuals of species 2 forgo some 

harvesting and forgo considerable cost. In fact, since they are only 

dormant when expression (9) is satisfied they always forgo more cost 

than harvest. Thus, dormancy will increase species 2's mean of net 

profit and decrease some\oJhat its variance in net profit. Because 

individuals of species 1 spend little or no time dormant their mean and 

variance in net profit changes little. Thus, while species 2 has the 

higher variance of net profit it also has the higher mean. A 

sufficiently higher mean will give species 2 a higher compound fitness 

and permit coexistence by satisfying condition (6). 

Dormancy does not guarantee coexistence but it will always 

promote coexistence. Furthermore, dormancy can produce competitive 

coexistence under conditions that would not permit coexistence in the 

absence of dormancy. Figure 13 provides an example of three species 

coexistence. The figure is a plot of the species densities in a steady

state community of all three over the course of one cycle. For this 

example, in a single species community, there would be a positive 

correlation between harvest rate and the species' cost of foraging. 

Furthermore, fitness is a linear function of net profit. Without 

dormancy, coexistence as shown in Figure 13 would not be possible. The 

arrows indicate the periods when each species remains dormant. The 



Fig. 13. Competitive coexistence of three species when there is a fixed 

and variable cost to foraging. -- The curves correspond to the 

densities through time of the total population q TOTAL, and 

each of the species; Nl, N2, and N3 respectively. The 

downward arrows indicate when each species would enter 

dormancy and the upward arrows indicate when each species 

would resume foraging. In this simulation: r = 2013, T = 99, 

FC = 13.5, b = 1, c = 1.5, sl = 0, s2 = 33, s3 = 33, H(n) = 
n/1@@@. Each species' density fluctuates more than the total 

population's density. 
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actual parameters and functions used for the simulation are given in the 

figure legend. 

Predictions 

The model generates predictiors concerning properties of 

communities and individuals. In this section, I will specifically focus 

on predictions made by the model when there is a fixed and variable cost 

of foraging. The reason for this is threefold. First, most of the 

predictions derived under fixed and variable cost also apply to the 

other cases. Second, most organisms possess alternative activities. To 

a greater or lesser extent these organisms will be able to "escape" 

periods of low resource availability. Third, testing the specific 

predictions concerning the correlation between harvest rate and foraging 

costs, and increasing and diminishing returns to fitness from net profit 

may be impractical. The correlation is between the harvest rate and 

foraging costs of a single species in the absence of competitors. To 

measure this would require a prolonged removal experiment. Measuring 

diminshing or increasing returns also poses a great challenge, 

particularly if the relationship between fitness and net profit is 

sigmoidal. 

Two of the predictions concern properties of the species: 1) the 

species which is the more efficient forager must change seasona1Jy, and 

2) all or all but one of the species must become torpid or dormant 

during some period of the season. Three of the predictions concern 

properties of the community: 1) the variance of the combined population 

density should be less than the sum of the variances of each species, 2) 
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the removal of any sp'ecies should increase the variance in resource 

densities during a season, and 3) the removal of a species from the 

community should result in an increase in the total biomass of the 

remaining species but the increase should be less than the decrease in 

total biomass caused b¥ the removal. In what follows I will consider 

each of these predictions in detail. 

Seasonal Rotation in Foraging Efficiencies 

coexistence on a single resource can result if to become a more 

efficient forager during one period requires becoming a less efficient 

forager during another season. The status of most efficient forager 

rotates seasonally among species. This prediction can be couched in 

terms of giving up densities. The giving up density of a forager in a 

patch is the resource density at which an optimal foager should leave 

the patch. It is the point where the harvest rate balances the variable 

cost of foraging. (In nature the variable cost of foraging includes 

metabolic costs, risk of predation, and the missed opportunity cost from 

not engaging in alternative activities [Chapter 4]). 

In this model, species its giving up density of resources, 

ni (t), satisfies: 

h(n. (t)) = vc· 
1 1 

Giving up density, ni(t), changes seasonally as the variable 

cost of foraging changes. When variable costs increase or decrease the 

giving up density increases or decreases respectively. The most 

efficient forager should have the lowest giving up density. A 
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prediction of this model is that each species possesses some period of 

Hme during which it has the lowest giving up density. 

Torpor and Dormancy 

Coexistence is more liJ(ely if the individuals can escape periods 

of low harvest or high foraging costs by engaging in more profitable or 

less costly activities. Escape may take the form of diapause in 

insects, dormancy or torpor in reptiles and mammals, migration in 

mammals, insects or birds, or a seedbank in annual and ephemeral plants. 

The kind of escape is not important, but its pattern and use are. A 

variable cost of foraging permits coexistence in this model because each 

species, by escaping its own harsh periods, forages in the environment 

in which it has the competitive advantage, i.e. those periods when it 

experiences high harvest rates or low foraging costs. 

Coexistence on a single resource mediated by dormancy requires 

that all or all but one of the species must become dormant during some 

part of the season, and the different species' periods of dormancy may 

not coincide. In this model, dormancy will not permit coexistence in 

communities where all species simultaneously migrate or become dormant 

in response to the same harsh periods. Perception of the degree of 

harshness must be relative and not absolute. 

Variance in population Densities 

This is probably the most important prediction concerning 

properties of the community. It is certainly the easiest to test. The 

model requires that the foraging costs of coexisting and competing 

species cycle asynchronously and that their relative densities change 
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seasonally (see Figure 13). Because the conditions that result in the 

decline of one species promote the increase of another, changes in 

relative density are non-random. Total population density should be 

less variable than the densities of individual species. size is buffered 

somewhat by these compensatory changes in the densities of each species. 

More precisely, the variance of total population size, ap' 

should be less than the the sum of the variances of species' densities, 

Lai• Schluter (1984) proposes a test for negative covariance in the 

population densities of the coexisting species. The ratio of the 

variance in total population size to the sum of the variances in each 

species' population size is multiplied by the number of samples, S: 

x2 = SO ILa. p 1 

The distribution of this statistic approximates a chi square 

distribution with S degrees of freedom. If there is a significant 

negative covariation, i.e. the variance of the total population is 

significantly less than the sum of variances, the statistic is expected 

to lie in the left hand tail of the chi square distribution, x2 < 

x2 (Schluter 1984). S,0.05 

To illustrate the use of this statistic, consider the 

simulations used to generate Figure 13. The simulation involved 99 

samples during the cycle. The variance in the total population density 

is 531. The variance in the population densities of each species sum to 

5175. This yields X2 = 10.1 (p < 0.005; X2 = 67.3). 99,0.005 
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Resource Density 

The removal of a species from the community should increase the 

amplitude and variance of seasonal fluctuations in resource abundance. 

When there is only one species, fluctuations of resource densities 

correspond (with a time lag) to the fluctutations in foraging costs. 

with several species, fluctuations in resource abundances correspond to 

a weighted average of all the species' foraging costs. If the foraging 

costs of different species cycle asynchronously, the amplitude and 

variation in fluctuations of average foraging costs are less than the 

fluctuations of costs of a single species. In the model the rate of 

resource renewal is a constant. Seasonal changes in resource renewal or 

density dependent renewal rates will influence the prediction that the 

removal of a species will increase the variance of seasonal fluctuations 

in resource abundance. 

Figure 14 shows simulated resource densities over the course of 

a season when three species are present (the same simulation values as 

Figure 13), and when only one species is present. When three species 

are present, mean resource density is 1657, and the standard deviation 

of resource abundance is 266. When only one species is present the mean 

is 1805 and the standard deviation is 793. 

Total Biomass or Population Size 

This prediction involves the effect of species removal on the 

remaining densities of foragers. If productivity remains unchanged, the 

resources consumed by the removed species should be divided among the 

remaining species with a corresponding increase in their densities. 



Fig. 14. The fluctuations of resource density, n, over the course of a 

seasonal cycle. -- The curve "l SPECIES" gives the results in 

a single species community and the curve 113 SPECIES" give the 

results in a three species community. Mean resource density 

and fluctuations of resource density are less in the three 

species community. The simulation values are the same as 

Figure 13. 
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While it is true that the remaining species will use the surplus 

resources, it is how the resources are allocated that determines changes 

in density. Fixed costs are the resources devoted to the maintenance of 

biomass while variable costs are the resources expended to acquire 

resources. A greater hiomass is supported when a greater fraction of 

resources is devoted to fixed costs rather than variable costs. When a 

species is removed, the remaining foragers are encouraged to spend 

proportionately less time dormant and more time foraging, the overall 

harvest of resources becomes less efficient and the equilibrium biomass 

or total population density should decline. 

In the simulation shm·m by Figure 13 the average population 

density over the season is 156 and the fraction of resources devoted to 

fixed cost is 0.39. Following the removal of two species, the average 

population density over the season drops to 120 and the fraction of 

resources devoted to fixed cost is 0.30. 

Desert Rodents 

The granivorous rodent communities of North American deserts are 

noted for their diversity of species with similar habits and diets. I 

have collected data on one such community that suggests that the model 

of this paper is one of the mechanisms contributing to the diversity of 

desert rodents. 

For two years (1983-1984) rodents were censused by live-trapping 

on a study site near Tucson, Arizona. Creosote bush, Larrea tridentata, 

was the dominant plant species of this Sonoran desert site. Also, over 

a fifteen month period (1983-1984), seed-trays were used to measure the 
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giving up densities and relative foraging efficiencies of the resident 

rodents. The trays contained seeds mixed into a large quantity of 

sifted dirt. During the sampling period trays were set out each morning 

and evening and the seeds remaining after foraging by diurnal or 

nocturnal rodents were collected the following evening or morning (the 

technique is described fully in Chapter 4). 

The results for three of the species (Arizona pocket mouse, 

Perognathus amp1us; Merriam's kangaroo rat, Dipodomy merriami; and 

round-tailed ground squirrel, Spermophilus tereticaudus) fit the 

predictions of the model. During the months of August-October the 

pocket mouse had the lowest giving up density in both the bush and open. 

microhabi tat, during November-May the kangaroo rat had the lowest, and 

during June and July the squirrel had the lowest giving up density in 

both microhabitats (Chapter 5). Table 2 gives the mean, variance, and 

coefficient of variation of individuals captured during 12 census 

periods. The actual variance in total population sizes of the three 

species is considerably less than the sum of each species variance; 

621.5 and 1174.5 respectively; although, using the test proposed by 

Schluter (1984), this difference is not significant (X2 = 6.3; P < .1; 

d.f. = 12). If the species' densities are weighted for biomass the 

results remain unchanged. 

From the data, it appears that the period of cycling of foraging 

efficiencies is annual. Over the course of a year the densities of each 

species fluctuate asynchronously. Kangaroo rats reach peak densities in 

March and lowest densities in September. Pocket mice reach peak density 

in September and lowest densi ties in Jan. Squirrels reach peak densi ty 
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Table 2. The mean and variance of the number of individuals captured 

during the twelve bimonthly censuses. -- While the variance 

for the total population is less than the sum of the variances 

for the three species the difference is not significant; X2 = 

60348, p < .rn, 12 d.f. (comparison wi th the left tail of the 

chi square distribution) 0 

Species Mean density Variance Coeffecient 
of variation 

Arizona pocket mouse 18.5 311.5 95.4 
(P. amplus) 

Merriam's kangaroo rat 45.0 598.2 54 04 
(0. merri ami) 

Round-tailed squir~e1 16.7 264.6 97.4 
(S. tereticaudus) 

Total Population 80.2 621.1 31.1 



in June and lowest densities in Nov.-Jan. Both pocket mice and 

squirrels have a prolonged period of torpor or reduced activity from 

Nov.-Mar. and Sep.-Feb. respectively. 

Discussion 
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This paper presents a mechanism of competitive coexistence on a 

single resource based on exploitative competition. Coexistence can 

result from any environmental condition, biotic or abiotic, that causes 

the cost of foraging to fluctuate on a seasonal basis. The tradeoff 

that promotes coexistence is between the cost of foraging during 

different time periods; if lowering the cost of foraging during one 

period requires raising the cost of foraging during another coexistence 

is facilitated. Two distinct processes can produce coexistence: 1) each 

species promotes an environment which is advantageous to the other 

species, and 2) habitat selection in time. 

Tr~ first, requires that the abundance of resources also 

fluctuates seasonally. The fluctuation in resource abundances may be 

partially or completely the result of the foragers themselves. 

Competitive coexistence occurs if each species promotes a cycling of 

resource abundances that is to the advantage of the other species. The 

fitness of an individual over the course of a season is an increasing 

function of the mean and a decreasing function of the variance in net 

profit. A positive correlation between harvest rate and foraging costs 

will reduce variance and increase fitness. Coexistence can occur if 

each species promotes a positive correlation between the harvest rate 

and cost of foraging of the other species. 
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Another factor influencing coexistence is whether there are 

increasing or diminishing returns to fitness from net profit (see Figure 

12). When there are increasing returns, the individual's fitness 

benefits from variance, and when there are dimininshing returns fitness 

declines with variance. various combinations of these factors result in 

situations where the foraging activity of one species promotes the 

success of another. These include 1) positive correlation/increasing 

returns, and 2) negative correlation/diminishing or increasing returns 

(see Table 1). When competitive coexistence is not possible, the 

outcome of competition is dependent upon initial conditions. The 

species with a numerical advantage will competitively exclude other 

species. 

The second process that can promote coexistence involves a form 

of habitat selection in time. If the cost of foraging can be divided 

into a fixed and variable cost component then individuals are encouraged 

to remain dormant during periods of high foraging costs or low harvest 

rates. Each species is active only during favorable periods. In this 

way each species biases its activity towards those time periods during 

which it has the competitive 2ovantage. 

Negative Covariance of Foraging Costs 

To demonstrate that coexistence is feasible, I assumed that the 

foraging costs of the different species covaried negatively over the 

course of a seasonal cycle. In this section I will discuss biological 

mechanisms which may give rise to a negative covariance of costs among 
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species. Also, I will discuss whether a negative covariance of foraging 

costs is necessary for coexistence. 

Predation risl< and metabolic costs are two important components 

of foraging costs. Temporal variation in the nature and the amount of 

predation risk may promote, among prey species, a negative covariance of 

costs. On a daily basis, adaptations that lower the risk of predation 

from dirunal predators may increase the risk of predation from nocturnal 

predators. For instance, among rodents, sciurids are active by day and 

inactive by night while most cricetids are active by night and inactive 

by day. In some communities, on an annual scale, there are changes in 

the number and composition of predator species. If there is a tradeoff 

between avoiding different predator species, then there may be a 

negative covariance in the cost of foraging among prey. For instance, 

behaviors that enhance avoidance of pursuit predators may increase the 

risk of predation from sit and wait predators, i.e. kangaroo rats 

(Dipodomy~ may experience less predation risk from owls and greater 

predation risk from rattlesnakes than pocket mice (Perognathus) (Chapter 

5) • 

The metabolic costs of foraging may covary negatively among 

species. In the desert, adaptations by diurnal rodents (e.g. 

Spermophilus and Ammospermophilus) include high heat tolerance and high 

thermal conductance. These adaptations may lower the metabolic costs of 

foraging during the day but increase foraging costs during the night. 

Adaptations by nocturnal rodents (e.g. Dipodomys and Perognathus) are 

the reverse and include low conductance and low heat tolerance. 
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For coexistence, however, it is not necessary that the foraging 

costs of the different species covary negatively. The necessary 

condition for coexistence is that each species possesses some period of 

the seasonal cycle during which it is the most efficient forager. 

Having the foraging costs covary negatively simply assures that this 

condition is met. Even if all species experience their greatest and 

lowest foraging costs during the same temporal periods coexistence is 

still possible. In this case, coexistence requires that the relative 

ranking of the species' foraging costs change seasonally. 

Relationship to Other Models 

There are an increasing number of models that show how 

competitive coexistence on a single resource might occur. These models 

are challenging traditional views of diet and habitat separation, and 

views on competitive exclusion. For this reason it is useful and 

important to understand how the model of this paper relates to others. 

The models of stewart and Levin (1973) and Abrams (1984) are 

similar to the one of this paper in that they promote coexistence on a 

single resource through a seasonal rotation of the species which is the 

most efficient forager. Unlike the model presented here, their models 

assume a tradeoff between harvest rates at low and high resource 

densities. Their niche axis is temporal variation in resource 

abundance. Their axis is thus analogous to the first process that can 

promote coexistence in the model of this paper. Coexistence is the 

result of each species promoting a positive correlation between the 

harvest rate and foraging cost of the other species. 
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Chapter 1 develops a model of coexistence on a temporally 

variable resource. In it there is no seasonal rotation in the species 

which is the most efficient forager. Instead there is a tradeoff 

between foraging speed and foraging efficiency. Like the present model, 

coexistence can result if there is a fixed and variable cost of 

foraging. Coexistence is the result of habitat selection in time. 

All of these models point to the importance of considering 

variance in the abundance of a resource, variance in the densities of 

foragers, or variance in environmental conditions as potential niche 

axes for promoting species coexistence. One should consider these 

models when the evolutionary tradeoff is between 1) seasonal foraging 

costs (this paper), 2) harvest rates on high and low resource densities 

(Stewart and Levin 1973, Abrams 1984), or 3) foraging speed and foraging 

efficiency (Chapter 1 and 2). 

Population Dynamics 

All of the figures in this paper depict population dynamics 

which are stable limit cycles. The density of a population was the same 

at both the end and beginning of a season. This is convenient for 

illustrative puposes but is neither necessary for the mechanism of 

coexistence nor necessarilty realistic. Even slight changes in the 

parameter values used for the simulations will yield more complex 

dynamics. A mapping of densities from the start of one season onto the 

start of another may yield limit cycles or chaotic behavior. Even the 

example used for Figure 13 is quite complex. It has more than one 

"equilibrium" state. In this example, most initial conditions generate 
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a mapping (from here on mapping will refer to considering population 

densities at the start of successive seasons) which has a fourteen point 

cycle. Table 3 shows the successive population densities of this 

fourteen point cycle. 

Both difference equations (the mapping from the start of 

successive cycles is a difference equation) and systems of tllree or more 

differential equations can generate complex population dynamics; such as 

limit cycles (May 1974), chaotic behavior (Gilpin 1979), and strange 

attractors (Arneodo et ale 1982, Schaffer 1984). Schaffer (1985), has 

shown that the lynx/hare cycle fits the dynamics of a strange attractor. 

