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ABSTRACT 

The desert offers windows of opportunity to annual 

plants, but they must deal with temporal variation in 

environmental conditions. This dissertation explores the idea 

that temporal variation plays a role in species coexistence, 

enhancing the diversity of desert annuals. Theory suggests 

that for temporal variability to promote coexistence among 

annuals: (1) species must differ in their years of highest 

fitness, (2) species must have long-lived seed banks, (3) the 

success of an abundant species must be limited in its 

otherwise good years by competition. 

Chapter 1 reviews mechanisms of coexistence applicable to 

terrestrial plants. Chapter 2 reviews the population biology 

of Sonoran Desert annuals. Chapter 3 investigates whether 

temporal variability might allow three different species 

(Pectocarya recurvata, Plantago patagonica, Schismus barbatus) 

on a creosote flat to out-perform each other in different 

years. In a two year experiment, I simulated additional year

types by manipulating factors that vary across years (water 

and seedling density), and incorporated shrub-covered and open 

microhabitats. I mapped seedlings, observed rates of 

herbivory and reproductive success. To compare species, I 

calculated the average value that seeds have for population 

growth from 10 years of data. I found shifts in competitive 
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ABSTRACT--Continued 

hierarchies for two species pairs, depending on year-type 

factors. Furthermore: (1) herbivory may contribute to shifts 

in competitive hierarchies and (2) habitat partitioning was 

not evident. 

Chapter 4 quantifies dormancy and germination fractions 

in the field for a guild of winter annuals. Dormant seeds 

were removed from soil samples collected after germination, 

but prior to new seed set. Seedling densities and 

reproductive success were followed in nearby plots. The 

species with the largest dormant seed bank had higher temporal 

variation in reproductive success (over the last 10 years) and 

tended to have smaller seeds, consistent with the theory that 

seed dormancy and large seeds are partially substituta.ble bet

hedging strategies. Plants germinated more in years of higher 

reproductive success, suggesting that germination could be 

"predictive". In addition, species responded differently to 

years. I discuss how these experiments demonstrate that this 

system possesses the traits required for temporal variation to 

promote coexistence. 



CHAPTER 1 

MECHANISMS OF COEXISTENCE 

IN 

TERRESTRIAL PLANTS 
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The motivation for this dissertation arose in the 

field. Over several years, I observed more than 30 

different species of Sonoran Desert winter annuals on 

creosote flat near Tumamoc Hill, site of the University of 

Arizona's Desert Laboratory, outside of Tucson. Because 

this site has relatively low habitat diversity, such a high 

diversity among similar species caused me to consider 

mechanisms that might be operating to promote coexistence. 

Here I briefly review mechanisms of coexistence and consider 

their relevance to terrestrial plant ecology, and in 

particular to this system of desert annual plants. 

Ever since Gause (1934) demonstrated that competing 

species with similar requirements cannot coexist in the same 

environment, ecologists have been interested in 

understanding mechanisms that maintain species diversity. A 

mechanism of coexistence can be described by two essential 

features: (a) an axis of environmental heterogeneity and 

(b) an evolutionary tradeoff between the ability of 

coexisting species to capitalize on various parts of the 

axis (Kotler and Brown 1988). Classically, the axis of 

heterogeneity was thought to be resources that vary either 

discretely or continuously. This scheme could allow animal 

species to coexist by differing in resource use (Hutchinson 

1958, MacArthur 1972, Vandemeer 1972). 
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MacArthur showed that, given n different limiting 

discrete resources, no more than n different species can 

coexist, each species specializing on one resource type. In 

contrast, when resources were modelled as continuous, his 

models suggested that coexistence between two competitors 

becomes increasingly more precarious as the means of their 

resource utilization curves become increasingly closer 

together ("limiting similarity"). Unfortunately, resource 

partitioning is not very compelling in explaining plant 

diversity, for all non-parasitic plants require basically 

the same few resources: water, carbon dioxide, sunlight, and 

twenty-or-so below ground nutrients (Silvertown and Law 

1987) . 

The classical work of MacArthur has been extended to 

include additional axes of heterogeneity. These axes 

include: (1) habitat selection (e.g., Rosenzweig 1973), 

(2) tolerance to environmental conditions such as 

temperature and pH (e.g., Whittaker 1975, Tilman and Pacala 

MS), (3) predator or parasite vulnerability (e.g., Paine 

1966, 1969, Tilman 1982), and (4) responses to disturbance 

(Grime 1979, Huston 1979). Nevertheless, plant ecologists 

have observed a high diversity of coexisting species that do 

not appear to partition any of the above axes. In 

particular, in the study site described above, the only 

obvious opportunity for habitat specialization is between 
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shrub-covered and open microhabitats arranged in a mosaic. 

Likewise, neither predation nor disturbance has ever been 

suggested as predominant in natural history accounts of this 

system. 

Therefore, in the following review, I focus on 

extensions of classical work that challenge the assumptions 

that I think are important to the coexistence of plant 

species, particularly in this desert environment. MacArthur 

(1972) assumed: 1. that a species' rate of consumption can 

be described as increasing linearly (to a maximum) with the 

density of the resource (type I functional response; Holling 

1959); 2. that organisms are mobile and freely mixing, 

rendering them capable of averaging pockets of low resource 

density and high resource density across space; and 3. that 

the environment can be described as temporally and spatially 

homogeneous, justifying equilibrium solutions to equations. 

Shape of Functional Response. 

Levins (1979) and Armstrong and McGehee (1980) did not 

restrict both species to having a type I functional 

response. They allowed species to have differently shaped 

curves describing resource consumption, i.e., curves that 

were not linearly related to each other. This resulted in a 

rephrasing of limiting similarity to: "The number of 

consumer species [coexisting] cannot exceed the number of 

[discrete] resources plus distinct nonlinearities." (Levins 



1979). Such systems require not only distinct 

nonlinearities in functional response to resource density, 

but also fluctuating resource levels through time (Chesson 

and Rosenzweig 1991, Chesson In press.) 

Consumptive Versus Monopolistic Competition. 

19 

For sessile organisms, such as plants, local 

competition deserves explicit consideration. This is 

because, while mobile organisms might be capable of 

acquiring a fraction of the resources from all of the space 

(sensu consumptive competition; Yodzis 1978), plants fit 

more closely to the opposite extreme: acquiring all of the 

resources ~ 'om a fraction of the space (monopolistic 

competition; Yodzis 1978). Since aquisition for space is 

the key to acquisition of resources, competition for space 

in early establishment is critical. Can species that would 

go to competitive exclusion using strictly consumptive 

competition coexist under monopolistic conditions (i.e., 

competition for space)? 

Monopolistic competition: Founder-controlled 

communities. Yodzis (1978) explicitly modelled competition 

for space by incorporating the following components: 

(1) space divided into cells; (2) local competition (within 

cells) governed by the usual Lotka-Volterra equations of 

consumptive competition, with the competition coefficient 

a ij being proportional to the per capita effect of local 
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population i on the growth rate of local population~; and 

(3) dispersal modelled as passive migration (from cells with 

a relatively high density of a species, to cells with a 

relatively low density of that species). 

Before assembling model communities, he created a pool 

of potential colonizers whose r, K, and a parameters were 

specified by probability distributions. In some instances, 

he chose distributions in which the probability that two 

randomly chosen species could coexist under consumptive 

competition was O. (Recall that under the usual Lotka

Volterra dynamics, if aij < K!/Kj and aj! < K/Ki , then species 

can coexist using an equilibrium model.) In these cases, no 

species could dominate another, and the outcome of 

competition between all species pairs was contingent upon 

colonization history. That is, since an individual could 

not be eliminated by a disperser once established, community 

structure was "founder controlled". 

This kind of dynamic may be important in lowland 

species-rich tropical rain forests. Hubbell and Foster 

(1986) contend that many tropical tree species coexist while 

being functionally equivalent generalists. Within each 

guild (a suite of species adapted to one "habitat") species 

experience adaptive convergence as opposed to character 

displacement (niche differentiation). Tree species do not 

adapt to the local competitive environment because the 
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identity of their neighbor in such a speciose community is 

unpredictable. Therefore, selection forces arise more from 

the common abiotic conditions experienced by all members of 

a guild, and chance and history have greater prominence in 

structuring the community than biotic effects. Differences 

among species might reflect "different ways of solving the 

same autoecological problem starting from historically 

different parent genetic material." (Hubbell and Foster 

1986, p. 319). This scenario represents a random walk to 

extinction, rather than true coexistence, with large 

population sizes slowing the rate of extinction. 

Shmida and Ellner (1984) also modelled competitively 

equivalent species (i.e, with identical a's and K's) using 

monopolistic competition for space (based on a lottery), and 

non-uniform seed dispersal (leptokurtic curves). They found 

that several conditions, other than large population sizes, 

contribute to slow the dynamics of a random walk to 

extinction. These conditions are: 1. long lived adults; 

2. small differences in competitive ability; 3. a wide 

dispersion of microsites with a low dispersal between them; 

4. many open micro sites relative to the number of occupied 

sites; and 5. highly clumped distributions, with little 

interspecific overlap. Many of these conditions are found 

in terrestrial plant communities. 
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Monopolistic competition: Dominance-controlled 

communities. Yodzis found a second type of community 

structured by local competition. "Dominance-controlled 

communities" resulted when the pool of potential colonizers 

was chosen such that the probability that two randomly 

chosen species could coexist under consumptive competition 

(i.e., ai,j < Ki/Kj) was very small (i.e., .01; cf. 0 in 

founder-controlled communities). Within this pool of 

potential colonizers, there are some dominance-controlled 

interactions between species, but most are contingent 

interactions. 

In simulating these communities, Yodzis found that 

after the original colonization, there was a sequence of 

intercell invasions due to dispersal, with some species 

being eliminated from the system entirely. In most model 

communities, this process terminated in classical 

competitive exclusio~. The interesting result is that in 

some communities competitive exclusion was never attained. 

Rather, some cells repeatedly cycled through a subset of 

species that had intransitive dominance relationships, i.e., 

species A able to displace species B, species B able to 

displace species C, species C able to displace species A, 

etc. 

The competitive combining ability hypothesis (Taylor 

and Aarssen 1990) also is based on intransitive 
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relationships. These authors suggest that competitive 

ability may be determined by a large number of genetically 

variable attributes and that genetic constraints ( e.g., 

pleiotropy, epistasis, linkage) could preclude certain 

attribute combinations. This makes it unlikely that a 

single genotype could possess all the attributes that confer 

a generic competitive superiority. It may be impossible for 

one genotype (species) to always be competitively superior, 

and this results in a complex intransitive network. While a 

genotype might be temporarily disadvantaged by a locally 

high density of superior competitors, it may escape in space 

or time to later reemerge. Spatial and temporal variation 

in the identity of neighbors precludes any single genotype 

from realizing complete dominance in the community. 

Environmental Heterogeneity. 

The assumption that the environment is spatially and 

temporally invariant has widely been accepted as untrue. On 

the other hand, the effects of spatial and temporal 

variability on species coexistence had not been modelled 

until relatively recently. Influential field workers 

considered that violations of the assumption of a 

homogeneous environment could have a profound effect on 

species coexistence (Hutchinson 1961, Grubb 1977). Their 

observations encouraged the following work in which spatial 



and/or temporal variation are explicitly incorporated into 

mathematical models of species coexistence. 

Spatial Heterogeneity: Resource-ratio hypothesis. 
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According to Tilman (1982), an important mechanism governing 

diversity within plant guilds is related to (1) tradeoffs in 

competitive abilities and (2) small inhomogeneities in the 

distribution of limiting resources over space. Within a 

patch with a given limiting resource R, the species with the 

lowest R* (resource concentration at which the growth rate 

of a species exactly balances its total loss rate from 

herbivory, senescence, mortRlity, and all other sources of 

biomass or nutrient loss) is predicted to competitively 

exclude all others. Tradeoffs in competitive abilities 

refers to species switching competitive dominance, depending 

upon the identity of the limiting resources in a particular 

patch. 

If patches have differences in resource supply rates 

across patches, and if species have tradeoffs in their 

abilities to compete for two or more limiting resources 

(e.g., resources A and B), numerous species could coexist. 

This is because there are an infinite number of ratios of A 

to B upon which species might specialize. One patch may 

have a resource supply rate ratio that favors one species, 

another patch favoring another species. Similarly, a 

physical factor (e.g., temperature, pH, etc.) can act like a 
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limiting resource by modifying the requirements of species 

for resource A or B, through its effects on growth rates or 

resource supply rates. 

Spatial Heterogeneity: The colonization-competition 

hypothesis. Another tradeoff that can influence diversity 

is that between competitive ability and the ability to 

colonize an open site (Platt and Weiss 1977, Shmida and 

Ellner 1984, Tilman 1990). Two species can coexist in a 

habitat in which periodic openings occur (from local 

disturbances or the random death of individual plants) if 

one species is a better space claimer, and the other, when 

it claims space, is a better competitor. In this model, 

open sites function as a second resource in promoting 

coexistence in an otherwise spatially homogeneous habitat. 

Spatial heterogeneity: Source-sink populations. Shmida 

and Ellner (1984) applied their model, described above, to a 

a patchy environment where alternate patches favored 

different species. They found that self-maintaining 

populations of a species in a primary habitat (patch) can 

serve as a source for seeds in a neighboring habitat where 

otherwise the population would be non-viable. In a two

species, two-habitat system, each habitat might serve as a 

source for one species and a sink for the other species. 

They suggest that these kinds of effects might be 



particularly important in habitat mosaics, such as a 

creosote flat. 
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Temporal heterogeneity: White noise. Early work that 

incorporated temporal variation (eg, May and MacArthur 1972, 

May 1973, 1974) simply added white noise, which contributed 

to deviations from the equilibrium point. The equilibrium 

point had both species in positive numbers and the effect of 

variability was to prevent species densities from remaining 

at equilibrium. The result was that the greater the 

variability, the further from equilibrium these densities 

could get, and the greater the chance that one or more 

species would become extinct. 

Temporal heterogeneity: The storage effect. Chesson 

and Warner (1981) were among the first to extend these 

models by considering that temporal variability changes the 

order of competitive superiority, thereby keeping species 

densities away from equilibrium points in which one species 

would go extinct. Monopolistic competition was incorporated 

in their models using the "lottery model" of competition for 

space, where each individual that dies is replaced at random 

by another individual of some species. In a constant 

environment, this leads to a random walk to extinction 

(e.g., Hubbell and Foster 1986). However, where a variable 

environment leads to temporal fluctuations in species

specific recruitment rates, Chesson and Warner found that 
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two species can coexist provided they also have overlapping 

generations (a long-lived life history phase that is 

resistant to the effect of environmental harshness and 

competition). Because overlapping generations effectively 

store the periods of high recruitment, this mechanism of 

coexistence has been termed the storage effect. 

A greater understanding of the storage effect has been 

elucidated by more recent analyses. In general, two species 

may coexist by the storage effect if the following 

requirements are met: (1) species possess overlapping 

generations that can store the years of good recruitment 

during the bad years, (2) different species are favored in 

different years, due to species-specific responses to the 

environment, and (3) the growth rate of an abundant species 

in good years tends to be limited by competition 

("covariance between environment and competition"; Chesson 

In press, Chesson and Huntly 1988, 1989). When all three 

conditions are met, then a species at low density tends to 

increase, i.e., its average long-term growth rate: 

N->O 

is positive (Chesson In press) . This latter point is 

important to coexistence because it means species tend to 



recover from low density rather than being eliminated from 

the system. 
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Spatio-tempora1 variabi1ity. Temporal fluctuations in 

reproductive success can be modelled as out of phase from 

place to place, while the spatial average of the environment 

does not fluctuate through time, nor does the temporal 

average vary across space. This results in competitive 

rankings that vary depending upon the patch and the year. 

In such models, dispersal can promote coexistence (Shmida 

and Ellner 1984, Chesson 1985, Comins and Noble 1985). 

Coexistence Mechanisms Important to Desert Annuals. 

Desert annuals are frequently cited as a biological 

system in which temporal variation could be maintaining high 

species diversity (Chesson In press, Chesson and Huntly 

1988, 1989, Ellner 1984, 1987b, Shmida and Ellner 1984) . 

Several features make it unlikely that classical, 

equilibrium-based mechanisms are creating the high diversity 

we see in Sonoran Desert annuals. First, high temporal 

variability occurs in this system: in the physical 

environment (Frank and Inouye In review), in the competitive 

environment (as determined by the total plant density; Kemp 

1989), and in reproductive success (Tevis 1958b, Shreve and 

Wiggins 1964). Second, no differences in competitive 

effects among species have been found (Pantastico-Caldas and 

Venable In press, In review). These differences are 



required for classical mechanisms to promote coexistence. 

And finally, it is widely believed that desert annuals 

possess overlapping generations, in the form of a between

year seed bank, which could store the years of high 

reproductive success in the soil. 
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Potentially, several of the mechanisms described above 

are operating in concert to promote coexistence among desert 

annuals. However, the favored hypothesis involves temporal 

variation. Therefore, in the experimental part of my 

dissertation (Chapters 3 and 4), I set out to determine 

whether this system of Sonoran Desert winter annuals 

possesses the traits required for temporal variation to 

mediate species coexistence (Chesson In press and described 

above). First, I sought to verify the presence of between

year seed banks, and whether the proportion of seeds that 

remains dormant between years varies among species, among 

years, or across microhabitats (Chapter 4). Second, I 

sought to determine whether responses to the environment are 

species-specific (Chapter 3). Third, I sought to evaluate 

whether the specific biology of species in this community 

provides conditions under which, for an abundant species, 

success in good years tends to be limited by competition 

(Chapter 4) . 

Because spatial features might provide an opportunity 

for species to partition the environment, I also 
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investigated the effect of the dominant spatial feature 

found on a creosote flat: a mosaic of shrub-covered and open 

patches (Chapters 3 and 4). Furthermore, while I did not 

experimentally manipulate herbivory levels, I monitored 

signs of herbivory to determine whether higher trophic 

levels could be playing a role in this system (Chapter 3) . 

