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INTRODUCTION 

Some of the most challenging questions of contemporary biology concern 
the diversity and stability of ecological communities. In most natural habi- 
tats many coexisting species of plants, animals, and microbes interact as 
competitors, mutualists, predators, and prey. These biotic processes interact 
with the physical environment to determine the structure and function of 
ecological systems. The numerous theoretical and empirical studies of com- 
petition and predation have left much to learn about how these processes 
contribute to the structure and stability of natural communities. Some of 
the questions may be answered by empirical investigations of systems com- 
plex enough to contain diverse species that interact in different ways yet 
simple enough to permit detailed comparative analyses and experimental 
manipulations. 

The seeds and seed-eaters of desert habitats provide a system of two 
trophic levels that offers many advantages for community studies. Some 
investigators have suggested that the struggle to exist in the harsh physical 
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environment so dominates the ecology of desert organisms that interactions 
with other species are insignificant. Certainly many desert animals and 
plants possess spectacular morphological, physiological, and behavioral 
specializations for surviving in an environment of little water and extreme 
temperature fluctuations (6, 53, 84), but such adaptations hardly diminish 
the necessity of competing for food, water, and other limited resources or 
of avoiding predators. Indeed, seeds are diverse and abundant in deserts, 
and representatives of three major taxa (mammals, birds, and insects) have 
specialized and radiated to fill seed-eating niches. Within the last decade 
numerous comparative and experimental studies have clarified the roles of 
competition and predation in the structure and function of this resource- 
consumer system. The present review attempts to integrate and summarize 
what we have recently learned about the patterns and processes of inter- 
specific interactions in this intensively studied system. 

We are concerned (a) with the importance of seeds as food resources for 
granivores, and (b) with the role of seed-eaters as competitors for these 
resources and as predators on plant populations. Most of the published 
work is based on research conducted in the southwestern United States. We 
draw on this work to synthesize and summarize what is known about 
granivory in North American deserts. We then discuss some of the interest- 
ing but still poorly understood similarities and differences in the organiza- 
tion of granivore communities among the major deserts of the world. 

THE RESOURCES 

Seeds play a special role in the ecology of deserts. We include as deserts 
habitats that purists would classify as semideserts and arid grasslands de- 
graded by livestock grazing. In these xeric habitats the dominant plants, in 
terms of individual size and community biomass, are perennial shrubs and 
succulents, which occur as widely spaced individuals. Of equal importance, 
however, are the annuals that spend most of their lives as seeds hidden in 
the soil. During the brief periods when sufficient moisture is available these 
seeds germinate; the resulting vegetative plants rapidly grow, flower, and 
set seed (4, 6, 93, 94, 101-103). Seeds are so abundant in the soil that in 
particularly good seasons annuals may literally carpet the ground under and 
between the sparse perennials. Because of their rapid, facultative response 
to availability of moisture, annuals are particularly important in coupling 
primary production to the infrequent, unpredictable precipitation that lim- 
its the productivity of most arid ecosystems (6, 34, 78, 94, 103). Life history 
strategies of annuals dictate that they allocate a large proportion of their 
energy and materials to seeds. For animal consumers seeds provide nutri- 
tious, particulate food resources. They are always available in desert soils 
and can be collected when abundant and stored for later use. 
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For granivores seeds represent diverse food resources that vary in mor- 
phology, chemical composition, abundance, and spatial distribution. Seeds 
of annuals typically dominate seed crops and soil seed banks in terms of 
numbers, biomass, and species diversity. It is not uncommon for 20-30 
species of annuals to account for more than 95% of total individual seeds 
and more than 80% of seed biomass; the remainder is made up largely by 
seeds of 2-6 species of codominant perennials (60). Seeds of these plants 
range in size from at least 0.01-150 mg. Most annuals produce seeds weigh- 
ing <2 mg, whereas seeds of perennials are larger, typically >1 mg (60, 71). 
Seeds vary greatly in shape, hardness, surface texture, and in the ways they 
are packaged within seed coats, husks, and fruits. Although seeds in general 
represent concentrated sources of energy and nutrients, they differ in chemi- 
cal composition. Patterns of temporal abundance and spatial distribution 
are complex. Seed production is closely dependent on the quantity and 
timing of precipitation, which is scanty and unpredictable in desert habitats. 
Consequently there is tremendous year-to-year variation in seed crops; in 
the more arid deserts there may be no seed production at all for one or more 
successive years (5, 6, 93, 95, 103). Once they fall from the parent plant, 
seeds are dispersed by wind, water, and animals. Wind is particularly 
important, and locally high densities of seeds accumulate in the wind shad- 
ows created by canopies of shrubs and irregularities in the soil surface. Most 
seeds remain near the surface of the soil and may be redispersed by strong 
winds or flowing water (60, 73, 75). 

Quantities of seeds produced in good years and remaining in the desert 
soils long afterward are surprisingly high. Maximum values of seed produc- 
tion or soil seed banks range from 180 X 106 to 3700 X 106 seeds ha-' 
(between 18 X 103 and 370 X 103 seeds m-2) or 80-1480 kg ha-' for various 
desert habitats (30, 50, 95). Minimum densities of seeds in the soil probably 
are rarely below 10 X 106 seeds ha-l (1000 seeds m-2) in most habitats, even 
years after the last seed crop (30, 60, 75, 95). 

THE CONSUMERS 

The primary consumers of desert seeds are rodents, ants, and birds. Impor- 
tant characteristics of these taxa, which influence and differentiate their 
roles as granivores, are compared in Table 1 and discussed in more detail 
below. 

Rodents 
In terms of consumer biomass and quantity of seeds harvested, rodents are 
rivaled only by ants as important granivores in North American deserts. 
The most specialized granivorous rodents belong to the family Heteromy- 
idae, which includes kangaroo rats (Dipodomys), kangaroo mice (Micro- 
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Table 1 Some characteristics of the three major classes of granivores in North American 
deserts 

Rodents Ants Birds 

Dominant genera of Dipodomys Pogonomyrmex Lophortyx 
specialized granivores Perognathus Pheidole Zenaidura 

Microdipodops Veromessor 

Others Peromyscus Novomesser several genera of 
(Aphaenogaster) finches 

Reithrodontomys Solenopsis 

Individual body size 7-120 g 0.5-15 mg 10-200 g 

Social organization solitary large eusocial colonies flocks (sometimes 
solitary) 

Foraging strategy central place, central place, dispersed, 
multiple load single load single load 

Seed storage great great none 

Mobility of individuals limited very limited great 

Thermoregulation endothermic ectothermic endothermic 

Activity nocturnal, daily and seasonal diurnal, active 
active throughout the activity highly throughout the year, 
year (Dipodomys) or dependent on environ- but many species are 
only in warm months mental temperature migratory 
(Perognathus) and humidity 

