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ABSTRACT 

Germination of seeds of desert annual plants ;s reduced where 

there are high densities of annual seedlings. This;s interpreted as 

a response by seeds to avoid a severe biotic environment in which 

growth rate and fecundity are likely to be reduced by larger estab-

1; shed wmpeti tors. This density-dependent germination response ;s 

due primllrily to reduced germination of small-seeded annuals where 

densiti~s of large-seeded annuals are high. Because of this germina

t"ion response. and because of competition at the plant stage, 

large-seeded annuals could, in the absence of significant levels of 

predati on by seed-eat; n9 rodents, dam; nate the annual plant community 

to a much greater extent than is connnonly observed. By reducing 

densities of large-seeded annuals. rodents allow densities of small

seeded annuals to increase and thus exert a positive indirect effect 

on granivorous ants. Seed-eating rodents and a parasitic fungus both 

prey on Erodium cicutarium. a dominant aknual plant. These two 

unrelated predators significantly influence each other's densities by 

thei r use of a common prey speci es. Di spersa 1 of desert annual seeds 

that successfully germinate is apparently not as widespread as is 

suggested by observations that some desert annual seeds are redistri

buted throughout the year by wind and water. Removal of plants during 

seed set significantly reduced densities of seedlings on sample plots 

the next year. 

vii 



CHAPTER 1 

DENSlTY DEPENDENT GERMINATION RESPONSE 

BY SEEDS OF DESERT ANNUAL PLANTS 

Field observations and experiments indicate that the presence 

of seedlings at high densities inhibits subsequent germination of 

desert annual plants. Since plants growing at high densities face 

severe competi ti on for 1 im; ted resources, thi 5 response by seeds ; 5 

interpreted as an adaptation to avoid an unfavorable competitive 

climate where growth and survivorship are likely to be low. 

Introduction 

The important role that germination behavior plays in the 

persistence of populations of desert annuals has been recognized for 

some time. This aspect of the biology of desert annuals has been 

considered primarily from the perspective of stresses placed on these 

organ; sms by the desert cl imate, parti cul arly the sca rci ty, 

seasonality. and unpredictability of rainfall. For example, 

temperature requirements for germination ensure that seeds of distinct 

winter and summer flowering annual commun ities in the Sonoran Desert 

germinate only in response to rains which fall at the proper time of 

year (Went 1948, Juhren, Went, and Phi 11 i ps 1956, Tevi s 195Ba). 



Although abiotic factors are of obvious importance, biotic 

factors may also be expected to influence germination behavior. Seeds 

that delay germination are subject to predation by ant and rodent 

granivores; these predators have been shown to have significant 

effects on density and composition of a cOll1llunity of annuals in the 

Sonoran Desert (Inouye, Byers, and Brown 1980). Remaining dormant in 

seasons that would have been suitable for reproduction also entails a 

cost in decreased reproductive potential. Balancing these costs of 

delayed germ; nat; on are si gn; fi cant reducti ons in fi tness that may 

result from an unfavorable competitive regime. Plants that do not 

germinate immediately in response to favorable conditions are probably 

subject to greater competitive stress from larger established 

individuals that did respond immediately to rainfall. The response of 

seeds to the presence of successfully established seedlings is 

consi dered here. 

This chapter presents results of observational and experimental 

field studies which indicate that where large numbers of seedlings are 

present further germination is inhibited. It is suggested that this is 

a response by seeds to an unfavorable biotic environment, one in which 

growth, survival. and fecundity may be significantly decreased by 

estab 1 i shed competitors. 

Methods 

Field data were taken in the period from December 1977 to 

December 1978 at two sites. Observational data were collected at one 



site from annuals which germinated in the fall and winter of 1977. 

This study site was located 5.8 km east and 2.6 km north of Portal. 

Arizona in a diverse community that included plants of both Sonoran and 

Chihuahuan Desert origin. Twenty-three pens (50 x 50 m each) fenced 

with 6.5 mm mesh hardware cloth 50 cm high were installed in June-July 

1977 as part of an experimental study of granivory in desert 

ecosystems. Eight sample plots (t.0 x 0.5 m) were established in the 

same relative positions in each of the 23 pens; two corners of each 

plot were permanently marked with steel rods to allow accurate pos;

tioning of a wooden sampling frame. Annuals on these plots (Portal 

plots) were censused by species on three dates: 10 December, 11 March. 

and 28 April. On the last sampling date above-ground parts of all 

annuals were harvested for determination of biomass. 

Experimental plots were established at the Silverbell IBP site 

60 km NW of Tucson. Arizona in October 1978. These plots were of the 

same dimensions and were marked in the same fashion as the Portal 

plots, however one half of each plot (an area 0.5 x 0.5 m) was repeat

edly thinned of all genninated annuals. The other one half of each 

plot served as a control. Plots were thinned by removing seedlings 

with watchmaker forceps. In the case of small-seeded species this 

generally removed roots as well as above-ground parts. Roots of the 

larger-seeded Erodium species were more frequently left in the ground. 

However, if these resprouted they were easily distinguished by their 

small size and lack of cotyledons. Disturbance to the soil surface was 

in all cases slight. These plots were censused and thinned weekly for 



6 weeks, during which time repeated rains resulted in the appearance of 

large numbers of seedlings. 

Results 

Tab 1 e 1 gi yes means, vari ances. and eoeffi ci ents of vari at; on 

of annual plant density on plots at the Portal site on 3 census dates. 

These values represent repeated censuses of the same 0.5 m2 plots. 

Density increased between 10 December and 11 March due to large numbers 

of newly-germinated seedlings (6.5 em of rainfall were recorded at the 

site during thi s time). Pl ants were not flower; ng duri ng thi s peri ad; 

increases in density were the result of germination of seeds present in 

the soil. Density decreased markedly by 23 April. Only 0.3 cm of rain 

fell during this 43 day period; water stress was probably the primary 

cause of death. 

The effect of seedling density on germination is indicated by 

Figure 1, in which density on 11 March 1978 is plotted against density 

on 10 December 1977 for 184 plots at the Portal site. The equation for 

the line drawn is significant (see figure legend), and both the x 

(F=21.8, p<O.OOI) and x2 (F=4.7, p<O.03) terms contribute significantly 

to the correlation coefficient. The x term is significantly greater 

than 1.0, indicating an overall increase in density. The significantly 

negative i term indicates that plots with higher densities on 10 

December showed relatively smaller increases in density than plots with 

lower initial densities. 



Date 

12/10/77 

3/11/79 

4/23/78 

mean 
density 

93.4 

186.4 

142.0 

coeffi ci ent of 
variance variation 

147.1 186 

204.0 109 

134.1 94 

Table 1. Average seedling density on three census dates. 

Mean density per 0.5 m2 plot, variance 5 and coefficient of variation of 
all annuals on three census dates at Portal site. Values are for 
repeated censuses of 184 plots. The decrease 1n coefficient of 
variation in these censuses was the result of density-dependent germi
nation and survival. 

Thinned 
Control ~lot Thinned ~lot Control 

32 99 3.09 
95 600 6.32 

270 499 1.85 
15 137 9.15 

153 334 2.10 

Table 2. Cumulative numbers of seedlings on experimental and control 
plots. 

Cumulative numbers of seedlings genninated in 5 pairs of control and 
experimental plots and ratios of thinned/control densities. 
Experimental plots were repeatedly cleared of seedlings, control plots 
were unmanipulated. Thinned plots showed significantly greater germi
nation than control plots (p<O.OS, Wilcoxon signed rank test), 
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Figure 1. Regression of density on the first two census dates. 

Density on 11 March vs. density on 10 December for annuals on 184 
plots at the Portal site. The equation for the line is significant 
(y=l.71{x) p<0.0008{x2) + 82.36. r=0.79. ",0.01). The x term greater 
than 1.0 (95% CI= :!:.0.36) indicates increasing density. the negative x~ 
term (95% CI= +0.0007) indicates a relatively smaller increase at 
higher densities. 



