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ABSTRACT 

Competition is thought to play a central role in determining 

patterns of resource use and species abundances in natural communities. 

Nevertheless, as yet we do not know the extent to which competition for 

scarce resources can determine the structure of multi-species assem

blages. Enclosure experiments were used to see if resource use by seed-

eating desert rodents changed in response to the presence of competitors. 

In addition, perturbation experiments assessed the effect of resource 

availability on species abundances. Results suggest that competition 

maintains interspecific differences in the microhabitats from which 

seeds are gathered, and that the availability of appropriate micro-

habitats determines patterns of species abundances on a local scale. 

viii 



INTRODUCTION 

What are the forces determining the structure of multi-species 

assemblages? This is a question central to community ecology, and one 

whose answer could, in the least tractable of all possible worlds, be 

different for each system examined. The hope of ecologists is that a 

relatively few factors can be built successfully into a predictive 

general theory of the number and relative abundance of species. 

Much recent theoretical treatment of community structure (Levins 

1968, MacArthur 1972, May 1973) has followed the pioneering work of 

Volterra (1928), Lotka (1925), and Gause (1934) in postulating inter

specific competition for scarce resources as a force that commonly 

limits natural populations. This assumption yields a series of predic

tions about the structure of assemblages of resource competitors. 

Because it is difficult to identify the resource(s) for which species 

compete and the manner in which they interact, competition theory—and 

the community structure predictions to which it leads—has only recently 

begun to be examined in a careful and quantitative way (e.g., Yeaton and 

Cody 1974, Pulliam 1975, Werner and Hall 1976, Titman 1976). Further 

tests of competition theory are clearly necessary before we can assess 

the extent to which competitive interactions explain patterns of species 

diversity. 

The research presented here was designed to see whether re

source use by seed-eating desert rodents fits patterns predicted by 

1 
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competition theory (Preliminary Study and Experiment 1) and whether 

variations in species abundances might be accounted for by spatial 

variations in resource availability (Experiment 2). Results 

support the notion that competition between rodents for foraging micro-

habitat in large part maintains patterns of resource use and species 

abundances in desert rodent communities. 



HETERQMYID RODENT COMMUNITIES 

The Heteromyidae comprises a New World family of kangaroo rats, 

pocket and kangaroo mice that reaches high diversity in arid regions of 

North America and Mexico, with five or more species often co-occurring 

at one locality. Heteromyids live in burrows during the day'and emerge 

at night to forage, storing individual food items in external cheek 

pouches presumably until enough volume has been gleaned to be worth 

transport to a cache. Many species rely almost exclusively on the 

seeds of desert annuals, which are produced sporadically in response to 

rains. Seeds undoubtedly limit desert rodent populations, because on a 

large geographic scale rodent densities are correlated with annual rain

fall and vegetation productivity (Brown 1975) and because local densi

ties increase dramatically following years of high seed production 

(Pearson 1975, Whitford 1976, Cockrum 1975). Competition theory would 

predict that subdivision of this limiting resource is critical to pro

longed coexistence of heteromyid species. However, it seems that direct 

subdivision of food by size or species is either rare or of minor im

portance to coexisting heteromyids, perhaps because seed densities 

fluctuate too unpredictably to allow prolonged specialization. Riechman 

(1975), Brown and Lieberman (1973), and Smigel and Rosenzweig (1974) 

found very high overlap in the seed types gathered and eaten by co-

occurring heteromyids. Although one species, Dipodomys microps, has 
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become a specialized herbivore (Kenagy 1972), this is an exceptional 

case, and most heteromyids are granivorous. 

Despite the lack of obvious seed partitioning, there remains con

siderable evidence that heteromyid assemblages are competitively struc

tured in North American deserts (Rosenzweig and Winakur 1969, Brown and 

Lieberman 1973, Rosenzweig 1973, Brown 1975, Wondolleck 1975). Brown 

(1973, 1975) noted regular spacing of body size among coexisting species 

and inferred that coexistence is allowed by subdivision of a body size 

related resource. Rosenzweig and Winakur (1969) correlated rodent 

species diversity with "complexity" of soil and vegetation in Arizona 

study sites. From this they postulated that the rodents subdivide a 

habitat resource, and that increased habitat complexity promotes rodent 

diversity by providing many habitat "niches." Hoagstrom (1976) also 

noted species-specific habitat affinities for five heteromyids in 

southern Arizona. 

Rosenzweig (1973) demonstrated that species-specific habitat 

preferences occur by noting a differential change in the abundances of 

two species in response to augmentation of two habitat types. Wondolleck 

(1975) and Brown and Lieberman (1973) also documented microhabitat dif

ferences between coexisting heteromyids. Interspecific differences in 

the place from which seeds are gathered would restilt in effective par

titioning of the soil's seed reserves, and a very plausible hypothesis 

emerging from these early studies is that coexistence of heteromyid 

rodent species is mediated at least partially through allocation of 

horizontal foraging microhabitats. Indeed, Lemen (1976; see also 
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Rosenzweig, in press) found that two coexisting species collect seeds 

from distinct microhabitats. 

Non-heteromyid rodents also compete for space (Grant 1972, 

Douglass 1976), and habitat selection appears to be a major mechanism 

allowing regional coexistence of cricetid species with similar nutri

tional requirements (Grant 1972, M'Closkey and Fieldwick 1975). It 

would not be surprising to find that heteromyids similarly subdivide a 

space resource, although the scale on which the discrimination occurs 

(if it exists) must be extremely fine, for the large-scale and often 

clear-cut habitat segregation observed among coexisting cricetids is not 

as pronounced among desert-dwelling mice. 

The research reported here was designed to study microhabitat 

use by four heteromyid species that coexist 30 miles south of Tucson, 

Arizona, in hopes of establishing clearly that interspecific differences 

in microhabitat use are being maintained (and were thus probably ini

tiated) by interspecific competitive interactions; and that microhabitat 

availability in part determines the abundances of rodent species. The 

experiments constituted a qualitative test of current theoretical propo

sitions (MacArthur 1972, May 1973) that competition and resource 

availability can determine the structure of natural communities. 



THE STUDY AREA 

The study area was situated in Lower Sonoran Desert—Desert 

Grassland transition (Lowe 1964) at 950 meters elevation. All experi

ments were conducted 30 miles south of Tucson, Arizona, on ungrazed 

portions of the Santa Rita Experimental Range, United States Department 

of Agriculture. Vegetation of the study area is complex and patchy, 

containing scattered trees (Prosopis juliflora and two Cercidium 

species), large shrubs (Celtis pallida, Acacia greggii, Ephedra trifurca), 

small shrubs (Haplopappus tenuisectus, Baccharis brachyphylla, Zinnia 

pumila), grass clumps (e.g., Aristida species, Andropogon barbinodis, 

Tricachne californica, Stipa neomexicana), and periodically abundant low 

annual plants. Surface soil also is heterogeneous in this region, as 

washes dissect the bajada, and pebbly wash banks alternate with fine 

sandy soil on small plateaus. 

Four heteromyid rodent species are abundant in the area and are 

so distributed that all of the four can be caught at a single trap 

position. -They include a kangaroo rat (Dipodomys merriami) and three 

pocket mice (Perognathus amplus, P_. penicillatus, and P_. baileyi), 

which conform qualitatively to the body size spacing pattern discussed 

by Brown (1973> 1975). See Figure 1. Several cricetid rodents (Neotoma 

albigula, three Peromyscus species, Onychomys torridus, and three 

Reithrodontomys species) and one sciurid rodent (Ammospermophilus 

6 



Dipodomys merriami 
HEAD AND BODY LENGTH = 95 mm 

TAIL LENGTH = 130 mm 
HIND FOOT LENGTH = 36.1 mm 

BODY WEIGHT = 33 o 

Perognathus baileyi 
HEAD AND BODY LENGTH 

TAIL LENGTH 
HIND FOOT LENGTH 

BODY WEIGHT 

Perognathus penicillatus 
HEAO AND BODY LENGTH 

TAIL LENGTH 
HIND FOOT LENGTH 

BODY WEIGHT 

Perognathus amplus 
HEAD AND BODY LENGTH =69 mm 

TAIL LENGTH = 73 mm 
HINO FOOT LENGTH = 19.3 mm 

BODY WEIGHT = 12 g 

10 CM 

= 92 mm 
= 109 mm 
= 26.3 mm 
= 27 g 

= 76 mm 
= 94 mm 
= 22.6 mm 
= 17 g 

Figure 1. Body size and morphology of the four heteromyid rodent 
species studied. — Body measurements are the means of 
ten specimens taken from the Santa Rita Experimental 
Range. 



harrisii) occur in the area but altogether comprised less than ten per

cent of all individuals caught. The most numerous cricetid species, 

Onychomys torridus, is locally abundant, but being primarily insectiv

orous was excluded from study because its diet is very different from 

that of the granivorous heteromyids. 



PRELIMINARY STUDY: MICROHABITAT USE IN A 
FOUR-SPECIES HETEROMYID RODENT COMMUNITY 

Because of the proposed importance of habitat selection.to 

heteromyid community structure (Brown and Lieberman 1973, Rosenzweig 

1973, Rosenzweig and Winakur 1973, Wondolleck 1975), habitat utilization 

patterns of four heteromyid rodents were quantified at the Santa Rita 

study site as baseline data for the experimental studies to follow. 

Interspecific differences in microhabitat use would suggest that di

vergence in use of this resource has been critical to the coexistence 

of these heteromyids. 

Methods 

Six qualitatively distinct microhabitats were sampled at each of 

33 stations spaced at approximate 15-meter intervals on an irregular 

grid. This was accomplished by placing one 25 x 10 x 10 cm rectangular 

metal live trap in each of six microhabitats within a circular area of 

five meter radius and then moving at least ten meters away to establish, 

in a similar manner, the next six-trap station. Microhabitat categories 

were chosen to sample the full range of structural vegetation features 

that might be distinguished by a mouse while foraging for seeds on the 

ground. They were defined as follows: "large open" (a space of bare 

ground at least two meters in diameter), "small open" (a space of bare 

ground less than 0.50 meter and greater than 0.25 meter in diameter), 

9 
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"small bush" (under a shrub between 0.6 and 1.0 meter in height and one 

meter away from another shrub), "clump" (in a grass clump or patch of 

low shrubs with continuous canopy of at least one meter diameter), 

"large bush" (under a shrub at least one meter in height and two meters 

in diameter), and "tree" (under a Prosopis or Cercidium individual at 

least 1.7 meters tall). All traps were placed carefully to sample as 

consistently as possible the defined microhabitat categories (Figure 2). 

Rodent microhabitat use was sampled for 12 nights during the 

period 6 June to 30 September 1974, and for six nights during the follow

ing November, December, and January. Traps were baited with rolled oats 

at dusk, checked for captured animals at 10:00 p.m. and 6:00 a.m. the 

following morning, and then closed for the day. During the winter months 

traps were checked and closed at 10:00 p.m. to avoid torpor deaths. 

Animals were toe-clipped for individual recognition and each capture 

event was coded for species, individual, station, and microhabitat. The 

intensity with which each species used each microhabitat was measured as 

the relative number of captures, and of individuals, recorded in each 

category during a season's trapping. 