Maximum life few years established colonies several years 
expectancy may survive for many 

years 

dipodops), and pocket mice (Perognathus). These mammals are largely or 
exclusively granivorous. Their adaptations for this diet include external, 
fur-lined cheek pouches, which are used for collecting and transporting 
seeds, and highly efficient kidneys, which enable them to excrete nitroge- 
nous wastes and maintain osmotic balance on a diet that contains little free 
water (26, 84). Kangaroo rats and kangaroo mice use their elongated tails 
and hind limbs for bipedal, saltatorial locomotion (3, 25); they have special- 
ized ears capable of detecting vertebrate predators (99, 100). Pocket mice 
have more generalized, mouselike morphology and quadrupedal, scansorial 
locomotion (2, 26). In addition to the heteromyids, several rodents of the 
family Cricetidae feed heavily on seeds. Desert species of the genera Rei- 
throdontomys, Peromyscus, and Onychomys tend to be omnivorous in diet 
and relatively unspecialized in morphology and physiology. Many of them 
are largely insectivorous in the warm months, but their diets shift to seeds 
when preferred foods are not available. 

Rodents are multi-load, central-place foragers: They use their cheek 
pouches to harvest many seeds in a single foraging bout, and their activities 
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are confined to a small area centered around a permanent burrow system 
(26). Most rodents appear to spend the majority of their foraging time 
searching for seeds distributed on or just below the surface of the soil, but 
some collect many entire fruits and seedheads from plants before the seeds 
disperse (45, 58). Rodents are compulsive hoarders; when seeds are avail- 
able, they collect large quantities and store them either in larders within 
their burrow system or in small, dispersed, shallowly buried caches outside 
(57, 77, 88, 97). Kangaroo rats forage largely in the open area between the 
scattered perennial plants (10, 15, 46, 64, 79, 114). In these microhabitats 
many seeds occur in clumps, and kangaroo rats use their hopping gait to 
move rapidly and efficiently between widely spaced aggregations of seeds (3, 
63, 73, 75). Pocket mice do most of their foraging under shrub canopies (10, 
15, 46, 64, 79, 113) where seed average densities are higher and more 
uniform than in open microhabitats (60, 75). Compared to that of kangaroo 
rats, the foraging pattern of pocket mice is fine-grained. In fact some 
species act almost like filter feeders; they sift rapidly through large quanti- 
ties of soil and litter, collecting seeds as they encounter them (J. H. Brown, 
J. S. Findley, 0. J. Reichman, unpublished data). 

All granivorous desert rodents are nocturnal. They spend the day in 
burrows and emerge to forage at night (26, 43, 48). Kangaroo rats and some 
of the cricetids are active throughout the year, but most of the small 
rodents, including pocket mice and kangaroo mice, hibernate or utilize 
facultative torpor to remain inactive and minimize energy expenditure dur- 
ing periods when food is scarce or environmental temperatures are low (11, 
29, 43, 74, 96). Granivorous desert rodents are preyed upon by owls, mam- 
malian carnivores, and snakes. There is substantial evidence that predation 
has been an important selective pressure on desert rodent populations, 
which have responded by evolving specialized ears capable of predator 
detection (99, 100), restricted periods of nocturnal foraging (43, 48, 80), and 
particular patterns of microhabitat utilization (10, 15, 46, 64, 79, 114). 

Ants 
Harvester ants are the major nonmigratory granivores that rival rodents in 
total biomass and seed consumption in deserts and semi-deserts (12, 49, 58, 
59, 104, 110). The most specialized seed-eaters in arid regions of North 
America belong to the genera Pogonomyrmex, Pheidole, and Veromessor, 
all members of the subfamily Myrmicininae, which contains most harvester 
ants (but see 47). Within the myrmicines granivory has arisen polyphyleti- 
cally and is associated predominantly with arid habitats, where dependable 
sources of insect food are lacking. The suggested evolution of harvester ants 
from primarily carnivorous ancestors whose strong mandibles preadapted 
them for crushing seeds probably required only modest changes in mandible 
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structure (106) but perhaps more complex modifications in the processes of 
digestion. In at least one North American species, Veromessor pergandei, 
the larvae appear to function as the primary agents of digestion, converting 
crushed seed material provided by workers into nutrient solutions that are 
returned to workers via trophallaxis (104). The generality of this mecha- 
nism has not been investigated. To some extent desert-adapted species may 
have undergone significant evolution with respect to other physiological 
characteristics, such as their rates of oxygen consumption and their abilities 
to utilize metabolically produced water (27). Probably the most familiar 
characteristic of harvester ants world-wide is their tendency to maintain 
within their soil nests extensive granaries upon which they draw during 
periods when the standing crop of seed resources has been depleted. Few 
if any of even the most highly evolved granivorous ants are strict seed 
specialists, however, and most species avidly forage for insect material when 
it is available (20, 25, 104, 109-112). 

In contrast to rodents and with infrequent exceptions, worker ants typi- 
cally are single-load, central-place foragers. Some North American har- 
vester ants occasionally use the "beard" or psamnophore projecting from 
the ventral head region to accommodate a second seed on some foraging 
excursions (P. Kareiva, personal communication); such behavior has not 
been widely reported. In other granivorous ants, such as Pheidologeton 
ocellifer in India, especially large seeds may be transported to the nest 
cooperatively by several workers (1 16). However, the vast majority of har- 
vester ant workers return their booty individually to a central nesting and 
caching site from distances ranging from a few to more than 40 m (104). 

High-density seed patches represent preferred resources for ants as well 
as rodents, though for somewhat different reasons. Ants can take advantage 
of aggregated resources only to the extent that their recruitment systems 
enable them to draw nestmates to the resource patch and reduce the mean 
search time for locating food. Desert harvester ants differ markedly in their 
recruitment abilities and, hence, in their average success at exploiting aggre- 
gated resources (21, 35-37, 39). Grossly classified, species are group or 
individual foragers according to their tendencies to restrict the directional- 
ity of foraging for seeds. Group foragers travel to and from the foraging 
grounds in well-defined columns; consequently, over a limited time interval, 
searching and seed aquisition take place in a restricted portion of the area 
surrounding the nest (21, 22, 36, 37, 106). H6lldobler (35, 36, 37) has 
proposed that in some group-foraging Pogonomyrmex species, foraging 
columns arise gradually from recruitment trails; this hypothesis seems to 
be supported by the successful elicitation of group foraging at artificial seed 
baits (22, 24, 36, 37, 39, 92). In colonies of individual foragers, workers 
search for and collect seeds independently and may rely primarily on visual 
cues for orientation, though some species occasionally use short-lived chem- 