Data from experimental plots at the second field site lend 

support to the correlation between high seedling density and reduced 

germination. Large numbers of seedlings germinated at the Silverbell 

IBP site in response to heavy fall rains in 1978 (6.1 cm of rain fell 

in October-December). Results of experimental plots are shown in Table 

2. A Wilcoxon signed rank test indicates that significantly more 

seedl i ngs germi nated on continually thi nned plots than on unthi nned 

control plots (1'<0.05). 

Fi gures 2 and 3 provi de evi dence that hi gh plant dens ity can 

significantly depress average plant biomass and survivo;~ship, two meas

ures commonly used as correlates of fitness of plants. In Figure 2 dry 

weight per 0.5 m2 is plotted against density on the same plots at the 

Portal site, both on 23 April 1978. The line is highly significant; 

both the x (F=12.7, 1'<0.001) and i (F=5.14, p=0.025) terms contribute 

significantly to the correlation coefficient. Weight per plot 

increased with density, however the negative x2 term indicates a lower 

average weight per plant at high densities. 

Figure 3 shows density on 23 April plotted against density on 

11 March for the same plots at the Portal site. The x term of the 

equation is significantly less than 1.0 (see Figure legend); density 

decreased on nearly all plots between March and April. The significant 

negative i term indicates a relatively greater decrease in density. 

i.e. relatively greater mortality, on plots with higher densities 

on 11 March. 
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Figure 2. Regression of biomass and density on 184 plots at Portal. 

Biomass of annuals per plot on 23 April vs. density of annuals per 
plot on 23 April. The equation for the line is significant (y= 
(0.07:':.0.04)x - (0.00009:':.0.00007)x~ + 13.10, N=184, 1'=0.32, p<O.OI) 
(+95% eI); the negative second order term indicates a decrease in 
average plant weight at higher densities. 
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Figure 3. Regression of density on the second and third census dates. 

Density on 23 April vs. density on 11 March for annuals on 184 plots 

g~eD!~i -Pg~~~~2{~H";. 10:~~, ~g~~~~n 1k~~~I!~e i~~e. is t!~nir!~:n\~c 
1.0 {95% CI= +O.07} indicates decreasing density, the negative .2 term 
{95% CI= +o.ooii"09} indicates a relatively greater decrease at higher 
densities:-
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Because the annual cortlllunity at Portal was numerically 

dominated by Eriogonum abertianum (Polygonaceae) (82% of all annuals 

censused on 11 March were I. abertianum) similar analyses were made 

for this species alone. The patterns reported above for all species 

together were also significant for I. abertianum alone; regressions 

of density on 11 March vs. density on 10 December, density on 23 April 

vs. density on 11 March, and total weight vs. density (both of s. 
abertianum) on 23 Apr;', all showed significant negative x2 tenns. 

Discussion 

Studies of desert annuals have focused primarily on physiologi-

cal adaptations to a harsh and unpredictable climate. Temperature 

requirements for germination (Went 1948, JutJren, Went, and Phillips 

1956, Tevis 1958b), plasticity of growth (Tevis 1958b, Beatley 1967), 

large seed reserves (Tevis 1958c), high optimal photosynthetic 

temperature of a sunmer annual (Mooney, Ehleringer, and Berry 1976), 

and correlation of C3 and C4 anatomy with winter and surmer growth 

habit, respectively, (Mulroy and Rundel 1977) have all been reported. 

It is clear, however, that neither their relatively brief existence as 

vegetative or reproductive individuals nor their great phenotypic 

plasticity preclude biological interactions playing an important role 

in the life histories of desert annuals. Reductions of growth rate and 

fecundity at high plant densities are the result of such biological 

interactions. Delayed germination in the presence of high seedling 
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density appears to be a response by seeds to the presence of competi

tors. If a sufficiently large number of individuals have already 

estab'lished on a site, it may be advantagous for seeds to remain 

damant rather than germinate and compete with larger. older plants. 

There are two criteria that must be met for this type of 

response to be selected. First, dormancy must be a viable alternative. 

Seeds of desert annuals are long lived and can remain dormant for many 

years before the proper conditions trigger germination and growth. 

Second. the cost of delaying growth and reproduction must be less than 

the probable reduction in fitness resulting from a high density of 

competitors. Life tables for buried seeds of desert annuals are not 

available. so it is not possible to compare directly the reproductive 

rates of seeds that do and do not delay germination. The establishment 

of seedlings has been identified as the crucial threshold for survival 

of desert annuals (Went 1949). While it is true that. once established 

survival of desert annuals is relatively high, growth and reproductive 

effort are sign; fi cantly decreased by competi ng indi vi dua 1 s (Went 1949, 

Inouye, Byers, and Brown 1980). A means by which severe competition 

can be avoided at the establishment stage and throughout the life of a 

plant is no doubt of great selective value. 

Effects of seed density on germination have been reported from 

several laboratory studies. Both density inhibition (Palmblad 1968, 

Linhart 1976) and enhancement (Linhart 1976) have been reported for a 

vari ety of species. These experiments dealt with seeds, not seedl i ngs , 

and it is possible that seeds and established seedlings affect 
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germination in different ways. Neither of these studies demonstrated 

a mechanism for the observed density effects. Linhart did suggest that 

some fo", of inhibitor is responsible for density-dependent inhibition 

of germination. CO2 produced by seedlings may reduce germination. 

Harper (1977) suggested that CO2 may reduce germination in field condi

tions, and CO2 has been shown to inhibit germination of some seeds in 

laboratory studies (e.g. Grable and Danielson 1965). 

Throughout this chapter I have suggested that decreased levels 

of germinati on were a response by seeds to the presence of seedl fngs. 

rather than an active inhibition of germination by seedlings. While at 

present data are inadequate to distinguish between these mechanisms I 

have chosen the first for two reasons. First. when in direct competi

tion for water or nutrients, newly genninated seedlings are likely to 

suffer much greater reductions in fitness than are established 

individuals (Ford 1975). Second. it seems unlikely that desert annual 

seedlings. faced with extremes of temperature and moisture and a poten

tially short growing season (e.g. Tevis 1958b). would divert metabolic 

energy to production of gennination inhibitors. 

While it could be suggested that the community level pattern at 

Portal is simply a consequence of dominance by one species, So 

abertianum, and the density responses were present only or primarily in 

this one" species, the results from the SilverbeH plots provide 

evidence that this was not necessarily the case. There was virtually 

no overlap in species co""osition between the Portal and Silverbell 

plots, and E.. abertianum was not present at the Silverbell site, where 
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a similar gennination inhibition was demonstrated by manipulative field 

experiments. 

In conclusion. the importance of seedling density-dependent 

inhibition of germination is twofold. First, seeds that delay germina

tion when large numbers of plants are already established in the 

immediate area are able to avoid significant reductions in fitness 

associated with high plant density. Second, this inhibition has the 

effect of spreading germination of seeds in the seed bank over a 

greater period of time, thereby reducing the potential loss of seeds in 

the event of drasti c env; ronmental deter; orat; on. Whi le th; s second 

effect is by itself an adaptation to a variable abiotic climate, the 

effect of seedling density on germination is considered here primarily 

a response to competition among desert annual plants. 



CHAPTER 2 

INTERACTIONS AMONG UNRELATED SPECIES: 

GRANIVOROUS RODENTS, A PARASITIC FUNGUS, AND A SHARED PREY SPECIES 

Granivorous rodents and a parasitic fungus in the Sonoran 

Desert utilize a common prey species, [radium cicutarium, a desert 

annual plant. Experimental removal of rodents from field exclosures 

resulted in significantly higher densities of £.. cicutarium. Fungal 

infection was significantly higher in the absence of rodents, suggest

ing that, while they do not interact directly, rodents and the fungus 

affect each other's densities by their use of a conmon prey species. 

Introduction 

Interactions between unrelated species have recently been 

recognized as playing potentially important roles in determining 

species characteristi cs and community composition (e.g. Janzen 1977, 

Brown and Davidson 1977). Microbes, for example, may have developed 

secondary compounds to render organic material unpalatable or toxic to 

vertebrates that might otherwise eat decaying fruits and flesh (Janzen 

1977). Competition between seed-eating ants and rodents 1n the Sonoran 

Desert of Ar1zona 1s another example of an important interaction 

between unrelated taxa. Manipulative field experiments have 

demonstrated reciprocal increases in density when one or the other 

14 
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taxon is removed (Brown and Davidson 1977, Brown, Reichman, and David

son 1979). Gran1vorous birds constitute a third group that may well 

compete with both ants and rodents in the Sonoran Desert (Brown, David

son, and Rei chman 1979). 