Many models of diet or habitat selection are based upon the assumption 

of a nodal equilibrium point. Deviations from the equilibrium point are 

interpreted as perturbations or as noise. The presence of complex 

population dynamics are seen as restricting the utility of such 

approaches. 

The model developed here does not require equilibrial or simple 

population dynamics. In fact, coexistence requir.es that the population 

densities of the coexisting species fluctuate through time. The 

variance in population densities through time creates the opportunities 

for additional species. While it is beyond the scope of this paper to 

examine the subtle effects of different forms of population fluctuations 

on competitive coexistence, the presence of complex dynamics in nature 

should encourage testing of mechanisms of coexistence that require non

equilibrium dynamics (for other examples see Chesson 1986). 
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Table 3. Fourteen point limit cycle. -- Lim~t cycle results from 

Points of 

mapping the conditions from the beginning of one seasonal 

cycle onto the beginning of the next. Values are given for 

the populations sizes of each competitor (Nl , N2, N3 

respectively) and the resource density (n). The simulation 

uses the same parameters and functions as Figure 13. 

n 
Limi t cycle 

Nl N2 N3 

1 113.47 21.64 26.58 1439.4 

2 114.22 21.45 14.45 1345.5 

3 113.48 21.65 26.74 1439.2 

4 114.21 21.50 14.67 1344.7 

5 113.47 21.63 26.49 1439.6 

6 114.24 21.46 14.49 1345.4 

7 113.48 21.65 26.70 1439.2 

8 114.44 21.44 14.50 1314.9 

9 113.44 21.60 26.36 1439.4 

10 114.26 21.47 14.53 1345.1 

11 113.48 21.64 26.65 1439.3 

12 114.21 21.45 14.43 1345.7 

13 113.51 21. 76 26.34 1441. 7 

14 114.31 21.47 14.59 1344.8 

15 113.47 21.64 26.58 1439.4 



CHAPTER 4 

PATCH USE AS AN INDICATOR OF HABITAT PREFERENCE, 
PREDATION RISK, AND COMPETITION 

In a review article on optimal foraging theory, Pyke (1984) 

states that, liThe general aim of optimal foraging models is to determine 

the optimal decision rules." However, MacArthur and Pianka (1966) and 

Ernlen (1966) first suggested optimal foraging theory as a means to 

predict the properties of communities. Recent examples of this include 

Rosenzweig's (1979 et seq.) theory of habitat selection. In this 

theory, the behavior of individuals behaving optimally is used to 

predict the outcome of intra- and interspecific interactions (Rosenzweig 

1981, 1985, Pirnrn and Rosenzweig 1981, Pirnrn"et a1. 1985). 

Testing models of population interactions based upon the 

behavior requires measuring habitat or patch use, habitat preferences, 

and the rejection and acceptance of patches in the field. In this 

paper, I present a measuring technique to accomplish these goals. The 

technique is applicable to communities of active foragers that seek 

comparatively sessile prey. I then give the preliminary results from 

applying this method to a community of four desert granivorous rodent 

species: Perognathus amplus, Dipodomys merriami, Spermophilus 

tereticaudus, and Ammospermophilus harrisii. 

114 
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Optimal Patch Use 

Two areas of investigation within optimal foraging theory are 1) 

resource utilization and 2) habitat or patch utilization (Mar.Arthur and 

Pianka 1966, Krebs et ala 1983, Pyke 1984). There are important 

differences between the two. In general, associated with any resource 

item is a fixed handling time and a fixed reward. Resource use is all 

or nothing; u~n encountering a resource item the forager either 

consumes or ignores it. 

Theoretical treatments of optimal habitat use are applicable to 

systems where foragers are able to identify and direct their foraging 

efforts to subsets of the environment that on average yield higher 

harvest rates or benefits than the environment at larg8. Once a habitat 

patch is located, its use involves two decisions on the part of a 

forager. First, a forager must decide whether to accept the opportunity 

to harvest the patch (Rosenzweig 1974). Second, it must decide the 

amount of time or effort to devote to those patches it accepts for 

harvesting (Charnov 1976). By varying the foraging time allotted to 

each patch, a forager can vary the total or net reward from each patch. 

This property of patches is in contrast to the fixed reward/fixed 

investment property of resources. Note however, that partial 

consumption of prey (e.g. Sih 1980) and prey preparation (Kaspari 1985) 

are foraging behaviors which fall somewhere in between resource and 

patch utilization. 

In the simplest case of habitat utilization, an individual can 

only forage and has no alternative activities. fitness is determined 

solely by net energy gained from foraging. Assume that resources are 
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dist~ibuted in discrete patches and that foragers deplete the resources 

as they harvest a patch. However, assume also that the distribution of 

resources among patches remains fixed. In other words, although the 

resources of a given patch are depleted by a forager while it is in the 

patch, the resources of the entire environment are not. While resources 

are declining in patches with foragers, they are increasing in those 

without foragers. Under these assumptions, the Marginal Value Theorem 

(Charnov 1976) states that the rate of energy gain to a forager is 

maximized, and by assumption its fitness is also maximized, when the 

forager's quitting harvest rate in a patch equals its average harvest. 

Those patches with initial harvest rates above the average will be 

utilized and those below it will be rejected. 

The above assumptions, which lead to the Marginal Value Theorem, 

are restrictive. More realistically, foraging in patches will affect 

not only energy gain, but also other aspects of fitness such as 

predation risk. Empirical work suggests that foragers balance the 

benefits of energetic reward and the cost of predation when making 

foraging decisions (Milinski and Heller 1978, Sih 1980, Grubb and 

Greenwald 1982, Lima et ale 1985, Brown and Wirtz 1986). 

Furthermore, most organisms can engage in other fitness 

determining activities besides foraging. These activities include 

territorial defense, mate finding, dormancy, grooming, and nest 

maintenance. Finally, foraging activity of individuals may not only 

depress the resources of a given patch but also, at least for a time, 

depress the resources of the entire environment. For example, following 

sunrise, hummingbirds and insectivorous insects often deplete ti1eir 
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nectar resources (Feinsinger 1976, Schaffer et ale 1979, Brown et al. 

1981). 

In what follows, I relax the restrictive assumptions by assuming 

that foraging activity affects both net energy gain and predation risk; 

by permitting the foragers to engage in alternative activities; and by 

permitting the depletion of resources over the entire environment. 

Let fitness, denoted by G, be a function of K = (xl' ••• 'xn) 

where each xi (i=l, ••• ,n) denotes an input into fitness. Let xl be e, 

and denote net energy gain from foraging (total amount of energy 

harvested minus the energetic cost of foraging). Let x2 be p, and 

denote the predation risk incurred while foraging (note that predation 

risk involves the probability of being killed by a predator per unit 

time as well as the time exposed to predators [see Lima et al. 1985). 

Let the vector (x3, ••• ,xn) be £!, and denote inputs into fitness from 

engaging in any and all alternative activities. I assume that the 

forager has a fixed amount of time, T, to devote to all activities (i.e. 

foraging and alternative acti vi ties). 

Net energy gain, e, and predation risk, p, are functions of time 

spent foraging. Assume that time spent foraging is divided over m 

resource patches. Resource patches may vary with regard to initial 

resource density and predation risk. Let the time devoted to the jth 

resource patch, t j , include the time required to travel to the patch and 

time spent harvesting resources from it. So long as ~ is less than the 

time required to travel to the jth patch, the harvest rate from patch j 

is obviously zero and the net energy gain will be negative. For values 

of tj above the travel time the harvest rate in patch j is positive. 
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Harvest rate is assumed to be an increasing function of patch resource 

density. As a forager devotes harvest time to the patch, its resources 

are depleted and the harvest rate declines. Let.!:f = (tl' ••• '~) denote 

the vector of times allotted to each of the m resource patches. Assume 

that there are s alternative activities that contribute to the other 

inputs into fitness, a. Let ~a = (~+l' •• 'f~+S) be the vector of times 

devoted to each alternative activity 

I assume that an individual has a finite amount of time, T, to 

perform activities. Let 

denote per capita rate of growth (fitness) subject to the constraint 

that Ltj + Lti = T where j = l, ••• ,m and i = m+l, ••• ,m+s. I assume that 

net energy gain enhances fitness, that predation risk decreases fitness, 

and that overall, devoting time to alternative activities enhances 

fitness (othewise alternative activities would not exist). These 

assumptions can be summarized formally as 

<x:;/:3e > 0 

dG/dp < 0 

[dG/d~] [da/dt i ] > 0 

(la) 

(lb) 

(lc) 

where i = m+l, ••• m+s and (lc) is the inner praeuct of two vectors. 

The optimal values of !f and ta can be found through tbe 

technique of Lagrange mUltipliers (Chaing 1974). For all j = l, ••• ,m, 

and i = m+l, ••• ,m+s the optimal values of t f and ta satisfy: 
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aL(O)/at
i 

= [aG(O)/ae] [a§!(·)/ati] - A = 0 

aL ( .) laA = T - O:tj + E t i ) :: 0 

(2b) 

(2c) 

where L [e(j:f), p(j:f), a(j:a) fA ] :: G [e(~f), p(~f) I a (E.a ) ] + A[T - (Etj + 

Lti)]' 1:f = (tl, ••• ,tm), j:a = (tm+l, ••• ,tm+s )' and (0) is shorthand for 

the arguments of L[e(tf ), P(tf ), a(~a)'A] and G[e(!:f), p(!:f), a(j:a)]o 

Note that a more general formulation shoudl include inequality 

constraintso The above conditions apply only to those activities where 

the optimal tj > 0 and ti > 0. 

setting condition (2a) and (2b) equal yields for all j and i. 

Rearranging yields 

[dG (0) laa] 
ae(O)/at. = { - }[a2(O)/ati] 

J [aG(")/ae] 

raG (.) lap] 
---- fa p(o) la t·] 

[aG(.)lae] J 
(3) 

The interpretation of expression (3) is the topic of the next 

section. However, at this point, a brief explanation of (3) may be 

useful. The left hand side of equation (3) is the quitting net harvest 

rate of an individual in patch jo It is the quitting harvest rate in 

patch j minus the energetic cost of foragingo The quitting harvest rate 

which satisfies expression (3) is general. It applies to foragers which 

also incur a predation risk while foraging and can engage in alternative 

behaviors. The first term on the right hand side of (3) is the change 

in the amount of alternative activities per unit time weighted 
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(multiplied as the inner product of two vectors) by the marginal fitness 

of alternative activities, 3G(')~~, divided by the marginal fitness of 

energy, 2G(o)/3e. The second term is the change in predation risk 

incurred per unit time weighted by the marginal fitness of predation 

risk, 3G(')/dp, divided by the marginal fitness of energy. 

The Cost of Predation and Missed Opportunity Costs 

In this section I would like to show that an individual which 

forages optimally (i.e. in a fashion which maximizes fitness within the 

constraints on the forager [Cheverton et ale 1985]), should harvest each 

resource patch until the harvest rate balances the energetic cost of 

foraging, the risk of predation, and the potential rewards from engaging 

in alternative activities. When comparing such disparate inputs as 

energy, predation risk, nest maintenance, and mate selection, we must 

inquire, what is the appropriate common currency? Ultimately, in the 

form of a per capita rate of growth, organisms reduce all of the various 

inputs into the common currency of fitness. And, since energy, 

predation risk, and alternative activities jointly contribute to this 

fitness, each can be considered as a surrogate for fitness. Thus, each 

input can be converted into the currency of the other. 

To see how one input can be converted into the currency of the 

other, consider net energy gain and predation risk. Ask the question, 

how much additional energetic gain would it take to get the individual 

forager to accept a higher risk of predation? In other words, for any 

increase in predation risk, how much additional energy would be required 

to maintain the same level of fitness? This provides the exchange rate 
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between net energy gain and predation risk. Figure 15 is an example of 

fitness isopleths in the state space of net energy gain and predation 

risk. Each isopleth gives the combinations of energy and predation risl< 

such that fitness is held constant. An isopleth can be expressed as a 

function, p(e), which relates the net energy gain to the value of 

predation risk which will hold fitness constant. The points of the 

isopleth, given by p(e), when substituted into the fitness function must 

satisfy 

G [e,p(e) ,~] = R (4) 

where R is some constant. The slope of the isopleth gives the rate at 

which an individual forager should be willing to exchange energy for 

predation risk. Thus, the exchange rate from units of predation risk 

into energy is the negative of the slope of the isopleth. To find the 

slope of the isopleth take the derivative of expression (4) with respect 

to net energy gain, e, and rearrange to give 

dP ( e) /a e ::; - [a G ( • ) !a e] / [a G ( • ) ;d p] (5) 

A similar argument can be made to show that the slope of fitness 

isopleths in the space of net energy gain and alternative activities is 

given by 

a~(e)/ae = -l/{ [aG(·)!a~V[aG(·)!ae]} (6 ) 

where ~(e) defines the isopleth that gives the combinations of net 

energetic gain and alternative activities such that fitness is held 

constant. Note that (6) is a vector. 



Fig. 15. The relationship between energy and predation risk, and 

fi tness. -- The x-ads is net energy gained from foraging, 

"e"; and the y-axis is the predation risk incurred while 

foraging, "p". Each isopleth gives the combinations of energy 

and predation r.isk that yield the same fitness. The fi tness 

of R2 is greater than that of RIO 
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The negatives of expressions (5) and (6) are the exchange rates 

for going from units of energy to units of predation risk and 

alternative activities respectively. The negatives and reciprocals of 

(5) and (6) go from units of predation risk and alternative acti vi ties 

to units of energy, E- and E. respectively. These can be expressed --p -J. 

formally as 

~ = [dG(·)/ap] [aG(")/ae] 

E· = [aG(O)/a_a] [aG(·)/ae] 
-1 

By assumptions (1), ~ is negative and ~i is positive. 

(7) 

(8) 

Note that in general these rates of exchange are complex 

functions of energy gain, predation risk, and alternative activities. 

For instance, it may often be reasonable to assume that there are 

diminishing returns to fitness from increasing net energy gain. The 

marginal titness of energy may decline with net energy gain. On the 

other hand the marginal fitness of alternative activites may increase or 

the marginal fitness of predation risk may become more negative with net 

energy gain (if the indivdual has more energy it has more to lose from 

being eaten). Thus, as the individual acquires more energy the exchange 

rate, from units of alternative activities to units of energy increases 

and the exchange rate from units of predation risk to units of energy 

becomes more negative. 

a!h/ae > 0 

aEpiae < 0 
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In the previous section, expression (3) gave the quitting net 

harvest rate of an optimally foraging individual in any arbitrary patch 

j" Substituting the exchange rates given by expressions (7) and (8) 

into· (3) gives 

()2/at. = -K_[ap(·)/at.] + E· [aa(")/at.] JP J -1 - 1 
(9 ) 

The first term of the right hand side of expression (9) is the 

cost of predation expressed in units of energy (P) and the second term 

is the value of alternative activities expressed in units of energy 

(MOC). An optimal forager should harvest each patch to a resource 

density where the quitting net harvest rate just balances the cost of 

predation, P, and the missed opportunity cost from not engaging in 

alternative activities, MOC. The net quitting harvest rate can be split 

between the rate of harvest, H, and the energetic cost of foraging, C. 

Thus the quitting harvest rate satisfies 

H = C + P + MOC 

A forager should leave each resource patch when the patch 

harvest rate is no longer greater than the sum of the energetic cost of 

foraging, predation risk, and minus the rewards from engaging in 

alternative activities (a measure of opportunity cost). 

Measuring Patch Use 

Researchers have used four techniques for measuring patch use. 

These include measuring the giving up time (Krebs et al. 1974, Hubbard 

and Cook 1978, Townsend and Hildrew 1980), measuring total time spent in. 
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a patch (Cowie 1977, Hartling and Plowright 1979), quitting harvest 

rates (Pyke 1978, 1980, Milinski 1979, Hodges 1981), and the giving up 

density of resources (Whitman 1977, Hodges and Wolf 1981). These 

authors were interested in determining foraging decision rules and 

seeing whether models of optimal foraging provide good characterizations 

of foraging behavior. The afoLementioned studies represent a mix of 

laboratory investigations (Krebs et ale 1974, Cowie 1977, Hubbard and 

Cook 1978, Hartling and Plowright 1979, Tbwnsend and Hildrew 1980), and 

field investigations (Whitman 1977, Pyke 1978, 1980, Milinski 1979, 

Townsend and Hildrew 1980, Hodges 1981, Hodges and Wolf 1981). 

Here, I would like to advocate: 1) the use of controlled field 

experiments, 2) the use of giving up densities as a measure of patch 

use, and 3) the use of foraging behavior to investigate predation risk, 

habitat preferences, and interspecific competitive relationships. 

Controlled field experiments using artificial or manipulated 

resource patches offer two important advantages. First, the foragers 

remain in their natural enviroment and are faced with familiar 

alternative activities, competitive interactions, and predation risks. 

Second, the use of artificial patches permits the controlled 

manipulation of one or several variables of interest while the available 

set of alternative activities is held constant. 

If harvest rates are a function of patch type and resource 

density only, then giving up densities provide an estimate of quitting 

harvest rates. In many circumstances it is easier to measure giving up 

densities rather than quitting harvest rates. Measuring giving up 

density requires assessing the remaining density of resources following 
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use by one or several foragers. On the other hand, measuring the 

quitting harvest rate requires an organism whose encounter and capture 

of prey can be observed and timed. In addition, confusion can result 

over instantaneous versus average harvest rates. It is difficult to 

measure the instantaneous harvest rate of a forager as it leaves a 

patch. 

Spatial differences in the giving up densities of a forager 

reflect the effects of different habitats on missed opportunity costs, 

harvest rates, foraging costs, and predation risk. A higher giving up 

density in one habitat compared to another results from either one or a 

combination of: 1) higher missed opportunity cost, 2) lower harvest 

rate, 3) higher energetic cost, and 4) higher cost of predation. The 

researcher can investigate habitat specific differences in anyone of 

these costs by holding other costs constant among habitats. 

Missed opportunity cost can be controlled for by ensuring that 

several patches are available to the same forager. If these patches are 

within a relatively short distance of each other, then the forager 

should experience the same missed opportunity cost between patches. 