Finally, I provide a review of the population biology of 

desert annual plants which includes the findings from this 

dissertation (Chapter 2) . 



CHAPTER 2 

POPULATION ECOLOGY 

OF 

SONORAN DESERT ANNUAL PLANTS 
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Introduction 

The population dynamics of desert annuals is important 

to theoretical and conservation work alike. In this review I 

focus on empirical findings on Sonoran Desert annuals and 

relate this to theory relevant to desert annuals in general. 

I incorporate information from related ecosystems when 

Sonoran Desert studies are lacking. I briefly review early 

works (See Inouye 1991 for a more detailed review), but 

concentrate efforts on recent studies, and augment published 

work with unpublished data from the lab of D. Lawrence 

Venable, much of which has been collected on a gently sloped 

creosote flat northwest of Tumamoc Hill, site of the 

University of Arizona's Desert Laboratory (hereafter 

"Tumamoc Hill"). Because of the value ascribed to life 

history characteristics in models, I have organized this 

paper by life history stages: seeds and growing plants. I 

close with a discussion on species coexistence. 

Diversity. The Sonoran Desert is known for its 

diversity, a large part of which is due to annual plants. 

Desert annuals are most appreciated in years when their 

dramatic floral displays color the landscape. Nonetheless, 

this deceptively important component of desert ecosystems is 

frequently overlooked for several reasons. First( desert 

annuals are cryptic because they spend most of their life as 

a seed. Second, hot deserts are characterized by extreme 
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climatic variability: in dry years small plants and non

showy flowers attract little attention. Third, even in the 

season during which they usually germinate, a proportion of 

seeds of many species remain dormant in the soil, most 

likely creating long-lived, age-structured seed banks. 

Across several different regional floras (Arizona 

Upland and Lower Colorado River Valley vegetation types; 

Turner and Brown 1982) roughly half of the desert species 

are annuals (Table 2.1; Fig. 2.1). From the eastern to the 

western edge, total annual rainfall declines. In the Tucson 

Mountains to the east, almost half the rain falls during the 

3 hottest months, and 1/3 of all annuals are restricted to 

the summer. Moving west to the South Mountains and the 

White Tank Mountains, summer rainfall and summer annuals are 

less predominant, resulting in a higher percentage of winter 

annuals. In the west, Imperial County and Northwest Sonora 

are extremely arid and receive less than 25% of their 

rainfall during the hottest months. Surprisingly, summer 

annuals do not drop out, but nonseasonal annuals become more 

important. 

A variety of coexistence-generating mechanisms probably 

contribute to high annual plant diversity. Bimodal rainfall 

distribution may be important inasmuch as it segregates the 

plants into distinct summer and winter floras. In addition, 

aridity, topography, and substrate probably playa role. 



TABLE 2.1. Characteristics of several Sonoran Desert 
regional floras (Arizona Upland and Lower Colorado River 
Valley vegetation types). Number of species reported 
include both native and exotic plants. Rainfall is from 
nearby weather stations, as reported in Turner and Brown 
(1982) . 

Northwest 

Sonora' 

Area (ha) 1,500,000 

Elevation (m) 0-1290 

(range) (1290) 

Annual 

Rainfall (mm) 58.5 

(Dec-Feb) (51%) 

(Jun-Aug) (15%) 

Number of 560 

species 

Annuals (% of 48% 

Flora) 

, Felger 1992 

2 McLauglin, et al 1987 

3 Keil 1973 

• Daniel and Butterwick 1992 

5 Rondeau 1991 

Eastem 

Imperial 

Countf 

205,000 

30-664 

(634) 

85.0 

(37%) 

(24%) 

322 

48% 

lNhite Tank 

Mtns3 South Mtns· Tucson Mtns5 

11,560 4,800 40,000 

416-1246 366-820 649-1429 

(828) (454) (780) 

196.1 182.0 299.0 

(33%) (33%) (22%) 

(30%) (30%) (47%) 

332 274 587 

48% 54% 45% 
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FIGURE 2.1. Map of Sonoran Desert showing locations of five 
regional floras. Pie diagrams depict proportion of annual 
plants in each habit. See Table 2.1 for characteristics of 
each flora. 
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For example, in Northwest Sonora, Mexico, annuals comprise 

62% of the diversity in the arid extreme in the dunes of the 

Gran Desierto, but 57% on desert flats, 45% on granitic 

ranges, and 24% in coastal habitats (data from Felger 1992) . 

However, since deserts are famous for year-to-year 

variation, temporal variation may have central importance in 

explaining high species diversity (see below) . 

Conservation. Desert annuals may be useful in 

conservation as indicators of ecosystem intactness and 

health. The annual flora appears sensitive to both 

invasions and extirpations. First, in three separate 

regions, a higher proportion of the exotic than the native 

flora is comprised of annual plants (Fig. 2.2; G = 13.61 for 

Tucson Mountains, P < .001; for Eastern Imperial County and 

South Mountain floras P < .05). Secondly, twenty-seven 

possible extirpations (species not collected since 1950) 

have been recently documented in the Tucson Mountains. 

Three-fourths of these are annuals, with a significantly 

higher representation of winter than summer annuals (G = 

6.49, P = .002; Rondeau 1991). Annual plants, particularly 

winter annual plants near Tucson, may be more sensitive to 

ecosystem disturbance such as competition from invading 

exotics, habitat destruction due to encroaching 

civilization, or winter droughts such as occurred between 

1942 and 1958 (Bowers and McLaughlin 1987) . 
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FIGURE 2.2. Comparison of growth forms in native and exotic 
flora for three regional floras of the Sonoran Desert. 
Black = winter annuals, white = summer annuals, striped = 
nonseasonal annuals. See text for statistical comparisons. 
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Theory. Annual plants have a relatively simple life 

history, making them an ideal system for theoretical models 

of persistence in the face of a variable environment, 

population dynamic consequences of seed traits, and species 

coexistence. Being able to follow the reproductive fate of 

one germinating cohort per year means that empirical testing 

of models is promising, although at present it lags behind 

theoretical work. 

Seeds 

Distribution in space and time. Sonoran Desert seed 

densities are highly clumped in space (Reichman and 

Oberstein 1977, Reichman 1979, 1984, Price and Reichman 

1987, Kemp 1989) and even more patchily distributed in time 

(Reichman 1984, Kemp 1989). Whenever significant 

differences in total seed density (but not necessarily 

individual species density) have been found, density is 

higher in the shrub than the open microhabitat (Reichman 

1984, Price and Reichman 1987, Table 2.2). But these data 

do not allow us to separate effects due to the processes of 

in situ reproduction, seed dispersal, and seed mortality. 

Seeds of annuals found in shrub habitats tend to be of 

higher mass, reflecting differences in species composition 

between the two microhabitats (Price and Reichman 1987) . 

Through time, seed densities fluctuate both seasonally and 

annually. A seasonal regeneration of seed reserves follows 
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TABLE 2.2. Numbers of dormant viable seeds in shrub and 
open microhabitats at Tumamoc Hill for three winter annual 
species and total seeds of all winter annuals. Seeds were 
retrieved from 180 soil cores (5.4 cm diam x 2.5 cm) after 
winter germination but prior to spring reproduction. 
X2-test probabilities for differences between microhabitats 
within a year in parentheses. * designates higher seed 
density when differences are significant. 

Evax Schismus 

Bowlesia multicaulis barbatus Total seeds 

incana 

Year Shrub Open Shrub Open Shrub Open Shrub Open 

1989/90 69* 4 16 11 14 26 116* 47 

(.0000) (ns) (ns) (.0001) 

1990/91 47* 0 19 32 40 76* 147* 75 

(.0000) (ns) (.0167) (.0005) 

1991/92 283* 14 7 10 502* 85 502* 85 

(.ClOOO) (ns) (.0000) (.0000) 
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seed production, but input may be low in some years. A 10-

to 20-fold change in seed densities from last year's to this 

year's reproductive peak (Fig. 2.3; Kemp 1989) is not 

unusual. Once replenished, seed reserves are depleted by 

the processes of mortality and germination, which also vary 

in space and time. 

Dormancy related to patterns of relative abundance. 

Here I use dormancy in the ecological sense, to refer to the 

proportion of seeds that do not germinate in response to a 

rainfall event, although there may be some specific 

conditions under which more seeds could germinate. Initial 

interest in germination and dormancy of desert annuals was 

an effort to explain the high variation in relative 

abundance between years (e.g., Fig. 2.4a). Finding very 

different species compositions in censuses over several 

years or after artificial watering, workers hypothesized 

narrow germination requirements: i.e., that species 

germinate in response to different temperature and moisture 

conditions (Went 1949, Juhren et al 1956, Tevis 1958a). 

However, they typically measured only the number of plants 

arising from an unknown number of seeds, rather than the 

variable of interest: germination fraction (the proportion 

of seeds that germinate) for each species. 

Specific germination requirements are indeed sufficient 

to explain the segregation of the winter and summer annual 
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FIGURE 2.3. Population dynamics of winter annuals in open 
sites from a creosote flat at Tumamoc Hill, 1982-1989. 
Population densities (1m2) on the permanent quadrats are 
presented on semilog plots for five life-stages per year: 
number of seedlings emerging, number establishing, number 
surviving to the reproductive season, number actually 
reproducing, and number of seeds produced (D.L. Venable and 
T. Caprio unpublished) . 
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FIGURE 2.4. Fluctuations documented over 10 years (1982/83-
1991/92) from 12 permanent plots (.05 m2 each) on a creosote 
flat at Tumamoc Hill. (a) Population size and (b) 
reproductive success for six cornmon species (~ Evax 
multicaulis, X Pectocarya recurvata, ~ Plantago insularis, 
X Plantago patagonica, I Schismus barbatus, ~ Stylocline 
micropoides. (c) Total population size (~ ) and rainfall 
from January to March (~), when drought stress is likely 
to affect reproductive success (Venable and Caprio 
unpublished) . 
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floras (Went 1949, Juhren et al 1956, Tevis 1958a) . 

However, we now know that, within a seasonal flora, species 

do not necessarily have very narrow germination 

requirements. First, both early- and late-germinating 

cohorts are found for most species in the field (Went 1949, 

Venable 1989). Second, well-controlled tests for seed 

germination show that species respond to a wide range of 

conditions (Fig. 2.5; Rice 1985, Baskin et al in press) . 

Further, different sets of conditions prior to the 

germination season create different germination responses 

that vary among species (Rice 1985, P. Chesson, pers. 

comm.) . 

This means one must consider alternative mechanisms 

that could generate independent population fluctuations. 

One is that despite germination of a fraction of seeds under 

many different conditions, the effect of particular 

conditions varies with species. If years have substantially 

different germination conditions, this would translate into 

species having different germination responses in different 

years (Chapter 4). A second alternative mechanism is 

species' differences in age-dependent germination fractions. 

In the Chihuahuan Desert, Philippi (1993a) found that 

germination fractions among 6 species over two years were 

not equal fractions of remaining viable seeds. In computer 

simulations (Philippi pers. comm.), different germination 
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growth chamber for fresh seeds sown in day length and 
temperature of October (~), November (II), and January 
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(~), during these months. (Seeds over-summered in hot 
green house.) ERDI = Eriastrum diffusum, ERLA = Eriophyllum 
lanosum, PEHl-3 = three different seed morphs of Pectocarya 
heterocarpa. Otherwise, abbreviations consist of the first 
two letters of generic and specific names of the species 
given in Figure 2.3 (Adondakis and Venable unpublished) . 
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distributions among species can generate independent 

fluctuations. A third alternative is that seedling 

densities in a given year could have more to do with the 

previous year's reproduction than with the current year's 

germination conditions. Numbers of seeds produced each year 

are positively correlated with the number of seedlings 

emerging the next year (r = .69 for totals of 10 species 

[the 6 in Fig. 2.3 plus 4 others on the same plots]). Thus 

species-specific differences in reproductive responses 

across years (Fig. 2.4b; Tevis 1958b, Shreve and Wiggins 

1964, Chapter 3) could generate species-specific 

fluctuations in seedling densities. 

Dormancy as a bet-hedging strategy. Seeds of desert 

annuals are faced with the problem of when to germinate. 

They can reliably depend on seasonal cues, such as 

photoperiod and temperature, to indicate the season of a 

rainfall event, but not on high rainfall during the 

following months. That is, the rainfall that causes a seed 

to germinate may be followed by severe drought and little or 

no seed production. Such unpredictability produces large 

variances in mean reproductive success across years (Fig. 

2.4b) . 

This observation provoked interest in the life history 

strategies that might be favored in a temporally variable 

environment. A large year-to-year variance in fitness may 
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severely decrease geometric mean fitness (its temporal 

average). Several theoretical treatments show that between

year seed dormancy can increase the geometric mean fitness 

by decreasing temporal variance in fitness. A plant that 

spreads the germination of its offspring out over several 

years, effectively hedges its bets against the possibility 

that it will be a bad year. I define "bad" years as years 

of harsh abiotic conditions in which few germinated seeds 

survive to reproduce, even in the absence of competition. 

"Good" years, on the other hand, are those in which 

reproductive success in the absence of competition is high. 

A plant with a between-year seed bank will have lower 

success in good years, but higher success in bad years, than 

it would have had all seeds germinated in one year. 

Density-independent models predict that germination 

fractions should increase with the probability of a good 

year and with increasing seed yield in those years (Cohen 

1966, MacArthur 1972, Brown and Venable 1986, Venable 1989). 

Adding density-dependence generally decreases the optimal 

germination fraction, because competition increases the 

temporal variation in seed yield (Bulmer 1984, Ellner 

1985a,b, Leon 1985, Ellner 1987a). Similar models show that 

within-year seed banks (multiple germination cohorts within 

a single season) can also decrease the variance in 

population growth if there is a low or negative correlation 



between the success of early and late germinating cohorts 

(Venable 1989). 
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Is empirical data consistent with the evolutionary 

hypothesis that desert annuals maintain seed banks to hedge 

bets against environmental uncertainty? Yes. First, 

sizable between-year seed banks have been found for many 

species (Went 1949, Philippi 1993a, Chapter 4, Venable and 

Caprio unpubl.). The importance of seed banks in buffering 

the effects of bad years is illustrated by combining 

information from 1988/89 on permanent plots (Venable and 

Caprio) and data from nearby parallel transects (within 5 m) 

in subsequent years (Chapter 4). In the drought year of 

1988/89, all thirty-six seedlings (60/m2) of Evax 

multicaulis died without reproducing. Yet, enough seeds 

from previous years survived to create a seed density of 

66/m2 in the fall of 1989/90. Less than 1% of those seeds 

germinated, with again no recorded reproduction in 1989/90. 

In contrast, seeds that germinated in 1990/91 (presumably 

produced in 1987/88 or earlier) encountered high rainfall 

and had high survival and fecundity (9.3 seedlings/m2 

produced 1723 seeds/m2). Second, as models with density

independent seed yields predict (e.g., Cohen 1966), Lepidium 

lasiocarpum's germination fraction is higher in locations 

where the probability of a good year (mean rainfall) is 

higher (Philippi 1993b). Third, as already mentioned, at 
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least some species have multiple germination cohorts each 

year, and the pattern of variation in reproductive success 

is such that multiple cohorts do yield higher fitness than 

either early or late germination alone (Venable 1989; cf. 

Silvertown 1989 for a similar analysis of annuals from other 

environments) . 

Predictive Germination. Cohen's early model was 

extended (Cohen 1967, Venable and Lawlor 1980) to include 

germination conditional upon environmental cues at the time 

of germination associated with quality of the growing 

season. If a given cue is associated with a higher 

probability of a good year, selection will favor germination 

of a higher fraction of a plant's offspring. Temperature 

and amount of rainfall have been shown to affect germination 

fractions and thus are likely cues for desert annuals (Capon 

and VanAsdal1 1966). The mechanism of prediction could 

involve cuing on environmental signals that have a 

repeatable long term correlation with conditions favorable 

for survival and reproduction. More simply, environmental 

conditions at the time of germination may actually affect 

fitness, e.g., the amount of germination-inducing rains may 

determine seedling establishment and early growth, important 

fitness components. 

Empirical findings that a higher fraction of a plant's 

offspring germinate in places or times of higher 
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reproductive success are consistent with the hypothesis that 

plants receive and process information at the time of 

germination that enables prediction of future reproduction. 

Using a combined laboratory and field experimental approach, 

Rice (1985) found that two species of introduced Erodium in 

a California grassland have higher germination fractions in 

spatial locations favorable for reproduction. Venable 

(1989) provided evidence that desert annuals vary their 

within-year germination timing such that more successful 

cohorts tended to be larger. In growth chamber experiments, 

Adondakis and Venable (unpublished) found that several 

species tended to have higher germination fractions under 

conditions of higher "rainfall" (e.g., comparing seeds that 

received water under October, November, and January 

conditions to seeds that received water only under October 

or January conditions). Over three field seasons ~t Tumamoc 

Hill, I found that seeds of 9 species were more likely to 

germinate in years of higher reproductive success (Chapter 

4) • 

Density-dependent germination, or germination in 

response to cues associated with the density of seedlings, 

has also been suggested. On a Larrea (creosote) dominated 

Sonoran Desert site 60 km NW of Tucson, Inouye (1980) found 

that significantly more annual plants germinated in response 

to consecutive winter storms on plots that were continually 
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thinned than on matched, unthinned plots. In contrast, on a 

Larrea dominated Sonoran Desert site near Indio, California, 

Tevis (1958a) found that germination in response to rainfall 

was as high on plots where artificial watering had 

stimulated early germination as on plots which were bare. 

An important contribution would be to conduct similar 

studies that control for seed bank densities and microsite 

variation in germination cues. 

Dispersal. I suspect spatial clumping is in part the 

result of local reproduction and limited dispersal. 