This chapter presents an example of two unrelated predators, 

seed-eating rodents and a parasitic fungus I that utilize a convnon prey 

species, a desert annual plant. Experimental removal of seed-eating 

rodents resulted in higher plant densities, which in turn resulted in 

increased infection by the fungus, which attacks the leaves and 

reproductive structures of the growing plant. 

This study was conducted at the Silverbell Validation Site of 

the Desert Biome US IBP, approximately 60 km NW of Tucson, Arizona. 

The study area was typical Sonoran lower bajada habitat. Eight expert

mental arenas (each 36 m in diameter, 0.1 ha in area), established in 

1973 to study competition between granivorous ants and rodents (Brown, 

Reichman, and Davidson 1979), were used to examine the effect of rodent 

removal on attack rates of the parasitic fungus. Four of these arenas 

were fenced to exclude rodents, the remaining 4 unfenced arenas were 

used as controls in this study. 

Erodium cicutarium (Geraniaceae) is a common winter annual in 

the Sonoran Desert. This species is thought to have been introduced to 

North America by the Spaniards at an early date (Kearney and Peebles 

1969). Widespread throughout the SW United States t it is found from 

Texas to California, and as far north as Oregon. £.. cicutarium is a 

relatively large-seeded species in the desert annual conmunity and its 



seeds are much preyed upon by rodents in the Sonoran Desert (Soholt 

1973 ~ Inouye, Byers and Brown 1980). 

16 

Four species of seed-eating rodents are common at the 

Silverbel1 site, Dipodomys merriami, Perognathus pen;cillatus, t. 
bail1eyi and E... flavus (Brown, Reichman and Davidson 1979). While 

there may be significant differences in foraging str,ategies between 

some of these gran; vorous rodents, they are considered as a group for 

the purposes of this study. Seeds of desert annuals constitute the 

bulk of the diet of these rodents. Experimental arenas from which 

rodents were removed showed significant increases in density of annual 

plants relative to control arenas (Inouye, Byers and Brown 1980). 

Large-seeded annuals in particular increased in density in response to 

rodent removal. Density of ~. cicutarium, for example, was four times 

higher in rodent removal arenas after 7 years (unpublished data). 

SYnchytrium papillatum is a fungus (D'ivision Chytridiomycota 

(Bold 1973)) that infects vegetative and reproductive structures of ~. 

cicutarium. Spores of this fungus rest in and on the soil and 

germinate in response to proper conditions of moisture and temperature 

(Karl i ng 1954). Parti cul arly moi st condi ti ons appear to be conduci ve 

to the spread of the fungus (Karl ing 1954). Fl age" ate spores infect 

host cells and cause a highly visible, red, hypertrophied host cell to 

form. This elongated structure contains newly formed ascospores which 

either reinfect the host plant. or, if conditions are no longer suit

able for growth. become dormant and awa·it whatever cues trigger 

germination. Extensive infection can result in the death of small host 
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plants; larger plants suffer loss of leaf material and reduced growth 

rates. In personal correspondence to J. S. Karling. H. H. Biswe11 

'reported that in years of abundant rainfall on the west ranges of the 

San Joaquin Valley in California this fungus may be so abundant on I. 

cicutarium that it reduces this host markedly as a forage crop for 

sheep.' (Karling 1964). In contrast to granivorous rodents~ i. 

~atum attacks only I. cicutarium at the study site. .s. texanum, 

a congc>'r!"ic annual with similar seeds and phenology, showed no infec

tion by the fungus. 

Throughout this chapter I consider two species to compete if an 

increase in the density of one species results in a decrease in the 

density of a second species over some range of densities of species 1 

and species 2. This definition of competition is consistent \I/ith 

common theoretical (e.g. Latka-Volterra) and conceptual (e.g. Pianka 

1974, p 133) definitions of competition. 

Methods 

On 12 March 1980 I censused 8 plots (25 x 25 cm) in the s.ame 

relative positions in each of the 8 experimental arenas. Plants were 

counted by species in the 64 plots and £. cicutarium plants were 

recorded as either infected by~. papil1atum (hypertrophied host cells 

present) or uninfected. Statistical analysis was by regression and 

Analysis of Vari ance (ANOVA). 
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Results 

The 1979-1980 winter rains were later-and, when they did fall. 

heavier than usual. Temperature and moisture conditions were suitable 

for germ; nat; on of~. papi 11 atum spores, and ; nfeet; on of I. 

cicutarium was more widespread than usual. Due to the lack of rain 

in late November-December 1979. 1 arge-seeded annual spec; es di d not 

germinate late in the fall as they often do. As a result, £. deutarium 

plants were relatively small when censused in March, compared to 

preY; ous years. 

A consi derab le proporti on of the go c; cutar; urn i nd; vi dua 1 s 

present at the time of the census were infected with the fungus (59% 

over all plots). An extended period of rainfall and high soil moisture 

probably contributed to extensive infection of many host plants. 

Growth. and in some cases survival, of the relatively small host plants 

was reduced by the fungus. 

The number of infected plants was s i gni fi cantly correlated with 

total density of I. cicutarium. Figure 4 shows this relationship 

separately for plots in fenced and unfenced arenas. Notice that the 

slopes of the two regressions are significantly different (p 0.01); 

the infection rate is higher for comparable densities of,S. cicutarium 

on plots where rodents were removed. The separate linear regressions 

in Figure 1 show no effect of density on infection rate. When average 

values of percent infection and density for the 8 arenas are plotted 

together (Figure 5), percent infection is Significantly correlated with 
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Figure 4. Regressions of infected and un infected Erodium cicutarium 
plants. 

Number of infected plants plotted against total density of E. 
cicutarium on 64 25 x 25 em plots. The important point in this figure 
~ference between the two regression lines. The infection 
rate, i.e. the slope of the line. is significantly greater where 
rodents were removed. Shown in this manner, these data demonstrate no 
density-dependence to the infection rate. 
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Figure 5. Regression of average infection rate and average densities 
of Eradium cicutarium. 

Observed probability of infection as a function of average density of 
E. cicutarium in the 8 arenas. This figure iilustrates a 
density-dependent infection rate that is not evident on the scale of 
individual census plots shown in Figure 4. Where rodents are present, 
average densities of E. cicutarium are lower and infection rates are 
significantly lower. -Where surrounding densities of E. cicutarium are 
higher, in rodent-removal arenas, the infection rate Is also higher. A 
similar regression of the observed infection rate on individual census 
plots regressed against average arena density is also significant 
(r2: 0.52, p<O.Ol). 
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density. Plotting the data in this manner illustrates the influence of 

host density in the surrounding area on infection rate of the parasite. 

Percent infection by i. papillatum was significantly higher in the 

absence of rodents than where rodents were present (ANOYA, F=50.0, 

p<O.001). 

Discussion 

The three-species interaction I have described is illustrated 

diagramnaticalb in Figure 6. Both granivorous rodents and the fungus 

Svnchytrium papillatum attack the annual plant Erodium cicutarium. 

While rodents and.§.. pap1l1atum do not interact in a direct sense, 

e.g. by interference. the two predators clearly affect each others 

population dynamics by virtue of their effect on a corrmon prey species. 

Evi dence for the impact of rodents on i. papl1latum comes from 

experimental field manipulation of rodents densities. Such evidence, 

while subject to :the influence of experimental artifact, provides the 

most direct support for the importance of species interactions. 

Removal of rodents for 7 years resulted in increased densit,y of g,. 

cicutarium, Which in turn resulted in Significantly higher infection 

rates by the parasitic fungus. 