Harvest rate can be controlled for by ensuring that the structure of the 

artificial patches is the same with regards to factors that affect 

harvest rate, such as substrate and resource type. Conversely, the 

effect of patch structure on harvest rate can be measured by varying the 

structure and measuring the resulting differences in giving up 

densities. The energetic cost can be controlled by maintaining constant 

climatic factors across patches. Again, conversely, different 

combinations of abiotic factors such as temperature, humidity, or wind 
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can be used to test their effects on foraging costs. Differences in the 

cost of predation can be measured if patches are manipulated in such a 

way that energetic costs, harvest rates, and missed opportunity costs 

remain constant and advantage is taken of natural variations in predator 

density. 

The approach advocated here is to allow the forager to reveal 

its preferences and assessments of the environment by exhibiting its 

giving up density. (This approach has parallels to the revealed 

preference approach of economics [see Russell and Wilkinson 1979].) The 

researcher assumes that the forager's giving up density is a truthful 

revelation, i.e. that H = C + P + MOC at the giving up density. By 

manipulating patches in ways which are known to increase predation risk, 

harvesting rate, foraging costs, or missed opportunity costs, the 

researcher can test whether the forager's behavior is cons istent wi th 

that required to maximize fitness, G(·). 

Patch Use by Desert Rodents 

I applied the approach of the previous section to a community of 

desert granivorous rodents. The study site is located 1.5 miles east of 

the Tucson International Airport Boundary, Tucson, Arizona (Section 15 

of T15S R14E, 2650 feet elevation). The dominant perennial plant 

species in descending order of groundcover are creo30te (Larrea 

tridentata), desert zinnia (Zinnia sp.), mouse ears (Co1denia 

canescens), and mesquite (Prosopsis juliflora). Total vegetation ground 

cover by perennials is about 20%. There are five resident rodent 

species; round-tailed ground squirrel (Spermophilus tereticaudus), 
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Merriam's kangaroo rat (Oipodomys merriami) Arizona pocket mouse 

(Perognathus amplu§), antelope ground squirrel (Ammospermophilus 

harrisi), and white-throated woodrat (Neotoma albigula). Table 4 gives 

the biomass and number of individuals live trapped on the study site 

during the month of August 1983. 

Aluminum trays measuring 45cm on a side and 2.5 em deep provided 

seed trays. Each tray, was filled with 3 grams of unhusked millet seed 

mixed into three liters of earth. Thus, the seeds were randomly 

distributed in a space of .2m2 by 1.5 em deep. 

A total of 60 trays were divided over two grids. Each grid was 

laid out as a seven by seven small mammal trap grid with stations 25 

meters apart. The thirty seed trays on each grid were divided into 

pairs and assigned to 15 stations picked at random from the 49 trap 

stations. Live trapping and seedtrays were never run simultaneously. 

At each station with seedtrays, one tray was placed directly 

under the canopy of a creosote bush and the other was placed 2-4 meters 

away from the first in the open microhabitat. Although shadowed by the 

canopy, the surface of trays under shrubs was unobstructed by branches 

or leaves up to a height of no less than 20 em. The trays in the open 

were placed on bare ground at least 2 meters from the nearest perennial 

plant cover. 

Beginning the morning of 27 August and continuing through the 

morning of 3 September 1983, I checked the seedtrays each morning and 

afternoon for a total of 8 mornings and 7 afternoons. The morning check 

was at sunrise, a period following the cessation of activity by pocket 

mice and kangaroo rats and preceding the initiation of activity by 
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Table 4. The rodent species present on the study site during the month 

of August, 1983. -- For each species the columns give the 

number of different individuals captured, the mean weight (in 

grams) of an individual, and the total biomass captured (in 

grams) • 

Number of Mean Total 
Species Individuals weight Biomass 

perognathus amElus 55 12 6613 

Dipodo~s merriami 16 37 592 

Ammospermophi1us harrisii 12 1134 1248 

Neotoma a1bigu1a 2 174 348 

Spermophilus tereticaudus 18 121 2178 
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ground squirrels. The afternoon check at sunset followed squirrel 

activity and preceded that of pocket mice and kangaroo rats. Thus, 

pocll:et mice and kangaroo rats had the entire night to forage the trays 

and squirrels had the entire day. 

Checking seed trays consisted of noting any footprints in the 

sifted earth, sifting the earth to recover the remaining seeds, and 

recharging the trays with 3 grams of millet. The distinctiveness of 

footprints permitted identification of the forager down to species and 

sometimes to the exact individual based upon toe-clips. Even when no or 

a few seeds were removed, footprints provided proof of encounter. In 

some cases the footprints of two rodent species were visible. In this 

case the foraging was a~tributed to both species. Even though it may 

not have been the the only species present in the tray that day or 

night, I attributed the giving up density of a tray to a single rodent 

species if its were the only detectable tracks. 

The seeds recovered from seed trays were cleaned of debris and 

weighed to give a measure of the giving up density. I recorded a 

seedtray as an encounter and rejection if the tray had footprints and if 

fewer than 0.2 grams of seeds were removed. The 0.2 threshold is 

approximately the number of seeds which can be harvested by simply 

collecting seeds on the surface without digging or any intensive 

searching. A seedtray once discovered by a forager was invariably 

visited on following nights or days. 
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Results 

The data are the giving up densities (grams of millet remaining) 

and they are specified by date, station, microhabitat, and species. The 

results are summarized in Table 5 as the mean giving up densities by 

rodent species and microhabitat. The data from the two squirrel species 

have been lumped (it was difficult to distinguish between the footprints 

of the two species). Mean" giving up densities are for stations where 

both trays of a pair were foraged by a single species. The following 

analyses were conducted on the data: i) differences between species in 

giving up densities within each microhabitat, ii) differences in giving 

up densities between microhabitats for each species, iii) correlation 

between bush and open giving up densities at a station for each species, 

iv) propensity for each species to reject the opportunity to forage a 

tray, and ~ the effect of date and site on giving up densities in each 

microhabitat. 

Student t-tests were used to examine differences between species 

in each microhabitat. In the bush microhabitat, pocket mice had a lower 

giving up density than either kangaroo rats or squirrels (t = 2.08, P < 

0.05; t = 3.11, P < 0.131 respectively). In the bush microhabitat there 

was no significant difference between the giving up densities of 

kangaroo rats and squirrels (t = 0.83, P > 0.2). In the open 

microhabitat both pocket mice and kangaroo rats had lower giving up 

densities than squirrels (t = 6.34, P < 0.001; t = 7.11, P < 0.001 

respectively). In the open microhabitat kangaroo rats had a lower 
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Table 5. The mean giving up densities (in grams) for the pocket mouse, 

kangaroo rat, and squirrel in the bush and open 

microhabitat. -- The numbers in parentheses give the standard 

deviation, and the last column gives the sample size. 

Sample 
Species Bush Open Size 

P. amElus 0.557 (0.517) 0.547 (0.322) 45 

D. merriami 0.782 (0.521) 0.441 (0.504) 47 

A. harrisii/S. tereticaudus 0.862 (0.589) 1.300 (0.774) 140 



giving up density than pocket mice, although this difference is not 

significant (t = 1.20, P > 0.2). 
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A sign test comparing giving up densities between trays at a 

station was used to test for differences between microhabitats. 

Squirrels had a lower giving up density in the bush trays than in the 

open (ts = -7.57, P < 0.(01), pocket mice exhibited virtually no 

difference in giving up density between the two microhabitats (ts = 

0.29, P > 0.5), and kangaroo rats had a lower giving up density in the 

open microhabitat (ts = 5.18, P < 0.001). 

For each species, a Spearman Rank test was used to test for a 

correlation between giving up densities in the open and bush trays. The 

variables are the bush and open, and cases are the specific dates and 

stations. All three rodents; squirrels, kangaroo rats, and pocket mice 

had a positive correlation between the giving up densities between trays 

of a pa i r (r s = • 7 03, P < .001; r s = .566, P < .001; r s = .849, P < .001 

respectively). 

A Crtest of heterogeneity was used to examine differences 

between pocket mice and kangaroo rats in their propensity to reject the 

opportunity to forage in one of the trays of a pair. Table 6 gives the 

frequency of double and single forages at a station for pocket mice and 

kangaroo rats. A double forage occurs when both trays at a station are 

foraged by the species and a single forage occurs when one tray is 

foraged but the other tray is rejected. Kangaroo rats were more likely 

than pocket mice to forage at only one tray of a pair (Gh = 6.42, P < 

0.(1). 
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Table 6. The frequency of double and single forages by pocket mice and 

kangaroo rats. -- A double forage indicates that both trays at 

a station were foraged, and a single forage indicates that the 

forager rejected the opportunity to forage one of. the two 

trays. There is a significant difference in the propensity of 

the two species to reject or accept trays (Gh = 6.42, P < 

0.01). 

Species 

P. arnplus 

D. merriami 

Double forage 

45 

47 

Single Forage 

11 

31 
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Two-way ANOVA's were performed on the squirrel data to test for 

the effect of station (space) and date (time) on giving up densities in 

each microhabitat. Two ANOVA's were performed since a three-~lay ANOVA 

of date, station, and microhabitat would have involved cell sample sizes 

of one. Tab18 7 gives the results of the ANOVA with the independent 

variables "date" and "microhabi tat". There were significant effects of 

both date and microhabitat as well as a significant interaction effect. 

Table 8 gives the results of the ANOVA with independent variables 

station and microhabitat. There were significant effects of station and 

microhabitat as well as a significant interaction effect. 

Discussion 

One assumption of optimal foraging theory is the simple axiom 

that an individual should engage in an activity until the benefits and 

the costs are equal. Identifying the components and fitness values of 

these costs and benefits presents a significant challenge. The 

seemingly insurmountable complexity of ecological systems has led to the 

criticism that models qf optimal foraging ignore other relevant 

activities besides foraging, and ignore other relevant inputs into 

fitness besides energy. 

Here, I present a simple cost-benefit analysis of foraging that 

incorporates any number of alternative activities and permits any number 

of inputs into fitness. The result is 

H = e + P + Moe 

That is, an individual should forage in a resource patch or engage in 

foraging activities until the harvest rate of resources, H, ba::'ances the 
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Table 7. The effect of date and microhabitat on giving up densities. 

Variation 

Subgroups 

An ANOVA table showing the effect of date (27 August - 2 

September) and microhabitat (bush and open) on giving up 

densi ties (in grams). Data are for squirrel forages (A. 

harrisii/S. teret.icaudus). ~ne columns are degrees of freedom 

(OF), sum of squares (SS), mean sum of squares (MS), and F of 

improvemnent (F). 

OF SS MS F 

13 50.94 3.92 11.10* 

Microhabitat 1 13.44 13.44 38.07* 

Date 6 22.16 3.69 lfiJ.46* 

Interaction 6 15.35 2.56 7.25 * 

Error 266 93.90 0.35 

* P < 0.001 
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Table 8. The effect of station and microhabitat on giving up densities. 

-- An ANOVA table showing the effect of station (total of 30 

stations) and microhabitat (bush and open) on giving up 

variation 

Subgroups 

densi ties (in grams). Data are for squirrel forages (A. 

harrisii~S. tereticaudus). The columns are degrees of freedom 

(OF), sum of squares (SS), mean 'sum of squares (MS), and F of 

improvemnen t (F). 

OF SS MS F 

51 238.16 4.67 10.42* 

Microhabitat 1 13.08 13.08 29.21* 

Station 25 41.13 1.65 3.67 * 

Interaction 25 183.95 7.36 16.42* 

Error 224 100.35 0.45 

* P < 0.001 
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energetic cost of foraging, C, the predation risk of foraging, P, and 

the missed opportunity cost from not engaging in alternative activities, 

MOC. 

By assumption, natural selection is operating on the 

individual's behavior so as to maximize fitness. Thus, all activities 

and all inputs into fitness are funnelled into the single evolutionarily 

relevant output,. fitness. Consideration of the marginal fitness of each 

input permits conversion of all inputs into a single currency. The 

common currency can be expressed in terms of any input; energy, resource 

units, predation risk, mates, or nutrients. 

To apply a model of optimal foraging where alternative 

activities are incorporated as a missed opportunity cost, it is not 

necessary to measure or know the precise function that maps inputs and 

activities onto fitness. Here, I advocate using the forager's giving up 

density in manipulated resource patches to gain insights into the 

energetic cost, predation cost, and missed opportunity cost of foraging. 

When harvest rate is an increasing function of patch resource density, 

giving up density is an estimate of the harvest rate which balances the 

costs of foraging. Laboratory or field measurements of patch harvest 

rates permits conversion of giving up densities into harvest rates. 

without sacrificing environmental complexity, it is possible to 

gain insights into species interactions, habitat preferences, patch use 

versus rejection, and species specific foraging differences. This is 

done by controlling for missed opportunity costs, pred&tion risk, or 

energetic costs. The data collected for desert rodents provides an 

example. 
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The community contained five resident rodent species. The 

inclusion of a species in the study was not based upon a priori 

assessments of guild membership. Rather, inclusion was based on the 

willingness of particular species to forage the seed resource offered in 

the artificial trays. Four species were responsible for over 99% of the 

foraging; Perognathus amplus (Arizona pocket mouse), Dipodomys merriami 

(Merriam's kangaroo rat), Spermophilus tereticaudus (Round-tailed ground 

squirrel), and Ammospermophilus harrisii (Harris' antelope ground 

squirrel); while the fifth species Neotorra albigula (White-throated wood 

rat) rejected all opportunities to forage in the trays (based on the 

presence of footprints in un foraged trays). 

In the experiment, except for microhabitat, trays at a station 

\oJere identical and the same individual had the opportunity to forage in 

both trays (travel time between trays was on the order of seconds). 

Thus, at a station the cost of foraging, C, and the missed opportunity 

cost, MOC, should have been the same for both trays. Any differences in 

giving up densities between the trays were therefore the result of 

differences between microhabitats in predation risk. Results showed 

that kangaroo rats perceived greater predation risk in the bush 

microhabitat, squirrels greater predation risk in the open, and pocket 

mice perceived no difference in predation risk between microhabitats. 

While many models of habitat selection predict the acceptence 

and rejection of resource patches (Fretwell and Lucas 1970, Rosenzweig 

1974, 1979), tests of optimal habitat selection have measured the 

proportional use of patch types (Heinrich 1979, Lewis 1980, Mittlebach 

1981, Baharav and Rosenzweig 1985, Pimm et ale 1985). The experiment of 
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this paper demonstrates that giving up densities in artificial patches 

provide information both on the proportional use of patch types and on 

the acceptence and rejection of resource patches. Frequently there were 

footprints in trays with little or no foraging. In fact it was possible 

to show that kangaroo rats were much more liJ{ely to reject the 

opportunity to forage a tray than were pocket mice. The ability of the 

experiment to measure both patch use and patch acceptence makes the 

approach suitable for testing models of optimal habitat selection which 

make predictions concerning both (Brown and Rosenzweig 1986). 

The ability to distinguish between the foraging bouts of the 

different species based on footprints makes the technique sui table for 

investigating differences among species. Giving up densities, besides 

being a measure of harvest rate, are also a measure of foraging 

efficiency (Vance 1985, Brown 1986a). The results showed that pocket 

mice and kangaroo rats were the most efficient foragers in ~he open 

microhabitat, and pocket mice were the most efficient foragers in the 

bush microhabitat. If the conditions pertaining to August were 

maintained throughout the year and if foraging efficiency on seeds was 

the sole determinant of competi ti ve ability then pocket mice would 

outcompete both the squirrels and the kangaroo rats. 

Is the Forager's Behavior Consistent with Fitness Maximization 

Up to this point in the discussion it has been assumed that the 

foragers are behaving optimally and that the giving up density is a 

truthful revelation of the foragers perceived costs and benefits. 

Insofar as it is possible to control for the various costs of foraging 



141 

it is possible to test directly whether the forager's behavior is 

consistent with fitness maximization. If the forager's behavior is 

consistent with criteria to maximize fitness, increasing the energetic 

cost, predation cost, and missed opportunity cost of foraging should 

result in higher giving up densities. While these would be worthwhile 

experiments, they were not performed in the study reported here. 

However, inferences regarding foraging consistency with fitness 

maximization can still be drawn from the data. 

At a station, independent of other differences, the missed 

opportuni ty cost should be the same for both the open and bush tray. As 

a result of individual difference between foragers and spatial 

variability, missed opportunity costs should vary between stations. 

Thus, the giving up densities in the open and bush microhabitats at a 

station should be positively correlated. The results indicate that all 

of the rodent species exhibit a positive correlation (see Results). 

Spatial variation in natural resources, predation risk, and 

edaphic characteristics should result in relatively long term 

differences in foraging costs between stations. Similarly, on a daily 

and nightly basis, there should be temporal variation in climate and 

predation risk. Thus, in both microhabitats there should be consistent 

differences in giving up densities between stations (spatially) and 

between days or nights (temporally). The results of the ANOVA's on the 

squirrel data indicate significant effects of space and time on giving 

up densities. 
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Problems with the Approach 

The use of manipulated resource patches presents at least four 

problems: i) the patches are not natural, ii) the resource may not be 

appropriate, iii) the foragers may become satiated, and iv) the trays 

may be visited by more than one forager. The first two problems concern 

the realism of the foraging situation and the last two concern possible 

distortions of the results by the foragers. 

How accurately the artificial patches mimic natural resource 

patches depends upon the questions under investigation. The type of 

resource and the substrate used in the patch will influence both the 

species that participate in the experiment and their giving up 

densities. If the questions of interest concern differences between 

microhabitats or time periods in predation risk or missed opportunity 

costs then the realism of the substrate and resource are relatively 

unimportant. This is because the qualitative differences in giving up 

densities between microhabitats should be independent of substrate or 

resource. However, when the significant parameters involved in 

regulating habitat selection, predation risk, and interspecific 

interactions include substrate and resource type then the choice of 

experimental resource patch is important and will influence the results. 

The presence of artificial resource patches may distort the 

normal behavior of foragers. If foragers devote time to the artificial 

patches, they will have less time for alternative activities and they 

may harvest more resources. The marginal fitness of alternative 

activities should increase as less time is spent on alternative 

activities, and the marginal fitness of energy should decrease as more 
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resources are harvested. Together, these two effects should increase 

the missed opportunity cost of foraging above what it would be in the 

absence of artificial patches. (See expression (3) and (8) for the 

effect on the exchange rate from units of alternative activity to units 

of energy.) Any distortion is a concern for investigations tolhere the 

giving up density must reflect the animals normal missed opportunity 

cost of foraging. Fortunately, it is possible to measure this 

distortion. 