Results 

Proportional use of microhabitats was calculated for each species 

from the distribution of captures and of individuals. Chi-square homo

geneity tests show that there was no heterogeneity between microhabitat 

distributions resulting from the two measures (x <2 and p > .5 for all 

species). Because "individuals" data yield small sample sizes, only 
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microhabitat preferences reflected in capture frequencies are considered 

in the remaining analyses (Figures 3 and 4). 

During the summer season, no species was equally active in the 

six microhabitat categories (chi-square goodness-of-fit tests of ob-

2 served vs. random expected capture distributions yielded x >15 and 

p < .025 in all four cases). All seemed to have one or two preferred 

microhabitats (Figure 3). Dipodomys merriami was caught most frequently 

in large open traps and least often under trees. Perognathus amplus 

also used open spaces, but small open and small bush traps were favored 

over those placed in large open patches. Perognathus penicillatus and 

P. baileyi were most active in large bush and tree categories. 

Not only were the mice selectively active in certain microhabi

tats, but each species was most active in a unique category. The four 

summer microhabitat distributions (Figure 3) were significantly hetero-

geneous at the .005 level (homogeneity x = 14-1.86); and pairwise com

parisons of the species most similar in microhabitat use (D. merriami 

and P. amplus; P. penicillatus and P_. baileyi) show that even in these 

cases the preferred category of one species was used significantly less 

by the other. A one-tailed t-test of difference between proportions 

(Sokal and Rohlf 1969, p. 607) suggests D. merriami used large open 

spaces more than did P. amplus (t = 1.87; p = .03) and P. penicillatus 

used large bushes more than P. baileyi (t = 1.57; p = .06). 

Microhabitat use changed seasonally (Figure 4). Winter capture 

distributions of both D. merriami and P_. baileyi (the only winter-active 

2 species) were significantly different (x > 15; p < .01 in both cases) 
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Figure 3. Summer microhabitat distributions from the four-species 
assemblage. — Relative frequencies-of-capture in six micro-
habitats are given for four heteromyid species. Numbers 
above bars are the total number of captures obtained in each 
habitat category during the June-September 1974- sampling 
period. LO = large open; SO = small open; SB = small bush; 
C = clump; LB = large bush; T = tree. 
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of-capture of two species in six microhabitats are compared 
for the periods June-September 1974- (stippled bars) and 
November 1974-January 1975 (white bars). Microhabitat 
abbreviations and numbers above bars are as in Figure 3. 



from summer utilizations. Despite shifts in activity, both species 

maintained, as in the summer, separate most-used microhabitats: D. 

merriami was primarily active in small open spaces while P_. baileyi con

fined its activity to large bushes. The direction of the shift is 

interesting, for both species increased, in winter, use of a microhabi-

tat that had been usurped previously by another species: P_. amplus had 

used small open and P_. penicillatus large bushes. Such a change could 

result from seasonal shifts in food dispersion, or from the thermal ad

vantages accruing to an animal protected in winter from radiant energy 

loss to a cold sky. It also could be due to reduced interspecific 

competition from hibernating species. 

To summarize, each species maintained utilization patterns 

distinct from those of other simultaneously-active rodents, even though 

microhabitat specificity changed seasonally. These and previous data 

(Rosenzweig and Winakur 1969, Brown and Lieberman 1973, Rosenzweig 1973, 

Wondoll'eck 1975) confirm that heteromyid rodents partition structural 

space, and that habitat discrimination can be remarkably fine-tuned. 

Nevertheless, it is not immediately obvious how and why microhabitat is 

discriminated by these rodents, nor whether the degree of interspecific 

difference observed is sufficient by itself to allow their coexistence. 

If indeed joint use of foraging microhabitats is the major 

mechanism of competition, could observed interspecific differences 

theoretically allow heteromyid coexistence? MacArthur (1972) esti

mated, for three species whose resource utilizations differ only in 

their position along a one-dimensional resource continuum, that the 



maximal overlap consistent with coexistence is approximately .54 when 

overlap is measured as 

I pikpjk 
a. . = 

where p̂  is the proportional use of resource state k by species i. 

Overlap values can be calculated according to this formula from 

the microhabitat distributions given in Figure 3 and compared to this 

theoretical limit. However, overlaps calculated from a raw resource use 

matrix like the one derived from Figure 3 might be biased by unequal 

resource state ( microhabitat) distinctiveness, especially if resource 

categories were arbitrarily chosen as in this study. It is very pos

sible, for instance, that heteromyids might not distinguish small bushes 

from small open spaces. To correct for such potential biases, Colwell 

and Futuyma (1971) have derived a resource state weighting factor based 

on the relative contribution of each resource to total heterogeneity of 

species distributions with respect to resource states. A resource use 

matrix in which each resource state is multiplied by the relative 

weighting factor yields niche overlap values that are corrected for 

variation in resource distinctiveness. Overlap values in Table 1 were 

calculated from such an expanded microhabitat use matrix. Entries in 

the table can be interpreted as the amount of resource usurped by one 

species (j) at the expense of another (i), relative to species i's 

effect on itself. 
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Table 1. Microhabitat use overlap in four coexisting heteromyid 
rodents. 

Species j 

Species i Dipodomys 
merriami 

Perognathus 
amplus 

Perognathus 
penicillatus 

Perognathus 
baileyi 

Dipodomys 
merriami 1.00 .936 .504 .563 

Perognathus 
amplus .99 8 1.00 .550 .606 

Perognathus 
penicillatus .622 .637 1.00 .937 

Perognathus 
baileyi .763 .769 1.03 1.00 



Most observed overlap values exceed MacArthur's .54 estimate of 

limiting similarity, some by a considerable amount. This finding could 

mean that coexistence of heteromyids is not simply a function of their 

divergence in microhabitat use, or that the resource continuum is neither 

linear nor one-dimensional. However, these values might be underesti

mates of real interspecific differences for the following reasons: (l) 

Trapping methods do not measure foraging microhabitat precisely because 

a mouse can be captured while traveling through an inappropriate habi

tat patch to reach an appropriate one; actual foraging microhabitat 

specificities are thus probably higher than these data suggest. (2) The 

range of categories defined for this study is unlikely to coincide with 

all those discriminated by the rodents. For example, D. merriami 

probably utilizes open spaces larger than those sampled, and therefore 

its high overlap with P_. amplus (.998 and .936) may be an artifact of 

sampling only one portion of the microhabitat states actually used by 

D. merriairri . In addition, surface soil texture, one aspect of micro

habitat discriminated by the rodents, was not sampled quantitatively. 

Between-station variation in P_. baileyi density was correlated most 

highly with the-abundance of large bushes (r = .56 in summer and .43 in 

winter), and secondarily with pebbly surface soil (r = .30 in summer 

and .32 in winter). See Appendix A. High overlap values between P_. 

baileyi and the other three species may be due largely to this un-

sampled aspect of microhabitat. 

Another possibility is that the microhabitat categories studied 

are not being subdivided actively by the rodents, but instead are 
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imperfectly correlated with the real resource being partitioned. Since 

the degree of activity measured by trapping in a microhabitat is direct

ly related to the amount of foraging effort a heteromyid expends in that 

microhabitat (Price, in press), space partitioning may represent di

vergent specialization for foraging on particular densities and disper

sions of seed resources. Seeds are not randomly scattered in desert 

soils (Goodall and Morgan 1974). On the contrary, their dispersal by 

wind and by water result in patterns of density and clumping that coin

cide with local variations in soil surface microtopography and structural 

features of vegetation (Reichman 1976). It may well be that patterns in 

morphological divergence between coexisting heteromyids (Brown 1973, 

1975) parallel observed divergence in microhabitat use; the energetics 

of foraging may dictate that one particular body size and morphology is 

maximally efficient for a given seed array. 



EXPERIMENT ONE: DYNAMICS OF MICROHABITAT USE IN 
RESPONSE TO CHANGING COMPETITOR DENSITY 

Resource partitioning is often taken as evidence that competi

tion in the past has caused evolutionary divergence between species in 

the use of limiting resources, and that competition presently maintains 

the niche separations. Certainly such phenomena are predicted by and 

therefore are consistent with competition theory, but alternate explana

tions could account for these patterns. By themselves, patterns do not 

identify mechanisms of their production and maintenance. 

It is reasonable to expect that no species will exploit only 

one small portion of available food or habitat resources unless some 

force prevents niche expansion. This follows from predictions of opti

mal diet and optimal habitat use theories (MacArthur and Pianka 1966, 

Schoener 1971, Pulliam 1974) that an animal should take a more diverse 

array of food items or forage in a diverse array of patch types when the 

density of the best food type is low or the amount of food in the best 

patch is depleted. Since conspecifics prefer the same resources, an 

animal faced with intraspecific competitive pressures will tend to 

diversify its resource use when preferred resource types become scarce. 

Interspecific competition from individuals with similar resource utili

zations could counteract the tendency of one species to expand its re

source use by maintaining neighboring resources at a density too low to 

promote their use by the first species. In this way, competition could 

20 



21 

account for the maintenance of divergent specializations among similar 

species. If this is indeed the mechanism which maintains the niche 

structure of communities, then resource use by one species should expand 

when competitors are absent and shift and/or contract when competitors 

are present (Vandermeer 1972). 

Coexisting heteromyid rodents in North American deserts differ 

in their use of foraging microhabitats (Brown and Lieberman 1973, 

Wondolleck 1975) as well as in body size and morphology (Brown 1973, 

1975). These observations have lead to the inference that communities 

of seed-eating desert rodents are competitively structured. Nevertheless, 

there is little direct evidence that competition occurs between co

existing heteromyids and indeed, there is some to the contrary (Schroeder 

and Rosenzweig 1975). Supporting evidence could be derived from a study 

of the dynamics of microhabitat use by one species as a function of the 

density of another. With this in mind, microhabitat use by four species 

of coexisting heteromyid rodents was measured when individuals of the 

other species were present and absent. Support for the hypothesis that 

microhabitat allocation reflects interspecific competition would con

sist of changes in the range, evenness, and types of resources used by 

one species in directions predicted theoretically for competitive 

situations. 

Methods 

A 1.84 hectare rectangular rodent enclosure built on the Santa 

Rita Range by Charles Lowe was partitioned into six contiguous enclosures 

ranging in area from .24 to .36 hectares. Partition walls consisted of 
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aluminum window screening 1.4 meters wide that was buried .5 meters in 

the soil and supported every 1.5 meters by aluminum poles. Outside en

closure walls were of the same height and buried similarly, but consisted 

of sheet metal supported by wooden stakes. The enclosures were situated 

adjacent to the study site where microhabitat partitioning among the four 

resident heteromyid rodent species was documented (see Preliminary Study 

page 9 of this dissertation). 

All rodents resident in the enclosures were removed by snap-

trapping prior to the start of the experiments. Adult animals were col

lected by live trapping within a mile of the study area and housed in 

cages at The University of Arizona under a 12-hour light-dark regime 

pending release in the enclosures. Individuals were maintained in the 

laboratory for varying lengths of time, but at most for two consecutive 

months, and most rodents were kept less than one month. 

Microhabitat use by each of the four heteromyid species was 

sampled and tallied in a manner similar to that described for the Pre

liminary Study. In this case, though, four instead of six microhabitat 

categories were considered in order to maximize the sampling effort in 

each microhabitat type with a limited number of traps. To decide which 

of the six categories should be eliminated, Colwell and Futuyma's (1971) 

method for deriving weighting factors for a series of resource states 

was used with the rodent capture data from Figure 3. These weighting 

factors reflect the relative contribution of each microhabitat category 

to total between-habitat heterogeneity of rodent captures. Habitats 

were found to have relative weights as follows: large open, .105; small 
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open, .158; small'bush, .141; clump, .126; large "bush, .207; tree, .362. 