Evidence for the effect of the fungus on rodents is less 

direct, but highly suggestive. Fecundity of g,. cicutarium is 

correlated with biomass (Inouye, Byers and Brown 1980); reduced 

growth rate and survival of infected g,. cicutarium will certainly 

result in fewer I. c1cutarium seeds being produced and made available 
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Figure 6. Diagramatic model of a three species interaction. 
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Diagram of the 3-species system described in this chapter. Rodents and 
the fungus prey on distinct life stages of E. cicutarium. While they 
do not interact directly. these two predators affect each other' 5 
densities by their use of a common prey species. 
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to rodents. Of course, a reduced "urmer of £.. cicutarium seeds does 

not necessarily imply a reduction in the seed resource available to 

rodents. If other annual plant species increased their seed output in 

response to reduced densities of I. c1cutarium, total seed production 

might remain the same. Several lines of evidence argue against this. 

First, the fungus consumes existing plant biomass. Water and nutrients 

that have been taken up by,E,.. cicutarium are converted to fungus and 

hence are unavailable to other annual plants. Second, when densities 

of large-seeded species are reduced by rodents, small-seeded annual 

species increase 1n density (Inouye, Byers and Brown 1980, see chapter 

4); a separate census of annuals in these arenas in 1980 revealed a 

significant negative correlation between densities of small-seeded and 

large-seeded annual plants. This can be interpreted as evidence of 

competition because high densities of large-seeded species resulted 

from experimental removal of rodents. At least some of the resources 

that are not utilized by E.. cicutarium will likely be taken up by 

smaller-seeded annual species that are harvested less efficiently by 

rodents and most effectively by ants (Inouye, Byers and Brown 1980). 

Finally, plants on thinned plots at this site in 1977 did not show 

complete biomass compensation (Inouye, Byers and Brown 1980), indicat

ing that on plots with lower plant density resources were not used as 

effectively as they were on plots with more plants. These three lines 

of evidence all predict a decrease in rodent populations in response to 

hi gh rates of infecti on by ~. papi 11 atum. 
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Manipulations of species densities are useful. and often 

necessary, to demonstrate the potential importance of biotic interac-

ticns such as competition and predation. Results of such manipulations 

are meaningful, however, only if the resulting densities are within the 

range of densities that occur naturally, or if the same interactions 

can be shown to be important at naturallY occurring densities. While 

the regression shown in Figure 5 is not significant with only the four 

points representing arenas with rodents present (/=0.85, N=4), a 

regression of observed infection rate on individual census plots 

against average arena density for arenas with rodents present is 

significant (r2=0.54, N=30, p<O.OOl). In the absence of experimental 

removal of rodents, then, i. papillatum exhibits a density-dependent 

infection rate and is thus subject to competition with granivorous 

rodents that significantly reduce the density of a common resource 

species. 

The dynamics of the two predator-prey interactions in this 

system are very different. Rodents actively forage for seeds 

throughout the year and utilize a variety of seeds in addition to those 

of I. cicutarium. i. papillatum is host specific and restricted to a 

much shorter period of activity corresponding to the time of plant 

growth and reproduction. Conditions suitable for germination and 

growth of the fungus do not occur every year; the fungus is probably 

less able to track densities of its prey than are rodents. The 

density-dependence of the infection rate illustrated in Figure 5 is 

probably the result of passive dispersal of §.. papillatum spores. 
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Such differences between the two predator-prey relationships may result 

in a highly asymetric indirect interaction between rodents and ~. 

papi 11 atum. Despi te these di fferences. both predators ; n this system 

are 'keystone' predators (Paine 1969); they prey selectively on a 

dominant species and by so doing reduce its competitive dominance 

within the annual plant corrmunity. 

Unlike other studies of d~stantly related species that compete 

for a common resource (e.g. Hansen and Ueckert 1970, Sinclair 1975, 

Brown, Rei chman and Dav; dson 1979). the predators descri bed in thi 5 

system utilize different stages in the life cycle of a common prey. 

The impact of rodents is primari lyon the dormant, pre-reproducti ve 

seed stage (Inouye, Byers and Brown 1980), while the fungus attacks 

the active, reproductive stage of the life cycle. The lack of direct 

interaction between these predators, and their striking dissimilarity 

of form and method of attack. make the importance of thei r i ndi rect 

interaction much less apparent than those between species which exhibit 

aggressive encounters. Experimental manipulations must be used to 

document competition in systems of this sort. 



CHAPTER 3 

DISPERSAL OF DESERT ANNUAL SEEDS 

Seeds of desert annual plants in the Sonoran Desert are 

dispersed or redistributed by wind and water throughout the year. 

Experimentally removing plants from 1 x 1/2 m plots while the plants 

were setting seed significantly reduced the density of seedlings that 

germinated on those plots the fo11owing season. Several hypotheses 

might explain this result. I suggest in this chapter that dispersal of 

annual seeds that do germinate is more limited than has been suggested, 

and that a large proportion of the seeds that successfully germinate 

were produced very close to where they germinated. 

Introducti on 

Seeds of annual plants in the Sonoran Desert are produced twice 

yearly, following periods of growth and reproduction of relatively 

di s ti nct summer and wi nter annual pl ant communiti es. Between these 

pulses of seed renewal, seed density in a given microsite may change as 

seeds are blown or washed by wind and water, or as seeds are removed by 

foraging ants, rodents, and birds. Data from seed traps placed on the 

desert floor suggest that seeds are redistributed throughout the year 

by wind and water (Reichman and Oberstein 1977. Reichman pers. cOntn.). 

Such movement of seeds is thought to result in the constant renewal of 
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seed clumps in wind shadows and depressions, thereby creating an array 

of clump sizes that may be crucial to the local coexistence of numerous 

species of heteromyid rodents (Reichman and Oberstein 1977, Price 1978, 

Hutto 1978, but see Frye and Rosenzweig 1980). The constant movement 

of these nomadic seeds suggests that dispersal of desert annual seeds 

may be much more widespread than has been reported for seeds in other 

habitats (e.g. Harper 1977). 

I report here results of a field manipulation that suggest that 

a large proportion of seeds germinating are not the nomadic seeds 

moving across the desert floor. Instead, seedlings may arise primarily 

from seeds that were dropped the previous year by plants growing in the 

very immediate area. 

Methods 

The study site was located 5.8 km east and 2.6 km north of 

Portal, Arizona, in a diverse community that included plants of Sonoran 

And Chihuahuan Desert origin. On 23 April 1978 I harvested 

above-ground parts of all annuals on 184 1 m x 1/2 m plots (experimen

tal plots). Eight plots were located in the same relative pOSitions in 

each of 23 50 x 50 m pens fenced with 6.S nun mesh hardware cloth. 

These fenced pens were built as part of a study of a guild of desert 

granivores; various combinations of seed-eating ants and rodents were 

excluded from certain pens. At the time I harvested plants on the 

experimental plots all winter-flowering species were setting seed; all 

species had begun to disperse mature seed. 
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On 4 November 1978 I censused annual seedlings that had 

germinated in response to early winter rains on 163 of the harvested 

plots and on 138 control plots of the same size. Six control plots 

were located in the same relative positions in each of the 23 pens. 21 

of the experimental plots initially censused were excluded from the 

following analysis because the plots were repositioned away from shrub 

canopies between the two census dates. 

open. 

Results 

All other plots were in the 

Figure 7 shows the distribution of seedling densit;~s on 

experimental and control plots on 4 November 1978. The density of see

dlings on control plots (x= 189.6) was significantly greater than that 

on experimental plots (x= 105.5). A test for equality of means with 

different vari ances (Soka 1 and Roh 1f 1969) was hi gh ly si gnifi cant 

(t ' =5.81. p<O.OI). In addition. a Kolmogorov Smirnov 2·sample test was 

significant (p<O.01) (Steele and Torrie 1980) indicating that the two 

distributions are significantly different. 

Discussion 

Harvesting plants during seed set significantly reduced the 

number of seedlings that were observed at the start of the next growing 

season. It is likely that the reduction in seedling density on 

harvested plots is a conservative estimate of the effect of eliminating 
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Figure 7. Histograms of seedling density on experimental and control 
plots. 

Distribution of seedling densities on 4 November 1978 on control plots 
and on experimental plots. Mean densities are significantly different, 
as are the cumulative frequency distributions. 
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current seed production on plant density in the following year. Mature 

seeds were dispersing from all species at the time I harvested plants 

in April 1977. Harvesting plants before the onset of dispersal might 

result in a greater reduction in seedling density. 