Unfortunately, empirical demonstration of how far seeds 

actually go is limited. However, in a comparative survey 

restricted to the Compositae, Venable and Levin (1983) found 

that, in the Sonoran Desert, a higher percentage of annuals 

than perennials lack gross morphological dispersal 

structures. Furthermore, annuals have a lower percentage of 

species with adaptations for wind dispersal, but there is no 

difference between the two groups in prevalence of adhesive 

dispersal structures. This suggests that, at least for 

Compositae in the Sonoran Desert, dispersal may be less 

important for annuals than perennials. 

When dispersal is aided in the Sonoran Desert, it is 

probably by wind, sheet wash, ants, or small animals. 

However, for those species that have wind dispersal 

appendages or seeds small enough to be blown by wind, adult 
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plants do not always attain enough height (e.g., rarely more 

than 10 cm on a creosote flat; Pake unpublished) to take 

much advantage of it (cf. seeds from 10 cm high 

infructescences of Vulpia fasciculata, a dune annual in 

Britain, travel 7-16 cm; Watkinson 1978) . 

Reichman (1984) discovered that passive dispersal by 

wind and sheet wash tends to aggregate seeds in depressions 

or behind obstructions or shrubs. By placing seed traps (30 

ml cups depressed in the soil), he found that the greatest 

movement of seeds occurs across windswept open flats. At 

Tumamoc Hill, in experiments involving inhibition of seed 

production over large areas, abrupt boundaries in seedling 

densities were observed, indicating limited dispersal for 

the majority of seeds; exceptions occurred in localized 

rivulets where reasonably large numbers of seeds sometimes 

accumulated (D. L. Venable pers. comm.). On plots in which 

seeds were harvested prior to dispersal, Inouye (1982) found 

that, in the following season, the combined contribution of 

dormancy and dispersal accounted for 56% of the seedling 

density that occurred on control plots. Finally, 

granivorous rodents and ants may leave seeds in unrecovered 

caches or ant nest refuse piles, and thus contribute to 

dispersal and seed patchiness (Price and Jenkins 1987, 

Rissing 1986), but the factors favoring successful dispersal 

and the quantitative details remain largely unknown. 
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Dormancy and dispersal as alternatives. Under both 

density-independent (Venable and Lawlor 1980, Venable and 

Brown 1988) and density-dependent (Levin et al 1984) 

conditions, dormancy and dispersal serve, to some degree, as 

alternative mechanisms for coping with a spatially and 

temporally variable environment. Dormancy reduces the 

optimal level of dispersal, and dispersal reduces the 

optimal level of dormancy. 

The partially substitutable relationship between 

dormancy and dispersal suggests that species that produce 

two types of seeds that confer a dispersal heteromorphism 

should have a related germination heteromorphism. Seed 

heteromorphism is a form of bet-hedging suitable when 

environmental conditions are extreme and intermediate morphs 

have low fitness (Venable 1985). Evidence of multiple 

strategies has been found in several families well 

represented in the Sonoran Desert (e.g., Asteraceae, 

Chenopodiaceae, Fabaceae, and Polygonaceae; Venable and 

Lawlor 1980, Venable 1985). The genus Cryptantha 

(Boraginaceae), subgenus Krynitzkia, contains 65 annual 

species, 14 of which produce heteromorphic seeds (Johnston 

1925). All heteromorphic species occur either in the 

Sonoran Desert (10), the Mojave Desert (1), or dry habitats 

(3; Kearney and Peebles 1960), consistent with the 
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hypothesis that this is a strategy for coping with temporal 

unpredictability. 

The predicted pattern between dispersal and germination 

dimorphisms has not been tested in strictly desert species. 

However, two weedy annual composites, Heterosperma pinnatum 

and Heterotheca latifolia, combine a high-mean, high

variance morph with a low-mean, low-variance morpho As a 

consequence, variance in reproductive success among years is 

lower than if plants made only one morph (Venable et al 

1987, Venable and Levin 1985). In both species the high

risk seed type lacks dormancy, and has greater dispersal 

with attendant higher survival risks and opportunities for 

growth and reproduction. In contrast, the low-risk seed 

type has either more gradual germination (creating within

year seed banks in li. pinnatum) or fractional germination 

(creating between-year seed banks in H. latifolia), but more 

restricted dispersal. 

Seed Size. Seed size may affect variation in 

reproductive success and thus the evolution of dormancy. In 

temporally and spatially unpredictable arid environments, 

larger seeds should decrease variance in reproductive 

success because more provisions allow faster root 

development in seedlings, decreasing the risk of mortality 

from drought (Baker 1972). However, under favorable 

conditions, when extra provisioning is not necessary, a 
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large-seeded plant can produce fewer offspring than a small

seeded plant, all else being equal. 

The traits of seed size, dormancy, and dispersal are 

partially substitutable responses to spatial and temporal 

unpredictability (Venable and Brown 1988). If a species has 

already invested in one bet-hedging strategy, the lower 

variance accrued decreases the payoff from another bet

hedging strategy (Ritland 1983, Venable and Brown 1986) . 

Thus one might expect that of species in the same 

environment, the small-seeded ones experience more 

variability and thus evolve more dormancy and/or dispersal. 

At Tumamoc Hill, small-seeded winter annuals indeed 

have greater among-year variation in success than large

seeded annuals, whether early cohorts or late cohorts are 

considered (Fig 2.6a,b). Also, for each species early 

emergence is risky: early cohorts experience greater 

between-year variation in success than late cohorts (compare 

species values in Fig. 2.6a versus 2.6b). As expected, the 

small-seeded species, which experience more year to year 

variation, tend to emerge later in the germination season 

(Fig. 2.6c). Finally, smaller-seeded species have larger 

between-year seed dormancy (Fig. 2.6d,e; Chapter 4). The 

theoretical prediction that small seed size is correlated 

with greater dispersal is abundantly documented in the 

literature. However, physical weight constraints lead to 
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FIGURE 2.6. Pearson product moment correlations between 
seed size, variability in demographic success, delayed 
germination and dormancy for the assemblage of winter 
annuals at Tumamoc Hill (1982-1989). ERCI = Erodium 
cicutarium, ERTE = §. texanum, MOBE = Monoptilon belliodes. 
Otherwise, abbreviations consist of the first two letters of 
generic and specific names of the species as in Figures 2.3 
and 2.5 (Venable and Caprio unpublished). 



a correlation between these traits, without necessarily 

invoking selective forces (Venable 1989) . 
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Seed banks affect selection on other traits. Long

lived seeds in annual plants produce a unique form of age 

structure. Since most seeds are produced in good years, 

most genetic memory will be from good years, even if they 

are less recent. If fitness is a function of some trait 

that is selected for in good years, but selected against in 

bad years, species should increasingly evolve adaptations to 

good years as dormancy increases. These traits include not 

only seed characteristics (e.g., dispersal, size, seed 

defense mechanisms), but vegetative traits (e.g., root/shoot 

ratio, pubescence, etc.) as well (Brown and Venable 1986). 

Trophic interactions: Granivory. In deserts of the 

American Southwest, rates of granivory a~e variable in space 

and time, and may be extremely high (up to 90%; Soholt 1973, 

Brown et al 1975, 1979, Mares and Rosenzweig 1978, Reichman 

1979, Inouye et al 1980). Temporally or spatially variable 

patterns of gran ivory are likely to have significant 

consequences for annual plant population dynamics, for 

evolution of seed bank and non-seed bank traits, and for 

species coexistence. 

Granivory alters spatial clumping of seeds, potentially 

affecting local competition among seedlings. Anecdotal data 

suggest that fresh seeds are more vulnerable to predation, 
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due to their exposure and highly clumped nature (pers. obs.; 

Brown et al 1975, Samson et al 1992), than are old buried 

seeds (Price and Heinz 1984). Rodents selectively forage in 

high density seed patches until they have reached a 

threshold giving-up density that depends on the harvesting 

efficiency and energy needs of a species (Kottler and Brown 

1988, Brown 1989). Bipedal kangaroo rats (Dipodomys) and 

kangaroo mice (Microdipodops) forage primarily in the open, 

while quadrupedal pocket mice (Perognathus) forage primarily 

under vegetation (Reichman and Oberstein 1977, Brown et al 

1979, Price and Brown 1983). Having different types of 

granivores in each habitat could result in independent 

fluctuations in seed densities, species composition, and 

spatial clumping. Relative to ants, rodents are more 

efficient harvesters, decreasing patches to lower densities 

and removing more buried seeds (Brown et al 1975, Reichman 

1979). Ant granivory is seasonal and frequency-dependent 

(concentrating on the most abundant), selective (small

seeded), and limited to surface seeds (Tevis 1958c, Davidson 

1977, Reichman 1979, Inouye et al 1980). Birds, in 

contrast to rodents and ants, represent the most spatially 

and temporally variable pressure on seed reserves, 

concentrating their harvest when and where seeds are most 

dense (Brown et al 1979, Mares and Rosenzweig 1978) . 
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Granivore exclosure experiments in both the Sonoran 

(Inouye, et al 1980, Brown et al 1986) and Chihuahuan 

(Davidson, et al 1984, Davidson, et al 1985, Samson et al 

1992, Valone in review) deserts show that seed-eating ants 

and rodents affect species composition of the annual plant 

community. Rodents (primarily ~ipodomys) allow persistence 

of competitively inferior, small-seeded winter annuals by 

selectively preying upon large-seeded species. Ant 

granivory, on the other hand, primarily affects the density 

of small-seeded winter annuals. Small-bodied granivores 

(Perognathus flavus, Chaetodipus penicilatus, Peromyscus 

eremicus, and Reithrodontomys megalotis) also affect plant 

abundances, but they negatively affect more summer annual 

species than winter annual species (Valone in review) . 

More data on how granivores affect patterns of seed 

survivorship for separate species are needed. Typically, 

models on the evolution of seed dormancy (e.g, Cohen 1966, 

Wilcott 1973) and on species coexistence (see below) assume 

high survivorship of old seeds. To what extent do seed 

predators forage for fresh relative to old, buried seeds? 

Is the predation rate different for highly fecund versus 

small plants within years? Does it differ between high and 

low seed set years? These factors affect selection pressure 

on dormancy as well as non-seed bank traits (Brown and 

Venable 1991). For example, when predators largely affect 
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the survival of fresh (as opposed to old) seeds, the 

presence of a seed bank (or the existence of predator 

satiation in a non-seed bank annual) selects for a temporal 

clumping of reproduction in good years, analogous to masting 

in perennials. In contrast, heavy predation on old, buried 

seeds decreases selection for dormancy and decreases 

specialization on good years (Brown and Venable 1986). 

Growth Phase. 

Competition. Early desert ecologists were impressed 

with the harshness of the desert and studied the effect of 

abiotic factors on the survival and success of desert 

annuals (Tevis 1958ab, Shreve and Wiggins 1964, Beatley 

1967, Gutierrez and Whitford 1987). In fact, it has been 

claimed that Mojave Desert annual plant densities were 

solely controlled by germination, to the exclusion 

competition (Went 1949, 1955, Juhren et al 1956). However, 

we now know that growth, survival, and fecundity can be 

affected by the density of neighboring plants (Inouye, et al 

1980, Inouye 1980, 1982, Pantastico-Caldas and Venable In 

press, In review, Chapter 3). This is important because, at 

Tumamoc Hill, total plant density fluctuated nearly 2 orders 

of magnitude (more for individual species) over the last 

decade (Fig. 2.4c). 

All of these more recent studies show a negative 

relationship between fecundity and density of neighbors, and 
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most show that survival was either negatively or unaffected 

by density. In contrast, one study (Chapter 3) found that 3 

species of winter annuals sometimes have a significantly 

higher survival at higher densities. In a field experiment, 

3 densities (200, 1000, and 5-10000 plants/m2 ) and 2 water 

levels were manipulated in shrub and open microhabitats over 

2 years (small mammals were excluded). In this study 

Pectocarya recurvata, Plantago patagonica, and Schismus 

barbatus all experienced a significant increase in survival 

as density increased (from low to medium or from medium to 

high density), in one or another treatment combination. 

These different results suggest that interactions among 

seedlings among years are variously negligible, competitive, 

or facilitative. Potential factors mediating the quality of 

this interaction deserve further attention. Under stressed 

conditions, a plastic growth response allowing annuals to 

maintain, at least to some degree, seed production at the 

expense of vegetative growth may explain density-independent 

survival under certain conditions (see Samson 1986 for data 

from the Mojave). Facilitation may only be important in some 

years, and could result from a shading effect by neighbors 

that decreases evaporation from the soil relatively more 

than it increases losses due to competition. Predator 

satiation could also be important in some years. 
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Even when survival is unaffected by density, realized 

fecundity (the product of survival and fecundity) usually is 

negatively affected, due to the strong effect of density on 

fecundity (Inouye 1980, Inouye, et al 1980, Pantastico

Venable In press, In review). For example, isolated 

Plantago seedlings had higher mean seed set in a wet year 

than a dry year, as expected, but Plantago did not differ in 

competitive response to density (equal slopes) across years 

(Pantastico-Caldas and Venable In review). In contrast, in 

Chapter 3 I found a different relationship between realized 

fecundity and density. This different relationship is 

strongly related to the fact that in these field years, 

survival was at times facilitated by density. Pectocarya 

tended to have its highest realized fecundity at medium 

density, and the density in which Schismus was most 

successful varied between years. Plantago's realized 

fecundity was the least affected by density; a marginal 

difference was found only in the dry treatments where low 

density was higher than medium or high density. 

Temporal variation in reproductive success may result 

in differences in competitive relationships. In Chapter 3, 

I found that species differed significantly in response to 

environmental conditions that change through time. I was 

able to make reproductive success (a measure of fitness) 

comparable across species by standardizing it in terms of 
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population growth. I did this by estimating the probability 

that a seed becomes a reproductive adult, using 10 years of 

reproductive data. The results showed that the identity of 

the species with the highest fitness changed with years or 

with manipulated conditions presumed to represent year

types, for two species pairs (Pectocarya-Schismus and 

Pectocarya-Plantago) . 

Impact of shrub/open habitat mosaic on reproductive 

success. That annuals are associated with or depend upon 

shrubs in the Sonoran Desert (Halvorson and Patten 1975, 

Muller 1953, Shreve and Wiggins 1964) may be an over

generalization. If one were to compare all species in a 

community, undoubtedly some would differ in their response 

to microhabitats. On a creosote flat at Tumamoc Hill (48% 

shrub cover), some species specialize almost exclusively on 

the shrub habitat: reproductive individuals of Bowlesia 

incana and Eucrypta micrantha are rarely found in the open, 

unless large rocks are available to provide shade (pers. 

obs.). Other species only appear to be associated with 

shrubs because they tend to be larger there (Samson 1986 in 

the Mojave, C. Pake unpublished data), though they do not 

necessarily survive better or make more seeds there (Chapter 

3). Five years of observations show less difference in 

realized fecundity between microhabitats than between years 

for three common species (Table 2.3). In a controlled 



TABLE 2.3. Realized fecundity of three Sonoran Desert 
annual species in two microhabitats on a creosote flat at 
Tumamoc Hill over 5 years. 

Year 

1986/7 

1987/8 

1989/90 

1990/91 

1991/92 

Pectocarya 
recurvata 

Shrub Open 

20.80 38.50 

1.04 2.70 

0 6.67 

0 0 

42.93 146.70 

Plantago 
patagonica 

Shrub Open 

13.80 14.30 

0.30 1.07 

3.60 0 

19.01 174.00 

47.70 28.80 

Schismus 
barbatus 

Shrub Open 

60.40 56.70 

0.84 0.33 

93.40 79.20 

388.24 658.56 

946.05 665.49 
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experiment on a nearby site, Pectocarya, Plantago, and 

Schismus species had higher survival in the open, although 

this translated into a significantly higher realized 

fecundity in the open for only one species, Plantago 

(Chapter 3). The general pattern is one of similar 

germinating densities in both habitats (Halvorson and Patten 

1975, Pake unpublished), but lower survival under shrubs. 

These data suggest that it is the open habitat that serves 

as a refuge for these species, although I caution against 

generalization across different species, different deserts, 

or even creosote flats of different soil types. 

On a larger spatial scale, Pantastico-Caldas and 

Venable (In press) looked at open plots along a habitat 

gradient from sandy wash rivulets, to the base of a small 

hill, to a southeast facing slope (9°) of the hill. They 

found that Pectocarya recurvata and Plantago patagonica have 

different habitat preferences and that density mediates 

habitat quality: the habitat of highest fitness at low 

density was the habitat where competition was most severe 

(i.e., where realized fecundity was lowest at high density). 

Herbivory. Few studies have measured the impact of 

herbivory in undisturbed annual plant communities, although 

anecdotes suggest that rodent foraging could be important 

(e.g., Tevis 1958c, Samson et al 1992). Analysis of gut 

contents show that herbaceous plants are an important part 
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of the diet for small mammals at certain times of the year 

(Vorhies and Taylor 1922, 1933, 1940). Where small mammals 

were excluded, invertebrate herbivory was higher under 

shrubs and varied between years; it affected two native 

species more than it affected an introduced grass (Schismus 

barbatus), contributing to shifts in relative success among 

years (Chapter 3) . 

Herbivory may be an important proximate cause of the 

spatial and temporal patterns that affect species diversity 

(Huntly 1991; See below). In models, spatial patterns of 

herbivory have been shown to result in a rare plant 

advantage or in local refuges for competitively inferior 

plants, when palatability and competitive ability are 

positively correlated or uncorrelated (Pacala and Crawley 

1992) . 

Coexistence. 

Desert annuals are frequently cited as a biological 

system in which temporal variation could be maintaining high 

species diversity (Chesson In press, Chesson and Huntly 

1988, 1989, Ellner 1984, 1987b, Shmida and Ellner 1984). 