The distortion in missed opportunity costs is the result of the 

foragers taking time from alternative activities to forage in the 

artificial patches. As the initial density of resources in a patch 

increases, the time required to forage the tray to the same giving up 

density also increases. Thus, increasing the amount of resources in 

artificial trays increases the upward distortion of missed opportunity 

costs. The magnitude of the distortion can be examined by measuring the 

change in giving up density that results from increasing the resources 

available to a forager or group of foragers. If there is a range of 

initial resource availabilities that does not influence the giving up 

density then over this range of experimental conditions the seed trays 

are not significantly distorting the missed opportunity cost. Mitchell 

and Brown (ms) investigated the change in giving up densities of 

kangaroo rats (D. merriami) resulting from changes in initial resources 

available at a station. Their data show that for up to 12 grams of 

millet per station, the giving up densities remained constant. Since 

the experiment reported here used only 6 grams of millet per station no 

distortion of missed opportunity costs should have occurred. When there 



is no distortion it does not matter how many individuals forage 

simultaneously at a resource patch. 

Comparison to Other Techniques 
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Live-trapping is a frequently used method for investigating 

habitat selection, predation risk, and competition. Because live 

trapping is necessarily an all or nothing measurement it is a less 

sensitive measure of behavior than giving up densities in artificial 

resource patches. Live-trapping represents a gross distortion of the 

animals ordinary activities. Once trapped, the animal is prevented from 

engaging in other normal activities. On the other hand, giving up 

densities in artificial patches represent a much smaller distortion of 

ordinary activity. Ideally, the forager has a realistic appraisal of 

the opportunity afforded by the artificial resource patch, and the 

forager at any time is free to engage in other activities. 

Live-trapping and giving up densities in manipulated patches 

measure different aspects of behavior. Live-trapping more accurately 

reflects the proportional use of different natural habitats by a 

forager, whereas manipulated patches tell very little about where the 

forager ordinarily spends its time. 

Other researchers have used artificial resource patches to gain 

insights into mammalian foraging behavior (Brown 1971, Mares and 

Rosenzweig 1978, Frye and Rosenzweig, 1980, Abramsky 1983, Vickery 

1984). However, their previous use has not included embedding the 

resource in a substrate (but see Schneider 1984 for giving up densities 

in artificial patches and see Whitman 1977 and Hodges and Wolf 1981 for 
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giving up densities in unm9nipu1ated patches). When the resources are 

free standing there is little or no search time and so harvest rate does 

not decline with resource density. If the missed opportunity cost of, 

foraging remains undistorted, the giving up density in the patch is zero 

and patch use should be all or nothing (the entire patch is treated as a 

single resource). If there is a giving up point in the patch it is 

because the missed opportunity cost of foraging is being distorted 

upwards as the forager harvests resources. In all respects, manipulated 

resource patches with minimal or no search time are less sensitive 

measures of behavior than patches where the harvest rate is a decreasing 

function of patch resource density. The sole advantage of patches with 

minimal or no search time is they save labor. Much work is required to 

mix and then separate a resource from a substrate. 

Desert Rodents 

The desert rodent communities of North America are a model 

ecosystem for studying the effects of competition and predation (for 

reviews see Rosenzweig 1977, and Price and Brown 1983, Brown and Munger 

1985). In the context of desert rodent research the data presented here 

deserve comment. (These data are part of a longer term study that is 

reported elsewhere [Chapter 5].) The results of trapping (Rosenzweig and 

Winakur 1969, Brown and Lieberman 1973, Price 1978), habitat 

modification (Rosenzweig 1973, Whitford et ale 1978), resource 

augmentation (Kotler 1984), and sand-tracking (Kotler 1985) kangaroo 

rats are known to utilize the open microhabitat to a greater degree than 

pocket mice. This could result from either lower foraging costs or from 
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greater harvest rates in the open. The data on giving up densities 

suggest that in August kangaroo rats had lower foraging costs in the 

open, and that the difference in foraging costs is the result of lower 

predation costs in the open microhabitat. 

By virtue of their anti-predator adaptations kangaroo rats are 

thought to be behaviorally more flexible and less restricted in activity 

or habitat choice than pocket mice (Kotler 1984). However, the data 

presented here, showing that kangaroo rats are much more likely than 

pocket mice to reject the opportunity to forage a resource patch, 

suggest that in August the pocket mice were less restrictive in their 

behavior. Recall, that pocket mice had the same giving up density in 

both the open and bush microhabitat. 

Studies of granivorous desert rodent communities have frequently 

ignored squirrels either because they were present in small numbers, 

because it was convenient to trap at night only, or because some have 

felt that squirrels are not granivorous (Hawbecker 1947, Chew and Chew 

1970). Similarly, woodrats are usually excluded because they are 

herbivores rather than granivores (Vorhies and Taylor 1940). In the 

experiment of this paper both woodrats and squirrels had the opportunity 

to forage in the seed trays. The squirrels were enthusiastic foragers 

in both open and bush trays and often removed more seeds from the trays 

during the day than did the pocket mice and kangaroo rats during the 

night. The \\Ioodrats rejected all opportunities to forage the trays. 
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Further Applications 

A variety of research projects using giving up densities in 

artificial resource patches are in progress. These include the effects 

of barn owls on the habitat selection and foraging behavior of 

heteromyid rodents (Bro\oJI1, Kotler, and Smith in prep.), the functional 

response of foragers on a depletable prey (Mitchell and Brown ms), diet 

selection on depletable resources (Brown and Mitchell in prep.), and the 

effect of variance on foraging behavior (Valone and Brown ms). 

Giving up densities of mobile foragers seeking relatively 

sessile prey are easily measurable in most terrestrial systems. The 

giving up densities from manipulated resource patches can be used for 

three major avenue~ of research. First, manipulated resource patches 

can be used to collect species specific foraging information. Foraging 

information may include the effects of habitat, resource type, and 

substrate on species specific foraging behavior. Second, manipulated 

resource patches can be used to test foraging models concerned with 

habitat selection, predation risk, and population interactions. The 

predictions of many foraging models can be translated into giving up 

densities. Third, giving up densities can be used for intercommunity 

comparisons of foraging behavior. The use of standardized artificial 

resource patches would permit direct intercommunity comparisons of 

species composition, foraging efficiencies, habitat affinities, and 

predation risk. 



CHAPTER 5 

VARIATION IN FORAGING EFFICIENCIES: 
THE STRUCTURE OF A DESERT RODENT COMMUNITY 

Desert rodents have provided an important model system for 

studying the effects of competition and predation on community structure 

(for reviews see Brown 1975, Rosenzweig 1977, Price and Brown 1983; also 

see Abramsky and Sellah 1982, Frye 1983, Kotler 1984, Abrarnsky and 

Rosenzweig 1984, Brown and Munger 1985). Of particular interest have 

been granivorous rodents. Syrnpatric species of granivores, which often 

differ little in diet and habitat use, exhibit two striking patterns: i) 

coexisting species usually have dissimilar body sizes (non-random 

pattern of body size) (Brown 1973, 1975, Simberloff and Boeklen 1981, 

Bowers and Brown 1982), and ii) two distinct morphologies represented by 

the presence or absence of elongated hindlimbs and inflated auditory 

bullae. 

The mechanisms of coexistence which have been proposed for 

desert rodents include diet separation (Bro\vo and Lieberman 1973, 

Reichman 1975), habitat selection (Rosenzweig and Winakur 1969, 

Rosenzweig 1973, Brown and Lieberman 1973, Price 1978a, Thompson 1982a, 

Kotler 1984), clump size selection (Riechman and Oberstein 1977, Hutto 

1978, Price 1978b), and aggressive interference (Frye 1983). 

Mechanisms of coexistence based on habitat selection have 

received the most empirical support. The desert environment is 

148 
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characterized by randomly or uniformly distributed islands of perennial 

shrubs scattered in a sea of open space. This provides at least two 

distinct microhabitats: i) space under shrubs, and ii) space in the 

open. There is strong evidence that quadrupedal rodents predominate in 

the shrub microhabitat while bipedal species predominate in the open. 

This mechanism of bush/open microhabitat selection could result from 

differences in locomotor and foraging efficiency (Rosenzweig 1973, Price 

1983) or differences in predation risk (Kotler 1984, 1985). 

Interference competition provides another mechanism of habitat selection 

(Frye 1983). The dominant, larger species defends a territory with high 

productivity or high resource densities. The smaller, subordinate 

species is the more efficient forager and it can survive in areas of 

lower productivity or lower resource densities. 

The abundance of seed resources in desert environments exhibits. 

great spatial and temporal variability (Reichman 1984). Variance in the 

abundance of seed resources offers an additional mechanism of 

coexistence by habitat selection. Furthermore, seasonal changes in 

climate or the presence of predators is a feature of most environments 

including deserts. Temporal variation in the amount and nature of 

foraging costs can provide still another mechanism of coexistence by 

habitat selection. 

This chapter uses data from field experiments to test for the 

feasibility of species coexistence on a single resource. I will 

consider the two mechanisms alluded to in the previous paragraph. The 

first mechanism assumes that resource abundance varies spatially or 

temporally. Coexistence is possible if the more efficient foraging 
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species is simultaneously the slower forager (Chapter 1 and 2). The 

second mechanism makes no assumptions about the constancy of resource 

availability but assumes that the foraging efficiency of a species 

varies temporally. Species coexistence is possible if each species 

possesses some time period during which it is the most efficient forager 

(Chapter 3). 

To test these two mechanisms, foraging experiments using 

artificial seed patches were conducted in a community of desert rodents. 

The relative foraging efficiencies of each species was measured in the 

open and bush habitats, across different seasons, and under a variety of 

climatic conditions. Besides testing the necessary conditions for these 

two mechanisms of coexistence, the data also test whether bush/open 

microhabitat selection is contributing to the diversity of this 

cornnunity. 

Mechanisms of Habitat Selection for Desert Rodents 

Habitat selection occurs when individuals differentially utilize 

different kinds of environmental patches, presumably because these are 

associated with different effects on survival and reproduction. The 

habitat heterogeneity that permits habitat selection can be the result 

of the behavior of the foragers or the result of some underlying 

environmental variability. Heterogeneity can occur spatially and/or 

temporally. 

Habitat selection may involve individuals biasing their behavior 

towards patches which vary in space but are fairly constant in time. 

For instance, in desert rodents, bush/open microhabitat selection 



151 

involves patches which are randomly or uniformly distibuted in space but 

which change very little during anyone rodent's lifetime. In desert 

rodents intereference competition may result in another example of this 

form of habitat selection. certain areas with above or below average 

productivity or resource densities may vary spatially, but are fixed in 

time. The dominant species biases its activity towards rich areas while 

the subordinate, in the presence of the dominant, is restricted to 

poorer areas. 

Habitat selection may involve individuals biasing their behavior 

towards patches which vary constantly in both time and space. For 

instance, a fast forager may bias its behavior to less frequent patches 

of high resource density, while an efficienct forager may bias its 

behavior to more frequent patches of lower resource abundance. 

Habitat selection may involve individuals biasing their behavior 

towards patches which vary in time but not space. For instance, if 

harvest rates and foraging costs vary seasonally, then foragers should 

bias their behavior towards time periods of high resource densities or 

low foraging costs. 

In what follows I will consider four mechanisms of habitat 

selection: 1) bush/open microhabitat selection, 2) interference 

competition, 3) spatial or temporal variance in resource abundance, and 

4) seasonal variation of foraging efficiencies. I will give particular 

attention to research that supports or questions the mechanism. The 

last two mechanisms are of interest because they have not been 

previously tested with desert rodents. 
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Bush/open Microhabitat Selection 

By augmenting the vegetation cover, Rosenz\'leig (1973) achieved a 

decrease in bipedal rodents, Dipodomys, and an increase in quadrupeds 

Perognathus. Similarly, Thompson (1982b) increased the density of 

Peromyscus in a desert rodent community by the addition of artificial 

structures. Numerous other trapping stud ies have documented the 

difference in habitat selection between 1) bipedal kangaroo rats 

(Dipodomys) and 2) quadrupedal pocket mice (Perognathus) and deer mice 

(Peromyscus)i the former prefer the open and the latter the bush 

habitat. Thompson (1982b), however, using direct observation (beta 

lights were attached to the individual rodents) found no difference in 

habitat utilization among coexisting heteromyid species and found that 

all disproportionately used the bush habitat. 

Bush/open microhabitat selection provides a mechanism of 

coexistence if there is a tradeoff between locomotor or foraging 

efficiencies among habitats. The different habitats may be a continuum 

and they are either identified by or are correlated Witll shrub cover. 

The mechanism predicts that each species will possess a habitat in which 

it is the most efficient. A variety of tradeoffs have been proposed. 

The clump size hypothesis proposes that mode of locomotion 

represents a tradeoff between efficiently harvesting rich but widely 

spaced seed patches which predominate in the open and efficiently 

harvesting poorer but more closely spaced seed patches which predominate 

in the bush habitat (Reichman and Oberstein 1977, Hutto 1978). Price 

(1978b) in a laboratory experiment found that kangaroo rats harvested 

relatively more seeds from rich patches than did pocket mice. Frye and 
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Rosenzweig (1980) measured the utilization of clumped versus dispersed 

seeds in the field. They found no difference between a J<angaroo rat and 

a pocket mouse species in their utilization of clumped or dispersed 

seeds. Thompson (1985) compared the energetics of locomotion between 

J<angaroo rats and pocket mice. He concluded that the bipedal locomotion 

of kangaroo rats is not energetically less expensive. 

Recently, Price (1983) has suggested that the bush and open 

habitats may differ in substrate. Body size may thus represent a 

tradeoff between foraging efficiencies in different substrates. Price 

and Heinz (1984) showed that the combined effects of substrate and seed 

densi ty on harvest rates differed among heteromyid species. In a field 

experiment, Price and Waser (1985), using artificial seed patches, 

showed differences among rodent species in their substrate preferences. 

In terms of energetic gain divided by energetic cost, however, the 

smaller species were more efficient foragers at all combinations of 

substrate and seed density. 

The best documented tradeoff which generates bush/open 

microhabitat selection among desert rodents involves predation risk. 

The tradeoff is between foraging efficiency in the absence of predators 

and the cost of predation (Rosenzweig 1973, Kotler 1984). The 

hypothesis is as follows. Kangaroo rats possess morphological 

specializations to detect and avoid predators. The enlarged auditory 

bullae aid in predator detection (Webster 1962, Webster and Webster 

1971) and the saltatorial locomotion aids in predator escape 

(Bartholomew and Caswell 1951, Eisenberg 1963). The open habitat has 

higher risk of predation, particularly predation by owls. The mechanism 
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predicts that in the presence of predators, kangaroo rats are more 

efficient in the open while pocket mice are more efficient foragers in 

the bush habi tat. 

Kotler (1984a, 1984b) has shown that use of the open habitat is 

correlated with the degree of anti-predator morphology. Furthermore, 

using data from owl pellets (Asio otus) Kotler (1985) found that 

quadrupeds, relative to their abundance, formed a disproportionate 

amount of the owls' diets. Furthermore, kangaroo rats respond more to 

seed trays placed in the open habitat than do quadrupedal rodents 

(Kotler 1983). Artificial illumination (Dice 1945, 1947) or moonlight 

(Clarke 1983). increases the risk of predation from owls. Accordingly, 

desert rodents shift their habitat use towards the bush habitat in 

response to artificial illumination (Kotler 1984a, 1984b) and moonlight 

(price et ale 1985). In a semi-natural 61closure, heteromyid rodents 

adjusted their use of habitats in response to nightly changes in the 

presence and absence of owls (Tyto alba) and artificial illumination 

(Brown and Wirtz 1986). 

Interference Competition 

Interference competition can promote habitat selection in desert 

rodents (Frye 1983). The tradeoff is between interference ability and 

foraging efficiency. The larger species are able to defend areas of 

greater resource abundance, productivity, or predictability against con

specifics and more importantly against smaller species. The smaller 

species are thereby restricted to less profitable areas or habitats. 

Frye (1983) has convincingly demonstrated that oipodomys spectabilis (a 
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large kangaroo rat) agressivley excludes D. merriami (a smaller kangaroo 

rat) from its horne range. This mechanism has not been demonstrated for 

other combinations or species of desert rodents. But, Brown and Munger 

(1985) have additional support for the applicability of this mechanism 

to D. spectabilis and D. merriami. 

Spatial or Temporal Variation in Resource Abundance 

When the abundance of a resource varies temporally or spatially, 

at least two attributes of a forager will contribute to its success: i) 

foraging speed, and ii) foraging efficiency. Foraging speed determines 

to what extent an individual can benefit from periods or places with 

high resource densities. When resources are abundant the benefit of 

foraging is much greater than the costs, and the costs of foraging are 

less important than the ability to harvest resources quickly. Foraging 

efficiency determines to what extent an individual can profitably 

harvest resources from periods or places with low resource densities. 

When resources are scarce the benefit of foraging is similar to the 

costs and foraging speed is less important than the ability to achieve a 

net profit from foraging. 

A tradeoff between foraging speed and foraging efficiency can 

promote coexistence (Chapter 1 and 2). Rosenzweig and Sterner (1970) 

found that although larger species of heteromyids hull seeds faster this 

greater speed is not sufficient to compensate for the additional 

energetic cost of having a larger body size. Price and Heinz (1984) 

measured the speed wi th which heteromyid rodents collected seeds :t:rom a 

soil matrix and obtained a similar result. Larger species forage faster 
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but are not fully compensated for their additional energetic costs. 

Hence, at least under laboratory conditions, larger species are faster 

and less efficient foragers. 

The tradeoff of this meciJanism predicts that while larger 

species forage less efficiently, on a per capita basis they find patches 

more quickly than smaller species. Also, over time there should be a 

positive correlation in the abundances of the coexisting species. This 

is because any pulse of seed availability should benefit all 

ii1dividuals. 

Seasonal variation of Foraging Efficiencies 

Seasonal changes in the climate, such as temperature and 

precipitation, or seasonal changes in predation risk may alter the costs 

of foraging. These changes will alter foraging efficiencies. If 

changes in costs are not correlated among the coexisting species then 

each species may enjoy a period of the year when it is the most 

efficient forager. The tradeoff is between the cost of foraging during 

different temporal periods. 