GRANIVORY IN DESERT ECOSYSTEMS 207 

icals for recruitment over very short distances (36). When nonnative seeds 
were supplied simultaneously in aggregated and dispersed distributions to 
colonies of group and individually foraging species, Davidson (22) found 
that the individual forager (Novomessor cockerelli) gathered seeds primarily 
from the dispersed distribution. The group forager (Pogonomyrmex bar- 
batus) was recruited to one or a few clumps of seeds and rapidly depleted 
these, while taking far fewer seeds from other aggregates of seeds and from 
the dispersed distribution. Based on the results of these experiments and on 
the observation that the seasonal activity schedules of group foragers are 
confined to periods of peak seed production more than are those of individ- 
ual foragers, group foraging has been interpreted as an adaptation for 
exploiting high densities of seed resources, and individual foraging as a 
behavioral specialization for feeding on dispersed or low-density resources 
[(22); for a conflicting opinion, see (8)]. Recently H6lldobler et al (38) 
demonstrated that N. cockerelli is capable of recruiting small numbers of 
foragers with short-lived chemicals when the cooperation of several foragers 
is required to transport a large prey item to the nest. However, the recruit- 
ment pheromone of this species lacks any persistent chemical component 
that would permit the amassing of large numbers of foragers. 

It is not surprising that the foraging behaviors of these sedentary ants, 
like those of other central-place foragers including rodents, should be sub- 
ject to intense selection. However, in eusocial ants, where inclusive fitness 
may form the dominant component of a worker's total genetic fitness (62), 
evolution may act effectively to produce traits that increase the success of 
the colony as a unit. Among the desert harvester ants, group and individual 
foraging behaviors appear to represent evolutionarily derived strategies for 
enhancing colony fitness in environments differing in resource density or 
dispersion (22). At least some of the experimental evidence demonstrating 
that foraging behavior of harvester ants supports predictions of optimal 
foraging models also suggests that selection may operate effectively at the 
colony level (36, 92). 

In contrast to the rigid nocturnality of rodent foraging, ant activity 
schedules are plastic within the bounds dictated by ectothermy and other 
physiological constraints (20, 27, 42, 87, 95, 105, 108-110, 113). During 
colder seasons, activity is predomiinantly diurnal, but a number of species 
regularly forage crepuscularly and nocturnally during the hot desert sum- 
mers. Individually foraging species of Pogonomyrmex seem to be entirely 
restricted to diurnality, possibly because of their reliance on visual orienta- 
tion (21), but group-foraging Pogonomyrmex, Pheidole, and Solenopsis spe- 
cies and Veromessor pergandei shift from diurnal to nocturnal and 
crepuscular activity schedules during the hottest months, thereby avoiding 
climatic stresses or taking advantage of especially abundant resources (22, 
95, 106, 111). 
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Desert ants experience predation or parasitism from a variety of sources 
including other ants, beetles, spiders, solpugids, lizards, blind snakes, ro- 
dents, and birds (28, 33, 106, 115; 0. J. Reichman, unpublished data). 
Probably the most significant and specialized ant predators are diurnal 
horned lizards of the genus Phrynosoma (W. G. Whitford and M. Bryant, 
unpublished data). Frequently confined by ectothermy to foraging during 
warmer periods of the day when lizards are also active, virtually all the 
granivorous North American species sustain losses to Phrynosoma, with 
larger lizards such as P. cornutum selectively eating larger ants and smaller 
lizards such as P. modestum specializing on small ants (D. W. Davidson, 
unpublished data). Unlike the avian predators of rodents, ant predators do 
not exert differential selection pressures in microhabitats differing in shrub 
cover. This may be why there is little evidence to suggest that granivorous 
ant species are specialized to forage in particular microhabitats defined by 
proximity to shrub cover (22). In addition, we may speculate that predator- 
avoidance activities may be less apt to constrain foraging decisions in euso- 
cial organisms for which single incidents of predation do not coincide with 
the death of the evolutionary unit. 

Ant life histories probably differ markedly from those of rodents. Once 
colonies of desert harvester ants are established, they may have a long life 
expectancy. Colonies of Novomessor cockerelli and some species of honey 
ants (genus Myrmecocystus) in the same habitat may persist over 20 years 
(R. M. Chew, personal communication); for species whose colonies or 
colony entrances are more mobile, longevities are less readily determined. 
Ectothermy, dormancy (1 13), and seed storage permit desert ants to survive 
periods of climatic stress or resource depression with minimal energetic 
expenditure, and eusociality may allow additional options for maintaining 
homeostasis in the face of extrinsic environmental fluctuations. Wilson 
(115) has suggested that individual colonies may sustain dramatic reduc- 
tions in populations of workers and brood while retaining the capacity to 
respond quickly when conditions become more favorable, but this hypothe- 
sis has never been confirmed empirically for desert seed-eating ants. In 
contrast, rodent recolonization following periods of resource scarcity may 
occur more gradually through reproduction and immigration from refugia 
of survivors. 

Birds 
Although seed-eating birds can be temporarily and locally abundant in 
North American deserts, few species are specialized granivores. Most habi- 
tats support one species of quail and another of dove that feed primarily on 
seeds and are resident throughout the year. Large mixed-species flocks of 
finches migrate into deserts and consume large quantities of seeds when they 
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are available. Some birds that are primarily insectivorous (e.g. thrashers and 
wrens) take significant quantitites of seeds when their preferred food is 
scarce, especially in winter. 

Unlike rodents and ants, most birds are not central-place foragers and do 
not store seeds. Except when they are nesting, birds are highly mobile. 
Flocks of finches and doves in particular search over large distances and 
concentrate their foraging in areas where seeds are dense (18, 69). Both the 
local and the large-scale abundance of finches wintering in desert and 
grassland habitats in the southwestern United States appear to be closely 
and positively correlated with the size of seed crops [(66, 69); J. Dunning, 
personal communication]. 

Other Granivores 
Organisms other than rodents, ants, and birds consume seeds in desert 
habitats, but unfortunately the ecology of most of them is poorly known. 
In addition to ants, several kinds of insects, including bruchid and curculio- 
nid beetles, lepidopterans, and hemipterans, feed on seeds during some 
stages of their life histories. Such seed predators and parasites may be 
qualitatively important in desert communities because of their specializa- 
tion on dominant perennial plants. Probably the best-studied and most 
numerous of these seed predators are the bruchids, whose larvae develop 
inside the large and nutritious seeds of leguminous shrubs. In the Western 
Hemisphere, some of the bruchid genera known to use the fruits and seeds 
of mesquites (genus Prosopis) are specialists on this genus, but a number 
also exploit related host species belonging to the genera Cercidium and 
Acacia. Kingsolver et al (44) have argued that associations of bruchid 
species with particular hosts depend largely on the coevolution of behav- 
ioral and morphological adaptations of predators and hosts rather than on 
complex chemical coevolution. While these insects are not strictly host- 
specific, they can consume major portions of the seed crops of small sets of 
host species (44). They seem unlikely, however, to have a quantitative 
impact on seed resources comparable to that of the three major granivore 
taxa. 