Aside from large open, clump was the least distinctive of the categories 

to the rodents, and so it was eliminated. Although large open had the 

lowest weighting factor, it represented the preferred microhabitat for 

at least one species—D. merriami—and I was loathe to exclude it. Small 

bush was therefore eliminated completely, for no species preferred it 

and its weight was small. 

Eight traps were placed in each microhabitat category in each 

enclosure. Trap locations were rotated every four trap nights and indi

viduals were released at least ten paces from point-of-capture to reduce 

recapture bias from individuals cuing on one trap site. Traps were 

baited with a pinch of rolled oats at dusk and checked twice nightly 

(except during April and May 1975, when they were closed at 10:00 p.m.). 

Microhabitat category, animal number (individuals were toe-clipped), 

and trap location were recorded for each capture event. 

Each experimental treatment was continued until at least 35 

legitimate (i.e., excluding within-night recaptures of an individual at 

a trap or captures of escapees from other enclosures) captures had been 

recorded in each enclosure. Densities were maintained approximately 

constant (they varied by ± two individuals per enclosure) by releasing 

new marked animals to replace known mortalities or individuals that had 

not been captured for four trapping sessions. Occasionally animals 

would escape from one enclosure to another. These were reestablished in 

the proper enclosure, or removed and replaced by new animals if-they 

proved to be habitual fence-climbers. Unmarked animals appearing in 
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the enclosures (these were rare) were removed. After being added to 

enclosures at the start of a treatment, animals were allowed three to 

four days to equilibrate in the new environment before sampling resumed. 

Microhabitat use (measured as capture frequency excluding 

within-night recaptures of an individual in one trap) was determined for 

each species first at a density of eight individuals per enclosure when 

no other species was present, secondly when four individuals of another 

species were added, and finally when the second species was present at 

high density (eight individuals). Dipodomys merriami, the largest of 

the four species, was chosen as the "competitor" to be placed with each 

of the three Perognathus species as it was likely that this kangaroo rat 

was behaviorally dominant over each of the smaller pocket mice (MacMillan 

1964) and would elicit the most noticeable response. Table 2 summarizes 

details of experimental design. 

Enclosure densities were chosen so as to be consistent with normal 

field densities for the area. In the summer of 1975, there were approxi

mately 67 heteromyids per hectare on the Santa Rita Experimental Range 

(Courtney 1975), which would correspond to about 20 mice per en

closure. Highest enclosure densities used were 16 individuals per 

enclosure. Since the mice remained in excellent condition, and even 

gained weight during the experiments, these were reasonable densities. 

Niche breadths for each species and each treatment were calcu

lated by the formula: 

4 
Niche Breadth = -£ p. logn_ p. 

i=l 1 1(-1 1 



Table 2. Experimental design and timetable of enclosure experiments, 
each time are given for each enclosure. 

— The species present at 

Treatment 1 Treatment 2 Treatment 3 
Enclosure April 11. May 22, June 21, >tJul;y 3, < >July 20, 
Number 1975 1975 1975 1975 1975 

1W 8 Dipodomys 8 Perognathus 8 P. amplus 8 P. amplus 
merriami amplus + + 

4 D. merriami 8 D. merriami 

2W 8 D. merriami 8 P. amplus 8 P. amplus 
{"control) 

8 P. amplus 

2E 8 D. merriami 8 P. penicillatus 8 P. penicillatus 8 P. penicillatus 

4 D. merriami 8 D. merriami 

3W 8 D. merriami 8 P. penicillatus 8 P. penicillatus 
{"control) 

8 P. penicillatus 

IE 8 D. merriami 8 P. baileyi 8 P. baileyi 8 P. baileyi 
+ 

4 D. merriami 8 D. merriami 

3E 8 D. merriami 8 P. baileyi 8 P. baileyi 
{"control) 

8 P. baileyi 

tv> 
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where is the proportion of all captures occurring in microhabitat 

category i (Levins 1968). The maximum breadth for four habitat categories 

is .602, and would be obtained if a species were caught with equal fre

quency in all categories. 

Results 

Results were analyzed with regard to the following predictions 

from niche theory: (1) In the absence of competitors (Treatment 1), the 

breadth of microhabitat use should be higher than 1974 intact community 

values. In particular, each species is expected to increase use of 

microhabitats that it used only marginally in 1974 and decrease use of 

those it utilized highly in the intact community. (2) As the density of 

a single competitor species increases (Treatments'! through 3), micro

habitat niche breadth should decrease, and use of the competitor's pre

ferred microhabitats should also decrease. Specifically, D_. merriami' s 

use of large open (its preferred category) should increase and its use 

of trees (the least preferred microhabitat) decrease in the presence of 

Perognathus. In turn, Perognathus should shift out of large open and 

into tree habitats when D. merriami are present (see Appendix B for raw 

data). 

Niche Expansion 

We can determine the effect of competitive release by comparing 

microhabitat use of a species in the four-species community studied in 

1974 (see Preliminary Study) with the same species' behavior when alone 

in an enclosure. Sampling methods were equivalent in both studies, and 
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the density of heteromyids was, if different at all, higher in 1974-. 

This would have the effect of biasing 1974- niche breadths in an upward-

direction. 

For all species except D. merriami, microhabitat use when alone 

was significantly different from the intact community utilization (homo-

geneity x > 10, p < .025 for each of the three Perognathus species). 

This change represented a niche expansion, for niche breadths of all 

species increased in Treatment 1 over the four-species intact community 

(Table 3). Although there is no good way of assessing the significance 

of a single change in this niche breadth index, a probability value for 

four changes in the same direction can be derived. If the niche breadth 

of one species changed randomly between treatments, we would expect an 

increase in niche breadth to be as likely as a decrease. Thus the 

probability of having all four species increase their niche breadths be

tween the intact community and Treatment 1 by chance is only ( . 5 = .06. 

Shifts in microhabitat utilization patterns accompanying the 

niche expansion were as expected. Each species increased use of all 

microhabitats originally avoided (i.e., used with less than 25 percent 

frequency) and decreased use of microhabitats that were preferred 

(i.e., those having more than 25 percent of total captures) in the four-

species community. Sixteen out of 16 possible shifts were in the 

proper direction. 

Despite decreases in intensity of microhabitat preference due to 

interspecific competitive release, all species except P. penicillatus 

maintained distributions significantly different from random (p < .05 



Table 3. The effect of competitor density on use of four microhabitats by four heteromyid 
species. 

Species Large Open Small Open Bush Tree 
Niche Breadth 

1 ?! lo?10 Pi 

Dipodomys merriami 

Intact community 21 (.488) 13 (.302) 6 (.140) 3 (.070) .510 
Treatment 1 125 (.374) 92 (.275) 74 (.222) 43 (.129) .574 
Treatment 2 (actual) 24 (.308) 21 (.269) 23 (.295) 10 (.128) .581 

(expected) 29 (.369) 22 (.279) 17 (.219) 10 (.133) .577 
Treatment 3 (actual) 62 (.492) 29 (.230) 31 (.246) 4 (.032) .497 

(expected) 50 (.393) 34 (.264) 28 (.220) 15 (.121) .568 

Perognathus amplus 

Intact community 74 (.351) 83 (.393) 39 (.185) 15 (.071) .537 
Treatment 1 72 (.327) 61 (.277) 55 (.250) 32 (.145) .585 
Treatment 2 (actual) 15 (.254) 14 (.237) 12 (.203) 18 (.305) .596 

(expected) 19 (.320) 17 (.284) 15 (.247) 9 (.150) .609 
Treatment 3 (actual) 5 (.143) 11 (.314) 11 (.314) 8 (.228) .583 

(expected) 9 (.262) 11 (.299) 9 (.262) 6 (.179) .595 

Perognathus penicillatus 

Intact community 18 (.145) 12 (.097) 51 (.411) 43 (.347) .538 
Treatment 1 67 (.296) 40 (.177) 61 (.270) 58 (.257) .595 
Treatment 2 (actual) 25 (.410) 8 (.131) 16 (.262) 12 (.197) .566 

(expected) 18 (.295) 10 (.168) 17 (.271) 17 (.266) .593 
Treatment 3 (actual) 6 (.182) 10 (.303) 9 (.273) 8 (.242) .595 

(expected) 8 (.233) 6 (.176) 10 (.288) 10 (.300) .593 

Perognathus baileyi 

Intact community 22 (.195) 20 (.177) 37 (.327) 34 (.301) .587 
Treatment 1 58 (.195) 87 (.293) 89 (.300) 63 (.212) .594 
Treatment 2 (iictual) 16 (.213) 21 (.280) 22 (.293) 16 (.213) .597 

(expected) 14 (.189) 23 (.297) 23 (.300) 17 (.221) .595 
Treatment 3 (actual) 3 (.081) 10 (.270) 5 (.135) 19 (.514) .507 

(expected) 6 (.173) 11 (.286) 11 (.295) 9 (.246) .593 
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in three cases). Furthermore, the microhabitat distributions of the 

four species remained significantly heterogeneous (chi-square homo

geneity test comparing Treatment 1 capture frequencies between species 

yields x = 28, p < .005). This implies microhabitat preferences are 

not solely functions of competitive interactions, but are maintained 

to a lesser extent even in the absence of other species. This could 

be due to morphological specializations for efficient foraging in cer

tain microhabitats, or could be an artifact of the short time scale of 

the experiments. 

Niche Contraction and Shift with 
Increasing Competitor Density 

By comparing changes in microhabitat use and niche breadth be

tween Treatments 1, 2, and 3, we can see whether increased competitor 

density resulted in niche contraction (Table 3 and Figure 5). 

The niche breadths of D. merriami, P_. amplus, and P_. baileyi 

increased between Treatments 1 and 2, and then decreased in Treatment 3-

That of P_. penicillatus decreased at first and then increased to the 

level of Treatment 2. Niche theory clearly predicts that niche breadths 

should decrease with increasing competitor density, but half of the 

niche breadth changes between Treatments 1 through 3 were in the "right" 

and half in the "wrong" direction. 

Nevertheless, no species had a Treatment 3 niche breadth larger 

than its Treatment 1 value, and the changes of greatest magnitude 

(D. merriami and P_. baileyi between Treatments 2 and 3) were in the 

"right" direction. It may be that the niche breadth index is 
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Figure 5. The effect of competitor density on capture frequencies of 
four heteromyid species in four microhabitat categories. 
— Numbers above histogram bars are numbers of captures. 
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insensitive to shifts in microhabitat use, for when decreased use of one 

category is compensated by increased use of another, the "unevenness" of 

resource use remains the same. 