Chesson (In press) unifies both classical mechanisms 

(habitat and resource partitioning) and fluctuation

dependent mechanisms (relative nonlinearity and the storage 

effect) into a single model. Of the two mechanisms 

requiring temporal fluctuations, the storage effect 
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(described below) is likely to be more important because it 

is capable of permitting coexistence of an arbitrary number 

of species when acting alone. (But see Ellner 1987b, 

Chesson In press, and Chapters 2 and 3 for data and/or 

discussions related to relative nonlinearity in desert 

annuals) . 

Two species may coexist by the storage effect if the 

following requirements are met: (1) species possess 

overlapping generations that can store the years of good 

recruitment during the bad years, (2) different species are 

favored in different years, due to species-specific 

responses to the environment, and (3) the growth rate of an 

abundant species in good years tends to be limited by 

competition ("covariance between environment and 

competition"; Chesson In press, Chesson and Huntly 1988, 

1989). When all three conditions are met, then a species at 

low density tends to increase, i.e., its average long-term 

growth rate: 

~I N->O 

is positive (Chesson In press) This latter point is 

important to coexistence because it means species tend to 

recover from low density rather than being eliminated from 

the system. 
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Natural systems rarely allow us to implement the ideal 

experiments that test whether mechanisms operating in 

mathematical models are operating in nature. If we 

eliminated temporal variability, we might have to follow an 

experiment for many years to find convincing evidence for 

exclusion or lack of it. In addition, several mechanisms 

may be operating in concert to maintain species diversity. 

Despite these difficulties, two features make it 

unlikely that classical, equilibrium-based mechanisms are 

creating the high diversity we see in Sonoran Desert 

annuals. First, high temporal variability in the physical 

environment (Fig. 2.4c; Frank and Inouye In review), in the 

competitive environment (Fig. 2.4c), and in reproductive 

success (Fig. 2.4b, Tevis 1958b, Shreve and Wiggins 1964) 

occurs in this system. Second, no differences in 

competitive effects among species have been found 

(Pantastico-Caldas and Venable In press, In review), 

differences which are required for classical mechanisms to 

promote coexistence. 

Furthermore, three more features increase the 

likelihood that temporal variation is important to 

coexistence for annual plants in the Sonoran Desert. First, 

many species possess a between-year seed bank (Chapter 4) . 

However, more data is required to determine the longevity of 

seed banks, a trait related to their ability to buffer 
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populations from years devastating to reproduction (cf. 

requirement (1) above). Second, responses to the 

environment are species-specific. Many species-pairs have 

non-correlated reproductive responses across years (Table 

2.4), which can result in shifts in relative performance 

across years (Fig. 2.7, Chapter 3; cf. requirement (2) 

above). In addition, the germination response in a given 

year differs significantly, depending upon the species 

(Chapter 4). Third, the specific biology described above is 

one set of conditions under which success in good years 

tends to be limited by competition, for an abundant species 

(cf. requirement (3) above). This is because a high density 

species cannot ever escape competition in years when a high 

fraction of its seeds germinates, even if in some years 

competition is mostly intraspecific. 

Furthermore, these three features satisfy invasibility 

because, since species have different germination responses 

(feature 2), a species at low density occasionally will 

germinate in good years when competition is low. Thus, a 

species at low density occasionally experiences 

opportunities for high growth in the absence of competition, 

while a high density species does not (feature 3). Last, 

but not least, a seed bank (feature 1) prevents any species 

from ever having really low growth rates, even in years when 

opportunities for growth are poor. 



TABLE 2.4. Spearman's correlation coefficients (rs ) for 
realized fecundity between species pairs over 10 years 
(1982/83-1991/92). Abbreviations are first two letters of 
generic and conspecific names of species given in Figure 
2.3, 2.5 or 2.6. WEA = weighted average of all species. 
* designates a correlation significant at P < 0.05. Line 
separates a group of species that tends to be correlated 
from a group that has few correlations. 

PERE -0.45 
ERel 0.26 0.36 
EVMU 0.53 0.09 0.35 
PLPA 0.40 0.37 0.38 0.84* 
ERLA -0.08 0.43 0.41 0.45 0.58 \ 
ERTE -0.02 0.18 0.32 0.42 0.37 \ 0.84* 
MOBE -0.34 0.41 0.48 0.09 -0.01 \ 0.66* 0.67* 
SCBA 0.10 0.06 0.44 0.26 0.32\ 0.83* 0.79* 0.67* 
PUN -0.08 0.30 0.70* 0.49 0.48\ 0.82* 0.70* 0.67* 0.73* 
WEA 0.39 0.03 0.15 0.58 0.70 \ 0.76* 0.71 * 0.12 0.66* 0.47 

STMI PERE ERCI EVMU PLPA ERLA ERTE MOBE SCBA PUN 
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FIGURE 2.7. Relative advantage of Plantago patagonica over 
Pectocarya recurvata from open sites at Tumamoc Hill. 
Reproductive advantage = Log (B1*SV1 /B2*SV2 ) • Bl is the 
realized fecundity each year for species i, and SV1 is seed 
value for species i, or the probability that a seed will 
become a seedling (an average calculated from 10 years' 
data; Chapter 3). When Reproductive Advantage >0, Plantago 
favored; <0, Pectocarya favored (Venable and Caprio 
unpublished) . 
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The finding that germination tends to be positively 

correlated with reproductive success (See section on 

Predictive Germination) is more evidence in favor of the 

hypothesis that temporal variation promotes coexistence in 

this system, as evaluated by two-species models of 

coexistence (Venable and Pake unpublished). This is because 

a species bounces back from low density more quickly if it 

germinates more in years favorable for population growth. 

Although temporal variation is the predominant 

hypothesis, spatial variation, spatio-temporal variation, 

and higher trophic levels may also be important in promoting 

coexistence. Among species for which little data exist, 

some degree of shrub/open habitat specialization may be 

occurring. Between habitats arranged in a shrub/open 

mosaic, even minimal dispersal could allow species to occur 

in the primary habitats of other species, from which they 

would otherwise be competitively excluded ("spatial mass 

effect" sensu Shmida and Ellner 1984) . 

Temporal variation in density could cause shifts in 

competitive hierarchies out of phase from place to place, 

since density mediates habitat (slope, base, wash) quality 

differently for different species (Pantastico-Caldas and 

Venable In press). With this type of spatio-temporal 

variation, both dispersal and dormancy may be important 
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in maintaining coexistence (Shmida and Ellner 1984, Chesson 

1985, Comins and Noble 1985). 

The importance of higher trophic levels on coexistence 

deserves more consideration. We have learned that large

seeded winter annuals have a competitive advantage over 

small-seeded winter annuals, but are more limited by rodent 

granivory (Inouye et al 1980, Davidson et al 1985, Samson et 

al 1992). On the other hand, differences in seed mortality 

due to fungal attack may also be an important source of 

ecological distinction among species, and yet has received 

little attention. Furthermore, herbivory (by vertebrates 

and invertebrates) may be an important cause of seedling 

mortality that contributes to patchiness in space and time 

(Chapter 3) . 

In summary, several mechanisms are potentially 

operating to promote coexistence locally among Sonoran 

Desert annuals. Because deserts are notoriously variable 

through time, the favored hypothesis involves temporal 

variation: each species has a relative advantage in some 

years, a between-year seed bank buffers the population from 

years of poor reproduction, and competition limits the 

growth rate of abundant species in good years. Determining 

the relative importance of mechanisms maintaining the 

extraordinary diversity of desert annuals in the Sonoran 



Desert continues to challenge empirical and theoretical 

workers alike. 

Conclusions. 
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Much remains to be learned from this system. It is 

ideal for testing theoretical questions about population 

persistence, evolution of traits with population dynamic 

consequences, and species coexistence in a variable 

environment. Part of its attraction to both the 

theoretician and the empiricist, despite the discovery of 

some trophic interactions, is its relative simplicity. The 

recent work emphasized in this review complements earlier 

work by emphasizing plant competition, the impact of 

environmental heterogeneity, and species differences in life 

history traits and demographic success. More data is needed 

on the behavior of seeds in the between-year seed bank, seed 

dispersal, and plant-animal interactions, particularly 

gran ivory and herbivory. 

Sonoran Desert annuals appear to be sensitive to 

habitat destruction and encroachment by civilization. 

Understanding more about what supports species diversity in 

this system has potential application to conservation of the 

most speciose component of the Sonoran Desert flora. 



CHAPTER 3 

TEMPORAL VARIATION IN SURVIVAL AND FECUNDITY: 

IMPLICATIONS FOR 

COEXISTENCE IN SONORAN DESERT ANNUALS 
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Introduction. 

Understanding the mechanisms allowing a high diversity 

of plant species to coexist has challenged ecologists. We 

often find coexisting plant species that do not appear to 

partition any of the classical axes of environmental 

heterogeneity (resources, habitats, pH, temperature, 

relationships with predators, response to disturbance) that 

have been shown to mediate coexistence (Silvertown and Law 

1987) . 

New insights into mechanisms of coexistence have been 

made possible by revising the assumptions made by classical 

workers such that models reflect the biology of plants: 

sessile organisms in a spatially and temporally variable 

environment. For instance, spatial variation in resource 

levels can greatly enhance diversity, if plant species 

differ in the ratio of resources at which their growth is 

limited (caused by a tradeoff in their abilities to acquire 

different resources), and if sites differ in their relative 

resource supply rates (Tilman 1982, 1986). 

Models that include temporal variation (Chesson 1986, 

Chesson and Huntly 1988, Chesson and Warner 1981, Ellner 

1984, Shmida and Ellner 1984) support the intuition of early 

biologists (Grubb 1977, Hutchinson 1958, 1959, 1961) who 

suggested that species could co-occur in the same habitat by 

partitioning the environment through time. This requires 
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that species differ in their optimal environmental 

conditions, have overlapping generations with one life 

history stage relatively invulnerable to bad years (e.g., 

long-lived adults or seeds), and that when a species is 

abundant, its success in good years is severely limited by 

competition (Chesson and Huntly 1989). In studies 

incorporating spatio-temporal variability, when temporal 

fluctuations are out of phase from patch to patch such that 

competitive rankings vary depending on both the patch and 

the year, dispersal can promote coexistence (Chesson 1985, 

Comins and Noble 1985, Shmida and Ellner 1984). 

The idea that temporal variability, at least on a 

coarser scale, is important to species coexistence is not 

new. For example, in the Sonoran Desert, guilds of winter 

annuals and summer annuals harvest rainfall in separate 

seasons (Juhren et al 1956, Went 1949). Flowering phenology 

in columnar cacti (Fleming pers. comm.) and other aspects of 

regeneration niche (Grubb 1977) have been recognized as ways 

that species potentially, albeit more subtly, divide up 

their environment. However, the present study demonstrates 

that variation in relative fitness across species in the 

same guild is unsynchronized in different year-types and 

discusses its implications for their coexistence. 

The guild of the Sonoran Desert winter annuals is an 

ideal system for investigating variance-mediated coexistence 
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because it is speciose, it experiences ample temporal 

variability in environmental conditions, and it possesses 

important life history characteristics. At my study site, 

over 30 species of winter annual plants commonly co-occur in 

the undifferentiated landscape of a creosote (Larrea 

divaricata) flat. As a consequence of high temporal 

variability in rainfall and temperatures, potential 

evapotranspiration is far more variable in hot deserts than 

in any other biome (Frank and Inouye MS). In addition, the 

biotic environment experienced by an annual plant is 

extremely variable: seedling densities vary by several 

orders of magnitude in the Chihuahuan (Kemp 1989) and 

Sonoran Deserts (Fig. 3.1). Granivory and herbivory 

probably fluctuate due to climatic forcing as well. 

Finally, I chose this system because some desert annual 

seeds are long-lived (Kemp 1989, Kemp and Freas 1983, Pake 

and Venable unpublished data), providing a relatively 

invulnerable life history stage resistant to drought and 

competition to buffer species from extinction in bad years. 

I investigated whether temporal variability in the 

desert might allow for different types of strategies to 

excel at different times (e.g., competitive vs. drought

tolerant strategy). I conducted a two year experiment in 

which I manipulated two factors that vary between years 

(water and seedling density), effectively simulating 
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year-types. I also incorporated the dominant spatial 

feature: microhabitats arranged in a mosaic of shrub

covered and open areas between shrubs. My aim was to 

document competitive hierarchies and see whether they 

shifted between the years, the year-type factors of water 

and density, or the microhabitats. In addition, I observed 

rates of herbivory to determine how it may correlate with 

fitness in various treatments. Herbivores produce spatial 

or temporal heterogeneity in demographic success and thus 

may have important influences on coexistence (Huntly 1991) . 

I combine the approaches of population dynamics, 

competition studies, and community dynamics. Thus I measure 

the outcomes of competition in population dynamic terms and 

interpret the results with regard to theories of community 

coexistence. 

Methods. 

Study site and species. My study site is a gently 

sloped creosote flat at 725 m elevation, on an alluvial 

plain at the University of Arizona's Desert Laboratory near 

Tucson. The area has been ungrazed by livestock since 1907 

(Bowers 1989, Burgess et al 1991). The site is dominated by 

Larrea divaricata (creosote bush) but includes other 

perennials such as Ambrosia deltoidea, Acacia constricta, 

Opuntia phaeacantha, Krameria grayii, and Opuntia 

leptocau1is. 
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Of the average 25.0 cm annual precipitation, typically 

half falls in July, August, and September. The remainder is 

spread unevenly over the rest of the year, mostly from 

October to April. Winter annuals germinate as early as 

October, but more frequently in November or December. In 

both years of the present study, the rainfall event that 

caused mass germination occurred in mid-December (Dec. 12-

16, 1990 and Dec. 18-21, 1991) with the first emergence 

occurring 5-6 days later (Dec 17, 1990 and Dec. 23, 1991; 

Fig. 3.2b), and continuing for another 7-10 days. Plants 

set seed in late March through mid-April. In both years a 

relatively high amount of rainfall occurred during the 

growing season (17.15 cm in 1990-91 and 19.05 cm in 1991-

92) . 

The study species (Pectocarya recurvata Johnst. 

(Boraginaceae), Plantago patagonica Jacq. (Plantaginaceae), 

and Schismus barbatus (L.) Thell.; Gramineae) are abundant 

at the site and show no obvious spatial habitat segregation. 

Over the last 10 years these species represent a range in 

variability in reproductive success among years (SD in log 

realized fecundity among years for Pectocarya = 1.20, for 

Plantago = 1.34, and for Schismus = 1.71). In general, 

species did better in El Nino years and worse in others, but 

Pectocarya was an exception. Both Pectocarya and Plantago 

are relatively large-seeded (0.95 mg), native annuals. 



FIGURE 3.2. Comparisons of two winter growing seasons, 
1990-1991 and 1991-1992, from germination (G) to seed set. 
(a) Max-min temperatures; II = shrub max, X = shrub min, 
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LJ = open max, X = open min; (1990-1991 data points are 
average of 5 readings in each habitat, 1991-1992 are from a 
single reading in each habitat). (b) Natural rainfall. 
(c) The wet and (d) the dry treatments, showing when water 
treatments began (W). 
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SChismus, on the other hand, is a relatively small-seeded 

(0.08 mg), naturalized exotic, originally from arid regions 

of the Near East. Schismus was apparently introduced to the 

Desert Laboratory grounds 50-76 years ago (Burgess et al 

1991) . 

Environmental data. Pairs of max-min thermometers were 

calibrated to each other, then placed in shrub and open 

microhabitats. Rain gauges were placed on the experimental 

site (three in 1991, two in 1992). Gypsum blocks, 

calibrated to the soil type (shrub or open) in which they 

would be placed, were installed at 5 cm depth in the borders 

of treated areas on 30 plots prior to germination the first 

year. In the second year, additional blocks were installed 

on six plots. Thermometers, rain gauges, and gypsum blocks 

were read at roughly weekly intervals. 

Three soil samples each, from the shrub and open 

microhabitats, were analyzed for composition at the 

University of Arizona Soil, Water, and Plant Analysis 

Laboratory. 

Experimental design. I examined the effects of annual 

plant density, water addition/removal, and shrub versus open 

microhabitats on the reproductive success of three annual 

species. Sixty treated areas (30X40 cm) were located either 

on the north side of selected shrubs (at least 1.5 m tall) 

or in the open spaces between shrubs (at least 0.5 m from 



the edge of a shrub canopy). Contiguous groups of six 

shrubs and six open plots were chosen subjectively to 

represent homogeneous experimental blocks. 
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Annual plant densities were manipulated by applying 

previously collected litter which contained seeds of all 

species. Densities were set at 200 plants/m2 ("low"), 1000 

plants/m2 ("medium"), or 5,000-10,000 plants/m2 ("high"), to 

cover the naturally occurring range of densities at my 

site (Fig. 3.1). After thoroughly mixing the litter and 

estimating the number of germinable seeds, some of it was 

autoclaved to kill all seeds. 900 ml of litter with viable 

seeds were broadcast on high density plots. Medium density 

plots received 170 ml of litter with viable seeds and 730 cc 

of autoclaved litter. Low density plots received 115 cc and 

785 cc, viable and autoclaved litter, respectively. Plots 

vlere seeded in November of both field seasons and, after 

germination, thinned to their design densities. 

Because the majority (about 80%) of the seedlings were 

Pectocarya, individuals of this species were preferentially 

removed during thinning to preserve the largest possible 

sample size for Plantago and Schismus. In addition, 

individuals were chosen so that, as nearly as possible, a 

plot could be said to have the same density in all 4 

quadrants. Individuals of non-study species were also 

removed. Since seedlings were small « 1 cm), gently 



uprooting them with forceps enabled removal while causing 

minimal soil disturbance. 
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Previous studies of this system have shown competitive 

effects due to the densities of these species, but have 

found no effect due to their relative proportions 

(Pantastico-Caldas and Venable In press-a, In press-b) . 

Thus, in the present study I fixed the total density of 

these species but not the relative proportions (which, in 

any case, did not vary substantially) . 