There are two additional requirements if coexistence is to be 

the result of a seasonal rotation in foraging efficiencies. First, the 

densities of the coexisting species must change asynchronously and 

second, all but one of the species must spend some part of the year 

inactive (Chapter 3). These three features of the mechanism provide the 

testable predictions. 
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Study Site and Methods 

The study site is located 2.5 kilometers east of the boundary of 

the Tucson International Airport at T15S, Rl4E, SW 1/4 of section 15, 

elevation 815 meters. Four study grids were established in October 

1981. Each grid has 49 stations (7x7) with 25 meter intervals between 

stations. The boundaries of adjacent grids are 100 meters apart. In 

relation to each other the four grids approximate a square of 400 meters 

on a side (see Fig. 16). 

The site is in the Sonoran Desert and can be loosely described 

as a creosote flat. Total ground cover by perennial shrubs is about 

20%. In descending order of importance, three species comprise over 99% 

of that perennial ground cover; creosote bush (Larrea tridentata), 

desert zinnia (Zinnia pumila), and mouse ears (Coldenia canescens). 

Fluff grass (Tridens pulchellus) is an abundant perennial grass on. the 

site and Indian buckwheat (Plantago sp.), which flowers and produces 

seed in the spring, is the only common annual plant species. Table 9 

provides a more comprehensive list of plant species and their densities 

on the study site. 

Live-trapping 

Trapping with Sherman live traps was initiated in October 1981 

and continued sporadically until the end of 1982. Beginning in 1983 and 

continuing through 1984, mark and release live trapping was conducted 

bimonthly. A folding Sherman live trap was placed at each station of 

the four grids for a total of 196 traps. Traps were set in the evening 

and baited with rolled oats. Traps were checked and rebai ted the 



Fig. 16. Diagram showing the layout of the four grids. -- Each grid was 

7x7 with 25 meters between stations. Boundaries of grids are 

100 meters apart. All four grids were live-trapped using all 

stations. Seed trays were only run on the SW and NE grids. 

Each month and on. each grid, trays were placed at 15 stations 

selected at random. 
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Table 9. The density of perennial plant species on the four grids. 

Species Density (per hectare) 

Creosote (Larrea tridentata) 

Desert Zinnia (Zinnia pumila) 

Mousears (Coldenia canescens) 

Mesquite (Prosopsis juliflora) 

Jumping Cholla (Opuntia fulgida) 

Barrel Cactus (Ferocactus wislizenii) 

Triangle-leafed bursage (Artemisia deltoides) 

Desert Broom (Baccharis sarothroides) 

Ocotillo (Fouguieria splendens) 

962 

8514 

3285 

1.5 

1.6 

4.3 

3.8 

2.1 

0.4 
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follo\'ling t\ojO mornings and one afternoon. During the daytime, traps 

were frequently checked two or three times to prevent animals from 

overheating. Table 10 lists the mean adult weight of the rodent species 

captured during the study. Of the 13 species, only five appeared to be 

permanent residents on the study site; Arizona pocket mouse (Perognathus 

amplus), Merriam's kangaroo rat (Dipodomys merriam i) , Round-tailed 

ground squirrel (Spermophilus tereticaudus), Harris antelope ground 

squirrel (Ammospermophilus harrisii), and White-throated woodrat 

(Neotoma albigula). It is noteworthy that abundant resident populations 

of the other eight rodent species could be found near the study site, 

often within 500 meters. 

Seed Trays 

Starting August 1983 and continuing until September 1984, 60 

seed trays were divided over two of the trapping grids (the NE and SW 

grids). ·In July 1983, 36 trays were divided over the two grids as a 

practice run (for the benefit of the researcher not the rodents). The 

30 seed trays on each grid were divided into pairs and assigned to 15 

stations picked each month at random from the 49 trap stations. At each 

station with seed trays, one tray was placed directly under the canopy 

of a creosote bush and the other was placed 2 to 4 meters away in the 

open habitat. Although shadowed by the ~~nopy, the surface of trays 

under shrubs was unobstructed by branches or leaves up to a height of at 

least 15cm. 

Aluminum trays measuring 45cm on a side and 2.5cm deep provided 

seed trays. Into each tray I measured 3 grams of unhusked millet which 
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Table 10. List of rodents species captured on the four grids during 

twelve bimonthly census periods. -- Included are the mean 

adult \'leights (in grams) and the total number of captures of 

each species. 



Table 10. Continued 

Species Mean adult weight (grams) Captures 

Merriam's kangaroo rat 43.1 751 
Dipodomys merriami 

Arizona pocket mouse 11.2 282 
.Perognathus amElus 

Round-tailed ground squirrel 119.2 210 
Sperrnoehilus tereticaudus 

Harris's antelope ground squirrel 98.4 104 
AmrnosEerrnoEhilus harrisii 

White-throated woodrat 174 35 
Neotorna albiqula 

Arizona cotton rat 85.8 22 
Si~odon arizonae 

Southern grasshopper mouse 20.9 18 
onycho~ torridus 

House mouse 17.5 6 
Mus musculus 

Deer mouse 18.3 3 
Peromyscus rnanic~latus 

Cactus mouse 20.0 1 
Peromyscus eremicus 

Merriam's mouse 31.5 1 
Peromyscus merriami 

Desert pocket mouse 14.0 1 
Perognathus penicillatus 

Bailey's pocket mouse 29.0 1 
perognathus baileyi 
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had been mixed into 3 liters of sifted earth. Each month, data from 

. seed trays were collected for 7-8 mornings and 6-7 aftenoons. The 

morning run, conducted at sunrise, followed the cessation of activity by 

kangaroo rats and pocket mice and preceded the onset of activity by 

squirrels. Afternoon checks at sunset followed cessation of squirrel 

activity and occurred before kangaroo rats and pocket mice became 

active. Thus, pocket mice and kangaroo rats had the entire night to 

forage trays, and squirrels had the entire day_ 

Running seed trays consisted of noting any footprints in the 

sifted earth, sifting the earth to recover the remaining seeds, and 

recharging the trays with seeds (every 2-3 days, or as needed, all of 

the seedtrays were remeasured for 3 liters of earth). The 

distinctiveness of footprints permitted me to identify the foragers to 

species and sometimes to the eX3ct individual (based upon toe-clips). 

In some cases tre footprints of t\VO rodent species were visible within a 

seedtray. Data from such stations were ascribed to both species and 

were not used for within or between species comparisons of data. The 

seeds recovered from a seed tray were cleaned of debris and weighed to 

determine the giving up density. 

Table 11 shm-ls the 15 months during which seedtrays were run and 

gives the dates and the number of mornings and afternoons of data 

collection. I tried to collect data on consecutive mornings and 

afternoors but occasionally rain prevented adherence to this schedule. 

Usually, less than 0.05 inches of rain was sufficient to eliminate 

footprints and make the earth unsievable. 
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Table 11. The 15 monthly sampling periods for seedtray data. -- The 

principal month of each sampling period is listed along with 

the dates over ItJhich the samples were taJ<en. Also listed are 

the numbers of mornings and evenings that seed tray data were 

collected. Recall that morning data record nocturnal 

foraging and evening data record diurnal foraging. Often the 

sampling period is longer than the number of mornings and 

evenings of data collected. During those periods data were 

lost to rain. 



Table 11. Continued 

Month Year Sampling Period Mornings Evenings 

August 1983 26 Aug.- 3 Sep. 8 7 

September 1983 9 Sep.- 18 Sep. 7 6 

October 1983 26 Oct.- 3 Nov. 7 6 

November 1983 9 Nov.- 15 Nov. 7 6 

December 1983 8 Dec.- 14 Dec. 7 6 

January 1984 20 Jan.- 27 Jan. 8 7 

February 1984 17 Feb.- 24 Feb. 8 7 

March 1984 3 Mar.- 10 Mar. a 7 

April 1984 17 Apr.- 25 Apr. 8 7 

May 1984 4 May - 11 May 8 7 

June 1984 30 May - 6 Jun. 8 7 

July 1984 2 Ju1.- 9 Jul. 6 4 

August 1984 4 Aug.- 8 Aug. 4 4 

August 1984 16 Aug.- 31 Aug. 7 5 

September 1984 10 Sep.- 21 Sep. 9 7 
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The footprints of rouno-tailed grouno squirrels ana Harris 

antelope squirrels provee oifficult to oistinguish from each other. The 

onlyoifference I could oetect between the two was tail marks. The 

antelope squirrel holds its tail up ana leaves no tail orag. The rouno

tailed squirrel always leaves a thin tail drag. The presence of a tail 

orag assures the presence of a rouno-taileo squirrel but ooes not 

excluoe the possibility of an antelope squirrel also having foragee in 

the same tray. Thus, only when there is no tail orag can one conlcuoe 

oefinitely that foraging by antelope squirrels has occurree. For 

purposes of oata collection ano analysis, squirrel forages with tail 

drags were assigned to rouno-tailed squirrels, and squirrel forages 

without tail marks were assignee to Harris' antelope squirrel. 

Predictions 

Two types of data were collected from the community of four 

granivorous rooent species; i) mark and release live-trapping, ana ii) 

foraging from seed trays. The live-trapping provioes census information 

and relative estimates of home range sizes from mean oistance between 

recaptures. The seed trays provioe measurements of giving up oensities, 

and the relative rates at which inoiviouals fino resource patches. 

These four pieces of information will be used to oistinguish the 

preoictions of three mechanisms of coexistence: i) bush/open 

microhabitat selection, ii) spatial or temporal variation in resource 

abunoances, ana iii) seasonal variation in foraging efficiencies. 
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Bush/open Microhabitat Selection 

If kangaroo rats and pocket mice coexist via a mechanism of 

habitat selection, then kangaroo rats should be more efficient foragers 

in the open habitat and pocket mice more efficient in the bush habitat. 

Kangaroo rats should have lower giving up densities in the open seed 

trays and pocket mice should have lower giving up densities in bush seed 

trays. The rate at which seed trays are discovered should reflect the 

differences in habitat selection. Relative to kangaroo rats, pocket 

mice should discover bush trays relatively more rapidly than open trays. 

This mechanism makes no predictions concerning the relative mean 

distances between recaptures, nor does it predict how the density of 

each species should change over the course of a year. 

Spatial and Temporal Variation in Resource Abundances 

This mechanism is based upon the hypothesis that body size in 

desert rodents represents a tradeoff between foraging SPHed and foraging 

efficiency. It postulates that as body size increases, harvest rate 

increases slower and travel distance increases faster than foraging 

costs. Thus. larger individuals would forage faster but less 

efficiently. Independently of season and microhabitat, this mechanism 

predicts that smaller species will have lower giving up densities. On a 

per capita basis, however, the larger species should discover seed trays 

faster than the smaller species. Also, the mean distance bet'deen 

recaptures should scale greater than increases in costs (the daily 

energy expenditure of mammals scales to the 0.75 power of body size 

[Calder 1984]). 
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With respect to temporal variation, smaller species should be at 

a competitive advantage during periods of scarce resources and larger 

species at a competitive advantage during periods of abundant resources. 

However, all species should experience population increases during 

periods of the year when there are abundant resources and population 

declines when resources are scarce. Thus, the population densities of 

the different species should fluctuate synchronously. In other words, 

the variance in total population size over the course of a year should 

be greater than the sum of the variances for each of the species 

(Chapter 1). 

Seasonal Rotation of Foraging Efficiencies 

This mechanism predicts that each species possesses a period of 

the year when it is the most efficient forager. Independently of 

microhabitat, each species should enjoy a period of the year during 

which it has the lowest giving up density. The seasonal changes in the 

identity of the most efficient forager should be reflected in 

asynchronous changes in each species population size. The variance in 

the total population size should be less thon the sum of the variances 

for each of the coexisting species. This medianism makes no predictions 

concerning the relative rates at which seed trays are discovered or the 

mean distances between recaptures. 

Results 

The results of this study are based upon 10,000 foraging records 

and approximately 9,000 trap days and nights. Collecting these data had 

to be combined with the sport of jogging. (To complete a round of data 
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collection literally required running the grids.) A total exceeding 700 

kilometers was traversed and over 60 metric tons of dirt were sifted. 

Live-trapping 

The results of the rodent censuses are given, by species, as the 

total number of different individuals captured during the particular 

bimonthly census (Figure 17 gives data for 1983-84). The densi ty of 

kangaroo rats fluctuates seasonally from a high in March to a low in 

July and September. There is approximately a four-fold difference 

between the annual high and low densities. Pocket mice and round-tailed 

ground squirrels are even more seasonal. Pocket mice reach peak 

densities in September and remain dormant from November through March. 

The round-tailed ground squirrels reach peak densities in May and are 

dormant from September through February. While inactive, pocket mice 

feed on stored seeds and round-tailed squirrels live on body fat, 

although the latter may exhibit periods of activity on warmer winter 

days. Although antelope squirrels are active throughout the year, their 

population peaks during the summer and declines over winter. 

Of the remaining 9 rodent species only white-throated woodrats 

(Neotoma albigula) were permanent residents. However, neither wood rats 

nor any of these species contributed significantly to the seed tray 

data. Of the approximately 10,000 seed-tray foraging records, 

Peromyscus/Onychomys, Sigmodon arizonaev Neotoma albigula, and Mus 

musculus were each credited with one. In addition, based on footprints 

and no foraging, woodrats rejected the opportunity to forage on 12 

occasions. Only four species (pocket mice, kangaroo rats, and round-



Fig. 17. Population sizes of (a) Dipoaomys merriami, (b) Perognathus 

amp1us, (c) Spermophi1us tereticaudus, and (d) 

Arm\ospennophilus harrisii. -- Size is given as the total 

number of individuals captured during a particular bimonthly 

census (beginning January 1983 and ending November 1984). 

Population size of D. merriami peaks in March, P. amplus in 

September, and S. tereticaudus in May and June. 
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tailed and antelope squirrels) \olill be considered in the following 

analyses. 
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Table 12 shows the mean, the variance, the coefficient of 

variation, and the variance per individual (variance/density) of the 

annual censuses (1983-84). The data include the densities of each of 

the four species and their combined total density. The temporal 

variance in total population density, 711.2, is substantially less then 

the sum of the variances of each species' densi ty, 1200.3. 

Schluter (1984) has proposed a statistic for comparing the 

variance of total population size with the sum of the variance for each 

species. This ratio is multiplied by the number of samples, N (in this 

case 12), to yield a statistic whose distribution approximates a chi 

square with N degrees of freedom. A positive covariance is indicated if 

the statistic lies beyond the appropriate confidence interval in the 

right hand tail of the chi square distribution; to test for a negative 

covariance compare the statistic to the appropriate confidence interval 

in the left hand tail. Using this test, there is not significant 

negative covariation between the densities of the four species (X2 = 

7.11, P < .1, 12 d.f.; considering the left hand tail of the 

distribution). 

The way in which the nocturnal and diurnal rodents were censused 

introduces a bias. On the one hand, trapping data was collected for two 

mornings but only one afternoon. This decreases the opportunity of 

capturing diurnal rodents relative to nocturnal rodents. On the other 

hand, a number of diurnal rodents were captured during morning censuses 

while no nocturnal rodents were ever caught during afternoon censuses. 
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Table 12. The mean and variance of the number of individuals captured 

during the twelve bimonthly censuses. -- The data are 

presented for the four resident granivorous species. The 

total population represents the combined populations of these 

four species only. While the variance for the total 

population is less than the sum of the variances for the four 

species, the difference is not significant; X2 7.11, P < 

.01, 12 d.f. (considering the left tail only). 

species Mean density Variance Coeffecient Variance 
of variation Density 

Arizona pocket mouse 18.5 311.5 95.4 16.8 
(Po amElus) 

Merriam's ](angaroo rat 45.0 598.2 54.4 13.3 
(D. merriami) 

Round-tailed squirrel 16.7 264.6 97.4 15.8 
(S. tereticaudus) 

Harris's antelope squirrel 6.9 26.0 73.9 3.8 
(A. harrisii) 

Total Population 87.1 711.2 30.6 8.2 
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Furthermore, during warm days, the tr;;lps were run two or three times 

during the day. This afforded the opportunity for multiple captures at 

a station during a single day. While it is impossible to adjust the 

data to remove these biases, I did calculate the variances and the 

coefficients of variation using the data from a single morning and 

afternoon of trapping. The results are similar to those in Table 12. 

Table 13 gives the mean distances between recaptures within a 

bimonthly census period. The data are for consGcutive captures. For 

nocturnal rodents, this means captures on consecutive mornings. For 

diurnal rodents it includes captures that may be for consecutive 

mornings, consecutive morning and afternoon, consecutive afternoon and 

morning, or consecutive captures on the same day. Data have been lumped 

for all 12 census periods since no significant effect of season on mean 

recapture distances was detectable. The mean distances between 

recaptures have been divided into three categories: 1) recaptures at the 

same station, 0 meters; 2) recaptures at a~ adjacent station, 25 - 35 

meters; and 3) recaptures at a station beyond an adjacent station, > 35 

meters. In terms of mean distances: Harris's antelope squirrel> 

kangaroo rat > round-tailed squirrel > pocket mouse. Using G-tests of 

heterogeneity the difference between pocket mice and round-tailed 

squirrels is not significant (Gh = 2.74, P > 0.1, 2 d.f.). The 

difference between round-tailed squirrels and kangaroo rats is almost 

significant (Gh = 5.42, P = 0.05, 2 d.f.). Harris antelope squirrels 

have significantly greater distances between recaptures than kangaroo 

r at s (Gh = 1 6.7 5, P < 0.001, 2 d • f .) • 
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Table 13. The mean distances betvleen recaptures (in meters). -- Data 

are from consecutive captures within a bimonthly census 

peroc1. There are three categories of recapture distance: 1) 

recaptured at same station, 0 meters; 2) recaptured at an 

adjacent station, 25-35 meters; 3) recaptured farther than an 

adjacent station, > 35 meters. For each species the number 

of recaptures within that category are given. 