Shifts in use of particular microhabitat categories were as pre

dicted. Dipodomys merriami did not respond differentially to the three 

pocket mice (homogeneity chi-square between enclosures; x = 5.62 for 

Treatment 2 and 4.34 for Treatment 3> p > .1 in both cases). However, 

the kangaroo rats changed their microhabitat use as a whole between 

treatments (lumping data from all enclosures within a treatment, the 

between-treatment x = 15.6, p = .017). The change was due largely to 

their being captured more frequently in large open traps and less fre

quently in trees during Treatment 3-

No Perognathus showed significant over-all heterogeneity between 

the three treatments. However, P_. amplus responded significantly to the 

low kangaroo rat treatment, decreasing use of large open and increasing 

use of other habitat types (lumped controls vs. Treatment 2 data were 

2 homogeneous, x <3.21 and p > .1 for two species; and heterogeneous for 

2 
P_. amplus, x = 16.9, p < .005). At high D. merriami density, both P_. 

baileyi and P_. amplus significantly decreased their use of large open 

spaces from Treatment 1 levels while increasing use of other habitats 

(notably, trees) not preferred by the kangaroo rats (one-tailed t-test 

of the difference of large open capture proportions; P_. amplus t = 2.43, 

p = .008; P_. baileyi t = 1.94, p = .026). Perognathus penicillatus 

showed a statistically nonsignificant change in the direction of de

creased use of large open (t = 1.45, p = .074). 
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Since in Treatment 2 D. merriami density was half the Treatment 

1 density, possibly confounding its response to interspecific competi

tion with changes due to decreased intraspecific competition, we look 

to changes between Treatment 1 and Treatment 3 in use of the large open 

and tree microhabitats to test niche theory predictions about the 

directionality of niche shifts. Expected changes are for D. merriami to 

increase large open use and decrease tree use in Treatment 3, while the 

three pocket mice should shift in the opposite direction. Seven out of 

eight changes in these habitats were in the predicted direction. 

These effects cannot be artifacts of using traps to sample 

microhabitat use. It could be argued that observed changes in capture 

frequency could be due solely to a trap saturation effect. If one 

species (D_. merriami, for example) preferentially entered traps in large 

open spaces before Perognathus could find them, they would decrease the 

availability to pocket mice of traps in large open spaces relative to 

other microhabitat types. This would result in decreased pocket mouse 

captures in large open spaces even if their use of microhabitat p'atches 

remained unchanged by the presence of D. merriami. In Table 3, this 

effect was considered in calculating "expected" capture frequencies for 

Treatments 2 and 3. To derive expected values, the Treatment 1 capture 

frequencies were multiplied by the relative number of traps left vacant 

by the competitor during a treatment and then normalizing these four 

joint probabilities. The actual capture distributions for Treatments 

2 and 3 together were significantly different from expectations for 

2 p 
D. merriami (x = 7.8, p = .051) and P. amplus (x = 10.4, P = .017) 
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but insignificant for P_. penicillatus (x = 2.7, p > .1). Perognathus 

baileyi's distribution differed significantly from expectation in Treat-

ment 3 alone (x = 15.8, p < .005). All Perognathus used large open 

less than expected; P_. amplus and I?, baileyi also used trees more than 

expected while D. merriami used large open more and trees less than 

expected. Similarly, expected niche breadth changes due only to chang

ing trap availability are not as large as observed changes (Table 3). 

Thus, observed changes in capture frequencies reflect changing micro-

habitat use and not trap saturation phenomena. 

In nummaryj the Perognathus shifted microhabitat use in response 

to the presence of D. merriami, and the shift tended to be out of 

Dipodomys-preferred habitat into others. Dipodomys merriami increased 

use of its preferred foraging space in response to the presence of pocket 

mice. These shifts were accompanied by variable responses of niche 

breadth indices to increasing competitor density, but no species in

creased its niche breadth at the highest competitor density relative to 

that in the noncompetitive situation. 

Discussion 

These observed changes in microhabitat use are generally con

sistent with predictions of niche theory, for when competitors are 

absent heteromyids are less selective in the microhabitats they frequent; 

and when competitors are present, the rodents become more selective with 

respect to foraging space and avoid each other's preferred microhabitats. 

This supports the hypothesis that foraging microhabitat is an object of 
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interspecific competition and that niche differentiation among species 

is maintained in part by competition. Were microhabitat preferences 

completely fixed with no present competition occurring between species, 

there should have been no consistent directional changes in resource 

use. 

Three out of four species maintained significant microhabitat 

preferences even in the absence of interspecific competitors. This might 

indicate that to some extent competitive interactions acting over time 

have promoted behavioral and/or morphological specializations allowing 

efficient exploitation of seed resources in certain microhabitats but 

not others. Divergence in body size and other morphological characters 

is apparent among these and other coexisting heteromyids (Brown 1973, 

1975), but the relationship between microhabitat preference and mor

phology is obscure. Studies elucidating energetic consequences of 

body size and morphology to a rodent foraging among different micro-

habitats (e.g., Rosenzweig and Sterner 1970; Taylor, Schmidt-Nielsen and 

Raab 1970) will be prerequisites to a complete understanding of the role 

competition plays in determining resource utilizations and thus its role 

in structuring heteromyid rodent communities. 



EXPERIMENT TWO: MICROHABITAT AVAILABILITY AS A 
DETERMINER OF DESERT RODENT ABUNDANCE 

It is becoming clear that competition can set an upper limit to 

the number of species which live together by limiting the similarity in 

their use of resources (see MacArthur 1972 and May 1973 for discussion 

of the limiting similarity concept, and Abrams 1975 for a critique of 

their work). However, species number is but one aspect of the structure 

of communities. It is important also to understand what determines the 

abundances of coexisting species. 

Naturalists (e.g., Grinnell and Orr 1934-) have long suspected 

that the availability of appropriate habitats and foods exerts control 

over the distribution and abundance of species. This notion was ex

pressed in a clear and quantitative form by MacArthur (1970, 1972), who 

showed theoretically that competition can result in equilibrium assem

blages of competitors whose combined resource utilizations provide the 

best least-squares fit to available resources. It follows that a 

proximate cause of particular species abundance relationships among co

existing competitors may be the shape of the spectrum of available 

resources. 

Because the machinery of competition is elusive in most natural 

situations, this theory of species abundance has been applied with quali

fied success only in a few instances (Yeaton and Cody 1974-, Cody 1974-, 

Pulliam 1975), and further tests of the theory are desirable. 

35 
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Seed-eating desert rodents may eventually prove amenable to 

quantitative tests of community theory, since foraging microhabitat has 

been identified as an important resource for which coexisting heteromyid 

species compete (Wondolleck 1975). These interactions between species 

result in microhabitat partitioning such that each species gathers its 

food preferentially in a microhabitat type distinct from those used by 

the others. Although a quantitative test of the theory with this system 

would be premature at present because the basis of microhabitat prefer

ences is only crudely understood, a qualitative test would consist of 

finding that abundance of heteromyid rodent species is influenced by 

availability of appropriate microhabitat patches in the direction pre

dicted by theory. 

As the first step in establishing a relationship between micro

habitat availability and density of rodent species, I determined whether 

variations in abundance of each species correlated with the abundance of 

its preferred microhabitat. Secondly I manipulated the availability of 

selected microhabitat types to test further whether microhabitat exerts 

control over rodent abundances. 

The Study Area and Experimental Design 

A large 7 by 7, 49-station grid with 30 meter intervals between 

stations was set up in July 1975 to study rodent-microhabitat relation

ships near sites where the microhabitat preferences of four coexisting 

heteromyid rodents had been previously studied. Vegetation and topo

graphic heterogeneity of the Santa Rita Experimental Range was such that 
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the grid covered a mosaic of several intermixed habitat patches, and 

rodent abundances varied considerably between stations. 

The study consisted of two phases. First, coverage of several 

microhabitats was measured and simultaneously rodents were censused at 

each of the 4-9 stations. Rodent densities were regressed on the princi

pal components of mierohabitat variables to see whether the abundance of 

each species' preferred foraging mierohabitat seemed to determine its 

local abundance. Second, one mierohabitat category (large open) was 

augmented at randomly-selected stations, and a second rodent census was 

made subsequently to see if the habitat manipulation changed the rodent 

community inhabiting treated stations in a predictable way. Short-term 

increases in the abundance of Dipodomys merriami, the large open spe

cialist, would indicate that rodent assemblages can adjust to changes in 

the spectrum of available microhabitats. 

Phase 1: Pre-manipulation Rodent-
Micronaoitat ueiatxonsmps 

Methods: Mierohabitat Censuses 

The previous experiments indicated that large open spaces, small 

open spaces, ground under large bushes and trees were preferred foraging 

microhabitats for Dipodomys merriami, Perognathus amplus, P_. baileyi and 

P_. penicillatus, respectively; and in addition that pebbly surface soil 

might be a distinguishing characteristic of P_. baileyi's foraging areas. 

These aspects of habitat structure were censused in a circular area 

within ten meters of the center of each trapping station. First, maximum 

height and canopy diameter were recorded for each tree or shrub over 



60 cm in height that occurred within a station. From these data total 

coverage in square meters (assuming circular canopies) was calculated 

for three vegetation height categories: 60-100 cm (small bushes), 

101-200 cm (large bushes), and over 200 cm (trees). These values were 

estimates of the abundances at each station of bush and tree microhabi-

tats. Secondly, radial line transects were made of the vegetation be

tween zero and 15 cm above the ground. The amount (in meters) of various 

microhabitat categories intersecting the six transects was an estimate 

of the ground-level abundance of large open bare patches (vegetationless 

spaces at least one meter in diameter), small open bare patches (diameter 

less than .5m), grass cover, and bushes. Use of 54 meters of transect 

(six radial lines starting one meter and ending ten meters from the 

center) reduced the standard error of the mean cm of large open habitat 

per meter of transect to a constant minimal value. Since large open 

had the largest standard deviation of microhabitats censused by tran

sects, six radii were adequate sample sizes over-all. 

In addition to these variables, estimates of topographic and 

surface soil characteristics of each station were made (l). by counting 

the number of washes or drainages intersecting the ten-meter radial area 

of each station; and (2) by sieving a composite of four surface soil 

samples and calculating the weight percent of "pebbles" (particles 

greater than 5.6 mm in diameter) and "coarse sand" (particles less than 

5.6 mm and greater than 2 mm in diameter). The four samples were taken 

by moving six paces ,due north from the center of each station and 

collecting a trowel full of surface soil. This was repeated for the 



three remaining points of the compass and the samples mixed in a paper 

bag. 

A total of ten variables were thus measured to characterize the 

availability of various foraging microhabitats at each grid station. 

Methods: Rodent Censuses 

Rodents were censused on two occasions for seven nights. The 

first census occurred prior to manipulation from 27 June through 19 July 

1975; the second occurred six weeks after the manipulation from 9-20 

September 1975. Each station comprised four Sherman or National metal 

live traps placed at even intervals along the circumference of a six-

meter radius circle around the station's center. Specific trap locations 

were rotated counterclockwise by two meters between trapping nights to 

reduce the tendency of some rodents to return repeatedly to a known 

reward location. At dusk traps were rotated, opened, baited with rolled 

oats; at dawn they were checked and closed for the day. Mice were toe-

clipped for individual recognition; and for each capture event date, 

rodent species, sex, individual, and station were recorded. These data 

in final form were expressed, by station, as the total number of indi

viduals of each species (density) that were caught at least once during 

the seven-night census. Data were not expressed as number of captures 

in order to reduce inequalities in between-station capture rates caused 

solely by repeated captures of "trap-happy" individuals at single loca

tions. For the post-manipulation censuses the number of "new" 

individuals not previously recorded in the July census as well as the 
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number of "old" individuals disappearing between census periods were 

also tallied for each station. 