The wet treatment was allowed access to natural 

rainfall and during dry spells (when rainfall events more 

than 5-10 days apart) plots were hand-watered every 1-3 days 

by applying 600 cc to the treated area (1200 cm2 ) using a 

broad, multiply-perforated spout that applies a gentle 

stream. Watering was done at dusk or, alternatively, shade 

cloth (80%) was applied for 12-24 hr to mimic the effect of 

overcast skies. 

The dry treatment received natural rainfall through 

January in both years. However, since both winters were 

exceptionally wet, several late-season rainfall events were 

excluded with the use of temporary rain shields (clear 

visquine plastic laid over the top and 2 sides of the 

external chickenwire cage c~vering each plot; see Herbivory 

Control). Rain shields (typically left in place for 12-24 

hr) were applied 7 times each year and affected minimum 



temperatures more than maximum. Minimum temperatures were 

raised 1.67 °C (sd 1.15, n=3) under shrubs and 4 °C (sd 

0.00, n=3) in the open. Maximum temperatures were 

negligibly affected, averaging an increase of 0.33 °C in 

both microhabitats. 
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Herbivory control. Daily review of three experimental 

and three unmanipulated plots was done to determine whether 

herbivores might be attracted to my artificially high 

densities in these low density years. After observing more 

invertebrate damage (usually tiny bites on cotyledons) on 

experimental than natural plots, experimental plots were 

sprayed once with Sevin (a general insecticide of 3 - 4 days 

persistence) to inhibit invertebrates (Dec 31, 1990 and Jan 

7, 1992). Following this intervention, invertebrate 

herbivore activity did not appear to be higher than the 

background activity on natural density plots. 

In addition, small chickenwire cages (60X60 cm in area, 

25 cm tall) were placed over plots on Jan 7-8, 1991 and on 

Nov. 18, 1991 to minimize small mammal access to the 

experiment. 

In summary, I examined the effect of 2 microhabitats, 3 

densities, and 2 watering treatments, in 5 blocks, for a 

total of 60 plots per year, or 120 plots in all (Fig. 3.3). 

Analyses that apply to the effects of these factors on a 

single species had a split-split plot structure. Analyses 
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2 YEARS 
2 MICROHABITATS 
3 DENSITIES 
2 WATER LEVELS 

3 SPECIES 
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Pectocarya recurvata 
Plantago patagonica 
Schismus barbatus 

FIGURE 3.3. Schematic diagram of the set up of one block in 
one year, showing the microhabitat mosaic of shrubs and open 
spaces between shrubs on a creosote flat. Plots in both 
microhabitats were seeded with a mixture containing the 
three study species in randomly assigned 3 x 2 factorial of 
density and water levels. (L = low density, M = medium 
density, H = high density. Shaded plots represent wet 
treatments, unshaded plots represent dry.) The same blocks 
and plots were used the second year, and water and density 
levels were completely re-randomized. 
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that compared the performance of species within plots had a 

repeated measures structure (See Statistics below) . 

Data collection. Seedlings were initially mapped on 

acetate sheets on Jan 8-18, 1991 and Jan 7-8, 1992 (when 

they were 2-3 weeks old) using a plexiglass mapping table. 

During the mid-season census (Feb 14-26, 1991 and Feb 7-11, 

1992), I scored mortality (missing or dead plants) and 

invertebrate predation on live plants (tiny bites on or 

fully removed plant parts). A final census was taken in 

late March to early April both years. On all plots, the 

number of reproducing adults and seeds were counted, and 

signs of disease or predation were noted. 

Response variable. As a measure of fitness, I used 

lrbr, the expected (mean) seed set of a germinating seed. 

For an annual plant, this value is simply the product of 2 

terms: (1) lr' the proportion of germinated seeds that 

survived to reproduce, and (2) br , the average number of 

seeds made by reproductive adults. lr was calculated for 

each species on each plot as the proportion of seedlings 

that survived to reproduce. b r is the total number of seeds 

made by a given species on a given plot divided by the 

number of reproductive adults. The product of these 2 terms 

then, lrbr represents the expected (or average) seed set of 

a germinated seed on a given plot. 
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Estimating relative seed values and relative fitness. 

One of my goals was to compare reproductive success 

between species. However seed set is not intrinsically 

comparable between species (a seed from a large-seeded 

species like Plantago and a seed from a small-seeded species 

like Schismus do not necessarily represent an equivalent 

contribution to population growth). To standardize across 

species I used long term population dynamic data to quantify 

the average value that seeds of different species have for 

population growth. This is done by calculating "seed 

value", which can be thought of as the average probability 

that a set seed will become an adult, or inversely, the 

number of seeds required on average to make an adult. 

Using demographic data collected from 1983-1992 along a 

200 m transect parallel to the present experiment (Venable 

and Caprio unpublished data), I calculated seed value as: 

number of reproductive adults produced over 10 years 

number of seeds produced over 10 years 

A persistent seed bank complicates the estimation of seed 

value by creating time lags between seed production and 

establishment of adults. However, my estimates should be 

accurate if, on average, the number of seeds entering the 

seed bank over this 10 yr period roughly equals the number 



coming out (via death or germination) . I also calculated 

bootstrapped variances of seed values to see how sensitive 

these values were to the components making up the 10 year 

data set. 

The calculated seed values (0.0807 adults/seed for 

Plantago, 0.0573 for Pectocarya, and 0.0164 for Schismusi 

Table 3.1a) were "relativized" by arbitrarily setting the 

highest value (Plantago) to 1 (1.0, 0.7100, and 0.2032 

respectively) . 
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Seed set, br, was multiplied by this "relative seed 

value" to compute "relative br". Similarly, relative lrbr is 

lr times relative br . Thus, these demographic parameters 

have been scaled to take into account species differences in 

the average value seeds have for population growth (i.e., 

how many it takes on average to produce an adult) . 

Accordingly, if relative b r or relative lrbr of one species 

is higher than that of another, it can be considered to be 

out-performing the other species in a demographic sense. 

Statistics. Data were analyzed using the GLM procedure 

in SAS version 6.04 (SAS Institute 1989). Survival data and 

herbivory data, both proportions, were arcsine square root 

transformed to meet assumptions of normality. Relative lrb r 

and relative b r were log transformed which also normalized 

the error structure. 
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TABLE 3.1. Seed values (estimated probability of a seed 
becoming a reproductive adult) by species and its 
reciprocal, seeds/adult. 

a) ESTIMATES 

PLANTAGO PECTOCARYA 

Adult/Seed 0.0807 0.0573 

Seeds/Adult 12.39 17.45 

Relative Seed Value 1. 000 0.7100 

b) BOOTSTRAPPED 90% CONFIDENCE INTERVALS 

Seed Value 

Seed/Adults 

( .0543-
.1185) 

(8.44-
18.40) 

( .0425-
.1028) 

(9.73-
23.55) 

SCHISMUS 

0.0164 

60.87 

0.2032 

(.0096-
.0216) 

(46.25-
104.66) 
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I performed a global analysis that compared the 

performance of the 3 species in response to the different 

treatment combinations. When species differed I also 

analysed each one separately to determine how each responded 

to the treatments. 

The separate species analyses used a split-split plot 

design. Split-plot designs have more than one size of 

experimental unit (the larger units containing several of 

the smaller units), and as a consequence have different 

error terms for factors assigned to different sized units. 

Shrub versus open HABITAT treatments were applied to the 

largest experimental units. The error term for HABITAT 

(Error A) was computed as HABITAT x BLOCK. Because the same 

plots were used each year, these experimental units were 

subdivided by YEAR, with Error B computed as YEAR X BLOCK 

within HABITAT. Then the plots themselves, to which DENSITY 

and WATER were completely randomized, were sub-sub

divisions. The residual error applies to this level of 

analysis. 

Repeated measures designs differ from split-plot 

designs in that the levels of one or more factors cannot be 

randomly assigned. Because of this the corresponding error 

terms may have a covariance matrix that does not conform to 

the assumptions of split-plot analyses. Specifically, the 

split-plot model requires that pairs of observations on the 
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same unit be equally correlated (Littel et al 1991, Milliken 

and Johnson 1984). However, when there are only two levels 

of a non-randomized factor (e.g., HABITAT, YEAR), there is 

only one pair of observations on a unit, the question 

regarding correlation structure between pairs of 

observations is irrelevant, and the split-plot analysis is 

appropriate. Thus, while neither habitat nor year could be 

randomly assigned to plots, because they each have only 2 

levels the split plot analysis can be used. When there are 

three or more non-randomized levels of a repeated factor, 

one must test whether the covariance structure meets the 

restrictive assumptions that allow analysis using a split

plot design. 

In the global analysis comparing species, each of the 

plots was essentially split again, because measurements were 

made for each of the three species in a plot. Since SPECIES 

was not truly randomized within plots and because there were 

three levels of species, I performed a repeated measures 

analysis to test the hypothesis that pairs of observations 

on the same unit were equally correlated. When the criteria 

were not met, I followed Huynh and Feldt's (1976) Box 

correction, which decreases the degrees of freedom 

associated with the F-test to adjust for correlations. 

Repeated measures is preferred over MANOVA in 

situations like this where I are concerned with making 



comparisons across a multivariate factor (e.g., SPECIES) 

within each plot. We want to know if species respond 

differently to habitat, density, etc. To test this 

hypothesis, the dependent variables are transformed by 

subtracting each of two species' measures from the third 

species' measure on a single plot. If the means of the 

transformed variables are 0, it implies that the species' 

means are all equal (Littel et al 1991, p. 267). 
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A significant SPECIES X FACTOR interaction means that a 

factor's effect differs among species. When SPECIES X 

FACTOR interactions were significant, I compared species for 

particular treatment combinations using Fisher's protected 

least significant difference (Day and Quinn 1989, Milliken 

and Johnson 1984). 

IIPairwise deletion ll
, a method which tends to produce 

the least bias in reliability, was used to estimate missing 

data (Jones 1991, Milliken and Johnson 1984). Estimated 

data replaced missing data in the fitness analysis on five 

plots for Plantago and on seven plots for Schismus. 

Robustness. If one species demographically out

performed another in a particular set of treatment levels I 

infer that a competitive hierarchy existed under that 

combination of conditions and that one species increased 

relative to the other. Since this conclusion is based on 

relative fitness using my estimate of seed value, I tested 
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the robustness of competitive hierarchies. Depending on 

which value one uses for each species' seed value, relative 

demographic success of the species shifts with respect to 

one another. Therefore, in order to determine how robust 

the conclusions are regarding competitive hierarchies at 

particular treatment combinations, I performed eight 

additional analyses using all combinations of upper and 

lower 90% confidence limits obtained from the bootstrapped 

variances of seed value for each species. For all 

hierarchies supported using my estimate of seed value, I 

report the number of these additional analyses that support 

the given hierarchy at p < .05, and use a "+" to designate 

support at p < .10. A value of 8/8 means that no matter 

which seed values in the confidence interval are used, that 

competitive hierarchy is significant. While these 

considerations are important for evaluating significant 

differences in species performances at particular treatment 

combinations, the significance of interactions among species 

in the repeated measures analyses are not affected by the 

choice of seed value, nor are the separate analyses of 

species. 

Results. 

Environmental data. The thermal environment in the 

open was more extreme than under the shrub (maximum 



temperatures 1-14 DC higher; minimum temperatures 0-4 DC 

cooler; Fig. 3.2a). 
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Precipitation was 17.15 cm in the 1991 growing season 

and 19.05 cm in 1992 (Fig. 3.2b), whereas the normal 

rainfall for this period (December through April) in Tucson 

is only 9.3 cm. These two wet years differed in rainfall 

distribution: 1991 had most of its precipitation early in 

the year (65% of winter precipitation in December and 

January), but in 1992 it was more evenly distributed (30% in 

December and January). In both seasons the ground remained 

saturated through late January. The last rains in January 

of both years (1/16 - 1/23, 1991 and 1/20 - 1/21, 1992) were 

followed by a period of drought and rising temperatures, 

which lasted twenty days in 1991 and seventeen days in 1992. 

In 1991 and 1992, rainfall in wet treatments was 

augmented to 232% and 273%, respectively, of average winter 

precipitation, which represents the extreme of wet years 

naturally encountered in this system (Fig. 3.2c). The "dry" 

treatments had 135% and 105% of average rainfall, 

respectively: they characterized years of moderate rainfall 

in which more than 80% of the precipitation occurs early in 

the season (Fig. 3.2d). 

In both years I followed gypsum block readings after 

the last rainfall in January to determine how habitat and 

density affected water availability. 30 blocks (five in 



each habitat-density treatment combination) were read in 

1991 and 35 in 1992 (six in each treatment combination 

except high density-shrub). Five to six days after rain, 

medium density plots were less likely to be stressed 

(~<-1.5 mPa) than other plots (low and high density 

together; Chi-square = 10.19, P < .005; Fig. 3.4a,b). The 

effect of density appeared more variable under the shrub 

than in the open. On the whole, neither habitat is 

obviously more mesic than the other (in 1991, 73% and 40% 

were stressed in open and shrub respectively; in 1992, 51% 

and 77%) . 
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The means for percent silt and clay are higher under 

the shrub, whereas percent sand and gravel are higher in the 

open (Table 3.2) . 

Relative Fitness. Species respond differently to 

density depending upon the year, creating competitive 

hierarchies (SPECIES X DENSITY X YEAR P = .0097; Table 3.3; 

Fig. 3.5f). Pectocarya had a strongly peaked density 

response, obtaining its highest fitness (population growth) 

at medium density, in both years. This peak resulted in a 

significant difference between high and lower densities in 

1991; the next year low density did so poorly that it was 

significantly lower than medium density (single-species 

analysis DENSITY X YEAR P = .008, LSD = .4050). In 

contrast, Plantago's mean response to density in both years 
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TABLE 3.2. Soil composition of shrub and open microhabitats 
(n) . 

Habitat 
% 

Shrub Mean 68.20 

(SD) (4.78) 

Open Mean 77.90 

(SD) (7.05) 

% % 

21. 33 10.43 

(4.63) (0.12 ) 

12.63 9.43 

(5.37) (1. 68) 

% 
GRAVEL 

22.23 

(9.30 ) 

29.03 

(3.93) 



TABLE 3.3. Relative fitness (Ln Relative lrbr) 
measures analysis of variance. 

SOURCE .-!!L MEAN E 

SOOARE 

species X Habitat 2 2.9888 1.06 

Error A 8 2.8112 

species X Year 2 35.7938 9.17 

species X Year X Habitat 2 2.5507 0.65 

Error B 16 3.9045 

species 2 15.8205 9.65 

Species X Density 4 8.1828 4.99 

Species X water 2 2.0199 1.23 

species X Density X water 4 3.6623 2.23 

Species X Density X Year 4 5.6688 3.46 

species X Year X water 2 0.2899 0.18 

species X Habitat X Density 4 0.7444 0.45 

Species X Habitat x water 2 3.5763 2.18 

species X Habitat X Density X water 4 1.1747 0.72 

species X Year X Habitat X Density 4 0.4110 0.25 

species X Year X Habitat X water 2 0.2942 0.18 

species X Year X Density X water 4 2.4897 1.52 

Error (residual) 164 1.6395 
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Repeated 

H-F 

Pr>F 

ns 

0.0022** 

ns 

0.0001**** 

0.0008*** 

ns 

0.0676 

0.0097** 

ns 

ns 

ns 

ns 

ns 

ns 

ns 
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FIGURE 3.5. Mean relative fitness (Ln Relative lrbr ) by 
factors (rows) and species (columns). (a) Habitat (b) Year 
(c) Density (d) Water (e) Density X Year: ---- = 1991 and 
---- = 1992; (f) Density X Water: ---- = wet and ---- = dry. 
Probabilities and LSD's inside each graph are from separate 
species' analyses of variance. (See Table 3.3 for P-levels 
from repeated measures analysis comparing species.) 
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was relatively flat (DENSITY X YEAR ns in single-species 

analysis). And finally, Schismus had a peaked density 

response in 1991, similar to that of Pectocarya, but an 

unusual V-shaped response in 1992, such that medium density 

was lower than either low or high density fitness (single

species DENSITY X YEAR P = .0309, LSD 1.01) . 

As a consequence of these different density responses, 

the repeated measures analysis reveals competitive 

hierarchies in all density-year treatment combinations, 

except for 1991-high density (LSD among species = 1.21; 

Table 3.4a). I found shifts in competitive hierarchies for 

two species pairs: whether Pectocarya dominates Schismus, 

or visa versa, and whether Pectocarya dominates Plantago, or 

visa versa, depends on both the density and the year. In 

contrast, Schismus out competes Plantago in some density

year combinations, but this hierarchy does not shift to 

favor Plantago in other density-year combinations. 

Species also have different fitness responses to 

density depending on water levels (SPECIES X DENSITY X WATER 

P = .0676; Fig. 3.5e). Pectocarya demonstrates the same 

peaked density response discussed above with a positive 

response to water regardless of the density (DENSITY X WATER 

ns in the single-species analysis). Plantago's mean 

fitness, on the other hand, did not have a similar response 

to water at all densities (DENSITY X WATER P = .0662). 
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TABLE 3.4. Fitness hierarchies from the repeated measures 
analysis (robustness index). Probability levels < .05 
unless "+", which designates an analysis at < .10. LSD 
(.05) = 1.21, for comparisons of means across species in 
Figure 3.5. R = Pectocarya, P = Plantago, S = Schismus. 