Species Sample Mean (1) (2) (3) 
Size Distance 

Arizona pocket mouse 37 16.3 18 13 6 
(P. amplus) 

Round-tailed squirrel 23 21.3 8 13 2 
(S. tereticaudus) 

Merriam's kangaroo rat 181 30.0 53 75 53 
(D. rnerriami) 

Harris's antelope squirrel 18 141.1 1 3 14 
(A. harrisii) 
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Seed Trays 

The seed tray data provide t~ree types of information. The 

first is the ability of the different rodent species to discover unknown 

seedtrays, the second is the giving up density of species in a seed 

tray, and the third is the rejection of a seed tray by a forager. In 

this chapter I will be concerned with the first two only. 

Following the discovery of a seed tray, foragers invariably 

returned on the following days or nights. This learning by the rodents 

seemed to carryover from month to month. In August 1983, on the first 

morning and afternoon of sampling, a large fraction of trays went 

unforaged and undiscovered. During the following monthly sampling 

periods, despite the rearrangement of trays each month, a much smaller 

fraction of seed trays went undiscovered the first morning or afternoon. 

Following a long hiatus in sampling, trays were set out in April 1985 

and August 1985 (Valone and Brown ms). During these two months the 

animals did not behave as though they were preconditioned, i.e. a large 

fraction of trays which would later be foraged went undiscovered the 

first morning or afternoon. 

I will use August 1983, April 1985, and August 1985 as months 

with naive (not preconditioned from previous months) animals. Table 14 

gives the number of trays discovered by species, during months with 

naive animals, on the first day or night. The data are also given as 

the number of trays discovered per individual censused on the two grids. 

For August 1983, census data was used to estimate populations sizes. 

For April 1985 and August 1985, I used the average from the April and 

August censuses of 1983 and 1984. using the ratio between trays 
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Table 14. The per capita rate of discovery of seed trays by the 

different species. -- The round-tailed ground squirrel and 

Harris's antelope ground squirrel have been combined under 

the title of "squirrel". The data are for the August 1983, 

April 1985, and August 1985. These three months follow 

extended periods without seed trays (at least four months). 

The table includes the number of trays discovered the first 

day or morning by each species, the estimated number of 

individuals of each species on the two grids, and the per 

capita rate of discovery. August 1983 uses census data from 

that month (divided by two to estimate the number on just two 

of the four grids), population sizes for April and August 

1985 were estimated by taking the mean of the censuses for 

those months in 1983-1984. Squirrels have the highest per 

capita rate of discovery followed by Merriam's kangaroo rat 

and 1as,t1y by the Ar izona pocket mouse (X 2 = 6, P < .05, 2 

d.f., Friedman's randomi zed blocks). 



Table 14. Continued 

AUGUST 1983 

species 

Arizona pocket mouse 

Merriam's kangaroo rat 

Squirrel 

APRIL 1985 

Species 

Arizona pocket mouse 

Merriam's kangaroo rat 

Squirrel 

AUGUST 1985 

Species 

Arizona pocket mouse 

Merriam's kangaroo rat 

squirrel 

Seed Trays 
Discovered 

1 

3 

24 

Seed Trays 
Discovered 

0 

19 

15 

Seed Trays 
Discovered 

5 

7 

32 

population 
Size 

27.5 

8 

15 

population 
Size 

9.25 

34.5 

17.25 

population 
Size 

22.25 

8 

17.25 

Per Capita 
Discovery 

0.036 

0.375 

1.600 

Per Capita 
Discovery 

0.000 

0.551 

0.870 

Per Capita 
Discovery 

0.225 

0.875 

1.855 
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discovered and number of individuals as an estimate of the number of 

trays discovered per individual is biased since it does not include 

those trays \'lhich may have been discovered by two individuals of the 

same species. The greater the proportion of seed trays discovered the 

greater will be the tendency to underestimate the actual value. 

Nevertheless, it appears that the relative ranking of per capita rates 

of seed tray discovery is s~lirre1s > kangaroo rats > pocket mice (X2 = 

6.0, P < 0.05, 2 d.f.; Friedman's randomized blocks). Although census 

data is not available, during April 1985 kangaroo rats should have been 

more abundant than squirrels and during September, pocket mice should 

have been most abundant followed by squirrels and kangaroo rats (see 

census data, Figure 17). 

Another estimate of the rate of discovery of seed trays is 

afforded by data from nocturnal rodents when both pocket mice and 

kangaroo rats are present. Table 15 gives the proportion of pocket mice 

foraging records to total foraging over the course of a given month. 

The months used include August 83, September 83, July 84, August 84, 

September 84, and August 85. Since data are the number of trays 

foraged, if both pocket mice and kangaroo rats footprints were found 

together in a tray then each species was credited with half of a tray 

foraged. Notice that pocket mice over the course of a sampling period 

increased their proportion of total trays foraged (Spearman rank 

correlation: r s = 0.67, 0.93, 0.8, 1.0, 0.36, 0.72 for each month 

respectively; the probability of six positve correlations is p < 0.05). 

These data confirm the impression that kangaroo rats discover trays at a 

faster rate than do pocket mice. 
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Table 15. The number of trays foraged by Merriam's kangaroo rat and 

Arizona poeJ-;:et mouse on each night of a sampling period. -

Also included for each month is the proportion of all trays 

foraged by pocket mice. For each of the six months the 

fraction of trays foraged by pocket mice increases (rs = 

0.67, 0.93, 0.8, 1.0, 0.36, 0.72; the probabili ty of getting 

six positive Spearman rank correlations is p < 0.05). 



Table 15. Continued 

Species Consecutive days of sampling period 
1 2 3 4 5 6 7 8 

August 1983 
Arizona Pocket Mouse 1 3 9 11 13 9 22 28 

Merriam's Kangaroo Rat 3 6 10 14 210 210 23 23 

proportion .25 .33 .47 .44 .39 .31 .49 .55 

September 1983 
Arizona Pocket Mouse 210 25 30 23 32 41 410 

Merriam' Kangaroo Rat 26 26 22 22 18 18 18 

proportion .43 .49 .58 .51 .64 .69 .69 

July 1984 
Arizona Pocket Mouse 18 15 19 28 26 

Merriam' Kangaroo Rat 40 36 33 29 32 

Proportion .31 .29 .37 .49 .45 

August 1984 
Arizona Pocket Mouse 18 32.5 34.5 42 

Merriam's Kangaroo Rat 29 23.5 24.5 16 

proportion .38 .58 .59 .72 

August 1984 
Arizona Pocket Mouse 310 25.5 410.5 33 31 35 26.5 

Merriam's Kangaroo Rat 24 24.5 17.5 23 22 22 19.5 

Proportion .56 .51 .710 .59 .58 .61 .58 

September 1985 
Arizona Pocket Mouse 5 6 5 6 9 14.5 12 16 

Merriam's Kamgaroo Rat 7 7 10 14 14.5 12.5 110 110 

proportion .42 .46 .33 .30 .410 .54 .55 .62 
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The second, and most important, information from seed trays is 

the giving up densities of foragers. The giving up densities of 

kangaroo rats, pocket mice and squirrels are shown together as a monthly 

graph (Figure 18). Figure l8a shows giving up densities in the bush 

habitat and Figure 18b shows giving up densities in the open habitat. 

These data include only foraging from seed trays in which the footprints 

of only one species were detectable. 

Table 16, on a monthly basis and by species, shows which habita 

had the lower giving up density. Entries in the table indicate whether 

bush, open or neither had the significantly lower giving up density. 

The results were analyzed with a paired sign test comparing trays at a 

station. The data used to make Table 16 are shown in Table 17. Data 

are given by species as the number of stations where the bush or open 

tray had the lower giving up density. Only stations where the 

footprints of one species were detectable were used for the analyses in 

Tables 16 and 17. 

Notice that round-tailed ground squirrels and antelope squirrels 

have been lumped. There was never any significant differences between 

the giving up densities of the two squirrel species during any of the 

months or within the open and bush habitat. Also during the months of 

December and January there was almost no foraging by round-tailed 

squirrels and during the months of May-July there was little foraging by 

Harris' antelope squirrel. 

Throughout the year, squirrels always had lower giving up 

densities in the bush habitat. Pocket mice either had no difference or 

had a lower bush giving up density. Kangaroo rats .switched their lower 



Fig. 18. Giving up densities by species, month, and microho.bitat. -

The average remaining weight of seeds in seedtrays (giving up 

densi ty) following foraging by D. merriami (dashed line), P. 

amplus (solid li ne), and A. harrisH/S. tereticaudus (dotted 

line). The upper and lower graphs depict the bush and open 

microhabitats respectively. The monthly points begin with 

August 1983 and end with July 1984. 
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Table 16. The habitat preference of each species by month. -- The rows 

are the species and the columns are the months 

(abbreviations). A liB", "0", or "N" indicates that the bush, 

open, or neither habitat had the significantly lower giving 

up clensi ty (p < 0.05). A "_" indicates that the species was 

not present. 

Species 

P. arnplus 

D. merriami 

Squirrel 

Months 

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

N 

o 

B 

B 

o 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

N 

B 

B 

B 

B 

B 

N 

N 

B 

B 

o 

B 
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Table 17. The seasonal habitat preferences of each species. -- The d~ta 

are for stations where a single species was responsible for 

the bush and open forage. The table shows the· number of 

times the bush or open tray had the lower giving up density. 

Round-tailed ground squirrels and Harris's antelope squirrel 

have been combined under the title of "squirrelll
• 

Month Kangaroo rat Squirrel Pocket mouse 
Bush Open Bush Open Bush Open 

August 12 56 124 30 27 19 

September 14 52 119 19 51 35 

October 98 59 80 1 12 3 

November 132 65 82 1 

December 179 31 123 3 

January 223 5 151 8 

February 235 3 191 5 

March 201 15 172 3 

April 155 33 121 19 5 5 

May 99 63 150 38 25 10 

June 73 61 156 50 33 20 

July 12 58 90 30 28 7 
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giving up density on a se:~sonal basis. Kangaroo rats had a lower giving 

up density in the open during the summer and a 10\<ler giving up density 

in the bush habitat during the \<1inter. 

Figure 19 is a summary which permits comparisons of giving up 

densities by species, microhabitat, and season. The axes are giving up 

densities in the bush versus open habitat. Each species is represented 

by a line whose intercepts approximate the giving up densities in the 

bush and open. A line of slope negative one indicates no significant 

difference in giving up density between the microhabitats, a steeper 

line (more negative than negative one) indicates that the bush giving up 

density is lower, a shallower (less negative than negative one) 

indicates that the open giving up density is lower. If on an axis the 

intercepts of two lines coincide, then there is no significant 

difference between the two species in their giving up densities in that 

habitat. If the intercepts of two lines do not coincide on an axis, 

then the species with the lowe~ intercept has a significantly lower 

giving up density in that microhabitat. 

To test for differences between species in habitat specific 

giving up densities I used t-tests. During certain months, however, 

there was a significant affect of day on the giving up density of 

particular species. This encouraged the use of a two-way ANOVA to factor 

out the effect of day. The ANOVA was not always appropriate since in 

some cases of variances were not homogeneous. To minimize the effects 

of these problems on species comparisons, I performed t-tests and 

ANOVA's on all comparisons. The two tests always gave the same result. 



Fig. 19. Summary of the seed tray data. -- A summary of the foraging 

data that permits comparisons of giving up densities on a 

species, microhabitat, and seasonal basis. Species are 

represented by the lines: ~merriami is the dashed line, P. 

amplus is the solid line, and ~ harrisii/S. tereticaudus is 

the dotted line. Axes represent giving up densities in the 

bush and open microhabitats. A slope of negative o~e 

indicates no significant difference in giving up densities 

between microhabitats. A shallower slope indicates that the 

open had the significantly lower giving up density and a 

steeper slope indicates that the bush was foraged 

significantly lower. If the intercept of one species lies 

below that of another than it had the significantly lower 

giving up density in that microhabitat. 
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Discussion 

The results permit insights into three mechanisms of 

coexistence: i) bush/open microhabitat selection, ii) seasonal variation 

of foraging efficiency, and iii) spatial or temporal variation in 

resource abundance. 

Bush/open Microhabitat Selection 

Bush/open microhabitat selection could promote coexistence if 

each species is the most efficient forager in a different microhabitat. 

In this study, however, I only examined two habitats, the bush and the 

open. (These may be the endpoints of a continuum of habitat types.). 

Thus, only two species at a time can satisfy the conditions for 

coexsitence. It is possible, though, to test the prediction that 

kangaroo rats are more efficient foragers than pocket mice in the open 

and pocket mice are more efficient than kangaroo rats in the bush 

habi tat. Of course, even with two habitats the squirrels can combine 

with either pocket mice or kangaroo rats and exhibit bush/open 

microhabitat selection. 

During the year there was only one month, July, in which there 

is a pair of species where one is more efficient in the open while the 

other is more efficient in the bush habitat (Figure 19). During July, 

kangaroo rats have a lower giving up density than pocket mice in the 

open while pocket mice have the lower one in the bush habitat. During 

July, however, squirrels are the most efficient foragers in both 

habitats. If the conditions pertaining to July were fixed, squirrels 

should exclude both kangaroo rats and pocket mice from the community. 
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Although the data presented here suggest that microhabitat 

selection is not important in promoting coexistence, it does not 

preclude its importance under different circumstances or in other 

communities. Brown and Wirtz (1986) have shown that the foraging 

efficiency of Merriam's }~angaroo rats decreases while that of the 

Arizona pocket mouse remains LIDchanged when tangles of branches and 

leaves obstruct the surface of seed trays. Dense tangles of shrubbery 

may represent a third important habitat which was not considered in this 

study (Rosenzweig 1973). 

Although habitat selection does not contribute to diversity of 

the community studied here, it may in other more diverse desert rodent 

communities. Kotler (1984a) has evidence from such a community of 

desert granivorous rodents in the great basin desert which suggests that 

in his community kangaroo rats are more efficient in the open while 

pocket mice and deer mice are more efficient in the bush habitat. This 

poses an interesting evolutionary dilemma for the species which are 

"actors" in various "ecological plays". The same species of kangaroo 

rat, Dipodomys merriami, may in one community play the role of a mean or 

variance specialist by virtue of its body size, while in another 

community it may represent an open habitat specialist by virtue of its 

morphology. To what extent then is the kangaroo rat the ideal 

morphology for each community and to what extent does its morphology and 

body size represent a compromise between the conflicting demands of 

different community structures? 

Is it possible even that a pair of species coexist by different 

mechanisms in different communities? It may be that behavioral 
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flexibility is what molds the species to each specific circumstance. 

Based on the foraging data collected here and similar data collected in 

a semi-natural enclosure (Brown and wirtz 1986) it appears that desert 

rodents can alter their giving up densities and habitat utilization 

patterns in response to nightly or daily changes in climate or predation 

risk. 

Seasonal Variation of Foraging Efficieny 

Coexistence, as a result of habitat selection in time is 

possible if each species is the most efficient forager during a 

particular season. This mechanism is supported by the data on giving up 

densities (see Figure 19). During the months of August to October 

(Figure 19a) the Arizona pocket mouse is the most efficient forager in 

both habitats (although in the open habitat, the kangaroo rat is as 

efficient as the pocket mouse). From November to April, Merrriam's 

kangaroo rat is the most efficient forager in both habitats. The pocket 

mouse and the kangaroo rat are equal and more efficient than the 

squirrels in May. Squirrels are the most efficient foragers in both 

habi tats in J'une and July. 

This mechanism also predicts that the population densities of 

the coexisting species will fluctuate asynchronously, i.e. the variance 

in total population size should be less than the sum of the variances 

for each species. The census data for 1983-84 tend toward the 

prediction (see Table 13) although the difference is not significant. 

Additional support for this hypothesis comes from the trapping data. 

Periods during which a species is the most efficient forager correspond 
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to periods during which that species is increasing in numbers. Periods 

when it is the least efficient forager correspond to periods of 

population decline. Finally, both the pocket mouse and the round-tailed 

squirrel escape periods of low foraging efficiency by becoming inactive. 

Both climate and predators may contribute to the seasonal 

variation in foraging efficiencies. Inspection of Figure 18 shows that 

the habitat specific giving up density can fluctuate from 4 to 10 fold 

for a given species over the course of the year. Relative to the 

Merriam's kangaroo rat both the Arizona pocket mouse and the round

tailed ground squirrel should find cold weather more energetically 

costly, the pocket mouse because of its small size (Calder 1984) and the 

round-tailed squirrel because of its extremely high conductance (Hudson 

1964). Thus, cold weather should decrease the foraging efficiency of 

kangaroo rats proportionately less and warm weather should increase the 

foraging efficiency of the pocket mouse and round-tailed squirrel 

proportionately more. 

Seasonal changes in predators may also account for changes in 

foraging efficiencies among the different species (see the section 

entitled 'What Accounts for the Annual Rotation in Giving Up 

Densi ties"). During the winter there \']as an increase in the amount of 

activity of diurnal raptors over the study site and a decrease in the 

observed activity of nocturnal snakes and owls. Hence, predation risk 

for squirrels is probably highest in the winter and lowest in the summer 

while the opposite is true for the nocturnal rodents. The seasonal 

variation in predators coincides with the periods during which the 

diurnal or nocturnal rodents are the most efficient foragers. 
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While this mechanism seems to be particularly successful in 

understanding the coexistence of the Arizona pocket mouse, the Merriam's 

kangaroo rat, and the round-tailed ground squirrel, it fails to account 

for the role of the antelope ground squirrel. The antelope ground 

squirrel is active throughout the winter and its body size and giving up 

density is the same as that of the round-tailed squirrel. 

Spatial and Temporal Variation in Resource Abundance 

If there is an inverse relationship between foraging speed and 

foraging efficiency then a single resource whose abundance varies 

temporally or spatially can promote coexistence. Data from husking 

rates (Rosenzweig and sterner 1970) and harvest rates (Price and Heinz 

1984) suggest that larger species are faster but smaller species are 

more efficient. with respect to the data collected here the model makes 

several predictions. First, in terms of giving up densities: squirrel> 

kangaroo rat> pocket mouse. Second, in terms of mean distance between 

recaptures: squirrel > kangaroo rat > pocket mouse. Third, in terms of 

per capita rate of finding seed trays: squirrel> kangaroo rat> pocket 

mouse. Fourth, over time the densities of the coexisting species should 

exhibit a positive covariance. 