Statistical Methods 

Statistical techniques combining principle component analysis 

with multivariate regression were used for evaluating the dependence of 

rodent abundance on microhabitat availability. Because microhabitat 

variables were not strictly independent of each other in the study area— 

grass, for example, was associated with trees which in turn were clus

tered along sandy washes—a straightforward multiple linear regression 

technique was not used. Instead principle components (eigenvectors of 

the matrix of correlation coefficients between microhabitat variables) 

describing the major modes of behavior of the microhabitat variables 

were first extracted, and the normalized vegetation data of each station 

were converted without any loss of information (by vector multiplication 

with each principle component) to a new set of "amplitudes" or "station 

scores." These derived variables have the virtue of being uncorrelated, 

and are thus effective as independent variables in multiple regressions. 

Stepwise multiple linear regressions of per station rodent density 

on the derived independent variables (amplitudes) were run. Variables 

with insignificant regression coefficients (F < 1) were excluded. The 

matrix of significant regression coefficients of principle components 

was then converted to a new set of coefficients associated with each of 

the original microhabitat variables by multiplying the regression co

efficients by their corresponding principle components. This technique 
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is identical to that described in detail by Fritts et al. (1971) in 

analyzing tree ring-climate relationships. 

Principle components and their amplitudes were extracted by a 

computer program (PRINCY) developed by the University of Arizona Labora

tory of Tree Ring Research. Amplitudes and rodent densities were then 

run through an S.P.S.S. stepwise multiple linear regression program 

(Nie et al. 1975) and coefficients of significant variables were later 

converted by hand to regression coefficients associated with the original 

ten microhabitat variables. 

Results: Pre-manipulation Dependence of 
Rodent Abundance on Microhabitat Availability 

Density of each heteromyid rodent species was highly correlated 

with the abundance of that microhabitat previously found to be its pre

ferred foraging patch (see Appendix C for summary data). 

Vegetation principle components and their significance levels are 

in Table 4. Positively correlated variables are given weightings of the 

same sign in any one vector. For example, principle component 1 ex

presses a positive association between tree cover (-.34- weighting factor), 

large open spaces (-.44-) and washes (-.43); and negative relationships be

tween these factors and small open (.38), and small bushes (.30). Thus 

this first component pulled out as a major vegetation pattern a tree-

wash-large open space association as distinct from the small bush-small 

open association. Principle component (2) describes a positive associa

tion between low and high bushes and negative association between bushes 

and trees. Although non-significant principle components (in this case, 



Table 4. Principle components of vegetation variables. — The percent of over-all variance in 
vegetation accounted for by each vector is given in the last column. 

Eigenvectors 

ctor Small Large Tree Large Small Qrass gush Washes Pebbles Sand Percent of Variance 
mber Bush Bush Open Open 

1 -.064 .008 -.339 -.436 .382 -.146 .303 -.428 -.388 -.313 .333 

2 -.548 -.585 .378 -.200 .193 .232 -.270 -.010 -.057 -.083 .183 

3 .084 -.064 .021 .242 -.527 .500 .096 -.224 -.278 -.514 .125 

4 .399 -.162 -.080 -.449 .130 .614 .280 .242 .227 .157 .097 

5 .163 -.382 .425 .054 -.200 -.307 .608 -.078 -.223 .291 .085 

6 .013 -.452 -.290 .113 -.046 -.301 .192 .128 .572 -.475 .059 

7 .696 -.286 .168 .032 .196 -.134 -.505 -.283 -.064 -.096 .050 

8 -.134 -.124 -.246 .030 -.196 .137 -.034 -.720 .368 .439 .037 

9 -.001 .421 .617 -.120 .151 .019 .175 -.290 .446 -.302 .029 

10 .011 .052 .040 -.691 -.617 -.275 -.237 .058 .028 -.049 .001 
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components 4 through 10) usually are discarded prior to using their 

amplitudes in multiple regressions (Fritts et al. 1971), this was not 

done here because rodents may not have confined their attention to fea

tures that contribute major amounts to over-all patterns of variation in 

vegetation. Indeed, the regressions show that in some cases an insig

nificant principle component correlated significantly with rodent density 

P_. baileyi density, for example, was most strongly correlated with the 

ninth principle component. 

Table 5 presents summary data of the rodent versus principle 

component regressions for the four heteromyid species resident on the 

study site. All regressions were significant at the .04 level at least, 

indicating that variations in microhabitat availability influenced 

rodent abundance. 

If we convert the partial regression equations (those including 

only principle components entering the regression with an F-ratio greater 

than 1) to equations expressed in terms of the ten original microhabitat 

variables (Table 6) we can assess the relative importance of each species 

preferred microhabitat category in determining its density. 

In all four cases, variables with highest positive regression 

coefficients are those which reflect the availability of preferred 

foraging microhabitats: D. merriami was highly associated with stations 

having an abundance of open spaces; P_. penicillatus was dense where there 

were trees (and therefore grass); P. baileyi was associated with tree 

and large bush cover next to pebbly washes; P. amplus was abundant where 



Table 5. Summary table of stepwise multiple linear regressions of pre-manipulation rodent 
densities on mierohabitat principle component amplitudes. 

Step 
Principle 
Component 
Entered 

F to Enter Significance R Square Simple R Over-all F Significance 
Regression 
Coefficient 

Dependent Variable: D. merriami Density 

1 4 10.698 .002 .185 -.430 10.698 .002 -.431 
2 3 3.116 .084 .237 .227 7.148 .002 .201 
3 10 1.936 .171 .268 -.178 5.508 .003 -1.453 
4 2 1.462 .233 .292 -.153 4.539 .004 -.112 
5 8 .833 .366 .306 .116 3.784 .006 .189 
6 5 .617 .437 .316 -.100 3.228 .011 -.107 
7 7 .423 .519 .323 .084 2.789 .018 .116 
8 6 .223 .639 .326 .061 2.422 .031 .679 
9 9 .191 .664 .330 .057 2.131 .050 .106 
10 1 .051 .822 .330 .030 1.876 .080 .162 

Dependent Variable: P. amplus Density 

1 1 23.270 .000 .331 .575 23.270 .000 .260 
2 7 3.643 .063 .380 -.222 14.111 .000 -.258 
3 9 3.275 .077 .422 -.205 10.964 .000 -.316 
4 5 1.252 .269 .438 .126 8.582 .000 .113 
5 2 .876 .355 .449 .106 7.021 .000 .064 
6 10 .858 .360 .460 .105 5.975 .000 .717 
7 6 .476 .494 .467 .079 5.125 .000 .085 
8 4 .308 .582 .471 .064 4.448 .001 .053 
9 3 .235 .630 .474 -.056 3.904 .001 -.042 
10 8 .035 .853 .474 .022 3.430 .003 .030 



Tatole 5. — Continued 

Principle Repression 
Step Component F to Enter Significance R Square Simple R Over-all F Significance Coefficient 

Entered 

Dependent Variable: P. penicillatus Density 

1 1 16.218 .000 .256 -.506 16.218 .000 -.423 
2 2 7.727 .008 .363 .327 13.133 .000 .369 
3 3 4.735 .035 .424 .246 11.045 .000 .336 
4 7 3.482 .069 .466 .206 9.611 .000 .442 
5 6 1.290 .262 .482 -.125 7.998 .000 -.248 
6 9 .991 .325 .494 .109 6.828 .000 - .312 
7 5 .826 .369 .504 .100 5.947 .000 .165 
8 4 .479 .493 .510 -.076 5.197 .000 -.118 
9 8 .361 .551 .514 -.067 . 4.586 .000 -.169 
10 10 .063 .803 .515 -.029 4.035 .001 -.359 

Dependent Variable: P. baileyi Density 

1 9 4.498 .039 .087 .296 4.498 .039 .626 
2 8 4.725 .035 .172 -.292 4.790 .013 -.545 
3 6 1.780 .189 .204 .177 3.841 .016 .262 
4 2 1.025 .317 .222 -.135 3.138 .024 -.113 
5 10 .402 .529 .229 .085 2.557 .041 .798 
6 1 .131 .719 .232 .049 2.110 .072 .030 
7 5 .079 .780 .233 -.038 1.780 .118 -.047 
8 3 .043 .837 .234 -.029 1.526 .179 -.029 
9 4 .011 .916 .234 -.015 1.324 .256 -.017 



Table 6. Pre-manipulation partial regression of rodent density against significant (F >. 1) 
principle components of vegetation variables. — Regression coefficients in the table 
are associated with the original vegetation variables, and have been derived by multi
plication of principle components with their associated regression coefficients, and 
addition of like terms. The largest positive and negative coefficients are underlined. 

Microhabitat Variable 

Species Lowbush 
Cover 

Medium 
Bush 
Cover 

Tree 
Cover 

Large 
Open 
Space 

Small 
Open 
Space 

Grass 
and 
Forbs 

Bush 
(Ground 
Level) 

Number 
of 
Washes 

Weight 
% 
Pebbles 

Weight 
i 
Coarse 
Sand 

Constant 
of 
Regres
sion 

Dipodomys 
merriami -.110 .047 -.061 1.267 .712 .210 .273 -.232 -.188 -.091 1.408 

Perognathus 
amplus -.177 -.100 -.278 -.078 -.021 -.044 .222 .045 -.251 .072 1.184 

Perognathus 
penicillatus .158 -.254 .436 .178 -.170 .331 -.466 -.055 -.120 .004 1.857 

Perognathus 
baileyi .138 .279 .401 -.039 .167 -.168 .209 .246 .235 -.544 1.980 
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scattered low bushes provided many small open areas between bush cano

pies. 

These data suggest that in general the availability of preferred 

foraging microhabitat types seems to determine local abundance of hetero-

myid rodents. 

Phase Two: Rodent Responses to 
Microhabitat Manipulation 

Methods 

Regressions relating static patterns of rodent density to vegeta

tion suggest, but do not demonstrate, that variations in the dependent 

variable are direct responses to the independent variables. Evidence 

for such cause-effect relationships must come from perturbation experi

ments in which manipulation of independent variables results in subse

quent changes in the dependent variable consistent with predictions from 

static regressions. 

The simplest manipulation that would yield predictable changes in 

rodent densities was augmentation of large open spaces. Accordingly 24 

of the 4-9 grid stations were chosen from a random numbers table for 

manipulation and the remaining stations left as controls for possible 

seasonal shifts in rodent activity or density. At each experimental 

station one-half of the bushes that were between 60 and 100 cm in height 

and had a canopy diameter greater than one-half meter were chopped off 

at ground level and the brush hauled at least 100 meters off the study 

grid. This was done by rotating a ten-meter string around the center of 

each station and removing every other appropriately-sized bush that the 
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string contacted in its sweep. The canopy diameter of each bush was re

corded before its removal to provide an estimate of the total area of 

large open spaces added to each station. Because the removed bushes 

(mostly Haplopappus tenuisectus and Baccharis brachyphylla) began flower

ing in September during the seven-day post-manipulation rodent census, 

it was unlikely that the manipulation had any effect on over-all seed 

density on the grid, and any response by the rodents could be con

sidered a response to changed microhabitat abundance. A six-week period 

elapsed before the post-manipulation rodent census was initiated. 