INTERSPECIFIC COMPETITION AND COMMUNITY 
ORGANIZATION 

Seeds as Limiting Resources 
Several lines of evidence indicate that availability of seeds limits populations 
of desert granivores. First, the population density, biomass, and species 
diversity of the primary classes of desert seed-eaters are closely and linearly 
correlated with mean annual precipitation in environmental gradients 
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where other habitat characteristics are held constant [Figure 1; (9, 10, 21)]. 
In arid ecosystems precipitation provides an accurate estimate of primary 
productivity (34, 78), and increasing annual rainfall is correlated with 
increasing size, frequency, and predictability of seed crops. This pattern 
holds so long as the habitat remains a desert and annual plants are abun- 
dant. Granivore abundance and diversity decrease dramatically once there 
is sufficient precipitation to produce a perennial grassland, presumably 
because seed availability also decreases as plants allocate proportionately 
more carbon and nutrients to vegetative structures. Abramsky (1) found 
that a species of granivorous rodent (Dipodomys ordi) that did not normally 
occur in short-grass prairie habitat colonized and maintained permament 
populations on experimental plots where he regularly supplied supplemen- 
tal seeds. 

Additional evidence that seed resources are limiting comes from tempo- 
ral fluctuations of local granivore populations in response to variations in 
seed availability. Reproduction of some heteromyid rodents appears to be 
triggered by the presence in the diet of the leafy parts of recently germinated 
annual plants (4, 76). Availability of green annuals should provide a reliable 
cue that a seed crop will be produced within a few weeks. Several studies 
have shown that populations of granivorous rodents increase rapidly imme- 
diately following large seed crops and decline in periods between seed crops 
(5, 30, 61, 77, 107). In the most arid habitats, where seed crops are highly 
unpredictable and may be separated by several years, rodent populations 
may fluctuate through several orders of magnitude. Ants also fluctuate with 
availability of seeds. Because ant colonies are long-lived and successful 
founding of new colonies occurs infrequently, the most pronounced varia- 
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Figure I Relationship between the number of common species of seed-eating rodents (trian- 
gles) and harvester ants (circles) occurring in sandy flatland habitats and mean annual precipi- 
tation for sites in southern California, Arizona, and New Mexico. Correlation coefficients and 
statistical significance of the plotted linear regressions are indicated. Data replotted from (9, 
10, 12, 21). 
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tion is in the size and activity levels of established colonies (22, 95, 106, 109, 
111). Their eusocial system may allow colonies either to increase or reduce 
the number of workers as well as to regulate the amount of foraging in 
response to the erratic, pulsile occurrence of seed crops. Granivorous birds 
show perhaps the most dramatic response to temporal variation in seed 
availability, though these have been better studied in arid grasslands than 
in strict deserts. Flocks of migratory finches, in particular, use their mobility 
to detect and exploit local areas where seed densities are high [(18, 69); H. 
R. Pulliam, personal communication]. Using Christmas Count censuses, J. 
Dunning (personal communication) has shown recently that winter densi- 
ties of virtually all species of migratory finches in the deserts and grasslands 
of southeastern Arizona are highly correlated with the amount of precipita- 
tion, and hence with the quantity of seeds produced, during the previous 
summer. 

Because for sessile, ground-nesting ants the availability of food is contin- 
gent upon access to space, data on use of space provide additional evidence 
that harvester ant populations are limited by resource productivity. One 
pattern emerges from comparisons of the distributions of species that differ 
in foraging behavior. Colonies of species characterized by limited worker 
mobility and small foraging territories become increasingly abundant as 
seed productivity increases along altitudinal (8) and longitudinal (21) gradi- 
ents of precipitation. This suggests that colonies with limited foraging areas 
are unable to acquire sufficient resources for maintenance and reproduction 
when seed densities are very low. In addition, intraspecific colony spacing 
is more uniform than random in several ant species (8, 35, 36). Whether 
such intraspecific territoriality is maintained by killing of colonizing queens 
[(8); D. W. Davidson, unpublished data], by border skirmishes among 
workers of established colonies (35-38), or by chemical markers, this behav- 
ior probably reflects competition for seed resources. Similar intraspecific 
spacing might be expected in desert rodents that forage in restricted areas 
centered around their burrows. The kangaroo rat, Dipodomys spectabilis, 
devotes much time and energy to constructing and maintaining a large, 
mounded burrow system that may last for many years and several genera- 
tions of individuals. These mounds are spaced more regularly than at ran- 
dom, presumably reflecting intraspecific territoriality and competition for 
food (85). 

Finally, evidence that seed resources limit granivore populations comes 
from actual estimates of seed consumption in relation to seed production. 
Calculations of seed consumption from estimated population densities and 
metabolic requirements suggest that granivores may consume most of the 
seeds produced in desert habitats. Either rodents or ants may consume the 
majority of seeds produced by particular plant species (17, 90, 95, 110), and 
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rodents alone may use over 75% of all seeds produced at certain Mojave 
and Chihuahuan desert sites (17, 30, 60). In some years finches may con- 
sume virtually the entire seed crop in arid grasslands (66). 

Competition and Coexistence among Rodents 
If seed resources limit granivore populations, then seed-eaters should com- 
pete for food and coexistence of species should depend on differential utili- 
zation of resources. By influencing the abilities of species to coexist in the 
same habitats, interspecific competition should play a major role in deter- 
mining community organization both within the major classes of granivores 
and in the taxonomically diverse granivore community as a whole. 

Strong but circumstantial evidence for the importance of competition 
among desert rodent species comes from geographic comparisons of rodent 
communities. As the number of coexisting rodent species increases with 
increasing seed production along geographic gradients of precipitation, 
species with particular characteristics are added in a regular order (9, 10). 
The most striking patterns involve body size (Figure 2) and mode of loco- 
motion. Brown (9) showed that body sizes of coexisting species are more 
different than would be expected on the basis of random co-occurrence of 
those species whose geographic ranges were included in his study sites. 
Furthermore, different species of similar body size and locomotor special- 
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izations tend to coexist to produce structurally and functionally convergent 
rodent communities in similar habitats in geographically isolated deserts 
(10, 52). On the other hand, immediately adjacent but structurally dissimi- 
lar habitats, such as areas of sandy and rocky soil, sometimes support 
rodent communities that differ conspicuously in the number and character- 
istics of the component species (10, 19, 31, 50, 81, 83). These patterns 
suggest that coexistence of granivorous desert rodents depends largely on 
differential utilization of food resources and habitats. 