Although the first prediction holds from August to May, it 

breaks down in June and July as the squirrels become the most efficient 

foragers. The second prediction holds for antelope squirrels but not 

for the round-tailed squirrels which have the same mean distance between 

recaptures as the kangaroo rats. The third prediction is best supported 

by the data. Even if one scales the per capita rate cf finding seed 
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trays to the 0.75 power of body mass (Calder 1984). squirrels find seed 

trays proportionat1ey faster than kangaroo rats which find seed trays 

proportionately faster than pocket m"ice (see Table 14). The fourth 

prediction is refuted by the data. The species tend to exhibit a 

negative covariance. Inspection of Table 14 shows which species 

contribute to this negative covariance and which do not. Those species 

which on a per capita basis have a greater variance (variance/density) 

than the combined population (see column four of Table 14) contribute t 

the negative covariance. The pocket mouse, kangaroo rat and round-tailed 

squirrel contibute to the negative covariance while the Harris's 

antelope squirrel does not. 

Given the poor fit between data and predictions and given the 

good fit between the data and the previous mechanism of coexistence, the 

mechanism based on variation in resource abundances seems unnecessary 

and refuted. However, the persistence of the antelope squirrel in the 

community is not explained by either habitat selection or a seasonal 

rotation in foraging efficiencies. The antelope squirrel is active 

throughout the year. During the winter it is the least efficient 

forager and when squirrels are the most efficient foragers it is out

numbered by the round-,tailed squirrel. 

The kangaroo rat and the antelope squirrel are active throughout 

the year and I can compare the biO and see whether they fit the 

predictions of the mechanism of coexistence on a resource whose 

abundance varies. The first prediction is supported, the kangaroo rat 

is the more efficient forager. The second prediction is also supported. 
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Comparison of mean distance between recaptur~s shows that the antelope 

squirrel's mean distance is over four times higher. 

The third prediction seems well supported. In terms of finding 

and utilizing seed trays the antelope squirrels were phenomenal. Recall 

that in the winter months only a small number of antelope squirrels are 

reponsible for all of the squirrel foraging bouts. In December 1984 and 

January 1984 it was possible to distinguish the toe clips of male 

antelope ground squirrel #37 and female 4f44. Figure 20 shows the 

stations with trays on the NE grid. The starred trays were stations 

with seed trays. Those visited by #37 on a daily basis are indicated 

wi th "#37". Figure 21 does the same for #44 on the SE grid. The male, 

#37, travelled a minimum of 291 and 297 meters per day to visit these 

trays in January and February respectively. The female, #44, travelled 

a minimum of 303 and 326 meters respectively. In contrast during this 

period the footprints of a single kangaroo rat were never found at more 

than two stations and rarely at more than one. 

The above data support the hypothesis that there is a tradeoff 

between i) foraging efficiency and ii) the cost of and speed of movement 

between patches. Kangaroo rats find it most profitable to forage a 

single station to a relatively low density; antelope squirrels find it 

most profitable to forage a large number of trays to a relatively high 

giving up density. This is the necessary condition for coexistence on a 

resource that varies spatially. 



Fig. 20. Diagram of the NE grid during the sampling periods of December 

1984 and January 1985. -- The numbers indicate stations that 

were foraged by Harris1s antelope squirrel 4~37. Other 

stations with seed trays are indicated by a "*". 
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Fig. 21. Diagram of the SW gric1 c1uring the sampling perioc1s of December 

1984 anc1 January 1985. -- The numbers inc1icate stations that 

were foragec1 by Harris's antelope squirrel ~f44. Other 

stations \'li th seec1 trays are indicatec1 by a "*". 
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Squirrels 

The presence of two squirrel species is explicable as the result 

of two mechanisms operating simultaneously in the community. The round

tailed squirrels depend upon the period when squirrels are the most 

efficient foragers and the antelope squirrels depend upon the spatial 

and temporal variation in resource abundances. 

The round-tailed ground squirrel is a central place forager and 

remains close to its burrow (Dunford 1977); witness the low mean 

distances between recaptures, Table 13. The average home range of an 

adul t round-tailed squirrel is 10.1 hectares (Dunford 1977). In 

contrast, the antelope squirrel is a scatter hoarder that roams over an 

extensive, poorly defined home range. The white-tailed antelope 

squirrel (A. leucurus) in the Mojave desert utilizes several often 

widely spaced burrows ( > 21010 meters apart) and travels an average of at 

least 1.4km per day (Karasov 1981). 

Following birth or the arousal from hibernation in the spring, 

individual round-tailed squirrels gain weight quickly. This is during 

the period when they are the most efficient foragers (Table 18 shows th 

mean weight of adult squirrels in the spring, Mar.-May, and in the late 

summer, Jul.-Sep.). A t-test indicates that between spring and fall the 

average weight of adult round-tailed ground squirrels increases while 

that of Harris's antelope squirrels actually declines (t = 6.310, P < 

.10101; and t = -3.37, P < .101 respectively). In captivity during the 

spring time (May 1984) four round-tailed squirrels and four antelope 

squirrels were given food ad lib (water, millet seeds and hamster 

pellets). In three weeks the average weight of the round-tailed 
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Table 18. Mean adult weight of the two squirrel species. -- The mean 

weights of adult squirrels captured in the spring (Mar-May) 

and then captured later in the summer (July-September). 

While the average weight of adult round-tailed ground 

squirrels increases from spring to fall (t = 6.313, P < .13(31) 

the average weight of Harris's antelope squirrels declines (t 

= -3.37, p<0.(iJl). Mean weight is given in grams and the 

number on parentheses is the standard deviation. 

Species spring Summer 
Sample Mean Sample Mean 

Size Weight Size weight 

Round-tailed squirrel 55 1138.7 (23.29) 69 131.9 (17.73) 

95.13 (113.12) Antelope squirrel 21 1134.1 (11.53) 55 
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squirrels increased from 106 to 189 grams; the average wieght of the 

antelope squirrels changed from 98 grams to 107 grams. The round-tailed 

squirrels tended to consume all of their food while the antelope 

squirrels would "cache" food in their Cages. Research on obesity is 

demonstrating that the propensity to "overeat" may be the result of the 

number of fat cells or chemical signals orginating from fat cells. These 

differences between the round-tailed and antelope squirrels may 

represent a tradeoff between torpor and continuous activity. 

The escape response of the two squirrel species are also quite 

different. Following release, round-tailed squirrels would generally 

run less than 5 meters to an available hole. In contrast, the antelope 

squirrels would run great distances (upwards of 30 meters) until they 

. were out of sight. One antelope squirrel captured on one grid and 

released was recaptured 300 meters away on another grid one-half hour 

later. 

The round-tailed squirrels may be more adapted to heat stress. 

On two unfortunate afternoons (July 1983, and September 1984) a number 

of squirrels died in the traps from heat stress. Although, I ran the 

traps continuously many of the traps became almost too hot to touch (one 

afternoon reached 410 ). Table 19 shows the number of round-tailed and 

antelope squirrel captures which died or survived. A greater proportion 

of antelope squirrels died than round-tailed squirrels (~ = 5.84, P < 

.02, 1 d.f.). This suggests that there may be a tradeoff between heat 

and cold tolerance in these two squirrels. 

It appears that a certain number of squirrels (round-tailed 

squirrels) can be supported by taking advantage of the period (June-
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Table 19. Trap mortality of the two species of squirrel during two 

census periods (July 1983 and September 1984). -- The table 

shows the number of captures of each species to survive and 

to die from overheating. A greater proportion of round

tailed ground squirrels survived than did Harris's antelope 

ground squirrel (Gh = 5.84, P < 0.(2). 

Species 

Round-tailed squirrel 

Antelope squirrel 

Survive 

58 

18 

Died 

6 

8 
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July) when they are the ~ost efficient foraging species. In addition, a 

number of squirrels (Harris's antelope squirrel) can be supported 

throughout the year on the spatial variation in resource abundances (see 

the section entitled "Spatial and Temporal Variation in Resource 

Abundance"). 

What Accounts for the Annual Rotation in Giving Up Densities? 

An individual should cease foraging from a resource patch when 

its harvest rate, H, equals the metabolic costs of foraging, C, plus the 

cost of predation, P, plus its missed opportunity costs, MOC (Chapter 

4). The giving up density of a forager satisfies: 

H=C+P+MOC 

The foraging behavior of an individual should be influenced by 

both the harvest rate and the risk of predation. Studies with fish 

(Milinski and Heller 1978, Werner et ale 1983), Notonecta (Sih 1980, 

1982), plankton (Ohman et ale 1983), moose (Edwards 1983), birds (Lima 

et a1. 1985), and desert rodents (Kotler 1984a, 1984b, Brown and Wirtz 

1986) suggest that foragers do incorporate predation risk and harvest 

rates into foraging decisions. In reponse to moonlight or artificial 

illumination, desert rodents reduce their activity (Lockard and Owings 

1974, Kotler 1984a), and shift their behavior to\vards the bush habitat 

(Kotler 1984a, Price et al. 1985, Brown and Wirtz 1986). 

In the present study, at each station there was a seedtray in 

the bush and open habitat. All trays regardless of habitat contained 

the same foraging substrate and the same initial density of seeds. The 
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forager should have the same harvest rate at each tray of a station, and 

since the trays of a pair were at most 4 mete=s apart, the forager 

should have the same missed opportunity costs at each tray. Any 

differences in the giving up density of the forager between the open and 

bush trays can therefore be attributed to differences in the habitat 

specific costs of predation and/or metabolic costs of foraging. Here, I 

will argue that giving up densities and habitat preferences were 

influenced by predators. 

Metabolic costs 

The two squirrel species always had a lower giving up density in 

the bush habitat. Hot summer temperatures should raise the metabolic 

costs of foraging in the open. But, even during the hottest months (July 

and August) round-tailed ground squirrels upon arising at sunrise 

actually bask in the sunlight rather than avoiding it. During July it 

is not until after 9AM that the squirrels appear to avoid direct 

sunlight. By this time, on the study site, they had usually completed 

their foraging in the seed trays for the day. During the winter, 

however, when the squirrels show their greatest preference for the bush 

habitat it is not clear how metabolic costs should differ between open 

and bush. The presence of wind may raise costs in the open while the 

presence of sunshine may lower costs in the open. So, metabolic costs 

does not explain completely the pattern of habitat use and giving up 

densities exhibited by the squirrels. 

At night, habitat specific differences in the metabolic costs of 

foraging should be the result of differential radiation of heat. Under 
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shrub canopies foragers should radiate less heat. This is particularly 

true on cloudless nights. However, for a well insulated nocturnal 

rodent this difference should not be great and probably does not explain 

the large differences in the giving up densities between the bush and 

open. In addition, Lemen anG Rosenzweig (1978) found that Perognathus 

flavus preferred open areas near grass clumps to open areas far from 

grass; this preference cannot be explained by differential heat 

radiation. Finally, during the summer, differential rates of heat 

radiation cannot explain the lower giving up densities of kangaroo rats 

in the open habitat. For the pocket mouse and the kangaroo rat, 

metabolic costs do not explain fully the differences in the giving up 

densities between the bush and open habitats. 

At my study site, why does the pocket mouse and not the kangaroo 

rat become inactive during the winter? During the summer the pocket 

mice are either more or at least as efficient as the kangaroo rats. Why 

should not this continue into the winter? Changes in metabolic costs in 

reponse to terrlperature is probably the explanation. The resting 

metabolic rates of the Arizona pocket mouse and Merriam1s kangaroo rat 

as a function of temperature are (Chew and Chew 1970): 

E = 10.73 r 0.26T 

Er = 5.32 - 0.l34T 

(Arizona pocket mouse) 

(Merriarn1s kangaroo rat) 

where T is temperature and ~ is in units of rul 02g-lhr-l • As 

temperatures cool during the winter the resting metabolic rate if pocket 

mice increases twice as fast as that of kangaroo rats. In addition the 

Arizona pocket mouse has a higher lower critical temperature than the 



Merriam's kangaroo rat, 34.10 and 29.00 respectively (Chew and Chew 

1970). 

Predation risk 
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During the study, I recorded all observations of predators on or 

over the 16 hectares enclosed by the four grids. Table 20 lists the 

species of predators sighted and the number of sightings. 'rhe 15 

species of predators include 3 species of owls, 5 species of diurnal 

raptors, 4 species of snakes, and 3 species of mammals. The presence 

and activity of different predator species was highly seasonal. Table 

21 shows the number of sightings on a monthly basis (August 1983 - July 

1984) of the five most commonly seen predators. 

Because they are dirunal, the marsh hawk and the red-tailed hawk 

probably constitute the greatest predation threat to the squirrels. 

Becasue they locate prey by sight and cannot attack prey effectively 

under shrub canopies, they should exert the greatest predation risk in 

the open habi tat. The winter should be the time of greatest risk of 

predation because there is an influx of migratory raptors into Arizona 

then. The number of sightings of the two hawk species peaks is non

random wi th respect to month (X2 = 23.2, P < 0.02, 11 d.f.) and has a 

distinct peak in Dec.-Mar. Thus, the cost of predation should be 

highest during the winter and highest in the open habitat. For 

squirrels, the giving up density in the bush habitat rises slightly 

during the winter. However, it rises rises more dramatically in the 

open habitat. Notice that in May and June, when squirrels are the most 

efficient foragers, the number of sightings of diurnal raptors is 
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Table 20. The list of predators seen on the study site during the 

period from August 1983 to July 1984. -- The table gives the 

total number of sightings over the 12 month period. 



Table 20. Continued 

Species Number of sightings 

Burrowing OWl 
(Speotyto cunicularia) 

Red-tailed Hawk 
(Buteo jamaicensis) 

Marsh Hawk 
(Circus cyaneus) 

Western Diamond-backed Rattlesnake 
(Crotalus atrox) 

Mojave Rattlesnake 
(Crotalus scutellatus) 

Coyote 
(Canis latrans) 

Cooper's Hawk 
(Accipiter cooperii) 

Long-nosed Snake 
(Rhinocheilus lecontei) 

Kit fox 
(Vulpes macrotis) 

Praire Falcon 
(Falco mexicanus) 

Swainson's Hawk 
(Buteo swainsoni) 

Badger 
(Taxidea taxus) 

Gopher snake 
(Pituophis melanoleucus) 

Barn Owl 
(Tyto alba) 

Great-horned Owl 
(Bubo virginianus) 

224 

49 

20 

11 

10 

5 

4 

3 

3 

2 

2 

1 

1 

1 

1 
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Table 21. The five most abundant predators on a monthly basis. -- The 

Month 

August 

September 

October 

November 

December 

January 

February 

March 

April 

May 

June 

July 

table gives the number of sighting3 each month. The 

distribution of diurnal raptor sightings is non-random with 

respect to month (X2 = 23.2, P < .02, 11 d.f.). The 

distribution of snakes is non-randOlll with respect to season: 

DeC.-Feb., Mar.-May, Jun.-Jul., Aug.-Sep. (X 2 = 41. 7, P < 

0.001, 3 d.f.) 

Burrowing Red-Tailed Marsh western Mojave 
Owl Hawk Hawk Rattlesnake Rattlesnake 

18 3 0 1 3 

8 2 0 4 5 

19 3 1 1 0 

20 1 3 1 0 

10 4 4 0 0 

17 5 4 0 0 

9 6 2 0 0 

4 8 2 0 (3 

17 9 4 (:} (:} 

23 6 (3 (3 (:} 

37 0 (3 1 (3 

36 2 (3 3 2 
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lowest. The increased activity of dirunal raptors during the winter may 

encourage the period of inactivity by round-tailed squirrels. 

Predators may explain the habitat preferences of pocket mice and 

kangaroo rats and explain part of the seasonal rotation in foraging 

efficiencies. Of particular interest is the lower giving up densities 

of kangaroo rats in the open habitat during the summer. It has been 

well documented that relative to pocket mice, kangaroo rats utilize the 

open habitat more (Rosenzweig 1973, Brown and Lieberman 1973, Price 

1978a, Kotler 1984a). The results of the present study sugggest a more 

precise relationship. All else being equal, kangaroo rats during the 

summer perceive a greater predation risk in the bush habitat, and during 

the winter they perceive a greater risk of predation in the open 

habitat. 

By far the most abundant and most regular predators on the study 

site were burrowing owls. Usually two pairs of owls maintained their 

numerous burrows wi thin the boundaries of the study site. Casual 

inspection of their pellets (I examined 68 pellets found at burrow 

entrances) indicated that most of their diet was insects. The principal 

mammalian remains found in their pellets were pocket mice (one pellet 

contained the remains of kangaroo rat while 31 pellets contained the 

remains of pocket mice). presumably, kangaroo rats and squirrels are 

too large for these burrowing owls. 

Another important predator ar~ rattlesnakes. As is typical in 

southern Arizona, the rattlesnakes became more active and obvious 

following the onset of summer rains. In particular, on hot summer days 

rattlesnakes are nocturnal predators. Also, rattlesnakes differ from 
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owls in habitat use. On several occasions owls and snakes left tracks 

in the seed trays (both have distinctive tracks)~ On one occasion I 

sifted a mojave rattlesnake out of a seed tray. (The data of that tray 

were lost!) Table 22 shows the number of trays with tracks by species 

(owl or snake) and by habitat (open or bush). It appears that owls 

exert a, greater risk of predation in the open while rattlesnakes exert a 

greater risk in the bush habitat (p < 0.005, Fisher's Exact Test). 

The habitat preferences of owls and rattlesnakes should promote 

predator facilitation (Charnovet ale 1976), by influencing the foraging 

behavior of the pocket mice and kangaroo rats. Facilitation should tend 

to neutralize differences in giving up densities between the open and 

bush habitats. However, if pocket mice and kangaroo rats experience 

different relative amounts of predation risk from owls and snakes, then 

the seasonal changes in the activity of owls and snakes could explain 

seasonal patterns of giving up density and habitat preference. 

The onset of activity by rattlesnakes may encourage the kangaroo 

rats to have a higher giving up density in the bush habitat. 

Particularly if rattlesnakes, during the summer, exert in the bush 

habitat a greater risk of predation than owls exert in the open. During 

the rest of the year when rattlesnakes are not active kangaroo rats 

should have a higher giving up density in the open habitat (in response 

to predation by owls). 

Why don't pocket mice show the same pattern as kangaroo rats? 