Results 

From the equations in Table 6, we predict that only D. merriami 

should have a strong response to the augmentation of large open micro-

habitat, as this factor weighted low in the regressions for the other 

three species. No species should respond directly to the removal of 

low bushes, because Lowbush and Bush (alternate measures of the same 

variable) always had coefficients of inverse sign and/or were weighted 

very low relative to other factors. 

Since the brush removed from manipulated stations averaged 

2 4.34 percent of their 3.14 m area, an average of 2.34 meters (.0434 x 

54. meters of transect) were added to the pre-manipulation mean of 15.23 

meters of large open per manipulated station. The regression equation 

for D. merriami predicts this species should increase in density at 

these stations by 2.97 individuals per station (1.27 individuals per 

meter of large open x 2.34 meters of large open added). 



Table 7 compares the mean number of individuals recorded at 

manipulated versus non-manipulated (control) stations during the pre-

and post-manipulation censuses. As expected, because manipulated sta

tions were initially chosen at random, t-tests of the difference of 

means show no significant pre-manipulation differences in density of any 

species between manipulated and control stations; nor did P_. pencil-

latus, P_. baileyi, or P_. amplus densities vary significantly between 

control and manipulated stations after the manipulation. This was as 

predicted from the regressions. The mean number of D. merriami per 

manipulated station increased by .29 individuals between census periods 

even though the controls showed a slight decrease over the same time 

period. However, the post-manipulation means were not significantly 

different at the .05 level between station types. 

Nevertheless, since the response of D. merriami was in the 

proper direction, a regression was run to see if there was a relation

ship between the change in D_. merriami density at each manipulated site 

and the amount of large open space that had been added to the station. 

Figure 6 shows a graph of this relationship. The correlation coeffi

cient (r = .62) is significant at the .01 level. No other species 

demonstrated a significant correlation with the degree of augmentation. 

The slope of the regression line (l. 43) indicates that 3.35 

individuals were added to a station per 2.34 meters of large open—very 

nearly the change predicted by the original regression equation. Given 

these remarkably coincident slopes (1.27 vs. 1.43), it is not immedi

ately clear why the actual mean changes in D. merriami density were so ' 
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Table 7. Mean and standard deviation of per-station rodent density at 
control and manipulated stations before and after manipula
tion. 

pre-manipulation Post-manipulation 
Manipulated Control Manipulated Control 

Species Stations Stations Stations Stations 

x s x s x s x s  

Dipodomys 
merriami 1.417 .974 1.360 .995 1.708 .954 1.240 1.268 

Perognathus 
amplus 1,167 .761 1.200 .913 0.750 .737 0.440 .651 

Perognathus 
penicillatus 1.917 1.472 1.880 1.641 1.875 1.035 1.800 1.190 

Perognathus 
baileyi 1.667 1.129 2.280 1.100 1.000 .722 1.360 .638 
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Figure 6. The response of Dipodomys merriami to augmentation of large 
open spaces. — The change in D. merriami density is measured 
as the number of individuals counted at a station in the 
post-augmentation census minus the number recorded there 
prior to augmentation. 
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much smaller than predicted. The discrepancy can he resolved if we 

postulate that stations receiving less than a certain degree of perturba

tion produced no response in D. merriami. Indeed, from the regression 

equation given in Figure 6, we find that D. merriami density tended to 

decline at stations which received less than 2.15 additional meters of 

large open, and that only perturbations in excess of the 2.15 threshhold 

seemd to be relevant to the rodents. Thus, the actual average effective 

perturbation was probably .19 meters (2.34-2.15). Replacing this value 

in the original regression equation, the predicted average density change 

should have been .24 individuals per station (1.27 x '.19). The actual 

difference between post-manipulation means at control and manipulated 

stations (correcting for the initial pre-manipulation difference between 

these means) was .41 D. merriami. 

In part the decreased density at minimally perturbed stations 

was due to kangaroo rat movements from these into more perturbed areas. 

Some individuals relocated between pre- and post-manipulation censuses; 

six shifts to and six shifts from manipulated stations occurred. The 

mean perturbation of stations losing individuals was significantly less 

than that of stations gaining relocated individuals (2.07 vs. 2.79 

meters; t = 2.31, p = .023, one-tailed). 

By following the appearance in the post-manipulation census of 

individuals not previously recorded on the grid, we can examine in more 

detail D. merriami's response to augmentation. Increased kangaroo rat 

density at manipulated stations was a function of differential invasion 

of these sites by immigrants. Among the manipulated stations an average 
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of 1.13 new individuals appeared, as opposed to a mean of .72 new 

kangaroo rats visiting the control stations. These means are signifi

cantly different (t = 1.86, p = .04, one-tailed). Emigration rates were 

not significantly different between station types. 

No other species exhibited differential immigration rates be

tween station types. However, more P_. baileyi individuals initially 

resident at control stations disappeared between censuses (1.32 vs. 

.83, t = 1.98, p = .028). This appears to be a density-dependent seasonal 

change in density or activity, as there was initially a higher average 

density of P_. baileyi at the control stations, and the number disappearing 

from a station correlated significantly (r = .72, p < .001) with the 

initial pre-manipulation density for all stations. The differential 

response does not appear to be a function of the manipulation itself. 

Perognathus amplus appeared to respond indirectly to the manipu

lation by avoiding stations with increased D. merriami density. Changes 

in P_. amplus density between censuses were negatively correlated to 

changes in D. merriami density (r = -.50, p < .02), although there was 

no significant correlation to degree of augmentation. 

The manipulation also had an effect on the relative proportions 

of species inhabiting manipulated stations as a whole. Table 8 totals 

the number and relative proportion of individuals of each species that 

were caught at manipulated as opposed to those caught at control sta

tions during each census period. The proportion of D. merriami in

creased an additional five percent among manipulated sites as compared 

to control sites after augmentation, a change coincident with the 
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Table 8. Species coinposition of manipulated and control sites before 
and after manipulation. — Total number (and, in parentheses, 
the relative proportion) of individuals recorded from each 
site. Categories are tallied by species and by census period. 

Control Stations Manipulated Stations 
Species Pre-

manipulation 
.Post-
manipulation 

Pre-
manipulation 

Post-
manipulation 

Dipodomys 
merriami 28 (.19) 28 (.25) 25 (.21) 35 (.32) 

Perognathus 
amplus 29 (.20) 11 (.10) 26 (.22) 15 (.14) 

Perognathus 
penicillatus 38 (.26) 39 (.35) 33 (.28) 38 (.35) 

Perognathus 
baileyi 49 (.34) 33 (.30) 35 (.29) 20 (.19) 
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average percent of each station's area that had been converted to large 

open microhabitat (four percent). The relative abundance of P. "baileyi 

showed a reciprocal decrease at manipulated stations that was six percent 

larger than that at control stations. This may be an artifact of the 

five percent increase in D. merriami proportions because the absolute 

decrease in P_. baileyi numbers was not greater than at control stations. 

These results substantiate the hypothesis that species composi

tion of this heteromyid rodent community can shift in a fine-tuned and 

consistent manner to accommodate small changes through time and through 

space in the shape of the spectrum of available resources. Only D. 

merriami responded directly to the augmentation of its preferred forag

ing microhabitat. This resulted in a rodent community having relatively 

more large open space specialists than before, and therefore one which 

provided a better fit to the changed microhabitat availability curve at 

manipulated stations. 



DISCUSSION 

It remains to be seen whether geographic patterns in diversity 

and species composition of heteromyid rodent communities parallel those 

found in these studies of variation on a local scale. If, for example, 

the geographic distribution of D_. merriami turns out to be limited to 

regions in which there is a threshhold availability of appropriately-

sized patches of open ground, and if heteromyids in general are limited 

by similar microhabitat requirements, then we will have gained power 

to predict the distribution and abundance of an important group of 

desert granivores. There are some indications that extrapolating geo

graphic patterns from "microscopic" studies of habitat preferences will 

be feasible. Beatley (1976) found D. merriami in Nevada to be abundant 

only where bush cover was sparce, and sites which had been denuded by 

nuclear detonations were invaded by D. merriami to the exclusion of other 

species. This result, and those of other studies of heteromyid density 

patterns (e.g., Reynolds 1950, Rosenzweig and Winakur 1969) could have 

been predicted, perhaps even quantitatively, from studies similar to 

these. 

It is possible that non-heteromyid rodent assemblages are simi

larly structured by habitat availability, for strong macrohabitat 

affinities have been described for many rodents and appear to limit 

their distribution. Grant (1972) reviewed a large body of evidence that 

habitat use shifts in response to the presence of competitors, and 
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concludes that rodents commonly compete for space, habitat preferences 

arising in response to interactions among competitors. Sympatric spe

cies with similar nutritional requirements (Baker 1971) exhibit pro

nounced habitat differences (e.g., Wilson 1968, Larrison and Johnson 

1973, Kaufman and Fleharty 1974, M'Closkey and Fieldwick 1975) that 

probably allow their coexistence, albeit by rendering them allopatric 

on a local scale. M'Closkey and Fieldwick (1975) attribute the unusual 

local sympatry of Peromyscus leucopus and Microtus pennsylvanicus in a 

southern Ontario wet prairie to the intermingling of two habitats. 

This is, in broad outline, the same mechanism which allows co

existence of heteromyid rodents, although the "habitats" discriminated 

by cricetids may be a function of nest-site requirements and therefore 

may be fundamentally different from the foraging patch specializations 

of heteromyids. 

Habitat affinities correlate with body morphology in many 

cricetid forms (Dice 194-0, Baker 1971), and.'in a few cases the signifi

cance of a morphological trait has been identified. Pelage color which 

matches the soil helps in predator avoidance (Dice 1947); long-tailed 

Peromyscus are more adept at climbing than short-tailed forms (Horner 

1954). In Peromyscus maniculatus bairdii and P. m. gracilis, the selec

tion of appropriate habitats (woods vs. grass) is genetically controlled 

and preferences reinforced by early experience with the proper habitat 

(Harris 1952, Wecker 1963). Microhabitat preferences in the heteromyid 

species studied here may be in part genetically fixed also, for each 

species maintained a preferred microhabitat even in the absence of com

petitors . 
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As yet we do not understand how habitat structure might con

strain the optimal morphology of a foraging heteromyid rodent, and 

therefore we do not know why D. merriami (for example) should prefer 

open patches, nor can we predict a_ priori which forms should supplant. 

D. merriami in other microhabitats. Empirical observations would sug

gest that areas with very large openings between very sparce bushes 

should support bipedal forms larger than D. merriami (such as D. 

deserti, Congdon 1974, Brown 1975 ); and brushy regions with small open 

spaces should support smaller, quadrupedal rodents (such as Perognathus 

species, Rosenzweig and Winakur 1969). Once the functional relation

ship between microhabitat and morphology is understood, it will perhaps 

be possible to predict the "morpho-species" of resident rodents from 

measurements of vegetation structure. Brown (1975) has documented re

markably convergent patterns in the morphologies of the heteromyids 

coexisting in sandy-substrate environments throughout the deserts of 

North America. It remains to be seen whether such patterns can be 

predicted solely from a knowledge of variations in availability of 

different microhabitats in desert environments. If they can, we will 

have gained support for the general theory that competitive divergence 

and resource availability are principles structuring communities of 

competing species, as well as better understanding of the behavior of 

an important group of desert organisms. 