Attempts to measure habitat and seed utilization suggest that at least two 
mechanisms promote coexistence and provide a functional basis for the 
morphological differences among species. First, species forage in different 
habitats. On a large scale, macrohabitat selection may restrict species to 
particular habitats and prevent coexistence. Frequently pairs of species of 
extremely similar body size and morphology occur side by side, but with 
little overlap, in adjacent habitats that can be distinguished by differences 
in soil texture and/or vegetation (9, 10, 40, 85). On a smaller scale, coexist- 
ing species with completely overlapping home ranges often forage in differ- 
ent microhabitats. The most common pattern is for quadrupedal pocket 
mice to concentrate their activity among dense vegetation and under the 
canopy of shrubs, whereas bipedal kangaroo rats forage primarily in patches 
of bare, open ground (10, 15, 46, 64, 79, 114). Rosenzweig (79) has shown 
by means of an elegant field experiment that the relative abundances of a 
kangaroo rat, Dipodomys merriami, and a pocket mouse, Perognathuspeni- 
cillatus, changed in predictable ways when he manipulated the vegetation 
structure of the habitat. Such differences in microhabitat utilization may 
reflect, in part, specializations for avoiding predation, but they also reduce 
overlap in seed utilization. They may be sufficient to reduce competition and 
permit coexistence of kangaroo rats and pocket mice in simple, two species 
communities (46, 64, 79). However, it is unlikely that microhabitat selection 
alone is sufficient to account for the coexistence of five or six kinds of 
granivorous rodents in productive habitats, because some of these species 
appear to forage in similar microhabitats (10, 15). 

The conspicuously regular displacement in body size among coexisting 
species suggests that seed resources are utilized differentially by species of 
different size and that this is an important mechanism promoting coexis- 
tence. Unfortunately it is not yet clear which properties of seeds (if any) are 
allocated on the basis of size. Tests of the simplest hypothesis-that rodents 
differentially harvest sizes of seeds positively correlated with their body size 
(10, 15, 82)-have produced conflicting results (10, 15, 41, 45, 50, 56, 70, 
82, 89, 91), and it appears that this idea is too simplistic. However, the idea 
that the energetic constraints of body size are reflected in differences in 
foraging behavior and seed selection remains attractive. Recently several 
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investigators have suggested that rodent species of different body size spe- 
cialize on packets or clumps of seeds that differ in their net energy return 
(41, 63, 73, 75). They suggest that several small seeds that have not yet been 
dispersed from a fruit or that have collected in a microsite because of 
dispersal by wind or water may provide an energetic reward equivalent to 
that of a single large seed; rodents of large body size and bipedal locomotion 
may be able to specialize on such rewarding packets because they travel 
more rapidly and forage over larger areas than their smaller competitors. 
Although some recent laboratory studies support this hypothesis (41, 63, 
75), it remains to be tested rigorously in the field. 

Coexisting desert rodent species often differ conspicuously in at least two 
other important respects. First, species of small body size (e.g. representa- 
tives of the genera Perognathus, Microdipodops, Peromysus, and Rei- 
throdontomys) can enter torpor and remain inactive in their burrows for 
periods of days, weeks, or months when food is scarce and/or temperatures 
are low (11, 29, 43, 74). Such bouts of short-term inactivity, hibernation, 
or estivation reduce energy requirements of the individuals involved and 
remove them temporarily from competition for seed resources. Often coex- 
isting rodents also differ in adaptations for avoiding predation. The most 
striking contrast is between the kangaroo rats and kangaroo mice, on the 
one hand, and the pocket and cricetid mice, on the other. The former have 
highly specialized morphologies (including internal ears adapted for detect- 
ing the low frequency sounds made by their predators); they forage in 
exposed open microhabitats. The latter are relatively unspecialized; they 
concentrate their activity in areas that provide dense vegetative cover (2, 3, 
26, 99, 100). Since these adaptations for utilizing torpor and avoiding 
predators affect the timing and location of foraging, they undoubtedly 
influence competitive interactions; but we have little precise understanding 
of their effects on community organization. 

Perhaps the strongest and most direct evidence for the role of interspecific 
competition in desert rodent communities comes from comparisons of habi- 
tat selection, seed utilization, and population densities when different num- 
bers and combinations of species occur in similar habitats (51). Brown (9, 
10) sampled the rodents inhabiting sand dunes in the eastern and western 
Great Basin; those areas have similar habitats, but there are fewer kinds of 
rodents in the eastern part because of its historical biogeographic isolation. 
Brown (9) found that average population densities per species were higher 
and the range of seed sizes utilized by the kangaroo rat, Dipodomys ordi, 
was greater in the eastern than in the western Great Basin. He suggested 
that such density compensation and niche expansion were responses to 
reduced interspecific competition. E. Larsen (unpublished data) used both 
his own data and a reanalysis of Brown's data to show that in structurally 
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similar macrohabitats particular heteromyid species foraged in a wider 
range of microhabitats when one or more competing species were absent. 
Similar results have been obtained from experimental manipulations of 
species abundances in enclosures (63) and from comparisons of mi- 
crohabitat utilization by the kangaroo rat, D. merriami, in the same habitat 
between seasons when coexisting pocket mice were either active or in hiber- 
nation [(63); 0. J. Reichman, unpublished data]. Perhaps the most perplex- 
ing experimental results are those of Schroder & Rosenzweig (86), who 
observed no increase in the population densities of either D. merriami or 
D. ordi when its congener was removed in reciprocal experiments on large 
unfenced plots. Although these authors concluded that the two species 
exhibit inflexible, nonoverlapping patterns of habitat selection and do not 
compete, their results should be viewed with caution because of problems 
with the design and execution of their experiment. 

Competition and Community Organization in Ants 
Geographic patterns in the diversity and organization of harvester ant 
communities are strikingly like those already outlined for rodents. Charac- 
teristics of the structural and functional organization of ant communities 
are preserved as both biomass and species diversity increase over a gradient 
of enhanced precipitation and seed productivity in the semi-deserts of the 
southwestern United States (21). Species for which similar feeding niches 
result in strongly overlapping resource requirements appear unlikely to 
coexist locally within relatively uniform habitat types (21, 112). Two at- 
tributes of granivorous ant species that appear to be closely tied to patterns 
of resource utilization and coexistence are worker body size [Figure 2; (16, 
21, 32)] and colony foraging behavior (group or individual strategies, as 
detailed above). Species characterized by similar worker body sizes and 
colony foraging strategies tend not to coexist locally in homogeneous habi- 
tat types even at sites that lie within the distributional ranges of both species 
(21, 110). The suggestion that some such species pairs may be intense 
competitors and behave as ecological replacements for one another is sup- 
ported by observations of interspecific territorial defense in marginal areas 
where their populations come into contact (35, 112). 