Recall that pocket mice during the summer either shm-J no difference or 

forage the bush habitat to a lower giving up density. This suggests 

that during the summer, pocket mice perceive a different pattern of 
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Table 22. The frequency of snake and owl tracks in bush and open seed 

trays. -- The two predators differ in habitat; the owls were 

relatively more frequent in the open than snakes (p < 0.005, 

Fisher's Exact Test). 

Species 

Snakes 

OWls 

Bush Tracks 

11 

1 

Open Tracks 

1 

6 
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predation risk. Burrowing owls may provide the explanation. During the 

summer they are abundant and prey on pocket mice wi thout exerting 

pressure on kangaroo rats. Also, if rattlesnakes are sit and wait 

predators (predominantly in the bush habitat) and· if kangaroo rats 

travel greater distances during the course of a night (thus increasing 

their chances of encoutering a rattlesnake) then, on a nightly basis, 

kangaroo rats in bushes may be at greater risk of snake predation than 

pocket mice. 

To see the potential influence of predators on the seasonal 

rotation of foraging efficiencies consider the predators present during 

the three periods of the year when pocket mice, kangaroo rats, and 

squirrels are the most efficient foragers (Table 23). Notice that when 

pocket mice are the most efficient, burrowing owls are relatively scarce 

and rattlesnakes are common and diurnal raptors are not uncommon. When 

kangaroo rats are the most efficient foragers, raptors are abundant and 

snakes are scarce. When squirrels are the most efficient raptors are 

scarce, burrowing owls are most abundant, and snakes are present. 

Summary of Metabolic Costs and Predation Risk 

Climate and predators can provide an explanation for the 

seasonal rotation in foraging efficiencies that seems to promote the 

coexistence of round-tailed squirrels, kangaroo rats, and pocket mice in 

the community. The inverse correlation between the activity of diurnal 

and nocturnal raptors may guarantee that kangaroo rats are the most 

efficient foragers in the winter \."hile squirrels are the most efficient 

foragers in the late spring and early summer. The seasonal changes in 
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Table 23. sightings of predators during periods when different species 

were the most efficient foragers. -- The average number of 

monthly sightings of predators during the periods of the year 

when pocket mice (Aug.-oct.), kangaroo rats (Nov.-May), and 

squirrels (Jun.-Jul.) were the most efficient foragers. 

Species Aug.-oct. NOV.-May Jun.-Jul. 

Burrowing OWl 15.0 14.3 36.5 

Red-Tailed Hawk 2.7 5.6 1.@ 

Marsh Hawk 0.3 2.4 0.0 

western Rattlesnake 2.0 0.1 2.0 

Mojave Rattlesnake 2.7 0.0 1.0 



temperature may contribute to the presence of the pocket mice. Their 

small size make them very efficient foragers under conditions of warm 

night-time temperatures. But, the metabolic costs of foraging should 

increase more rapidly for pocket mice than for kangaroo rats as the 

temperatures cools. This encourages the pocket mouse to enter torpor 

during autumn. 

Interference Competition 
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In several communities, a tradeoff between foraging efficiency 

and the ability to interfere directly with other species provides the 

mechanism for coexistence (see Connell 1983, Schoener 1983). This 

mechanism has been proposed for desert rodents (Frye 1983, Brown and 

Munger 1985). Kotler (1984a) and Harris (1984) have shown how the 

pr.esence of larger species of heteromyids in a particular habitat shifts 

the behavior of Perognathus longimembris and Microdipodops pallidus away 

from that habitat. 'I'his is thought to be the result of interference 

competition. Frye (1983) has shown that a larger, territorial species 

of kangaroo rat, Dipodomys spe~tabilis, interferes directly with the 

foraging of a smaller species, D. merriami. 

In this study I have postulated mechanisms of coexistence that 

rely only on exploitative competition. Here I would like to suggest why 

interference competition is probably not an important component of the 

community I studied. 

There is no evidence that diurnal rodents actively hunt down 

nocturnal rodents in their burrows or vice-versa. Hence, if there is 



interference competition, it must be bet\veen the two nocturnal 

heteromyids or between the two diurnal squirrels. 
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Round-tailed squirrels are central place foragers and actively 

defend the area around their burrow from intraspecific intruders 

(Dunford 1977). I have no evidence on whether round-tailed squirrels 

store much food in their burrows or whether they actively chase Harris's 

antelope squirrels from their territory. Antelope ground squirrels 

appear to be scatter hoarders and do not maintain defended territories. 

In fact during the winter they may communally den together (Karasov 

1983). So, if there is a tradeoff between foraging efficiency and 

interference ability then the antelope squirrels should have the lower 

giving up densities whereas the round-tailed squirrels should occupy 

territories of above average quality or productivity. While I do not 

have data pertinent to the territory quality question, the data on 

giving up densities indicates no significant differences between the two 

squirrel species. It is much more likely that the two squirrel species 

coexist through their seasonal activity differences (see the section of 

the discussion on "Squirrels"). 

If interference competition regulates the coexistence of the 

pocket mice and the kangaroo rat, then the former should be the more 

efficient forager and the latter should be superior at interfering. 

During its season of activity the pocket mouse is the most efficient 

forager but the pattern of seed tray use argues against a major role for 

interference competition. 'fhe ini tial densi ty of the seed trays 

provides an extraordinarily rich patch, certainly a patch worth 

defending. Kangaroo rats over the course of a week's sampling should 



209 

come to dominate the trays. In fact, the opposite occurs (see Table 

15). In all six sampling periods with an appreciable number of pocket 

mice and J~angaroo rats, the pocket mice" take a greater and greater share 

of the seed trays as the period progresses. This result confirms that 

pocket mice are more efficient foragers but slower to discover new 

patches. 

Another possibility is that the seed trays are too rich and 

productive to defend successfully, i.e. the pressure from pocket mice 

who wish to harvest the trays overwhelms the defenses of the kangaroo 

rat. This is unlikely. While the seed tray is a rich patch it is also 

very compact. If a Merriam's kangaroo rat can defend much of its home 

range from pocket mice, it can certainly defend the area around the seed 

tray which is 3-4 orders of magnitude smaller than its home range. 

The absolute density of rodents on the study site provides the 

final argument against interference competition. Each grid encloses an 

area of 2.25 hectares (this is not including the boundary area beyond 

the grids). Thus tile number of individuals captured (Figure 17) is 

drawn from an area of at least 10 hectares. The density of rodents is 

much lower than that generally reported for desert rodents in the 

literature (but see Schroder and Geluso 1975). In September, there is 

at the very most 2 or 3 kangaroo rats per hectare. It is unlikely that 

an individual pocket mouse encounters many kangaroo rats during its 

nightly activity. It is even less likely that an individual kangaroo 

rat can protect a foraging area from all of the I~cket mice. 

Interference works when there are central place foragers with a cache 

that is defensible (see also Schroder 1979). 
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Evidence for Competition 

Removal experiments involving North American desert granivorous 

rodents have demonstrated an increase in the density of the remaining 

species (Munger and Brown 1981, Lemen 1983, Brown and Munger 1985). 

Courtney (1984) removed all species but the Merriam's kangaroo rat. On 

the control plot the kangaroo rats showed the typical Sonoran desert 

pattern (Petryszn 1982) of reaching peak density in March and declining 

until late summer. On the experimental plot, however, the population 

density of kangaroo rats continued to increase throughout the spring and 

surmner. 

Many surmise that competition among desert rodents is based upon 

their shared use of seed resources. Brown and Munger (1985) obtained an 

increase in the density of granivorous rodents but not insectivorous 

rodents in response to seed additions. The seed tray experiment of this 

paper permits additional insight into the degree of shared use of a 

common resource by the four species. First, the inclusion of a species 

in the study was based upon its willingness to forage regularly the seed 

trays. Second, the use of almost all see!': trays dur~'1g the night and 

during the day shows that at least for these artificial patches, 

squirrels and nocturnal rodents will forage in the same place for the 

same resources. In fact, had the trays not been replenished each 

morning and evening, use of seeds by diurnal rodents would have reduced 

those available to nocturnal rodents ard vice-versa. 

Even with no interference competition, that the use of shared 

resources by two of the species is not symmetric. Instead, the extent 

to which one species uses the resource that would have been available to 
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the other is based upon their giving up densities. When a species with 

a lower giving up density forages a tray it uses all of those resources 

that would have been valuable to the less efficient forager. However, 

the less efficient forager, by leaving at a higher giving up density, 

will not use all of the resources of a patch which are valuable to the 

more efficient forager. 

Comparison to Other No~th American Desert Rodent Communities 

In many respects the community I studied appears to be atypical. 

First, most North American desert rodent communities have a greater 

diversity than just two heteromyid species. Such low species 

diversities are typical only of the eastern Great Basin and certain 

unproductive parts of the Sonoran and Mojave deserts (Brown 1973, Larsen 

1986, Bowers 1986). This low diversity is thought to be the result of 

geographic barriers (north-south mountain ranges) that have prevented 

colonization of additional heteromyid species (Brown 1973, 1975). 

However, my study site does not lack potential colonists; within 1 

kilometer of the study site were 2 other heteromyid and 3 other cricetid 

species. 

Second, my study site appears atypical with respect to the 

importance and abundance of squirrels. Studies of granivorous desert 

rodent communities have frequently ignored squirxels either because they 

were present in small numbers or because it was felt that they were not 

granivorous (Hawbecker 1947, Chew and Chew 1970). These are probably 

misimpressions. First, ground squirrel populations in the Mojave, 

Sonoran and Great Basin Deserts can be large. Dunford (1977) reports 
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58.8 round-tailed ground squirrels per hectare at a Sonoran desert site. 

Second, while ground squirrels are omnivorous, seeds often form the 

largest portion of their diets (Bradley 1968, Bailey 1971). 

Reasearcher bias has probably played a role in down playing the 

significance of squirrels in granivore communities (for exceptions see 

Brown et ale 1979, Kenagy and Bartholomew 1985). Particularly in the 

desert there is a bias against trapping during the day. Traps overheat 

and therefore, for the sake of the animals, traps are closed during the 

day. Most encounters with squirrels are the result of individuals which 

are captured during the period following setting the traps just before 

dark. 

Tremendous interest has been generated by the diverse heteromyid 

communi ties of the deserts of North America. with good reason, 

researchers often intentionally seek study sites with the highest 

diversity or the most interesting composition of nocturnal rodents. 

Unintentionally this may select against sites with abundant squirrel 

populations. If there is competition between diurnal and nocturnal 

rodents, then there may be an inverse relationship between the diversity 

and abundances of nocturnal and diurnal granivdrous rodents. For 

example, Kotler (pers. comm.) selected a study site with a high 

diversity of nocturnal rodents but with a low abundance of a single 

squirrel species. In selecting the site, he rejected a site which had a 

less diverse nocturnal rodent community but which had abundant 

populations of two squirrel species (Ammospermophilus leucurus and 

Eutamius minimus). 
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Third, my study site appears atypical in that bush/open 

microhabitat selection is not a mechanism of coexistence among the four 

rodent species. This contrasts with the large number of studies which 

have suggested that habitat selection is important in structuring North 

American desert rodent communities (Rosenzweig and Winakur 1969, Brown 

and Lieberman 1973, Rosenzweig 1973, Schroder and Rosenzweig 1975, Price 

1978a, Wondolleck 1978, Kotler 1984a). Those communities in which 

habitat selection appears to be important all tend to be more productive 

and have greater diversities of nocturnal granivorous rodents than the 

community I investigated. Similar to my study, Thompson (1982a), in a 

community of only three granivorous rodent species found that habitat 

selection did not seem to be important. 

Unproductive or depauperate communities may be structured along 

an axis of variation in resource abundances and/or variation in foraging 

efficiencies. To permit the more productive or complex desert rodent 

communities, habitat selection may be added to the existing mechanisms. 

Larsen (1986), to test for niche shifts in desert rodents, compared a 

species' habitat utilization when it is part of a diverse community with 

its utilization when it is part of a depauperate community. In diverse 

communities the habitat use of a species tends to be more distinct and 

more selective. When the same species is in a depauperate community its 

habitat use tends to be less distinct and less selective. 

Undoubtably, two or three simple mechanisms of coexistence can 

generate complex and diverse communities. The two mechanisms of 

coexistence which operate in my community could combine with habitat 

selection to create the diverse communities of North American desert 
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rodents. This raises but (does not answer) an important question: to 

what extent are more diverse communities formed by adding additional 

mechanisms of coexistence to those mechanisms already operating in less 

diverse communities? or, to what extent are more diverse communities 

formed by the modification or replacement of mechanisms operating in 

less diverse communities? The answer to these questions will go a long 

way towards allowing a synthesis of desert rodent research, and will 

assist in uncovering principles with widespread utility. 

Summary of the Four Rodent Species 

Two mechanisms of coexistence by habitat selection explain the 

coexistence of the four rodent species: 1) seasonal variation in 

foraging efficiency, and 2) spatial and temporal variation in resource 

abundance. A number of alternative mechanisms, including diet 

separation, were not tested and these may promote coexistence in the 

community I studied. In what follows I will assume that the "two 

aforementioned mechanisms do generate the coexistence of the four 

species. Having made this assumption, I will postulate the possible 

roles each species plays in the community. 

Arizona Pocket Mouse (Perognathus amplus) 

This is the smallest of the four species. The results of 

Rosenzweig and Sterner (1970) and Price and Heinz (1984) suggest that, 

all else being equal, the smaller species should be the most efficient 

forager. However, the pocket mouse is not ahlays the most efficient. 

The pocket mouse is one of the three species that coexists through 

seasonal variation in foraging efficiency. A combination of climate and 
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predators determines its optimal foraging strategy and may explain its 

morphology. 

The pocket mouse is most efficient from August to October. This 

is a period of warm nighttime temperatures (cloud cover and high 

humidity keep temperatures elevated at night). Also during this period, 

the activity of burrowing 0\'11s (the predator that exerts risk to pocket 

mice only) is reduced. The pocket mouse's small body size, which is an 

asset during warm nights, becomes a liability over the winter. Cold 

temperatures elevate its foraging costs relatively more than the other 

species. In the spring (April to June), predators increase foraging 

costs for the pocket mouse. Burrowing owls fledge their young during 

this period (usually two young per pair) which effectively doubles their 

density. 

Why is it quadrupedal? If owls exert the greatest risk of 

predation to pocket mice, then independent of morphology the bush may be 

the safer habitat. If activity is biased towards the bush, then a 

quadrupedal morphology may assist in negotiating the tangle of branches 

(Brown and wirtz 1986). 

Merriam's Kangaroo Rat (Oipodomys merriami) 

The kangaroo rat is the pivotal species in the community. It 

participates in both mechanisms of coexistence. It coexists with the 

pocket mouse and round-tailed squirrel thtough seasonal variation in 

foraging efficiency (it is the most efficient forager from November to 

May) and it coexists with the Harris's antelope squirrel through the 

temporal and spatial variation in resource abundance. The dual role of 
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the kangaroo rat may explain its several peculiarities; it is bipedal, 

it switches habitat preference during the year, and it does not have a 

period of inactivity. 

Predators and competition from the other three species may 

explain why the pivotal species of the community is intermediate in size 

and is bipedal (given the close proximity of communities with P. baileyi 

the pivotal species could be a large pocket mouse). Its period of 

highest foraging efficiency is during the winter. Thus, the rodent 

filling this niche must be large enough to avoid the stressful effects 

of cold temperatures but small enough to maintain an efficiency edge 

over the Harris's antelope squirrel. 

Why is it bipedal? This may be in response to competition and 

predation. Having an intermediate body size may make the Merriam's 

kangaroo rat relatively more susceptible to predation by snakes than 

either the squirrels or the pocket mouse. The period when snakes are 

active also coincides with the period (June - October) when kangaroo 

rats are less efficient foragers. The bipedal locomotion may decrease 

predation risk from owls and may increase foraging efficiency in the 

open. If so, bipedal locomotion, during the crunch period from June -

October, simultaneously provides an escape from snake predation and an 

escape from the more efficient quadrupedal species. 

Round-tailed Squirrel (Spermophilus tereticaudus) 

This is the third of the trio of species that coexist through 

seasonal variation in foraging efficiency. Why is this niche filled by 

a large diurnal rodent? Seasonal variation in predation risk is 
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important in generating the rotation of foraging efficiencies. Thus, 

the third species must find a period of low predation risk that does not 

coincide with the periods of low predation risk of the other species. 

At my study site, the lack of diurnal raptors during May and June 

provides the window of opportunity for the third species. 

Once the third species is committed to being diurnal, it faces 

high temperatures in May and June. Its body size may be a compromise 

between foraging efficiency and thermoregulation. A smaller body size 

increases foraging efficiency. A larger body size increases thermal 

inertia and permits longer bouts of activity. Finally, the small home 

range, high heat tolerance, and abili ty to put on body fat are 

adaptations for exploiting a short period of favorable foraging 

conditions. 

Harris's Antelope Squirrel (Ammospermophilus harrisii) 

This species coexists with the J~angaroo rat through a mechanism 

of spatial and temporal variation in resource abundance •. Like the 

kangaroo rat it is active througout the year. While the kangaroo rat is 

the more efficient forager the larger body size of the antelope squirrel 

makes it the faster forager. 

Why is it diurnal? Unfortunately, I do not have the appropriate 

data on predators and forging opportunities to an.,".wer this question. In 

theory, oipodomys deserti is a large kangaroo rat species that could 

fill the niche of the antelope squirrel. (The range of this large 

kangaroo rat, however, does not extend east far enough.) The overall 

predation risk between night and day may encourage a diurnal species. 
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Or, being diurnal may enhance the ability of the individual to be a fast 

forager. 

Conclusions 

In the community of desert rodents investigated here, both 

temporal variation in foraging efficiencies, and a tradeoff between 

foraging speed and foraging efficiency may promote coexistence on a 

single resource whose abundance varies temporally and spatially. 

Bush/open microhabitat selection does not seem to be important in this 

communi ty. However, many desert rodent communi ties have much richer 

diversities and in these communities this form of habitat selection 

probably joins with other mechanisms to yield a rich diversity of body 

sizes and morphologies. 

The phenomenon of coexistence on a single variable resource may 

be widespread. Communities where the syrnpatric species exhibit little 

diet separation or habitat selection invite investigation. Such 

communities include Africru' grazing ungulates, aerial insectivorous 

bats, granivorous birds, and nectivorous birds and insects. 
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