APPENDIX A 

CAPTURE DATA FROM ENCLOSURE EXPERIMENTS 

Capture data are tallied by treatment, species, enclosure, 

microhabitat category, and trapping date. Numbers in columns are 

captures on sequential trap nights during a treatment; their totals 

are given to the right of the first column entry. 
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Table A-l. Treatment 1—eight individuals of one species. 

Trapping April 13, 17, 23, 25 , 30 May 23 30 
Dates: Hay 1, 2, 22 (1975) June 6 15, 16, 18, 19, a (1975) 

Species: Dlpodotnya merrloml Paro?nathU3 anolus Perosnathus penicillatus Peroroathus baileyi 

Micro- Largs Sural 1 Large Larg« Snail large Large Large Large SlTlfl 1 1 Large 
habitat: Open Open Bush Tree Open Open Bush Tree Open Open Bush Tree Open Open Bush Tree 

Enclo
sure: 

ivr 2 17 1 10 0 19 2 9 4 26 3 22 5 22 1 15 
0 2 4 1 3 4 1 
3 2 3 1 4 2 1 
3 0 3 1 2 3 1 

1 4 0 3 1 2 
1 1 2 2 2 4 

4 2 2 0 2 3 4 
1 1 2 2 1 2 1 

2W 4 25 1 20 1 13 1 5 2 24 3 20 2 15 2 6 
6 2 0 5 0 1 

4 3 0 1 3 3 1 
3 3 2 0 3 1 0 

3 2 1 3 3 0 
1 1 0 2 3 0 

3 2 2 1 4 3 1 
3 0 3 1 2 0 1 

yn 4 23 1 15 0 11 1 9 4 14 0 7 2 16 4 16 
1 2 2 2 3 1 3 1 

1 3 0 3 1 2 3 
4 2 0 1 2 1 1 1 
3 3 1 1 1 1 2 1 
4 2 1 2 1 2 2 1 
4 2 1 1 0 1 0 3 
1 2 3 1 0 0 4 2 

IE 5 20 1 3 0 9 0 7 1 13 4 31 4 26 1 21 
4 2 1 0 4 3 3 2 

0 1 1 3 2 4 3 
3 0 0 1 2 3 4 2 
1 0 0 3 0 6 3 4 
3 1 1 1 2 5 3 2 
1 2 3 1 0 6 3 5 
1 2 3 0 1 2 2 2 

2E 1 19 5 23 1 12 0 4 6 24 2 20 3 22 0 14 
1 4 1 1 4 3 4 1 

3 0 1 1 4 2 2 
5 1 1 0 5 1 2 1 
3 1 3 1 2 1 4 4 
4 4 1 0 2 3 1 1 

1 3 1 3 3 4 3 
1 4 2 0 1 3 2 2 

3E 3 21 2 16 1 10 1 9 3 20 4 24 3 25 2 15 
1 2 2 3 4 4 4 0 

3 1 0 J 3 3 2 
4 2 0 0 2 2 3 2 

3 0 1 2 2 3 2 
3 2 3 1 2 6 3 1 
3 2 2 0 1 2 3 4 
3 0 1 3 1 1 3 2 



Table A-2. Treatment 2—four Dipodoniys merriami plus eight Perognathus. 

Trapping Dates: June 24, 25, 27, 28, 30 and July 1 (1975) 

Species: Dipodoniys merriami Perognathus amplus Perognathus penicillatus Perognathus baileyl 

Micro* Large Small Large Large Son11 Large Large Small Large Large Small Large 
habitat: Open Open Bush Tree Open Open Bush Tree Open Open Bush Tree Open Open Bush Tree 

1VI 3 8 1 4 1 6 2 4 3 16 2 14 1 12 5 19 
2 1 2 1 3 3 3 4 
0 1 1 1 3 2 1 5 
1 0 1 0 2 2 2 2 
1 0 1 0 2 2 3 1 
1 1 0 0 3 3 2 1 

2W 
(control) 2 14 2 12 2 12 1 7 

2 2 1 2 
2 2 2 2 
2 1 3 2 
2 3 2 0 
4 2 2 0 

3W 6 18 2 9 4 17 2 15 
(control) 3 3 1 3 

1 3 5 2 
3 1 3 2 
3 0 1 3 
2 0 3 3 

IE 4 11 1 8 3 12 0 5 2 16 5 22 4 22 1 16 
1 2 2 1 3 4 1 5 
2 3 1 2 3 3 6 1 
2 2 1 1 4 1 6 3 
1 0 4 1 2 5 3 3 
1 0 1 0 2 4 2 3 

2E 2 5 3 9 2 5 0 1 5 25 2 8 2 17 2 12 
2 4 0 0 0 2 6 2 
1 2 1 1 6 1 3 1 
0 0 0 0 4 2 2 1 
0 0 1 0 4 0 3 4 
0 0 1 0 6 1 1 2 

3E 
(control) 3 16 3 18 3 20 2 16 

2 3 2 3 
2 4 3 1 
4 2 1 4 
3 2 7 2 
2 4 4 4 



Table A-3. Treatment 3—eight Dipodomys merriami plus eight Perognathus. 

Trapping Dates: July 9, 14 < 15, 19 (1975) 

Species: Dipodomys merriami Perognathus amplus Perognathus penicillatus Perognathus baileyi 

Micro- Large Small Large Large Small Large 
habitat: Open Open Bush Tree Open Open Bush Tree i 

Enclo
sure: 

1W 5 2U 
5 
5 
6 

2 10 
3 
2 
3 

4 12 
2 
2 
4 

1 3 
1 
0 
1 

1 6 
1 
1 
3 

2 11 
4 
2 
3 

5 11 
3 
1 
2 

0 8 
1 
4 
3 

2W 
(control) 1 6 

0 
2 
3 

2 7 
2 
1 
2 

2 9 
2 
2 
3 

0 3 
1 
2 
0 

Large Small Large 
Open Open Bush Tree 

Large Small Large 
Open Open Bush Tree 

3W 
(control) 4 11 0 4 2 7 3 13 

2 0 2 3 
1 1 2 4 
4 3 1 3 

IE 4 15 1 10 3 11 0 0 0 3 4 10 1 
6 2 2 0 0 3 1 
3 4 3 0 0 2 1 
2 3 3 0 3 1 2 

2E 5 22 4 11 2 8 0 1 1 6 2 10 0 9 2 8 
5 3 2 0 1 2 3 3 
5 2 1 0 1 4 2 2 
7 2 3 1 3 2 4 1 

4 19 
5 
5 
5 

3E 
(control) 2 9 4 14 3 20 4 11 

3 3 8 1 
2 1 5 6 
2 6 4 0 

O 
ro 
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APPENDIX B 

SUMMARY OF DATA FROM INTACT COMMUNITY STUDY 

For each trapping station, number of captures of four rodent 

species are given for summer (June-September 1974), winter (November 

1974-January 1975) periods. Vegetation and soil parameters are also 

given for each station. 
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Table B-1- Summary of data from intact community study. 

Station Rodent Captures Vegetation Census 
D. merriami P. amplus P. penicillatus P. baileyi Cover on Four 8-meter Density of Trees and Shrubs Surface Minimum 
Summer Winter Summer winter Suntoer Winter Summer Winter radial line transects No. No. No. No. No. Soil Distance 

Large Small Bush Grass of of of of of Texture* to a 
Open Open Trees Large Low Cholla Prickly Wash 
(m) (m) (m) (m) Bushes Bushes Pear (meters) 

1 2 4 13 7 12 1 14.4 6.5 2.7 6.9 3 2 11 3 2 8 
2 0 2 13 12 5 0 12.6 6.7 3.7 7.5 2 6 2 2 9 
3 2 1 17 6 5 3 12.4 6.2 4.7 8.7 3 3 1 4 1 1 8 
4 0 2 17 0 1 2 14.0 9.4 3.8 4.5 4 6 2 5 1 3 3 
5 1 0 14 5 6 1 8.0 17.5 1.3 3.4 3 8 3 1 3 5 
6 2 6 9 1 5 0 0.0 19.9 8.7 3.9 1 1 2 4 7 >10 
7 2 X 11 1 9 0 8.2 14.9 6.1 3.4 1 4 4 4 1 >10 
8 0 1 16 4 2 0 5.1 20.2 3.6 2.4 2 4 2 2 2 3 6 
9 0 0 9 2 8 5 2.8 15.5 6.1 7.6 2 2 4 2 1 3 0 
10 0 3 15 1 3 0 1.3 16.8 4.7 9.1 2 5 4 2 2 0 
11 0 0 10 0 3 1 3.3 16.1 5.7 6.8 1 3 2 3 1 >10 
12 0 1 16 0 0 0 7.9 14.5 0.8 4.7 3 2 6 2 1 9 
13 0 1 7 2 11 6 7.3 12.8 1.7 9.2 2 6 3 3 3 6 
14 0 0 8 3 12 2 7.4 14.2 5.8 1.6 2 9 10 2 3 3 0 
15 0 6 17 2 2 0 13.0 11.0 3.1 6.6 1 1 10 3 . 1 5 
16 2 5 1 3 5 0 10.4 11.7 2.2 8.7 3 ,1 8 1 0 
17 3 4 3 11 4 0 11.3 4.6 1.1 9.5 3 4 13 3 1 1 0 
18 4 1 3 5 4 3 3.8 13.6 6.8 6.3 2 1 6 5 1 >10 
19 2 5 15 10 21 5 24.1 0.5 1.6 4.6 1 14 8 2 1 4 
20 6 1 4 15 0 2 5.7 11.3 2.5 12.5 3 3 5 1 10 
21 2 0 12 0 6 1 3.1 15.6 6.5 6.2 3 2 1 2 1 1 >10 
22 0 0 10 0 7 2 3.7 16.2 7.8 1.2 1 7 2 7 1 3 7 • 
23 0 0 4 1 10 2 4.0 12.1 4.4 11.5 4 4 4 4 1 3 4 
24 3 1 19 0 0 0 3.0 14.1 5.7 7.7 1 1 6 7 1 >10 
25 4 4 16 1 0 1 7.6 13.2 4.7 6.5 2 1 4 2 1 >10 
26 2 3 10 1 3 0 6.0 13.8 4.2 8.0 2 3 1 1 1 >10 
27 5 3 7 6 1 0 10.2 13.9 1.5 3.2 3 5 2 1 1 >10 
28 2 1 11 4 2 1 5.0 11.9 2.3 12.8 3 1 5 3 1 >10 
29 2 1 8 19 3 0 15.7 8.8 3.4 1.8 2 3 5 3 1 >10 
30 1 2 20 10 1 0 7.9 11.1 4.7 7.3 4 2 1 5 1 1 >10 
31 0 2 2 19 7 2 6.4 10.2 6.1 8.3 4 4 8 1 1 2 0 
32 1 1 9 10 0 1 7.3 5.8 1.5 17.4 4 8 7 1 2 2 
33 11 5 11 6 1 0 10.3 11.9 9.8 0.0 . 2 4 10 3 1 1 >10 

* 1 - fine; 2 = coarse; 3 = pebbly. 
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APPENDIX C 

SUMMARY OF RODENT CAPTURE AND VEGETATION CENSUS DATA 
FROM MANIPULATION STUDY 

Vegetation measurements, bush cover removed, and rodent censuses 

are given. 
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Table C-l. Summary "of vegetation census data from manipulation study. 