The differences in worker body sizes and species-specific colony foraging 
behaviors that appear to facilitate coexistence have been related directly to 
resource allocation by seed size and density (16, 21-23, 32). Specific worker 
sizes probably impose mechanistic upper limits and energetic lower limits 
to the sizes of seeds that can be exploited. In addition, among species 
employing similar foraging strategies, worker body sizes are positively cor- 
related with foraging distance and probably, as a result, with access to 
preferred resources (8, 22, 32). Ants select seeds partly on the basis of 
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particle sizes both from experimental distributions of nutritionally identical 
seeds in different size classes (21, 23, 24, 92) and from naturally occurring 
distributions of native seeds (21, 23). However, considerable variability 
exists in the latter relationship; additional factors, such as nutritional con- 
tent of the seed, accessibility of the embryo within the seed or the seed 
within the fruit, and foraging choices of ants in response to spatial distribu- 
tions of seeds, may also be important. 

Above, we argued that group and individual foraging behaviors are adap- 
tations enabling exploitation of high- and low-density seed resources, re- 
spectively; we suggested that ant species with similar body sizes might 
coexist if they differed in foraging strategy. The potential for resource 
partitioning by "density specialization" was also invoked in our consider- 
ation of the coarse-grained and fine-grained foraging behaviors employed by 
rodents. In order for interspecific differences in density specialization to 
qualify as mechanisms of resource allocation, such differences must grant 
each competitor exclusive access to some subset of resources. To the extent 
that seed taxa are characterized by species-specific dispersion patterns [(73); 
H. R. Pulliam, personal communication] high- and low-density seed spe- 
cialists may exploit different resource populations. If evolutionary responses 
to predation and competition interact to effect microhabitat separation and 
the associated differences in rodent foraging behaviors, rodent species feed- 
ing under shrub canopies and those feeding in open habitats may share only 
the subset of seed resources that cross habitat boundaries. This subset may 
be particularly insignificant for buried seeds that are less likely to be moved 
by physical forces. 

Finally, Davidson (22) has suggested a mechanism by which density- 
specialization might promote coexistence even in the absence of mi- 
crohabitat separation of competitors or taxonspecific patterns of seed 
dispersion. This mechanism depends on spatial heterogeneity in seed den- 
sity (documented above) and/or temporal alternation of seed abundance 
and rarity, a distinguishing feature of these deserts. Using a cost-benefit 
approach, Davidson suggested that group and individually foraging ants 
with similar worker body sizes could coexist if adaptations such as larger 
colony sizes, more effective recruitment strategies, and better facilities for 
seed storage granted group foragers access to most or all of seed resources 
above some threshold density while preventing them from foraging profita- 
bly at lower resource levels. Comparisons of resource depletion by group 
and individually foraging ant species (22, 108) support the hypothesis that 
group foragers can reduce high density resources more rapidly than do 
individual foragers. Assuming lower foraging costs for individual foragers 
that seldom or never use chemical recruitment, these species might forage 
profitably at resource densities below the threshold level that permits group 
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foragers to forage economically. The proportionate subdivision of the ant 
community among group and individually foraging ants should reflect the 
mean availability of resources at different seed densities, and some evidence 
supports this prediction (22). Further data are needed to define more accu- 
rately the cost-benefit curves that are the basis of this model. 

Resource subdivision of temporal displacement of foraging activities has 
also been suggested as a mechanism that promotes coexistence among 
food-limited, desert seed-eating ants. Seed resources in deserts are renewed 
only once or twice annually, and though seasonal differences in activity 
schedules may enhance coexistence, diurnal differences would not. Differ- 
ences in activity schedules on a diurnal timescale probably reflect physiolog- 
ical or morphological adaptations that facilitate foraging in specific seasons 
to which particular species have adapted (7). Pogonomyrmex desertorum 
and P. californicus, congeners characterized by similar worker body sizes 
and colony foraging strategies, may coexist by virtue of species-specific 
differences in seasonality of foraging. While activity in P. desertorum peaks 
during midsummer, maximum activity of P. californicus colonies occurs in 
late summer and fall in southern New Mexico (87, 109, 111). Some evidence 
indicates that consistent and distinctive seasonal activity patterns character- 
ize group and individual foragers and that these patterns are adaptive 
responses related to density specialization (22). 

Several investigations of colony dispersion patterns have provided infor- 
mation on interspecific interactions. In the Chihuahuan Desert, the species 
composition of assemblages of harvester ants may change across habitat 
boundaries marked by differences in microtopography (16). Within sam- 
pling areas chosen for habitat homogeneity, interspecific overlaps in forag- 
ing areas were significantly nonrandom for only two of many pairwise 
comparisons (21). The spatial separation of nesting sites and foraging terri- 
tories for these congeners apparently results from interference interactions 
rather than interspecific differences in microhabitat utilization. One marked 
positive association of colonies of two coexisting harvester ants has been 
attributed to indirect pathways of competitive interaction in a six species 
assemblage (25). In this case as well, the primary microhabitat variable to 
which ant species appear to be responding is the distribution of preestab- 
lished colonies, rather than any other measurable habitat variable. 

Paralleling increases in precipitation, productivity, and ant species diver- 
sity in the arid southwestern United States is a trend toward enhanced 
morphological, behavioral, and ecological specialization by harvester ants. 
This is precisely the pattern predicted by MacArthur (51) for assemblages 
of resource-limited consumers. Dominating the most depauperate ant 
faunas in the least productive of these deserts is Veromessor pergandei, a 
supreme generalist characterized by an intermediate mean worker body size 
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and marked continuous worker size polymorphism within the colony. The 
remarkable polymorphism displayed by V pergandei enables colonies of 
this species to utilize a diversity of seed sizes efficiently (23, 104) and, 
perhaps also, to forage efficiently at a range of distances from the central 
nest site. Also a generalist with respect to foraging behavior, V pergandei 
utilizes a form of group foraging that apparently involves neither the use 
of scouts nor the chemical recruitment that characterizes other group forag- 
ers (104). However, populous columns containing as many as 17,000 work- 
ers (106) deplete high-density seed resources, while demonstrating an 
apparently unique capacity to rotate the foraging column at a rate that is 
inversely proportional to resource abundance and, consequently, to take 
advantage of seeds scattered at low densities as well (8, 104, 105). Through- 
out the distribution of V pergandei the expression of within-colony worker 
size polymorphism reflects remarkably specific character shifts in response 
to the presence or absence of competing species (23). At the eastern edge 
of its distribution in the moderately productive Sonoran Desert of south- 
central Arizona where V pergandei may coexist with up to four potentially 
competing species with larger or smaller but approximately monomorphic 
worker body sizes, the size polymorphism is markedly less well-developed, 
and workers of intermediate body size dominate individual colonies. In 
habitats of still greater resource productivity and ant species diversity V 
pergandei is replaced by ant species whose colonies are specialized to pro- 
duce workers of uniform body sizes and to forage on narrower ranges of 
seed densities (21, 22). 