(a) SPECIES X DENSITY X YEAR 

R > S (8) 

R > P (6) 

S > R (8) 

S > P (7+) 

P > R (6) 

MEDIUM 

R > P (7+) 

R > S (6+) 

R > P (7+) 

(b) SPECIES X DENSITY X WATER 

P > R (4++) 

R > P (5+) 

S > P (5) 

MEDIUM 

R > P (8) 

R > S (7+) 

R > P (6) 

S > P (8) 

S > R (7+) 

S > P (5+) 

S > R (2) 

S > P (5) 
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It was higher under wet than dry conditions when at either 

high or medium density. However, at low density the mean 

performance was higher when dry. Schismus' response to 

water, like Pectocarya's, was positive and does not seem to 

vary much with density (DENSITY X WATER ns in single-species 

analysis). Even though Schismus does respond to density (as 

seen from its DENSITY X YEAR means), when averaged over year 

and habitat treatments, it shows very little response to 

density (DENSITY X WATER means on Fig. 3.Se). 

The SPECIES X DENSITY X WATER interaction in the 

repeated measures analysis reveals competitive hierarchies 

in all treatment combinations (Table 3.4b, LSD among species 

1.21). I found shifts in the competitive hierarchies for 

the same species pairs as I did in the SPECIES X DENSITY X 

YEAR interaction: Pectocarya-Schismus, and Pectocarya

Plantago. For each species pair, the winner in competition 

depends upon the level of both density and water. In the 

third species pair, as above, Schismus out competes Plantago 

in some density-water combinations, but the hierarchy does 

not shift to favor Plantago in any other density-water 

combinations. 

The results from both 3-way interactions point to: 

1. Pectocarya's advantage at medium density, resulting from 

its peaked density response, and 2. Schismus being the only 

species with advantage at high density. The significant 



SPECIES X DENSITY interaction (P = .0008; Table 3.3) and 

means (Fig. 3.5c) supports this generalization. 
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The hierarchies in Table 3.4a also suggest that, in 

general, 1991 was a year that favored Pectocarya while 1992 

favored Schismus. The significant SPECIES X YEAR 

interaction (P .0004) in the repeated measure analysis and 

the means (Fig. 3.5b) support this. 

All three species responded similarly to blocks 

(SPECIES X BLOCK ns; Table 3.3). However, BLOCK was 

significant in each of the three single-species analyses (P 

= .0181 for Pectocarya, .0435 for Plantago, and .0215 for 

Schismus), meaning that local block differences were 

important, yet tended to affect all species' fitnesses 

comparably. 

Species also responded similarly to habitats (SPECIES X 

HABITAT ns; Table 3.3), with each species' mean performance 

higher in the open than under the shrub (Fig. 3.5a). 

Nonetheless, the HABITAT effect was significant for only one 

species, Plantago, in the single-species analyses. 

Survival to reproduction. The survival analysis is 

valuable in determining how this life history component 

contributed to fitness patterns relative to fecundity. 

As in the fitness analysis, survival varied with 

density in ways that depend on water levels and years 

(SPECIES X DENSITY X WATER P < .01, SPECIES X DENSITY X YEAR 
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P < .05, Table 3.5, Fig. 3.6e,f). As with fitness, when 

Pectocarya and Schismus have a survival advantage, it is 

likely to occur at medium and high density, respectively 

(Table 3.6, Fig. 3.6c,e,f; SPECIES X DENSITY P < .01 Table 

3.5). Survival hierarchies at low density were revealed 

only by the SPECIES X DENSITY X YEAR means: Pectocarya was 

favored over Schismus in 1991-low density, Schismus over 

Pectocarya in 1992-low density. I did not find any 

treatment combinations in which Plantago had a survival 

advantage. 

These data suggest a common unexpected tendency for a 

positive survival response to density (DENSITY P = .0001 in 

single-species analysis for both Pectocarya and Schismus) . 

The exceptions are (Fig. 3.6f): (1) for Plantago in 1992 the 

density curve is flat and; (2) for Schismus in 1992, the 

means suggest a "J"-shaped response. 

There was a tendency for one year (1991) to favor the 

survival of Pectocarya relative to Schismus and the other 

year (1992) to favor the survival of Schismus relative to 

Pectocarya (SPECIES X YEAR P = .0932). This change was due 

to a reduction in Pectocarya's survival in 1992 (P = .0209), 

while Schismus' survival held constant. Like Pectocarya, 

Plantago had higher survival in 1991 than in 1992 (P = 

.0024). Each year, Plantago's survival was the lowest among 

all species. 
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TABLE 3.5. Survival to reproduction: Repeated measures 
analysis of variance. 

SOURCE MEAN H-F 

~ SOUARE E Pr>F 

species X Habitat 2 0.2006 1.58 ns 

Error A 8 0.1272 

species x Year 2 0.4748 2.76 0.0932 

species X Year X Habitat 2 0.0526 0.31 ns 

Error B 16 0.1719 

species 2 0.7329 6.78 0.0015** 

species X Density 4 0.3767 3.49 0.0093** 

species X Water 2 0.0015 0.01 ns 

species X Density X Water 4 0.4069 3.77 0.0059** 

species X Density X Yea.r 4 0.2741 2.54 0.0422* 

species X Year X water 2 0.0034 0.03 ns 

species X Habitat X Density 4 0.0235 0.22 ns 

species X Habitat x Water 2 0.2427 2.24 ns 

species X Habitat X D03nsity X water 4 0.1564 1.45 ns 

species X Yea.r X Habitat X Density 4 0.1160 0.11 ns 

species X Yellr X Habitat X water 2 0.0805 0.74 ns 

species X Year X Density X water 4 0.0895 0.83 ns 

species X Year X Habitat X Density X 4 0.1891 1.75 ns 

Water 

Error (residual) 160 0.1081 
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FIGURE 3.6. Mean survival to reproduction (percent) by 
factors (rows) and species (columns). Probabilities within 
each graph are from separate species' analyses of variance. 
Legend as in Figure 3.5. (Means are back-transformed from 
angular transformation; untransformed LSD for Plantago in 
(e) is .28, for Schismus in (f) is .26). 
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TABLE 3.6. Survival hierarchies from the repeated measure 
analysis. Probability level < .05, unless "+", which 
designates < .10. R = Pectocarya, P = Plantago, S = 
Schismus. 

(a) SPECIES X DENSITY X YEAR 

LOW MEDIUM HIGH 

1.991. R >S (+) R > P (+) 

1.992 S > R R > P S > R 

R > S S > P 

R > P 

(b) SPECIES X DENSITY X WATER 

LOW MEDIUM HIGH 

DRY R > P S > P 

R > S S > R 

S > P 
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As in the fitness analysis, the survival of all species 

responded similarly to blocks, habitats, and the main effect 

of water. Again, blocks significantly affected all three 

species' survival (P = .0031 for Pectocarya, .0141 for 

Plantago, and .0047 for Schismus), but not differently 

(SPECIES X BLOCK ns). Across habitats, survival to 

reproduction was higher in the open than under the shrub for 

all species (P < .05 for Pectocarya and Plantago; P < .06 

for Schismus; SPECIES X HABITAT ns) . 

Mid-season Herbivory Levels and Fecundity. Because 

survivorship was low in both years, many plots do not 

provide us with an estimate of mid-season herbivory or of 

end-of-season fecundity (b r ). From 120 data points, each 

species lacked about 20 data points in the herbivory 

analysis, and in the fecundity analysis Pectocarya lacked 

27, Plantago 59, and Schismus 47. A repeated measures 

analysis of variance automatically discards all data from a 

plot on which a single estimate is missing, in my case, 

leaving only 88 plots in the herbivory analysis and 44 plots 

in the fecundity analysis. Both the repeated measures 

analysis and the individual species analyses, then, are 

highly unbalanced. So many data points are missing that 

estimating missing data is risky and the P-levels of the 

unbalanced analyses must be interpreted with extreme 

caution. (In contrast, very few data points were missing in 
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the fitness analysis (0 for Pectocarya, 5 for Plantago, and 

7 for Schismus), justifying the use of extimated data in 

that case.) I have chosen, therefore, to report means from 

the separate species analyses to illustrate how herbivory 

correlates with manipulated factors (Fig. 3.7) and how 

fecundity patterns (Fig. 3.8) interacted with survival 

patterns to produce fitness patterns (Fig. 3.5). 

Herbivory. These data are the proportion of plants 

present at mid-season that had small bites on plant parts, 

suggesting herbivory by invertebrates. (Recall that small 

mammals were excluded from the experiment). Since presence 

and absence of herbivores was not a controlled manipulation, 

correlations of herbivory at mid-season with experimentally 

controlled factors simply suggests causes of mortality. 

Over the entire experiment, Plantago had the highest 

proportion of individuals showing signs of invertebrate 

predation at mid-season (10%), then Pectocarya (4%), then 

Schismus (1%). All species had higher mean herbivory rates 

under the shrub than in the open, but even under the shrub 

Schismus had low rates (Fig. 3.7a). Plantago and Pectocarya 

both had much higher herbivory rates in 1992 than in 1991, 

but Schismus was barely affected by year (Fig. 3.7b). While 

Pectocarya and Schismus experienced higher rates of 

herbivory in 1992 equally across habitats, Plantago's high 

herbivory rate in 1992 was predominantly under shrubs 
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FIGURE 3.7. Mean rate of herbivory at mid-season (percent) 
by factors (rows) and species (columns). (a) Habitat 
(b) Year (c) Density (d) Year X Habitat (e) Density X 
Water (f) Density X Year. Legend as in Figure 3.5. (Means 
are back-transformed from angular transformation. 
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FIGURE 3.8. Mean fecundity of survlvlng adults (Ln 
Relativized Seed Set) by factors (rows) and species 
(columns). Legend as in Figure 3.5. 
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(Fig. 3.7d). The way herbivory varied with density was 

different for each species (Fig. 3.7c). Pectocarya's 

highest rate was at medium density, Plantago had high rates 

at both medium and high density, and Schismus' low rates 

were unaffected by density. Herbivory was more density 

dependent for Pectocarya and Plantago in 1992 (Fig. 3.7f). 

Plantago was the only species that experienced higher rates 

of herbivory in wet (18%) than dry (9.8%) treafments (rates 

for Pectocarya were 5.4% and 6.5%, respectively; for 

Schismus .6% and .5%, respectively). Most of Plantago's 

vulnerability when wet occurred at medium density (Fig. 

3.7e) . 

Fecundity. The separate species analyses suggest that 

for each species fecundity is higher in the open than under 

the shrub (Fig. 3.Sa). Pectocarya does better in 1991 than 

1992, and Schismus does better in 1992 than in 1991 (Fig. 

3. Sb) . 

Fecundity was density dependent for each species (Fig. 

3.Sc) and, for two species, Pectocarya and Plantago, the 

effects of density vary with year (Fig. 3.Sf). Each species 

demonstrates a strong negative response to density in at 

least one year, consistent with resource competition. 

However, for Pectocarya and Plantago in 1992 there is no 

advantage of low density relative to medium density. All 

species have higher fecundity in wet relative to dry 
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treatments (Fig. 3.8d) and density and water do not interact 

for any species in the fecundity analysis (Fig. 3.8e). 

Discussion. 

I found that whether Pectocarya dominates Schismus, or 

visa versa, and whether Plantago dominates Pectocarya, or 

visa versa, depended on density and either the year of the 

experiment or the water level (i.e., simulated year-types; 

Table 3.4a). For two species, Pectocarya and Schismus, 

competitive hierarchies reflect survival hierarchies to a 

large extent: (1) Pectocarya wins in 1991 when at medium or 

low density, and at medium density-dry; (2) Schismus wins in 

1992 when at high or low density, and at high density-dry. 

The only conditions in which Plantago has a fitness 

advantage are at low density (though Pectocarya and Schismus 

are con~etitive dominants in some treatment combinations at 

low density as well) . 

Since Plantago had no survival advantages in any 

treatment combinations, its ability to dominate in 

competitive hierarchies was related to fecundity advantages. 

An interesting result is that, for each species, in one 

or another year or water treatment, density affected fitness 

components in the following way: positively for survival 

(Fig. 3.7e,f), negatively for fecundity (Fig. 3.8e,f), often 

resulting in a peaked fitness response to density (Fig. 

3.5e,f). For example, Pectocarya experienced peaked fitness 
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responses in both years and in both water treatments. 

Shifts in competitive hierarchies largely resulted from 

deviations from this pattern by Schismus and Plantago. 

Schismus, for which years created different density 

responses, had a peaked fitness response to density in 1991, 

but a "V"-shaped response in 1992. On the other hand, 

Plantago, for which water treatments created different 

density responses, had a peaked fitness response to density 

in wet treatments, but a declining fitness response in dry 

treatments. 

Spatial variation in fitness and survival (across 

blocks and microhabitats) were not different among species. 

All species had higher mean survival and fitness in the open 

than under the shrub. 

Meaning of shifts in competitive hierarchies in time. 

Models in which a temporally variable environment affects 

reproduction have been discussed in terms of annual plant 

biology (Chesson and Huntly 1989, Ellner 1984, 1987, Shmida 

and Ellner 1984). These models take the form: 

X(t) [ (I-G) S + G ( Y / (1 + C)) ] [ 1] 

where X is a vector of species' densities (of seeds just 

prior to germination), G is germination fractions, S is 

survival of dormant seeds, Y is seed yields of a germinated 
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seedling in the absence of competition, and C represents 

competition. With equivalent competitors (e.g., Pantastico

Caldas and Venable in press), C may be represented as: 

C [2 ] 

describing a negative hyperbolic relationship between seed 

yield and density. Certain model parameters (e.g., Gt and 

Yt ) are allowed to vary with the environmental condition in 

year t. 

In a temporally variable environment, since an 

equilibrium is not reached, coexistence demands that we 

assess whether species tend to inc~ease when rare, rather 

than determine abundances at an equilibrium point. A 

standard invasibility analysis involves seeing if an 

invading species (at low density) can increase in the 

presence of a resident species. A species will have a 

tendency to invade if it has a positive mean growth rate 

(E[ln Xt+l/Xt ]) when at low density (Chesson 1988, 1989). 

The Sonoran Desert annual system in which I worked 

possesses traits that are critical to coexistence: a) 

species differ in their optimal environments in time and b) 

species possess long-lived seed banks which buffer 

populations from the effects of bad years (by storing the 

years of good recruitment in the soil; Chesson and Huntly 
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1989). This paper demonstrates that seed production of a 

germinated seed is affected by the temporally variable 

conditions of density (Fig. 3.1), rainfall, and year (Fig. 

3.5e,f). Frequently a good set of conditions for one 

species is not good for another species, creating 

competitive hierarchies with shifting dominance through time 

(Tables 4 and 6). In addition, my study species have 

persistent seed banks (Pake and Venable unpublished data) . 

Published theoretical works modelling annual plants 

report coexistence mediated by temporal variation in the 

germination parameter (G), not in seed set (Y; Chesson and 

Huntly 1988, 1989, Ellner 1984, Shmida and Ellner 1984) . 

Therefore, I used exploratory simulations of model [1] to 

investigate when the invasibility criterion was met, given 2 

identical species, high seed survivorship (e.g., S = .90), 

and variation in either Y or G. Temporal variation in Yt 

and invariant low G (e.g., .10) did not promote coexistence 

although species tended to coexist for a long time (e.g., 

5000 years). Temporal variation in Y thus slowed the random 

walk to extinction, which would allow other coexistence 

promoting factors not captured in [1] to operate (e.g., 

spatial heterogeneity; Shmida and Ellner 1984, Tilman 1982) . 

In contrast, when germination fraction, Gt , was temporally 

variable and Y was constant, the invasibility criterion was 

satisfied. When both Gt and Yt varied independently, I 
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found no suggestion that temporal variation in reproductive 

success enhances the coexistence-promoting potential of 

variation in germination fraction. These results are in 

accordance with the work cited above. Next I looked at the 

effects of predictive germination, i.e., when variation in 

germination was positively correlated with variation in 

reproductive success. Under this situation coexistence was 

promoted above that of random variation in Gt alone (the 

expected log population growth when rare was higher) . 

Therefore, I suggest that the importance of temporal 

variation in reproductive success to coexistence can only be 

fully understood by considering correlations between seed 

bank behavior and reproductive success. If environmental 

cues exist that correlate highly with the probability of a 

good year, the evolution of predictive germination is 

reasonable (Venable 1989). 

Model [1] assumes that environmental variation (G t or 

Yt ) and competition adequately describe population growth. 

My data contradicts this assumption. For Pectocarya in 

1992, low density is significantly less favorable to fitness 

than medium density, and for Schismus in 1992, medium 

density is significantly less favorable than high density 

(see single species P-levels and LSD's, Fig. 3.5f), 

suggesting mutualisms. Otherwise, significant differences 

in single species analyses show the reductions in fitness 
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between lower and higher densities captured in [2] (i.e., 

Plantago in dry conditions between low and medium density 

(Fig. 3.5e), Schismus in 1992 between low and medium 

density (Fig. 3.5f), Pectocarya in both years between medium 

and high density; Fig. 3.5f). Whether the system can 

tolerate the occurrence of these unusual density responses 

and maintain coexistence depends on the relative frequency 

of such year types and the details of seed bank dynamics. 

No other field studies with desert annuals have detected 

these unusual density responses: competition for resources 

is the dominant thewe (see Density Effects, below). 

In conclusi0n, my data show clearly that seed set for 

germinating seedlings depends on environmental factors that 

vary with time. Because I computed relative fitness in 

population growth terms, I have strong evidence that species 

differ in their optimum environment. For seed bank annuals, 

these data are consistent with coexistence mediated by 

temporal variability, however, coexistence also requires 

certain behavior in another life history phase, for example 

seed banks. One possible seed bank behavior that could 

promote coexistence is predictive dormancy. More empirical 

data on seed survivorships, germination fractions, and how 

they fluctuate, in addition to the frequency of year-types, 

will strengthen our ability to assess the impact of 

environmental variability on coexistence in this system. 
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Natural temporal variation: Two field seasons. 

Populations of herbivores fluctuate through time often 

influenced by weather or disease (Huntly 1991). Herbivory 

data suggest that Pectocarya's and Plantago's lower survival 

in 1992 may have been due to higher rates of herbivory in 

the second of two wet years in a row (Fig. 3.7b). From 

early in both seasons, I observed signs of invertebrates 

eating portions of plants, but were unable to pinpoint the 

(probably nocturnal) offenders. On the other hand, 

Schismus' low herbivory rates in both years do not explain 

why its survival at medium density was so low in 1992. 