Station Manipulation Prs-manlpulatlon Vegetation Census 
Bush cover LargeSmallGrassBushLowLargeTreeNumberWeightWeight 
removed Open Open and (m) Bush Bush Cover of t % 
(m2) (m) (m) Forbs Cover Cover (m2) Washes Pebbles Sand 

(m) (m2) (m2) 

A1 
A2 
A3 
M 
A5 
A6 
A7 

B1 
B2 
B3 
B4 
B5 
B6 
B7 

CI 
C2 
C3 
C4 
C5 
C6 
C7 

01 
D2 
D3 
D4 
D5 
D6 
D7 

El 
E2 
E3 
E4 
E5 
E6 
E7 

F1 
F2 
F3 
F4 
F5 
F6 
F7 

G1 
62 
G3 
G4 
G5 
G6 
G7 

15.40 
15.12 
17.34 

13.84 

19.34 

18.05 
12.38 

19.70 

15.40 
13.43 
17.04 

11.02 
18.76 
9.69 

14.18 

9.69 

9.23 

11.72 

10.22 

13.62 

8.90 
7.76 

13.58 

12.54 

27.90 
7.50 

13.80 
10.90 
8.20 
12.50 
16.80 

11.70 
19.20 
17.50 
7.90 
12.90 
9.10 
20.40 

9.20 
13.90 
6.90 
4.60 
14.20 
18.80 
16.00 
13.20 
10.80 
11.20 
12.50 
4.80 
19.90 
7.70 

20.60 
2.20 
12.90 
25.30 
28.30 
18.10 
14.00 

26.60 
9.40 
25.50 
19.90 
19.90 
29.00 
14.60 

9.50 
10.80 
10.00 
20.10 
24.00 
24.40 
20.90 

11.50 
25.20 
27.40 
25.80 
30.80 
27.30 
24.30 

24.70 
17.80 
20.50 
26.50 
25.90 
28.90 
19.20 

31.50 
22.00 
31.50 
32.90 
17.30 
20.00 
28.10 

22.30 
25.90 
23.30 
24.90 
33.40 
15.50 
34.50 

20.50 
28.80 
25.00 
16.10 
17.20 
21.80 
24.50 

14.70 
35.20 
21.60 
24.10 
20.20 
15.20 
28.50 

32.10 
32.40 
24.50 
19.70 
10.90 
16.00 
17.90 

10.30 
11.50 
8.50 
12.90 
10.30 
8.70 
9.20 

9.90 
6.80 
5.50 
10.70 
9.40 

10.60 
12.20 
11.70 
8.40 
8.10 
8.60 
13.50 
15.10 
6.10 
10.30 
11.40 
5.80 
9.30 
9.50 
15.30 
3.70 

10.60 
11.90 
6.90 
8.10 
5.70 
10.50 

8.60 

8.00 
3.50 
4.90 
8.20 
10.70 
6.30 
6.10 

6.10 
7.60 
11.90 
11.50 
15.80 
11.60 
12.20 

6.00 45.8 
6.30 9.6 
8.10 24.8 
4.40 18.6 
4.50 13.8 
5.70 22.2 
3.70 15.0 

7.50 38.6 
U. 50 29.4 
9.50 20.9 
8.90 13.3 
4.70 19.6 
7.30 12.3 
2.20 11.5 

1.40 20.5 
8.60 9.4 
7.50 15.0 
9.40 9.5 
3.70 12.3 
1.40 7.3 
3.50 28.9 

9.90 28.4 
5.70 8.6 
13.20 19.2 
7.30 8.3 
5.30 8.1 
5.00 18.6 
3.10 15.0 

2.30 11.5 
9.30 16.2 
9.10 
4.50 
2.80 

8.2 
5.4 
6.5 

3.60 25.2 
7.50 14.8 

4.70 29.7 
5.90 7.2 
3.70 12.8 
1.90 11.2 
2.20 3.6 
3.50 13.8 
3.80 18.5 

4.30 10.4 
2.90 4.7 
10.80 11.4 
2.70 17.1 
6.30 18.0 
2.00 13.3 
3.00 3.2 

18.0 
15.2 
43.2 
13.0 
7.4 
1.0 
15.8 

32.7 
34.4 
17.5 
18.0 
9.1 
11.2 
4.2 

45.2 
14.2 
19.4 
24.9 
14.6 
5.4 
20.7 

18.4 
14.4 
13.5 
16.3 
7.0 
8.1 
11.3 

52.5 
7.8 
16.5 
25.8 
18.2 
31.5 
8.5 

65.2 
19.7 
32.3 
16.4 
0.0 
13.1 
28.3 

5.7 
12.7 
31.4 
3.3 
18.9 
9.0 
9.5 

32.6 
0.0 
2.6 
12.2 
0.0 
19.6 
58.2 

7.1 
50.6 
15.9 
0.0 
0.0 
62.4 
81.9 

0.0  
13.8 
19.6 
0.0 
41.8 
94.4 
4.5 

23.0 
25.5 
0.0 
0.0 
0.0 
25.1 
40.2 

10.3 
18.5 
35.1 
20.8 
53.5 
29.2 
38.4 

0.0 
19.6 
22.2 
21.6 
68.7 
32.2 
17.5 

28.3 
28.3 
0.0 
47.9 
28.5 
35.5 
28.3 

9.7 
0.4 
12.9 
2.2 
4.9 
4.6 
8.4 

5.6 
5.0 
5.8 
1.9 
0.9 
7.6 
13.9 

7.5 
4.2 
3.2 
1.2 
6.5 
6.9 
18.5 

1.8 
9.7 
1.4 
4.3 
2.9 
28.3 
7.0 

6 . 2  
3.0 
7.3 
6.0 
12.7 
6.9 
3.9 

7.5 
7.4 
2.9 
18.7 
5.4 
10.3 
7.8 

8.3 
1.9 
3.7 
6.0 
9.7 
10.0 
3.2 

10.8 
5.9 
15.9 
7.1 
8.1 
11.8 
17.9 

17.5 
16.2 
14.9 
13.0 
10.8 
14.1 
13.7 

11.2 
11.8 
14.8 
10.5 
15.2 
10.8 
10.5 

9.3 
14.2 
8.6 
7.8 
10.5 
18.2 
17.2 

13.4 
9.9 
3.0 
7.8 

20.0 
14.8 
9.2 

13.7 
8.4 
10.7 
12.8 
14.8 
17.9 
8.1 

16.5 
12.5 
8.3 

10.0 
10.3 
U.l 
10.0 

13.66 

3.48 

15.23 23.80 

6.78 6.12 

9.49 

2.76 

5.56 15.77 

2.91 8.63 

18.38 

13.23 

24.31 .41 

22.57 .61 

6.87 

5.15 

12.17 

3.44 
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Table C-2. Summary of rodent census data from manipulation study. 

Pre-manipulation Post-manipulation 
Station Rodent Density Rodent Captures Rodent Rodent 

(No. Individuals) (No. Captures) Density Captures 
Dm Pa Pp Pb* Dm Pa Pp Fb Dm Pa Pp Fb Dm* Pa Pp Pb 

AX 2 0 4 2 6 0 6 5 3 X X 2 5 X 2 3 
A2 2 2 X 1 7 2 X X 3 2 X X 5 2 X 2 
A3 0 0 0 3 0 0 0 9 2 X 2 0 6 X 7 0 
M 2 X X X 6 2 2 3 X 0 X 2 2 0 7 6 
A5 2 2 2 2 4 2 2 4 2 2 0 X 5 2 0 3 
A6 2 2 0 3 3 4 0 3 0 2 X X 0 2 1 3 
A7 2 0 4 0 3 0 9 0 X X 3 X X X 9 3 

B1 0 2 2 3 0 2 6 4 2 0 X X 7 0 2 2 
02 2 X 0 2 3 X 0 8 0 X X X 0 X 2 7 
B3 0 2 3 2 0 3 3 4 4 0 1 2 8 0 X 6 
B4 X 2 X 0 4 3 X 0 2 X X X 6 2 1 2 
B5 X 1 0 0 X X 0 0 X 0 3 1 X 0 4 X 
56 1 X 2 2 4 2 3 8 0 2 4 2 0 3 11 4 
B7 0 0 7 2 0 0 X2 2 Q X 4 2 0 X 12 3 
CI X X X 4 6 3 2 6 3 0 X 2 5 0 1 3 
C2 2 3 0 5 2 3 0 14 2 0 2 2 3 0 2 3 
C3 0 3 1 2 0 6 X 3 3 0 2 X 3 0 2 4 
C4 1 3 0 3 X 5 0 8 0 0 X 2 0 0 4 6 
C5 0 X 3 X 0 X 4 2 1 0 3 2 2 0 7 3 
C6 2 X 4 4 3 1 5 4 1 X 4 0 X X 10 0 
C7 2 X 1 3 8 X X 6 3 X 0 X 7 6 0 2 

D1 2 X X 2 2 2 X IX 3 0 2 1 6 0 3 7 
D2 X X X X X X 2 3 0 X 3 2 0 2 9 3 
D3 X 2 0 2 X 2 0 8 2 0 2 X 2 0 4 3 
D4 2 X 0 3 7 3 0 5 3 X X 2 4 X 4 5 
D5 2 X 2 X 6 3 2 3 3 X 0 X XO 2 0 3 
D6 X X 2 X 2 X 5 X X 0 3 X 2 0 7 X 
D7 2 1 3 0 5 X 8 0 X 2 2 0 X 4 3 0 

El 2 X X X 2 2 X 2 2 0 1 X 5 0 1 5 
£2 0 2 X 3 0 4 X 4 0 0 3 X 0 0 3 4 
E3 X X 2 4 3 X 2 U 0 X 1 2 0 4 1 3 
E4 4 2 2 2 8 4 2 2 X 0 X 2 X 0 3 4 
E5 X X X X 2 4 X X 0 X 3 0 0 X XO 0 
E6 0 0 2 3 0 0 2 6 1 0 0 2 2 0 0 5 
E7 3 1 2 2 4 2 4 4 X X 2 X 3 X 6 4 

FX 4 0 2 2 5 0 4 2 X X 2 2 4 X 4 3 
F2 X 2 3 2 2 2 5 4 2 0 3 X 6 0 6 X 
F3 2 0 3 3 2 0 6 6 0 X 2 2 0 1 5 4 
F4 X 0 0 3 X 0 0 9 0 0 1 X 0 0 X 7 
F5 X 0 4 2 1 0 8 2 3 0 2 X 4 0 5 2 
F6 2 X 3 X 4 2 7 X 2 0 2 0 5 0 4 2 
F7 2 X 0 2 7 2 0 5 X X 2 0 2 X 2 0 

OX 2 X X 2 7 2 X 2 1 2 X X X 2 2 X 
G2 1 2 X 2 X 2 1 2 2 0 3 X 3 0 4 2 
G3 X 2 2 X X 4 4 2 0 0 4 0 0 0 7 0 
G4 0 X 5 X 0 X 8 4 2 0 2 X 2 c 6 X 
05 2 0 3 2 2 0 4 2 1 0 X 2 X 0 5 3 
G6 0 2 3 3 0 3 3 4 3 0 X X 4 0 2 X 
G7 2 X 4 0 6 2 5 0 2 0 3 0 3 0 3 0 

* Dm a Dipodotny3 merriaml; Pa = Perognathus ampins; Pp = Perognathus penicillatus; 
Fb 3 PerognatKus tiaileyl. " 
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