Competition among Birds 
Desert seed-eaters other than rodents and ants have been so little studied 
from a community perspective that we know virtually nothing about com- 
petition and resource utilization in these taxa. Patterns of interspecific 
interactions and community organization described for granivorous birds 
in other habitats (65-68) might also, with some modification, be looked for 
in desert birds. This will be a profitable area for future research. 

Competition between Classes 
If seeds are limiting to the extent that interspecific competition has played 
a major role in determining patterns of coexistence and resource utilization 
within the major classes of seed-eaters, then we might also expect significant 
competition between the classes. A necessary condition for competition is 
overlap in requirements for limited resources. Comparisons of native seeds 
collected by naturally foraging animals and experiments with domestic 
seeds indicate that rodents and ants (and probably also birds) overlap 
broadly in the sizes and species of seeds they harvest and the microhabitats 



GRANIVORY IN DESERT ECOSYSTEMS 219 

where they forage (12, 14, 55). As documented earlier, quantitative esti- 
mates of seed consumption suggest that particular species of granivores may 
harvest most of the seeds produced by certain plant species. Rodents have 
been estimated to consume more than 75% of the total seeds available in 
some desert habitats, and finches may take virtually all of the seeds pro- 
duced in arid grasslands in relatively poor years. These indirect observa- 
tions suggest that interclass competition may be severe. 

Direct evidence for the importance of competition between rodents and 
ants comes from our own field experiments in which each class was ex- 
cluded from experimental plots in the Sonoran Desert (12, 13). When either 
rodents or ants were removed from 0.1 ha plots of desert habitat we ob- 
served reciprocal increases in the remaining taxon. Density of ant colonies 
increased 71 % on plots where rodents had been excluded relative to control 
plots. Rodents increased 20% in population density and 29% in biomass 
in the absence of ants. Measurements of quantities of seeds in the soil and 
densities of annual plants provide corroborative evidence that these recipro- 
cal increases reflect exploitative competition for seeds. Compared to control 
plots where all classes of granivores were present, densities of seeds and 
plants were significantly higher on plots where either rodents or ants had 
been removed, and they were 2-5 times higher on plots where both classes 
of granivores had been excluded [(13); R. S. Inouye, G. S. Byers, and J. H. 
Brown, unpublished data). 

Rodents and ants differ in many ways that affect population dynamics 
and seed utilization. It is difficult to make more than speculative comments 
about the mechanisms that permit stable coexistence of the two classes in 
natural desert habitats. As a class, ants appear to harvest seed size classes 
in proportion to their occurrence in the environment; they take smaller 
seeds on the average than rodents, which seem to forage selectively for large 
seeds [(70, 72); D. W. Davidson, unpublished data; R. S. Inouye, G. S. 
Byers, and J. H. Brown, unpublished data]. However, the sizes and species 
taken by the two classes often overlap and the diets of particular ant and 
rodent species may be even more similar. Established ant colonies may be 
less affected by the long, unpredictable periods between seed crops than 
rodent populations because ants can regulate colony size and foraging 
activity to resource availability. In addition, because of the small body size 
of individual workers, ants may be able to forage profitably on lower densi- 
ties of seeds than rodents (13). Rodents, on the other hand, are more 
efficient than ants at collecting dense seeds; they can dig for buried seeds, 
which may remain in locally dense clumps long after most seeds have been 
removed from the soil surface (14, 73, 75). 

While it is likely that both rodents and ants also compete with seed-eating 
birds and other taxa of desert granivores, the extent and consequences of 
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these interactions remain to be investigated. From the few studies available 
(18, 66, 69), we suspect that birds that do not store food are much more 
sensitive than either rodents or ants to temporarily and locally low densities 
of available seeds, but they use their mobility and flocking behavior to 
search over large areas and exploit seeds where they are locally abundant. 

Comparisons of Communities among Continents 
Differences and similarities in the kinds of granivores that inhabit the major 
deserts of the world suggest that unique historical events, environmental 
factors, and interspecific competition both within and between closely re- 
lated taxa have interacted to produce observed patterns of community 
organization. Extensive deserts occur on all continents except Europe and 
Antarctica. Birds and ants are highly vagile, and several taxa of both classes 
have been able to colonize all of the major deserts; but historical events have 
greatly influenced the evolution of desert rodent faunas on different conti- 
nents. Australia and South America have long histories of isolation from 
the other land masses, and both continents have depauperate desert rodent 
faunas. Two genera (Notomys and Pseudomys) of specialized granivorous 
rodents, and one genus (Rattus) of generalized, omnivorous rodents (all in 
the family Muridae) occur in Australia, but the densities of populations 
and the number of coexisting species in most desert habitats are conspicu- 
ously lower than in North America [(57); S. R. Morton, personal communi- 
cation]. Although South America has many generalized rodents, some of 
which are ecologically similar to North American cricetids, it has no spe- 
cialized granivores comparable to the heteromyids. However, the granivor- 
ous mammal niche may have been filled until quite recently by small, 
bipedal marsupials of the extinct family Argyrolagidae (54, 55). On each of 
the other continents with extensive deserts, specialized seed-eating rodents 
have evolved independently from unspecialized distantly related ancestral 
stocks: in North America the genera Dipodomys, Microdipdops, and Perog- 
nathus in the family Heteromyidae; in Asia the genera Jaculus, Dipus, 
Salpingotus, Cardiocranus, and others in the family Dipodidae; and in 
Africa and the Middle East the genera Gerbillus, Tatera, and Taterillus in 
the family Cricetidae (98). The genera Dipodomys, Jaculus, Dipus, Gerbil- 
lus, and Notomys provide some of the most spectacular examples of similar 
morphology, physiology, and behavior produced by convergent evolution 
to fill similar ecological niches on different continents. 