Severa 1 hypotheses coul d expl ai n the observed pattern of 

reduced seedling density on harvested plots; I will present three in 

the following discussion. 

First, granivores could preferentially forage on harvested 

plots. Decreased cover. ; ncreased manuverabi 1; ty, or other factors 

could in one way or another influence gran;vore activity. This 

hypothesis can be tested by considering the effect of the various ant 

and rodent removal treatments on the difference in seedling density on 

harvested and control plots. Seedling densities were significantly 

different on harvested and control plots in pens where either or both 

granivore taxa were removed (Table 3) ~ indicating that the observed 

difference in seedling density was not solely the result of granivore 

activity. 

A second hypothesis is that seeds collect where there are 

remains of annual plants. This is not unlikely~ for seeds do collect 

in wind shadows and amidst detritus. By removing above-ground parts of 

annua 1 s I may have reduced the sur'face heterogenei ty and the 

'seed-catching ability' of the harvested plots. 

A third hypothesis is that dispersal of most annual seeds that 

germinated and produced seedlings in November was relatively limited. 

and thus a hi gh proporti on of the seed1 ings found on any gi ven site 
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Pen treatment Harvested Control Ratio 
(taxa removed) ~ ~ ControllHarvested 

-Ants x: 126.52 240.50 1.90 p< 0.05 
-Pogon~rmex s: 107.52 232.31 

(4 pens) (N) (29) (24) 

-Rodents x: 84.78 139.25 1.64 p< 0.05 
-Oip(dO!!j)lS s: 109.77 124.65 

4 pens) (N) (27) (24) 

-Ants 

:~~a~~~sxnnex x: 87.46 160.38 1.83 p< 0.05 
s: 107.72 171.34 

-Oip(dO!!j)lS 
4 pens) 

(N) (28) (24) 

Seed Addi ti on x: 117.56 203.97 1. 73 p< 0.05 
Control s: 150.76 207.76 

(11 pens) (N) (71) (60) 

Table 3. Average seedling densities on experimental and control plots 
for vari aus subsets of pens. 

Mean and standard deviation of seedling density on harvested and 
control plots for subsets of the 23 fenced pens. N=nunmer of 1 m x 1/2 
m plots. For the first three categories pen treatlrent shows which 
granivores were removed from pens (e.g. -Ants indicates ants were 
removed). All ants were removed from 2 pens, Pogon0!llYrmex barbatus and 
f.. rugosus were removed from 2 pens. All rodents were removed from 2 

~~:' 2 ~~~~~O'i 1 s~~~~a~~A 1 ~~d~~ ts Jre~~ a~~~OV:dd ~~om or~i i p=~~~ re:~~ed 
~!~~~omyEf~h~C~:~s an~a~· add¥~i~~ain~efd (~i~~jt~dd:~r:o~~~l;e~r f~~ce 2 

yearly. Comparison of harvested and control plots were made with a 
1-tailed Mann Whitney U test. 
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resulted from seeds produced and dropped by plants growing on the same 

site during the previous year. 

Density of seedlings on harvested plots on 4 November 1978 was 

significantly correlated with density on 23 April ~ the date on which 

plants were harvested. Correlations in density on undisturbed plots 

between years are consistent with either of the last hypotheses. If 

the density of seeds on a pl at ; 5 proporti ona 1 to the hi amass of 

above~ground vegetation present to trap seeds (second hypothesis), then 

plots with greater plant density, and hence greater biomass (Inouye 

1980), should have greater seedling densities the following year. 

Alternatively, if dispersal is relatively limited then correlations 

between biomass and density (e.g. Inouye et a1. 1980, Inouye 1980, 

see chapter 2) and between biomass and fecundity (Inouye et al. 1980) 

suggest that more seeds will be present to germinate on plots where 

plant density was greater. 

Whi le the remaining above-ground parts of annuals may serve to 

trap annual seeds on undisturbed plots. the harvested plots were 

cleared of annuals on 23 April. For much of the period when seeds were 

maturing and for the following several months. then. there was no plant 

material present to trap seeds on harvested plots. That there was 

still a significant correlation between seedling density on 4 November 

and plant density on 23 April suggests that most of the germinating 

seeds had not been trapped where they germinated by above ground vege

tation. 
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Additional field experiments might shed more light on the 

relative importance of these last two hypotheses. Clearing separate 

plots of above-ground vegetation either before or after seeds have been 

dropped ~ for exampl e, shoul d distingu; sh the rel at; ve input to seedl ;ng 

density of seeds produced on a plot and dispersing seeds that are 

retained on a plot. These two mechanisms are not, of course, mutually 

exclusive. 

If most seedlings on a plot are from seeds produced on that 

plot then the density in one year should be correlated with density the 

previous year (Table 4). Gran;vores might tend to decrease this corre

lation (; .e. even out densities between plots) if they concentrated 

their foraging on higher densities of seeds. In particular, such 

foraging would tend to decrease the slope and correlation coefficient 

of regressions of density between y~ars. The data presented here are 

consistent with this hypothesis; rodents in particular appear to have 

this effect. Plots with rodents present (Table 4, lines b and e) have 

the lowest slopes and correlation coefficients. This trend is consis

tent with suggestions that rodents use clumped resources more than 

ants, and in particular with the hypothesis that larger rodents forag

ing in the open specialize on dense seed patches (recall that all plots 

were located away from shrubs )(Rei chman and Dberstei n 1977, Pri ce 1978, 

Hutto 1978, but see Frye and Rosenzweig 1980). 

Are the results presented in this chapter consistent with 

reports that seeds of desert annuals are redistributed throughout the 
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Pen treatment 
(taxa removed) ~ intercept !. !i 

a) All 23 pens .32 57.39 .34 (163) p< 0.01 

b) -Ants, -Po90nomvrmex 
(4 pens) 

.22 75.45 .35 (29) p< 0.08 

c) -Rodents, -DipodolllYs .57 30.74 
(4 pens) 

.47 (27) p< 0.05 

d) -Ants, -Pogonomvrmex 
-Rodents, -Dipodomys .67 21.07 .63 (28) p< 0.01 

(4 pens) 

e) Seed Additions. Control .27 69.03 
(11 pens) 

.25 (79) p< 0.05 

Table 4. Statistics for regressions of density on harvested plots 
on two dates. 

Regressions of density on 4 November 1978 against density on 23 
April 1977 on harvested plots. Pen treatments are as in Tabl. 3. 
See text for further discussion. 
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year? In particular, if the third hypothesis is correct. how 

important are the seeds that are moved by wind and water across the 

desert floor to the dynamics of desert annual populations? These 

contrasting observations suggest two possible origins of seedlings 

First, some seedlings are produced by seeds that fell. having 

dispersed very short distances, into microsites where they were 

relatively secure from subsequent dispersal by wind and water. The 

second group of seedlings are produced by the nomadic seeds that are 

likely to be preyed on by certain granivores. These two groups of 

seeds are not necessarily mutually exclusive or unchanging. Seeds 

that have fallen into germination sites might be dislodged to join 

the nomadic pool of seeds, and SaTre nomadic seeds may eventually be 

lodged in sites where they will successfully germinate. I suggest 

that the majority of seedlings that emerged in November 1978 were 

from seeds produced in the immediate vicinity that had dispersed very 

short distances. 

Figure 8 shows density of seedlings on harvested plots 

plotted against seedling density on control plots for each of the 23 

pens. The slope of the regression line is significantly less tha:1 

1.0 (t=17.3, p<O.Ol), indicating that density on harvested plots was 

less than density on control plots over at least some range of 

densities. At low densities (average pen density 50 plants per 1/2 

m2) there is no difference in density on harvested and control plots. 

At higher densities (average pen density 50 plants per 1/2 m2) the 
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Avu'ase Density on Control plots 

Figure 8. Regression of average seedling density on experimental and 
control plots. 

Average seedling density on experimental plots vs. average seedling 
density on control plots (y= .04(x) + 14.2, r=0.68, p<0.01). The 
slope of the dotted line is 1.0; the slope of the regression line ;s 
significantly less than 1.0. Each point represents average density 
on experimental plots and average density on control plots in one 50 
x50mpen. 
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difference between harvested and control plots is significant 

(ANOVA). Where plant densities, and hence seed production, are low, 

a greater proportion of the seedlings that emerge are produced by 

nomadic seeds that find suitable gemination sites. On plots with 

higher densities a much smaller proportion of seedlir.gs result from 

homadic seeds. On these plots the majority of seedlings arise from 

seeds produced and dropped on the plot. 