However, its high seed set in 1992 may be due to plasticity 

of response, being better able to respond to April rains 

than other species (pers. obs.). 

Two other predators in 1992 may have contributed to 

Pectocarya's low seed set that year: (1) a florivore whose 

oviposited larvae consumed ovules and (2) a fungus. The 

florivore was negligible in 1991 but in 1992 it occurred on 

roughly half (47%) of the 49 plots on which Pectocarya 

survived to reproduce. 

Density effects. All works, including ours, have found 

a negative effect of density on fecundity (Fig. 3.8c, Inouye 

et al 1980, Kadmon and Shmida 1990a,b, Pantastico-Caldas and 

Venable In press, In review). Previous workers have found 

two survival response patterns to density: (1) no effect 
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(Inouye et al 1980, Kadmon and Shmida 1990a, Klikoff 1966, 

Pantastico-Caldas and Venable In press, In review) and (2) a 

negative effect (Klikoff 1966, Pantastico-Caldas and Venable 

in review). In contrast, I found that all species in one or 

another treatment combination, experienced a significant 

positive effect of density (Fig. 3.6c,e,f), which 

contributed to the observed higher fitness at higher 

densities. In aggregate, these data suggest that survival 

response, but not fecundity response, to density varies 

among years. Sometimes interactions during establishment 

are unimportant, sometimes they are governed by competition, 

other times mutualisms (see below) . 

Higher survivorship at higher densities could be 

related to either predator satiation or an alteration of 

water availability by neighbors. The former hypothesis 

seems unlikely as both Pectocarya and Plantago had higher 

rates of herbivory where their survival was greatest (at 

higher densities), and Schismus was unattractive to 

herbivores (Fig. 3.8). In contrast, gypsum block data 

suggest that, at least in open plots, medium density affords 

some protection against water stress at 5 cm soil depth 

(Fig. 3.4). 

Under certain conditions, shading by neighbors may 

decrease evaporative water loss from shallow layers of soil 

and be beneficial to plants. Surface soil temperatures in 
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the desert on a clear day may reach 40 C even when air 

temperatures are moderate (e.g., 20 C). Shallow-rooted 

annual plants may suffer more from evaporative water loss 

when surrounded by bare soil (low density) than from higher 

transpirational loss and lower evaporation when surrounded 

by neighbors. The dynamics of this process would be related 

to the rates of shallow soil recharge and evaporation. 

Therefore, perhaps in drier years, shallow layers dry out 

regardless, and the beneficial effect of density is 

negligible (e.g., Inouye et al 1990, Kadrnon and Shmida 

1990a, Pantastico-Caldas and Venable In press, In review, 

but see Klikoff 1966 for trends similar to ours) . 

If shading by neighbors is important in these two wet 

years, the rank of species most negatively affected by 

shallow soil water evaporation, and thus most likely to 

benefit from shading, should be related to rooting depths. 

I dug up large plants to investigate root morphology at the 

end 1993, a very high density (70001 m2), very wet (280% of 

normal) year. Plantago has a deeply penetrating tap root 

with most of its fine root development at the lower depths 

(>15cm). Schismus has a shallow, spreading net of fine 

roots concentrated above 6-8 cm. Pectocarya has a tap root 

almost as deep as Plantago's but with greater investment in 

secondaries at intermediate depths. Since shallow roots 

lose most from soil water evaporation, the predicted the 
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rank of species most positively affected by density is: 

Schismus, then Pectocarya, then Plantago. My data are 

consistent with this pattern: Plantago has a significant 

increase in survival with density only in the wet treatment 

(Fig. 3.6e), Pectocarya consistently shows an increased 

survival between low and medium density (Fig. 3.6c), and 

Schismus shows increased survival between low and medium 

density one year, but between medium and high density the 

next year (Fig. 3.6f). 

Density effects on fitness. At high density, Schismus 

was the most successful competitor (Table 3.4). Root 

morphology may playa role here as well. On very high 

density (5000 m2 ) patches of these three species, Plantago's 

and Pectocarya's tap roots were stunted, unable to reach 

depths. As a result they were no deeper than Schismus 

roots, but with a much lower root length density. 

Therefore, at high density Schismus' strategy of fine, 

shallow roots enables competitive advantage in water 

harvesting. 

At medium density, Pectocarya was the most successful 

competitor (Table 3.4). Pectocarya's highest herbivory rate 

was at also medium density (Fig. 3.7c,f), suggesting that 

invertebrate predation does not figure highly in limiting 

its performance at this density. Presumably at medium 

density Pectocarya's root development is not impeded, and 
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its intermediate strategy allows access to both the shallow 

water that shading prevents from evaporating and to deeper 

reserves that Schismus cannot reach. 

Both fitness hierarchies in which Plantago dominated 

Pectocarya were at low density. In low density-dry and in 

low density-1992, Plantago had a higher mean survival and a 

higher mean fecundity than Pectocarya. This may have to do 

with Plantago's superior ability to harvest water in the 

absence of shading by neighbors. Pectocarya's low fecundity 

at low density in 1992 is difficult to explain. As Plantago 

has no significant survival advantages over other species 

(Table 3.5), fecundity is key to its fitness. 

Herbivory and Schismus' ability to take advantage of 

late season rains may have caused shifts in competitive 

hierarchies at low density between Schismus and Pectocarya 

(Table 3.4a, Fig. 3.5f). In 1991, Pectocarya had an 

advantage over Schismus. But in 1992, Pectocarya suffered 

lower survival (Fig. 3.6b), higher herbivory (Fig. 3.7f), 

and lower seed set at low density (Fig. 3.8f). In contrast, 

Schismus had similar survival both years (Fig. 3.6b), but a 

much higher seed set in 1992 (Fig. 3.8f), when late season 

rains fell. 

Spatial heterogeneity does not cause tradeoffs. In 

this experiment species did not respond differently to 

habitats, although observational data from matched shrub and 
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open sites in two previous years caused us to suspect that 

patterns of success across habitats might be important to 

coexistence. It is possible that the inability to detect 

species responding differently to habitats is because I only 

measured some aspects of temporal variation, and other 

patterns can and probably do occur in other years. On a 

larger habitat scale (wash to slope), Pantastico-Caldas and 

Venable (In press) demonstrated that Pectocarya and Plantago 

have different density responses (competitive response) in 

different habitats such that the best habitat for each 

species varies with density. 

Despite similar species responses, there is a habitat 

effect at my site. Other studies that have investigated 

spatial heterogeneity in the open (slope, wash, etc.) on 

demographic success of single species have also reported 

habitat effects (Kadmon 1993, Kadmon and Shmida 1990a,b, 

Pantastico-Caldas and Venable In press, In review). At my 

site, all species appear to the casual observer to be 

habitat generalists, yet they have significantly lower 

survivorship under the shrub than in the open. Habitat 

effects on fitness, however, were significant only for 

Plantago. Much of the literature suggests that certain 

annual species depend on a positive association with desert 

shrubs (Halvorson and Patten 1975, Muller 1953, Muller and 

Muller 1956, Shreve 1931, Went 1942) but earlier works have 
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What mechanisms could be responsible for higher 

mortality under shrubs? Lower maximum air (Fig. 3.2) and 

soil temperatures and lower light levels under shrubs (Lowe 

and Hinds 1971, Patten 1975, Shreve 1931, Tiedemann and 

Klemmedson 1986) may limit plant growth relative to the open 

in winter. In addition, creosote shrubs may harbor 

invertebrate herbivores (Fig. 3.7). Surprisingly, a more 

favorable water potential under shrubs than in the open has 

not been found. Despite soil differences (Table 3.2), 

there is no simple relationship between the proportions of 

water-stressed plots 5-6 days after rain and microhabitat 

(Fig. 3.4). This is consistent with the close 

correspondence in evaporation and soil moisture between an 

open and a palo verde-shaded site (Shreve 1931) . 

Schismus as a naturalized exotic. I have suggested 

three characteristics which may have contributed to 

Schismus' ability to invade this community: (1) freedom 

from specialized predators, (2) ability to remain 

competitive at high density, and (3) ability to take 

advantage of extreme late-season rainfall events. In 

addition, Schismus is among the first species to set seed 

each year (pers. obs.). Such plasticity in reproductive 

response is frequently posited as a trait allowing alien 
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species to invade (Baker 1974). Others have speculated that 

Schismus' reproductive biology favors invasions because it 

is apparently self-compatible and has plastic germination 

requirements (Burgess et al 1991). Despite these traits, my 

data suggest that at least one species, Pectocarya, finds 

habitats in time where it can dominate, making it unlikely 

that Schismus will replace it ecologically. 

Conclusion. 

From the point of view of a desert annual, year types 

are created by large variation in density (simulated in my 

experiment by manipulating densities), in rainfall amounts 

(simulated by wet and dry treatments), and by other factors, 

including herbivory and rainfall distribution (obtained in 

my experiment by following two different years). Among 

three species with long-lived seed banks, species' relative 

fitnesses vary through time in ways that create shifts in 

competitive hierarchies for two species pairs. Thus, my 

study shows a system consistent with models that conclude 

temporal variability can mediate species coexistence. These 

shifts are caused by variation in fitness responses to 

density among species depending upon the year or the water 

treatment. I found a positive survival response to density, 

a negative fecundity response to density, resulting in 

either a peaked, flat, or a V-shaped fitness response to 

density. Understanding the mechanisms for these unusual 
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responses to density may require attention to root 

morphology and water harvesting strategies as well as plant

animal interactions. 

Additional data on seed bank dynamics should help 

resolve whether the effects of temporal variability on both 

reproductive success and germination works synergistically 

to mediate coexistence in this system. Spatial 

heterogeneity surprisingly was not important to coexistence 

for these three species in these 12 year types. 



CHAPTER 4 

SEED BANKS IN DESERT ANNUALS: 

IMPLICATIONS FOR PERSISTENCE AND COEXISTENCE 

IN A VARIABLE ENVIRONMENT 
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Introduction. 

Do desert annual plants have persistent seed banks, as 

is widely believed? Long-lived seeds and species-specific 

germination requirements were originally hypothesized to 

explain observed fluctuations in population density among 

species (Went 1949, Juhren et al 1956, Tevis 1958a, Shreve 

and Wiggins 1964). However, early workers typically 

observed only the number of seedlings emerging, without 

quantifying the seed bank. For a few species, well

controlled tests in growth chambers have confirmed that a 

fraction of viable seeds remains dormant, even under ideal 

germination conditions (Baskin et al 1993, Philippi 1993a, 

1993b, Adondakis and Venable unpublished data). On the 

other hand, most field studies that measure the density of 

seeds in the soil do not quantify the proportion of viable 

seeds that remain dormant after germination (e.g., Nelson 

and Chew 1977, Reichman 1984, Price and Reichman 1987). 

The current study documents, under spatially and 

temporally varying field conditions, the size of the 

germination and dormant fractions of seed banks (i.e., seeds 

at least one year old) for a guild of Sonoran Desert winter 

annuals. This system is ideal for examining predictions 

from two types of theoretical models applicable to 

temporally variable environments: (1) the evolution of 

dormancy as a trait promoting persistence in the face of 
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unpredictability and (2) the role of temporal variation in 

mediating species coexistence. 

Persistence in a variable environment. Deserts are 

hot, dry, and highly variable environments. One indicator 

of this variability is that the coefficient of variation in 

potential evapotranspiration between years is greater in hot 

deserts than in any other biome (Frank and Inouye In 

review). Abiotic env"ironmental fluctuations can produce a 

large variance in reproductive success across years: in 

"good" years the seed set of a germinated seed at low 

density is high, but in "bad" years it may be O. In 

addition, seedling density, and thus competition, varies by 

as much as two orders of magnitude among years at a single 

site (Fig. 4.1), potentially increasing variation in seed 

set. 

For annual plants, environmental uncertainty should 

select for between-year seed banks. This is because 

variation in reproductive success among years severely 

depresses geometric mean fitness. (The geometric mean is 

the appropriate measure of the temporal average of a 

multiplicative process; Venable and Lawlor 1980, Philippi 

and Seger 1989). By delaying germination of a fraction of 

its offspring, a plant can lower temporal variance in 

reproductive success and thereby increase its geometric mean 

fitness. Density-independent models of the evolution of 
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FIGURE 4.1. Total seedling density / m2 (-A-) from 
permanent plots at the study site over 10 years (1982/83-
1991/92) and January-March rainfall (-It-). 
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fractional germination in a temporally variable environment 

predict that germination should increase with the 

probability of a good year and with the expected yield in 

good years (Cohen 1966, MacArthur 1972, Brown and Venable 

1986, Venable 1989). Models that incorporate density

dependence in a fluctuating environment show that 

competition may increase the temporal variation in seed 

yield, and thus increase the level of dormancy that is 

favored (Bulmer 1984, Ellner 1985a,b, Ellner 1987) . 

Furthermore, if environmental conditions at the time of 

germination provide information about the probability of 

favorable conditions for survival and reproduction, fitness 

will increase if plants use this information to adjust their 

germination fraction upwards when the probability of a good 

year is high (Cohen 1967, Venable and Lawlor 1980). In this 

paper, the term "predictive germination" refers to the 

outcome of this hypothesized mechanism: the positive 

correlation between germination fraction and reproductive 

success. 

Seed size may interact with the evolution of delayed 

germination by altering temporal variation in reproductive 

success. If seeds are large, fewer are produced in good 

years for a given reproductive effort. Yet in bad years, 

larger seeds could mean faster root development, greater 

access to deep water reserves, and higher survival to 
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reproduction. For example, in a survey of the California 

flora, Baker (1972) found that seed weights are higher for 

those herbaceous plants whose seedlings are at risk of 

drought. If this is so, then large seeds and between-year 

dormancy are both ways to lower temporal variation in 

fitness in an unpredictable environment. This means that 

plants possessing one trait should experience less selection 

for the other risk-reducing trait (Venable and Brown 1988) . 

Coexistence in a variable environment. Annual plants 

not only persist in a variable environment, but they also 

coexist with a diverse array of other annual species. They 

comprise about 50% of the species across several regional 

floras in the Sonoran Desert (See Chapter 1). Because of 

this diversity, desert annuals are frequently cited as an 

example of a biological system in which temporal variation 

may promote coexistence (Shmida and Ellner 1984, Warner and 

Chesson 1985, Ellner 1987, Chesson and Huntly 1988, 1989, 

Chesson In press) . 

Models suggest that systems in which coexistence is 

temporally-mediated have three qualities: (1) a long-lived 

life history phase that buffers populations from unfavorable 

conditions, (2) species-specific responses to the 

environment, such that species are not completely correlated 

in which years are the most favorable for population growth, 

and (3) that the growth rate of an abundant species in good 
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years tends to be limited by competition (Chesson and Huntly 

1988, 1989, Chesson In press). When all three of these 

conditions are present, the invasibility criterion is met, 

such that the average long-term growth rate of a low density 

species is positive (See Discussion in Chapter 2) . 

Persistent seed banks buffer populations (requirement 

#1) because seed banks can store the high recruitment from 

favorable years in a form (seeds) that is resistant to 

drought and competition, factors that cause low recruitment. 

Thus, if old seeds have high survivorship in the soil, 

little population change occurs in years of low germination. 

Requirement #2 means that species must be sufficiently 

ecologically distinct, albeit not in ways that classically 

have been referred to as niche differences (Chesson 1991) . 

Requirement #3 is important to coexistence because it means 

that a high density species is prevented from ever having 

really high growth rates in its favorable years, and thus 

from taking over the system. 

One frequently suggested scenario that meets all 3 

requirements involves persistent seed banks and species

specific germination responses to the environment. In this 

case, a high density species cannot ever escape competition 

in years when it germinates, even if in some years most 

competition is intraspecific. On the other hand, a low 

density species occassionally experiences opportunities for 
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high growth rates in the absence of competition (in years 

when high density species do not germinate). And finally, a 

persistent seed bank prevents any species from having really 

low growth rates. 

Research Questions. The aim of this study is to 

determine the size of between-year seed banks (the fraction 

of viable seeds that remain dormant) for natural populations 

of Sonoran Desert winter annuals. In addition, I ask the 

following questions: (a) Do those species for which the 

environment is more variable (i.e., those with higher 

temporal variation in reproductive success) retain a higher 

proportion of dormant seeds in the between-year seed bank? 

(b) Is large-seededness associated with lower variation in 

reproductive success and higher germination fractions than 

small-seeded species? (i.e., do seed size, germination 

fraction, and demographic variance have the pattern of 

variation predicted by theories of life history evolution in 

variable environments?) (c) Do species have higher 

germination in years of higher reproductive success 

("predictive germination")? (d) Does germination response 

differ between years? (e) Are species responding 

differently to years, as is required for temporal variation 

to mediate coexistence? (f) Does germination vary depending 

upon shrub/open microhabitat? (g) Do species respond 

differently to microhabitats? 
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Methods. 

study system. The study took place in Sonoran 

desertscrub vegetation, on a site northwest of Tumamoc Hill, 

where the University of Arizona's Desert Laboratory is 

located, near Tucson. The site itself was a gently sloped 

creosote flat dominated by Larrea divaricata (creosote bush) 

and Ambrosia deltoidea. Over 10 years, more than 30 species 

of winter annuals have been documented on permanent plots at 

the site. 

Winter annuals typically germinate with the onset of 

fall or winter rains (October to December), and grow and 

reproduce until late March or early April. In general, 

species do better in El Nino years and worse in drier years, 

but there are exceptions, and species are not wholly 

correlated in their performance over the last decade (See 

Chaper 1). Differences between years in the timing and 

amounts of rainfall are undoubtedly related to the amount of 

water available at critical phases in plant development 

(germination, growth, and reproduction), and thus would be 

expected to have implications for plant fitness. For 

example, rainfall is usually plentiful at some time between 

October and December, causing mass germination, but if 

rainfall is limiting in late winter-early spring (January to 

March) in some years, when temperatures are increasing, 

plants will be water-stressed at the time of flowering. It 
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is possible that different species have different tolerances 

for water-stress related to different phases of plant 

development, and thus these rainfall differences between 

years may contribute to shifts in competitive performance 

depending upon the year (Chapter 2) . 