Although more work is needed in Asian and African deserts, it appears 
that their granivore communities are convergently similar to those in North 
America, particularly when habitats of similar climate, vegetation, and soil 
type are compared. On all three continents, seed-eating rodents, ants, and 
birds are diverse and abundant; from the limited data available, coexisting 



GRANIVORY IN DESERT ECOSYSTEMS 221 

species appear to show comparable patterns of body size and foraging 
behavior. South American and Australian granivore communities are dis- 
tinctive. In South America, despite the absence of specialized seed-eating 
rodents, granivorous desert ants and birds are not conspicuously more 
diverse or abundant than in North America (55). A very different situation 
obtains in Australia, where the rodent fauna is also depauperate but there 
are about 3 times more species of harvester ants and 6 times more species 
of granivorous birds than in North American deserts. The failure of rodents 
to diversify in Australia might be explained in part by the low frequency 
of rains. The coefficient of variation in annual precipitation tends to be 
much greater for Australian than for North American deserts (58). If the 
interval between seed crops becomes too long, rodent populations may have 
difficulty surviving. The high diversity of granivorous birds and ants in 
Australia suggests that these classes have been able to radiate by exploiting 
seed resources equivalent to those utilized by rodents in North American, 
Asian, and African deserts. 

THE IMPACT OF GRANIVORES ON DESERT 
ECOSYSTEMS 

Aside from interacting among themselves, seed-eaters have two important 
direct effects on the structure and function of desert ecosystems: As preda- 
tors they influence the distribution and abundance of plant populations, and 
as prey they provide food for carnivore populations. We have already cited 
evidence that granivores may consume large fractions both of the total seed 
crop produced in an area and of the seeds produced by particular plant 
species. The exclusion experiments designed to study competition between 
rodents and ants (12, 13) were used by R. S. Inouye, G. S. Byers, and J. 
H. Brown (unpublished data) to assess the impact of these taxa on the 
annual plant community. Compared to control plots where both classes of 
granivores were present, densities of seeds in the soil and of vegetative 
annual plants increased significantly on plots where rodents or ants were 
excluded. Rodents and ants preyed differentially on particular plant species 
and consequently had different effects on the annual plant community 
(Table 2). Rodents apparently preyed selectively on large-seeded species 
(e.g. Erodium and Lotus spp.); these increased to dominate vegetative plant 
biomass on plots where rodents were excluded. Ants seem to have preyed 
most intensely on the most abundant species (Filago california), and this 
small-seeded composite increased to dominate the community numerically 
and reduce species diversity on plots where ants had been removed. The 
plants also competed intra- and interspecifically for limited water resources, 
and granivore predation apparently interacted with this competition to 
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Table 2 Effects of experimental removal of rodents or ants on densities of particular an- 
nual plant species and on characteristics of the annual plant community (R. S. Inouye, 
G. S. Byers, and J. H. Brown, unpublished data). 

Seed weight DensItya Effect of removing 
(mg) (nuinber m-2) Rodents Ants Probable explanation 

Dcnsity of 
All plants variable 209.6 increase increase seed predation by rodents 

P < 0.05 P < 0.01 and ants 

Erodium cicutariumb 1.6 1.75 increase not selective predation by rodents 
P < 0.01 significant on large seeds 

Erodium texanumb 1.6 0.59 increase not selective predation by rodents 
P <0.05 significant on large seeds 

lotus humzistratus 1.5 11.4 increase not selective predation by rodents 
P < 0.05 significant on large seeds 

utlphorbia polyearpa 0.18 2.8 decrease not selective predation by rodents 
P < 0.02 significant on competing Erodium spp. 

Filago californica 0.04 142.1 not increase selective predation by ants on 

significant P < 0.05 most abundant species 

Species diversity not decrease selective predation by ants on 

(H' = - lI In pi) significant P < 0.05 most abundant species 

Biomass (g dry increase not selective predation by rodents 

weight m-2) P < 0.01 significant on large seeded species which 
grow rapidly and dominate 
biornassb 

aAverage density on control plots where both rodents and ants were present. 
bBiomass of the two Erodium spp. constituted 41% of total biomass on control plots and a much greater 

proportion on plots where rodents were removed. 

affect annual community structure. Thus small-seeded Euphorbia polycarpa 
was present in high densities on plots where rodents were present, but it was 
replaced by large-seeded (and presumably competitively superior) Erodium 
spp. on plots where rodents had been removed. These effects on annual 
plants were apparent after excluding granivores for only four years, and 
there is no evidence that the plant community had yet equilibrated to the 
experimental manipulations. Longer experiments would be required to as- 
sess the possible impact of granivores on the long-lived perennial shrubs and 
succulents. 

Because seed-eaters are among the most abundant and diverse sources of 
food for desert carnivores, predation on granivores must be important in the 
functional organization of desert ecosystems. Unfortunately, little is known 
about the effects of granivores as prey on the population dynamics and 
community structure of carnivores or, conversely, about the influence of 
predation on granivore abundance and community organization. As in- 
dicated earlier, ants are consumed by many kinds of insectivores, including 
horned lizards of the genus Phrynosoma, which are virtually obligate ant 
eaters. Similarly, many vertebrate predators take granivorous rodents. 
Among both rodents and ants, coexisting species differ both in the extent 
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to which they are exposed to predation and in their adaptations for avoiding 
predators. Unlike the relatively generalized pocket mice, kangaroo rats and 
kangaroo mice forage in open microhabitats and they possess greatly inflated 
tympanic bullae (the bony chamber surrounding the middle and inner ear), 
which appear to enhance auditory acuity for low-frequency sounds made 
by their vertebrate predators (99, 100). The excruciatingly painful ven- 
omous stings of some desert harvester ants may serve primarily as a defense 
against vertebrate predators. These observations suggest that predation may 
interact with competition to influence the structure of granivore communi- 
ties and that seed-eaters are important food resources for both specialized 
and generalized carnivores. 

CONCLUSIONS 

The seeds and seed-eaters of desert habitats provide an attractive system for 
investigating the ecological interactions that determine the functional orga- 
nization of natural communities. In our attempt to summarize what is 
known about this system, we have drawn the following conclusions: 

1. Seeds, particularly those of annuals, provide particulate, nutritious, rela- 
tively reliable food resources for desert animals. The size and spacing of 
seed crops depend on the quantity and timing of unpredictable desert 
rains. 

2. Numerous species of rodents, ants, and birds (and a few kinds of other 
animals) are specialized to feed on seeds. They possess adaptations for 
harvesting seeds when they are available and for surviving the periods 
of food scarcity between crops. Population densities and species diversity 
of these granivores are determined in large part by the availability of seed 
resources. 

3. Competition for limited food resources has had a major influence on the 
organization of granivore communities. Differences in body size, habitat 
utilization, and foraging behavior enable closely related species to subdi- 
vide resources and coexist to form stable communities. Distantly related 
taxa also compete for seeds, but the mechanisms of resource utilization 
that permit them to coexist remain to be investigated. 

4. Comparisons of desert granivores on different continents provide exam- 
ples of evolutionary convergence of both particular species and entire 
communities toward similar ecological roles. 

5. Granivores as predators have important effects on population densities 
and community structure of annual plants. As prey, seed-eaters may in 
turn exert important influences on both the population dynamics and the 
interspecific interactions of carnivores. 
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