To the extent that vegetation does influence seed dispersal 

and distribution. it seems likely that the relative importance of 

seeds that are dispersed very short distances and seeds that 

germinate on a plot far from where they were produced wi 11 vary 

between years at any given site and between sites of varying 

producti vi ty. 

Seed dispersal in many temperate and tropical systems is 

apparently quite limited (e.g. Harper 1977). I have suggested in 

this chapter that dispersal of successful desert annual seeds is also 

limited, despite observations that seeds are redistributed across the 

desert floor throughout the year. 



CHAPTER 4 

SEED SIZE, COMPETITION, PREDATION, AND 

THE COMPOSITION OF A DESERT ANNUAL COMMUNITY 

The size of desert annual plant seeds influences germination 

behavior, competitive interactions. and the liklihood of predation by 

seed-eating ants and rodents. The density-dependent inhibition of 

germination discussed in Chapter 1 is shown to be largely the result of 

large-seeded annuals inhibiting gennination of small-seeded species. 

Significant increases in density of large-seeded annuals and 

correspond; n9 decreases in density of sma l1-seeded annua 1 in the 

absence of rodents that prey selectively on larger seeds suggest that, 

\'/hile ants and rodents have been shown to compete for resources, 

rodents may have a positive effect on ant density and diversity by 

increasing the density of small seeds that are preyed on most heavily 

by ants. 

Introduction 

Unlike most mammals and birds and many insects that have 

relatively fixed adult body sizes~ most plant species exhibit a large 

degree of flexibility in both their maximum size and in the size at 

which they reproduce. This phenotypic plasticity makes it unlikely 

that plants will exhibit patterns of body size analogous to those that 
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have been reported in communities of animals (e.g. Brown 1975) and 

; nsects (e. g. Dav; dson 1977, Pearson and Mury 1979). Instead, due to 

thi 5 pl asti ci ty and the sess ile nature of plants, competiti ve interac

tions between plants are often influenced by distances to neighbors and 

the timing of establishment. Individuals that are able to establish 

first on a site and gain primary access to the resources on that site 

frequently have an advantage that is difficult for competitors to over

come. This is particularly true for long-lived perennial plants. 

Desert scrub vegetation that slows or prevents the reestablishment of 

grasses in areas that were fonnerly desert grassland is an example of a 

disclimax, or subclimax, that is maintained at least in part in this 

way. 

In contrast to vegetative structures, plant reproductive parts 

are relatively constant in size and shape. Flowers that depend on 

animal or insect pollinators often show patterns of corolla length that 

closely match proboscis or bill lengths of their pollinators and thus 

may reflect regular patterns of body size or bill size. Seeds are also 

more conservative in size than most plant parts, probably because of 

various conflicting constraints that favor larger or smaller seeds. 

Seed size determines the amount of reserves immediately available to a 

seedling, hence larger seeds typically establish more quickly than 

smaller seeds. Large seeds, on the other hand, may be much more 

valuable prey items to predators and hence suffer greater mortality 

than smaller seeds. Patterns in seed size within single species and 

across wide geographical areas encompassing many habitats suggest 
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environmental constraints on seed size. Seeds from drier areas, for 

example, are frequently larger than seeds from wetter habitats, sug

gesting that rapid establishment may be more important where seedlings 

are more likely to experience drought (Baker 1972, Schimpf 1977). 

In this chapter I will present evidence that seed size is an 

important characteristic that influences competitive interactions with

in a community of desert annual plants. I will report results of an 

experirrent designed to examine the role of seed size in the inhibition 

of germination by established seedlings reported earlier (Inouye 1980. 

see Chapter 1). I will also discuss the way that predation by seed

eating ants and rodents influences competitive interactions within the 

annual plant community, and how these competitive interactions in turn 

influence the nature of the interaction between granivorous ants and 

rodents. 

Methods 

The experiment reported here was conducted at the US IBP 

Silverbell site 60 km NW of Tucson, Arizona. This site is dominated by 

creosote bush (Larrea tridentata), Ambrosia deltoidea, Saguaro cacti 

(Cereus gigantea), and other vegetation typical of Sonoran Desert 

bajada habitat. I made use of 4 rodent exclosures built in 1973 by 

J.H. Brown and D.W. Davidson to study competition between granivorous 

ants and rodents (Brown and Davidson 1977). The exclosures were 

circular arenas 30 feet in diameter. fenced with 1/4 inch hardware 

cloth 60 em hi gh and bur; ed 20 cm (see Brown. Davi dson and Rei chman 

1979 for detail s). 
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I divided the winter annual plant community into two functional 

groups based on seed size. The large-seeded group consisted of the 

three common species with the largest seeds. Erodium cicutarium, ~. 

texanum. and Lotus hurnistratus. All other species were included in the 

small-seeded group (Table 5), 

On 16 January 1980 I established 10 replicates of a 2 by 2 

experiment in which large and small seeded annuals were thinned 

separate ly and together (Fi gure 9). Five repl; cates were located in 

rodent exclosures. the remaining five were outside the arenas. I used 

a wooden sampling frame divided into four 20 x 20 em plots separated by 

undisturbed 5 em strips to layout each of the ten replicates. After 

the wooden sampling frame was first located~ individual treatments were 

randomly assigned to the four plots. Four corners outside the margin 

of each replicate were marked with nails so that the sampling frame 

could be repositioned over plots at future censuses. 

Plants were thinned with watchmaker forceps to minimize 

disturbance to the ground surface (Inouye 1980). Annuals were thinned 

three times at weekly intervals. Annual seedlings continued to 

geminate during this two week period in response to several wi"nter 

storms (Figure 9), 

Results 

Results of the thinning experiment for large seeded species are 

shown in Table 6. On 16 January, the first thinning date, there were 

no significant differences between densities of large-seeded annuals on 



Large-seeded sped es 

Erodium cicutarium 
Eroct; urn texanum 
Lotus hu~us 

Sma 11-seeded sped es 

Pectocarya recurvata 
Eriophilum lano5um 
Fil ago cal Horn; ca 
crYftantha barb; gera 

others) 

Table 5. Species in large-seeded and small-seeded categories. 
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The three large-seeded species have seed weights of about 1.5 mg; 
small-seeded annuals generally have seed weights of less than 0.5 mg. 
large-seeded annuals typically germinate when there is an early winter 
rain in early to mid December and wait as rosettes until the more 
predi ctab 1 e rai ns ; n January. 
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THIN SMALL Janual'Y: 
THIN SMALL 

THIN LARGE 9 - 15 0.9 ern rain 

16 1st thinning 

17 - 22 2.5 em rain 

B 
23 2nd thinning 

24 - 29 O.B em rain 

THIN LARGE 30 3rd thinning 

Scm 20 em 

Figure 9. ExperillEntal design and thinning dates. 

Two by two experimental design in which large-seeded and small-seeded 
annuals were thinned separately and together. Each of ten replicates 
consisted of four 20 x 20 em plots separated by 5 em strips. Thinning 
dates and rainfall data are shown on the right. 
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the four treatment plots. While density of desert annuals does vary 

significantly between microsites, the similarity of initial densities 

of the four treatments suggests that the area covered by each of the 10 

replicates was small enough to keep \,Iithin-replicate variation 

relatively small. 

On 23 January there was no significant effect of thinning small 

seeded annuals on subsequent germination of large seeded species, or on 

survi vorshi p of 1 a rge seeded annuals that had germ; nated prey; aus ly. 

Very few large seeded annuals germinated after the first thinning date 

(Table 6, cells A and C). There was some mortality of large seeded 

seedlings; densities in cells Band 0 decreased slightly between 16 

and 23 January. 

There was still no effect of thinning small seeded annuals on 

subsequent germ; nat; on of 1 arge seeded annuals on 20 January. 

Densities of large seeded annuals increased very slightly between 23 

and 30 January, but it is clear that the majority of the large seeded 

annuals that did germinate had clone so by 16 January. 

Results of this experiment for small seeded species are shown 

i tl Tabl e 7. Densiti e s of sma 11 seeded spec; es on the four treatments 

were not significantly diffe~'ent on 16 January. In contrast to large 

seeded species, substanti a 1 numbers of small seeded annuals di d 

germinate after the 16 January thinning. ~Jhi1e more seedlings did 

emerge where large seeded annuals were thinned, differences were not 

significant on 23 January. By 30 January there was a significant 

effect of thinning large seeded annuals on the density of small seeded 
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16 January 

Large-Seeded Species 

thinned not thinned 

108.5 109.6 

(76.0) (88.6) 

93.7 114.1 

(65.2) (79.0) 

23 January 

Large-Seeded Species 

thinned not thinned 

1.2 105.2 

(1. 2) (82.5) 

1.6 101. 7 

(2.6) (66.5) 

30 January 

Large-Seeded Speci es 

thinned not thinned 

1.2 106.8 

(0.9) (82.6) 

2.1 104.6 

(1.5) (67.2) 

Table 6. Results of thinning experiments for large-seeded species. 

Mean densities (std. dev.) of large-seeded species on the three thinning dates. To 
examine the effect of thinning small-seeded annuals on surVival and subsequent 
germination of large-seeded annuals compare cells A and C and compare cells Band D. 
There was no significant effect of thinning small-seeded annuals on germination or 
survival of large-seeded annuals on 23 or 30 January. 
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16 January 

large-Seeded Speci es 

thinned not thinned 

92.1 96.7 

(75.0) (75.7) 

112.9 84.6 

(112.9) (90.7) 

23 January 

large-Seeded Species 

thinned not thinned 

85.4 60.1 

(48.6) (33.7) 

165.2 100.4 

(141.0) (59.1) 

Table 7. Results of thinning experiments for small-seed species. 

30 January 

large-Seeded Species 

thinned not thinned 

100.1 66.0 

(59.9) (36.1) 

237.1 138.6 

(131.5) (65.9) 

Mean densities (std. dev.) of small-seeded species on the three thinning dates. To 
see the effect of thinning large-seeded annuals on subsequent germination of small
seeded annuals compare cells A and B. Differences between cells C and 0 indicate 
the influence of thinning large-seeded annuals on germination and survival of small
seeded species. On 30 January there was a significant effect of thinning 
1 arge-seeded annual s on dens ity of small-seeded annua 1 s. 
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annuals. This effect ;s probably the result of two processes, 

increased germination (compare cells A and B) and increased survivor

ship and germination (cells C and D) of small seeded annuals where 

large seeded annuals were thinned. 

Discussion 

The results of this 2 by 2 thinning experiment demonstrate 

that, at this site, the density dependent germination response I 

reported earl i er (Inouye 1980) is due 1 argely to decreased germ; nat; on 

of small-seeded annuals in the presence of large-seeded annuals. 

Density of small-seeded annuals was significantly higher where 

large-seeded annuals were thinned. Thinning small-seeded annuals had 

no significant effect on density of large-seeded annual plants. 

In face. the results of this experiment are probably a 

conservative demonstration of this inhibition by large seeded species 

because all of the seedl ings censused and thinned, both large-seeded 

and small-seeded, germinated in response to the same stonns. In other 

years large-seeded annuals will germinate in response to early win.ter 

storms (in early to mid December) and wait as rosettes until the more 

reliable rains in January and Fibruary. In such years, established 

large-seeded individuals are likely to have an even greater effect on 

germination of seeds in their immediate vicinity. Given the relative 

competitive advantage typically associated with large seed size. these 

resul ts are cons; stent with my suggesti on that the observed 

density-dependent inhibition of germination is a response by seeds to a 
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severe competitive environment in which growth and fecundity are likely 

to be limited by superior cOll1'et1tors. 

The significant effect of thinning large-seeded species on 

density of small-seeded species was probably due to effects of 

large-seeded species on germination and survival of small-seeded 

annuals. There was some mortality of large-seeded seedlings between 

each of the census dates (Table 6). It 1s likely that there was .1 so 

mortality of small-seeded species. Inouye, Byers and Brown (1980) 

reported higher mortality rates for small-seeded species than for 

large-seeded species at this site in 1977. Such mortality cannot be 

identified in the data presented here because indi'lidual seedlings were 

not marked and because small-seeded species continued to germinate in 

large numbers during the three week period. 

Gennination of large-seeded annuals was rapid compared to that 

of small-seeded annuals, and took place almost entirely during the 

first week after the first winter rain. In contrast to small-seeded 

species, there was very little germination after the first thinning. 

Rapid emergence and rapid establishment of a root system are probably 

the two primary benefits of large seed size. These two characteristics 

are no doubt crucial to the ability of large-seeded annuals to 

germinate in response to early winter rains, and wait out a period of 

drought before reinitiating growth after later rainfall. I have 

observed Erodium dcutarium plants at this site that were able to 

rapidly regrow from an established root system after the entire 

above-ground rosette had di ed due to moi sture stress before a second 
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winter stonn followed the storm that triggered germination. 

Silvertown (1981) reported a reverse pattern of seed size and 

gemination order in calcareous grassland annuals in England. Of the 

annuals that flowered 1n spring, species with the smallest seeds 

genninated 1n the autumn and then reinitiated growth in the spring. 

Despite high mortality rates among these early geminating species, the 

established photosynthetic tissues and roots were probably crucial to 

their ability to successfully establish in the grassland and compete 

with larger-seeded species that delay germination until spring. 

Eriogonum abertianum, a dominant summer-flowering annual cOlJlllon 

near Portal, Arizona (see Chapter 1) 1s a small-seeded species that 

shows a phenology analogous to that reported by Silvertown. Seeds of 

this species germinate in winter with winter-flowering species, remain 

as rosettes at the end of the winter growing season, and flower and die 

with the dfstinct summer annual community. Again, this phenological 

pattern of early germination and donnancy (as a plant, rather than as a 

seed) during a period of environmental stress has as a cost a 

significant probability of mortality (Inouye 1980. see Chapter 1). The 

success of~. abertianum suggests, however, that the benefits of 

beginning the relatively short growing season with an established root 

system outweigh the risks of mortality due to moisture stress during 

the very dry period before the sumner rains begin. 

The results of the gennination experiments reported here, and 

data in Inouye. Byers and Brown (1980). sU9gest that in the absence of 

seed-eating rodents, large-seeded annuals might dominate the annual 
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plant conmunity to a much greater extent than is typically observed. 

The rodent exclosures at Silverbel1 provide concrete evidence that this 

is indeed the case. Figure 10 shows density of small-seeded annuals 

plotted against density of large-seeded annuals (both on 12 March 1980) 

for 32 plots at the Silverbel1 site. Eight plots were located in the 

same relative positions in each of 2 rodent removal arenas and 

unfenced control arenas (these data only include arenas from which ants 

were not removed, but a similar relationship existed for 64 plots in 

all 8 arenas). The density of small-seeded annuals is inversely 

proportional to the density of large-seeded annuals. presumably because 

small-seeded species are inferior competitors. In response to the 

remova 1 of rodents for a peri ad of about 7 years the density of 

1 arge-seeded annua 1 s increased. Densities of small-seeded annuals 

decreased duri ng thi s same peri ad because of competiti on at the pl ant 

stage and germination inhibition of the kind described in this paper. 

Because the high densities of large-seeded annuals are the result of an 

experimental manipulation (removal of rodents) the significant negative 

correlation between density of large and small-seeded annuals can be 

interpreted as resulting from competition between these two functional 

groups. and not from the two sets of species separating along some 

edaphi c grad; ent. 

When we censused annual plants in these arenas in 1976-77 

there was no significant effect of rodents Dn small-seeded annuals 

(Inouye. Byers and Brown 1980). Analysis of the data plotted in Figure 

10 shows that density of small-seeded annuals was significantly lower 
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Figure 10. Plot of densities of small and large-seeded species. 

Density of small-seeded annuals plotted against density of 
large-seeded annuals for 8 plots 1n each of 4 arenas. Rodents had 
been removed from 2 arenas for about 7 years, the other 2 arenas 
were unmanipulated controls. Density of large-seeded annuals was 
significantly greater and density of small-seeded annuals was 
significantly lower where rodents were removed. There is a 
significant negative correlation between density of large and 
small-seeded annuals on these plots. 
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where rodents were removed (Mann Whitney U test, p 0.001). This 

decrease in density was probably due to competitive effects of 

large-seeded on small-seeded species that took longer to take effect 

and to be measurable than the immediate effects of removing ants and 

rodents that we reported in 1980. 

While densities of small-seeded annuals were lower in the 

arenas from whi eh rodents had been removed than in control arenas. 

small-seeded annuals were still fairly comnon in the rodent removal 

arenas. This could be in part due to dispersal of small seeds into 

these arenas (the arenas are 30 m in diameter. fenced with 1/4 inch 

hardward cloth 0.5 m high). There is some dispersal of desert annual 

seeds occurring throughout the year (Reichman and Oberstein 1977, but 

see Chapter 3), and sorre were probably blown into the fenced arenas. 

Even without any dispersal of this sort, it seems unlikely that 

small~seeded annuals would be completely displaced by larger-seeded 

superior competitors in the absence of seed-eating rodents. There is a 

great deal of heterogeneity on the desert floor at the microsite level, 

caused in part by moverrent of soil by wi nd and water. Thi s 

heterogeneity would undoubtedly continue to provide Irefugia l that 

could be exploited by small-seeded species acting more like fugitive, 

or di sturbance, species than thei r 1 arge-seeded competitors. 

Seed-eating ants have been observed to harvest the relatively 

large seeds of Erodium cicutarium in the Mojave Desert (Tevis 1958). 

although Erodium seeds constituted a small proportion of the total 

diet. Data in Inouye, Byers and Brown (1980) from the Silverbell site 
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suggest that granivorous ants most significantly affect densities of 

small-seeded annuals. Observations of several colonies of Novemessor 

~. one of the larger ant species present at the site. over a 12 

month period are consistent with the results of ant removal experiments 

reported in Inouye, Byers and Brown (1980). ~1ore than 75% of the seeds 

collected by these ants were Pectocarya recurvata. a small-seeded 

aknual that was very common in the previous two years. ~Jhi1e Erodium 

seeds are no doubt accessible to foraging ants for the period shortly 

after they are produced, they are probably relatively immune to ant 

predation for most of the year because they quickly bury themselves 

irrnnediately below the soil surface with an hygroscopic awn character

istic of seeds of both Erodium cicutarium and~. texanum. 

While experim:ntal removal of seed-eating ants and rodents has 

demonstrated that these two taxa do compete ~ the results I am reporting 

here suggest that the influence of redents on ants;s not solely a 

negati ve campti ti ve effect. Ant and rodent removal experiments 

indicate that there is not complete overlap in the size of seeds eaten 

by ants and rodents (Inouye, Byers and Brown 1980. Brown and David

son 1977. Davidson (1977) has reported differences in the size of 

seeds harvested by ants and rodents, and I have observed consi stent 

differences in seeds collected by ants and rodents at the Silverbell 

site (unpublished data). Rodents significantly decrease the density 

of 1 arge-seeded annuals, thereby allowing small er-seeded speci es that 

constitute the bulk of the diet of many ant species to increase. This 

is demonstrated clearly in Figure 10. Where rodents were present, 



54 

densities of large-seeded annuals were lower (p 0.001) and densities 

of smaller seeded annua 15 were greater (p O. 001, Mann-Whi tney U tests). 

It appears, then, that the impact of rodents on ants is not 

enti rely negative. Due to competitive interactions within the prey 

community and a certain degree of specialization by rodents on 

large-seeded annuals, the density of prey available to ants can be 

increased where rodents are present. Some degree of specialization by 

rodents on a subset of the prey cOlTlllunity is crucial to this indirect 

effect of rodents on ants. Davidson (1980) has suggest2d indirect 

effects (facilitation) in multi species communities of seed-eating ants. 

The type of indirect interaction described by Davidson is qualitatively 

different from that described here. In their simplest fOnTI, positive 

species associations resulting from facilitation are caused by one 

species strongly interacting (negatively) with each of two other 

speci es that interact 1 ess strongly (negati ve ly) with each other. 

Densities of the two less strongly interacting species may be 

positively correlated because both species benefit from the absence of 

their common competitor (Davidson 1980). No assumptions are made about 

the resource base, and the facilitation does not require any change in 

the resource base. The positive indirect effect I report here is the 

result of a quantitative change in the resource base that is caused by 

the selectivity of one group of predators. granivorous rodents. Figure 

10 illustrates directly the result of interactions within the prey 

(desert annual) cornnunity and how these interactions in turn influence 

the resources that are available to the various predator species. 
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To the extent that the size of seeds collected by ants is 

correlated with ant body size (Davidson (1977) reported a significant 

correlation between ant size and prey size) the beneficial effect of 

rodents on ants resulting from such an increase in small prey density 

may primarily benefit small species of ants. There may be similar 

positive indirect effects of large rodents on small rodents, however it 

is not clear to what extent rodent body size is correlated with the 

size of seeds harvested (Brown and leibennan 1973, Mares and Williams 

1977, Lemen 1978). 

Mares and Rosenzweig (1978) reported extremely low rates of 

seed removal in the Monte Desert of Argentina relative to those in the 

Sonoran Desert. One hypothesi 5 that they proposed to explain thi s 

difference suggests that seed~eating ants and rodents are mutualistic 

in an evolutionary sense. because they specialize on opposite ends of a 

resourse spectrum. Seeds that are good at avoiding predation by ants 

may be more subject to predation by rodents; conversely. seeds that 

have evolved morphologies or behaviors that reduce predation by rodents 

may be more likely to be taken by ants. Mares and Rosenzweig suggested 

that the ext; ncti on of seed-eating marsupi a 1 s (Argyrol agi dae) in the 

Monte Desert analogous to the Heteromyid rodents in the Sonoran Desert 

may have removed one set of constraints on seeds. with the resul t that 

seeds most subject to predation by ants became rare and seed~eating 

ants also declined. I am suggesting a beneficial effect of rodents on 

ants very similar to that proposed by Mares and Rosenzweig~ however it 

is not apparent that the relationship is strictly mutualistic. My data 
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do show that rodents can increase the dens; ty of seeds taken by ants, 

but there is no indication that ants similarly benefit rodents. Because 

of the unbalanced nature of the competitive interactions within the 

annual plant community, large-seeded annuals have a much greater affect 

on small-seeded species than do small on large, the indirect effect 

resulting from a change 1n the prey community is highly asyrrmetric. 

Whi ie I have discussed changes in t he prey community that were observed 

after a period of 7 years, Mares and Rosenzweig were suggesting evolu

tionary changes in the prey cORmlinity that are likely to take place 

over much longer periods of time. There is thus no reason to reject 

their intriguing hypothesis on the basis of the data presented here. 

In this chapter I have presented evidence that the inhibition 

of germination observed where there are high densities of desert annual 

seedlings is largely the result of inhibition of small-seeded annuals 

by larger-seeded species that geminate more quickly in response to 

winter rainfall. I have suggested that this inhibition is both a 

result of and a mechanism contributing to the competitive superiority 

of large-seeded species over small-seeded species. A dramatic increase 

in the density of these superior competitors in response to the removal 

of rodents supports the hypothesis that seed-eating rodents reduce the 

extent to which large-seeded annuals dominate the annual community. 

After a period of 7 years, density of small-seeded annuals had 

decreased in plots where rodents were removed. I have suggested that 

this decrease in density is the result of increased competition from 

greater nunbers of large-seeded annuals. Because of the asymetric 
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nature of the competitive interactions within the annual plant 

community the i nteracti on between seed-eating ants and rodents is not 

solely competitive. Rodents maintain lower densities of large-seeded 

annuals, and thus they benefit ants by allowing densities of 

small-seeded annuals to increase. The negative competitive effect of 

ants on rodents is balanced to a much lesser degree by such indirect 

effects because small-seeded annuals that are preyed on most heavily by 

ants have relatively little effect on germination and growth of 

1 arge-seeded annuals. 
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