Rainfall data collected by the Desert Laboratory were 

used to characterize temporal environmental variation. 

Rainfall data from study years were compared to long-term 

averages for Tucson, since the Desert Laboratory was missing 

some data over the last 30 years. 

Sampling design. Data were collected in order to 

estimate the density of post-germination dormant seeds, as 

well as the density of germinated seedlings. Germination 

fraction was defined as the proportion of viable seeds that 

germinated, and was computed as the ratio of seedlings/m2 to 

(seeds + seedlings)/m2 • 

Dormant seeds. One hundred eighty soil cores (5.4 cm 

diameter X 2.5 cm deep) were collected in each of three 

seasons (1989/90, 1990/91, and 1991/92) along a 180 m 

transect, using a stratified random sampling technique 

(Benoit and Cavers 1989). Cores were obtained after 

germination but prior to new seed set (late February-early 

March). Thus viable seeds found in these samples are 

necessarily old seeds, having remained dormant through at 

least one germination season. Pilot studies indicated that 
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viable seedlings rarely occur below this depth. To 

characterize microhabitat differences in germination 

fraction, half of samples were obtained from the shrub (48% 

cover) and half from the open microhabitat. Immediately 

after collection, samples were placed in paper bags and oven 

dried for 24-48 h at 40 c. 

Seed flotation, identification, and viability. Seeds 

and organic material were separated from soil samples using 

a repetitive flotation and frothing technique. Prior 

testing showed that this technique retrieved more than 95% 

of seeds from soil samples to which a known number of seeds 

of three species (Plantago patagonica, Pectocarya recurvata, 

Schismus barbatus) had been added (Pake and Rylander in 

prep.). Individual soil samples were mixed with tap water 

and stirred vigorously (frothing). The suspension 

containing organic matter and small soil particles was 

immediately decanted through an organza-cloth filter placed 

in a Buchner funnel attached to suction. The filter had 

previously been shown to capture the smallest seeds of 

interest (Evax multicaulis .025 mg). This process was 

repeated about six times for each soil sample, at which time 

the liquid was virtually clear. The organza filter and 

debris were then placed in a labelled petri dish and dried 

as above. Dried soil samples, both before and after 

flotation, were stored at room temperature. 
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In order to separate seeds from the organic debris, 

floated portions were sieved into three fractions using a 

#18 and #35 USA Standard Testing sieve (lmm and 500um mesh) . 

Seeds were separated from each fraction using a dissecting 

microscope and identified by comparison with vouchers. All 

seeds were cut or poked to determine viability. Seeds with 

juicy, oily, or fleshy embryos were regarded as viable. 

This technique was deemed superior to tetrazolium chloride 

testing for viability because of the difficulty in 

manipulating the smallest seeds and because some deeply 

dormant viable seeds show only minimal staining with 

tetrazolium. 

Plant censuses. Seedlings in 48 plots (24 under 

shrubs, .05 m2; 24 in the open, .10 m2 ) were followed along a 

180 m transect. This second transect was parallel to and 5 

m distant from the transect along which soil samples were 

collected because soil sampling was intensive and may have 

resulted in trampled plots. Plots were initially censused 

3-5 weeks after mass germination and again at the end of the 

season in order to characterize the density, survivorship, 

and reproduction of each species. The early weeks following 

germination were a time when the soil was well-saturated and 

mortality was low. Reproductive success was computed as the 

average seed set per seedling in each year (realized 

fecundity) . 
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Long-term data. I used a long-term data set (Venable 

and Caprio unpublished) to measure the level of temporal 

variation experienced by plants of different species. For 

10 years (1982/83-1991/2) winter annuals have been censused 

along a third parallel transect (250 m), less than 1 m from 

the 180 m transect described for plant censuses above. This 

transect has 12 permanent plots in the open microhabitat 

(.05 m2 until 1989/90; then increased to .10 m2). These 

plots were generally censused 4-6 times a season for 

emergence, survival, and reproduction. This sampling scheme 

gives sample sizes of 100's of individuals for most species 

in most years. 

Temporal variation in reproductive success was 

calculated as the standard deviation in the log of the 

average seed set of a germinated seed for each species in 

each year. For a logged variable, the variance is generally 

independent of the mean; thus, taking the standard deviation 

functions much as the coefficient of variation does in 

untransformed data (Lewontin 1966) . 

statistics. Germination fractions were arcsin square

root transformed, and realized fecundity and seed mass data 

were log transformed, which in each case normalized error 

structures and controlled heteroscedasticity. Data were 

analyzed using the GLM procedure in SAS, version 6.04 (SAS 

Institute 1989), relying on type IV sums of squares when 
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data were unbalanced (Shaw and Mitchell-Olds 1993). Non

unique sums of squares (designated by * in Anova tables) can 

result from unbalanced data, although in most cases reported 

results are based on unique sums of squares. Many 

interactions in models were not significant; when F values 

for interactions were close to 1, I assumed there was no 

need to propose a model with that interaction and redid the 

analysis without it (Steel and Torrie 1980, p.446). When 

differences were significant, I used Tukey's "honestly 

significant difference test", which controls the maximum 

experimentwise error rate and is recommended when data sets 

contain unequal cell sizes (SAS Institute 1989) . 

Results. 

This study documents three years of population increase 

and seed bank replenishment (See 1989/90-1991/92 on Fig. 

4.1). Prior to the study, the last year of significant 

recruitment had been 1986/87. The following year (1987/88), 

high densities of seeds germinated, but rainfall was 

extremely low and most died without reproducing (Pantastico

Caldas and Venable In Review, Venable and Caprio unpublished 

data). The next year (1988/89), was also dry, providing 

little reproductive contribution. 

Despite low densities, I have high confidence in seed 

and seedling density estimates because I sampled 

intensively. Nonp.theless, when densities are low, the 
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variance in germination fractions increases, increasing the 

probability of stochastic O's or l's (no seeds or seedlings, 

respectively). This problem is exacerbated by the highly 

clumped spatial distribution of seeds, and perhaps seedlings 

to a lesser extent. 

Species composition. Seed banks were found for 17 

species along the transect over three years (Table 4.1) . 

Eleven other species occurred as seedlings, but no dormant 

seeds were found. For this latter group, data on the absence 

of between-year seed banks are inconclusive because, with 

the exception of Bromus rubens, these species tended to be 

rarer based on seedling densities than species for which 

dormant seeds were found (P < .05; non-parametric notch 

depths) . 

Rainfall. The three study years differed in both the 

total amount of rainfall and the timing of rainfall within 

seasons (Fig. 4.2). The first year (1989/90) was the 

driest, both in rainfall measured over the entire growing 

season (144.0 mm; October to April) and in rainfall measured 

from January to March (Fig. 4.1). In that year, mass 

germination occurred in the peak rainfall month (October), 

November and December were exceptionally dry, and the 

remainder of the year was relatively dry. Rainfall in the 

second year (1990/91) was higher, totalling 190.0 mm. Mass 

germination occurred with peak rainfall in December, and the 
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TABLE 4.1. Average germination fraction and seedling 
density (per m2 ) for all species censused in 3 years 
(1989/90-1991/92). Species that occurred regularly on 
nearby permanent plots over past 10 years (1983-1992) marked 
with * 

Germination Seedling 

Species Fraction Densitv/m2 

Bowlesia incana .05 .36 .02 43.0 42.3 30.2 

Cryptantha pterocarya o .79 1.0 o 1.5 8.5 

*Daucus pusillis .67 .90 .12 2.5 5.9 2.3 

Draba cuneifolia 1.0 .90 1.0 0.7 4.8 5.6 

Eriastrum diffusum 1.0 .73 .93 0.2 1.9 50.8 

Eucrypta micrantha .84 .81 o 12.5 19.8 

*Evax multicaulis .002 .07 .21 .20 9.3 10.6 

Lappula redowski o 1.0 1.0 o 0.2 0.8 

*Monoptilon belliodes .01 1.0 .2 1.7 0 

Pectocarya heterocama 1.0 .93 o 5.9 11.9 

*Pectocarya recurvata .31 1.0 1.0 3.3 .2 1.9 

*Plantago insularis .50 1.0 1.0 .9 3.6 1.0 

*Plantago patagonica .31 .41 .87 3.9 3.6 48.9 



TABLE 4.1. Continued. 

*Schismus barbatus 

*Stylocline micropoides 

Sysimbrium irio 

*Vulpia octoflora 

.14 .06 .20 

o o .80 

.33 

.93 1.0 1.0 

14.2 21.3 242.3 

o 

o 

o 3.3 

o 4.8 

8.1 2.9 5.6 
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FIGURE 4.2. Rainfall amounts and distributions in the three 
study years. 1989/90 (-X-) , 1990/91 (-8-), and 1991/92 
(-*-) , and average rainfall (---). 



154 

remainder of the season was moderately wet. The third year 

(1991/92) was the wettest, with 231.4 rnrn. Mass germination 

again occurred in December, followed by an extremely wet 

late winter and early spring. 

Response to spatial and temporal variation. Fifteen of 

the 17 species with seed banks were entered into an analysis 

to determine if germination fraction varied among species, 

habitats, or years (Table 4.2). (Sysimbrium was deleted 

because data for it occurred in only one year; Eriastrum was 

deleted because it had an unmeasured 'above-ground' seed 

bank, with many viable seeds present on adult skeleton 

plants from previous years.) 

Two sets of sums of squares were unique in this 

analysis and significant, or marginally so (Table 4.2): 

Species*Year (P = .0507) and Habitat (P = .0533). Thus we 

have confidence (at P = .0507) that the effect of years on 

germination varied with species (See species by year means 

on Table 4.1). Secondly, habitats were different: the open 

habitat had a higher germination fraction, when averaged 

over species and years, than the shrub habitat (P = .0533; 

means Table 4.3). 

The main effects of both species and years had strong 

effects on germination (P = .0001 and P .0002, 

respectively) . (Although these results are based on non-

unique sums of squares, they are reported here because they 



TABLE 4.2. Analysis of variance for effect of species, 
habitat, and year on germination fraction (R2 = 86%) . 
*Other hypotheses exist which may yield different sums of 
squares. 

Source DF MS F P 

Species* 14 .90 6.63 .0001 

Habitat 1 .55 4.05 .0533 

Year* 2 1. 61 11.83 .0002 

Species X Year 24 .27 1. 87 .0507 

Error 30 .1360 

Total 72 
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TABLE 4.3. Mean germination percentages for species, years, 
and habitats. Means followed by "a" are s~gnificantly 
different from those followed by "b" and Vlse versa; 
likewise for "c" and "d". For species means by years, see 
Table 4.1. Seed mass is included for species. * designates 
species that occurred regularly on permanent plots over past 
10 years (1982/83-1991/92). 

Germination Seed Mass 

Species (%) (mg) 

Bowlesia 6.6 ac .91 

*Evax 6.6 ac .025 

*Schismus 13.1 a .08 

*Stylocline 18.9 a .13 

*Monptilon 30.1 .30 

*,E. patagonica 54.5 .88 

*Daucus 57.4 1. 07 

Lappula 75.2 1. 73 

Cryptantha 76.7 .30 

Eucrypta 81. 8 .04 

*,E. recurvata 85.5 d .95 

*,E. insularis 93.4 b .95 

,E. heterocarpa 98.0 b .38 

Draba 98.3 b .06 

*Vulpia 99.0 b .38 



TABLE 4.3. Continued. 

Years 

1989/90 

1990/91 

1991/92 

Habitat 

Open 

Shrub 

23.2 a 

74.3 b 

79.2 b 

69.8 a 

51. 6 b 
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are consistently significant in more balanced subsets of the 

data that render sums of squares unique.) Although species 

showed gradual differences in average germination fractions 

(from 6.6% to 99.0%), comparisons of species means only 

showed significant differences between the extremely low 

germinators (Bowlesia, Evax, Schismus, Stylocline; 6.6-

18.9%) and the extremely high germinators (E. recurvata, E. 

insularis, Draba, Vulpia; 85.5-99.0%). Comparisons of year 

means showed that the driest year (1989/90) had lower 

germination than either of the other two years (1990/91 and 

1991/92), which were not significantly different from each 

other. 

Long-term data sets. Nine of the species found to have 

between-year seed banks have occurred regularly over the 

last decade on permanent plots located in the open (See *'s 

on Table 4.1). These species (Daucus pusillis, Evax 

multicaulis, Monoptilon belliodes, Pectocarya recurvata, 

Plantago insularis, Plantago patagonica, Schismus barbatus, 

Stylocline micropoides, Vulpia octoflora) were used to 

examine hypotheses regarding the size of germination 

fractions. Stylocline was excluded from the analysis I 

present for the relationship between germination fraction 

and realized fecundity, because no seeds germinated in two 

years (and thus no plants could reproduce). Including it in 

the analysis resulted in nearly identical P values. 
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Relationship between germination and reproductive 

success. Germination was significantly higher in years of 

greater reproductive success (P = .0203; Table 4.4a). 

Germination also increased in years with higher January

March rainfall (P = .0001, Table 4.4b), despite the fact 

that rainfall from this period did not cause mass 

germination (which occurred in October 1989, December 1990, 

and December 1991). Interestingly, the relationship between 

germination fraction and rainfall differed among species 

(Species X Rain P = .0194; Table 4.4b; Fig. 4.3). Finally, 

rainfall from January-March over the last 10 years was 

strongly associated with higher reproductive success (P 

.0001, Table 4.4c). 

Germination, temporal variation, and seed size. I 

tested whether those species that experience greater 

variation maintain a higher dormancy fraction than those for 

which the desert is less variable. The significant negative 

relationship between germination fraction and temporal 

variation in reproductive success (measured as standard 

deviation over 10 years in the log of realized fecundity) 

supports this hypothesis (P = .0028, Table 4.5a). The 

effect of temporal variation did not change between years 

during these three growing seasons (Year*Temporal Variation 

P = .47 in the full model). Year and temporal variation 
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TABLE 4.4. Analysis of variance tables assessing the 
relationship between (a) germination fraction and 
reproductive success, (b) germination fraction and January
March rainfall, and (c) reproductive success and January
March rainfall. R2' s for (a), (b), and (c) respectively are 
45%, 75%, and 37%. 

Dependent 

variable 

(a) 

Germination 

fraction 

in 1989/90, 

1990/91, 

1991/92 

Source __ F_ --p-

Species 1.22 6.22 7 • 34 .0001 

Reproductive Success 1.17 5.93 1 • 34 .0203 

Error .1966 

G' = 1.09 + Species + • 1106*Repro. Success 

-----------------------------------------------------------------

(b) 

Germination Species .4550 3.060 • 30 .0122 

fraction Rain (Jan-Mar) 3.05 20.5 1 • 30 .0001 

in 1989/90, Species X Rain .4163 2.790 • 30 .0194 

1990/91, Error .1489 

1991/92 

G' = 1.06 + Species + .0038*Rain + Species*Rain 

-----------------------------------------------------------------

(c) 

Reproductive Species .5613 1.74 0 •70 .1044 

success Rain (Jan-Mar) 8.30 25.71 • 70 .0001 

(over 10 yr) Error .3230 

Repro. success .2852 + species + .0078*Rain 
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FIGURE 4.3. Relationship between germination fraction and 
years (scaled by January-March rainfall) for 6 species. 
~ = Evax, ~ = §chismus, + = E. patagonica, • = Daucus, *" =]:. recurvata, 0 =]:. insularis. Species selected 
from Tables 4.1 and 4.3 to illustrate interactions. 
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accounted for 15% and 16% of the variation in germination, 

respectively. 

Similarly, seed size was negatively correlated with 

temporal variation in reproductive success (rs = -.7448, P 

.0213, Table 4.5c; Seed masses on Table 4.3), consistent 

with the hypothesis that large seeds decrease the risk of 

death from drought. Since both germination and seed size 

were negatively related to temporal variation in 

reproductive success, it is not surprising that germination 

and seed size were positively related to each other: large

seeded species germinated higher fractions than small-seeded 

species (Seed size P = .0001, Table 4.5b) . 

DiscuBsion. 

For 17 of 28 species occurring along a transect, I 

found field evidence of between-year seed banks, which have 

been frequently assumed to exist in desert annuals. For 11 

species, the lack of evidence for persistent seed banks is 

inconclusive, due to their low densities. 

Germination was higher in the open than under the 

shrub. This result has also been found in the Mohave 

Desert, where artificially placed seeds of many species had 

lower germination under Larrea shrubs than in the open 

(Samson 1986). 

In general, species showed a gradation from low to high 

germinators (means: Table 4.3), but germination fractions 
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also differed among species depending upon the year (means: 

Table 4.1; Fig. 4.4). The implications for coexistence of 

species having different germination responses to the 

environment is discussed below. 

Predictive qe~ination? Although one cannot infer 

mechanism from a correlation, two patterns in the data are 

consistent with the hypothesis that plants receive and 

process information, at the time of germination, that is 

related to prospects for future reproduction (Cohen 1967) . 

Most importantly, germination fractions were higher in years 

of higher reproductive success (P = .0203, Table 4.4a). 

Secondly, plants germinated more in years of higher January

March rainfall (P = .0001, Table 4.4b), a rainfall index 

that is highly correlated (in a separate data set) with 

reproductive success over the last decade (P = .0001, Table 

4.4c). The positive relationship between germination and 

January-March rainfall occurred despite the fact that mass 

germination was in response to rains prior to January. In 

addition, the relationship between germination and January

March rainfall varied among species (Species*Rain P = .0194, 

Table 4.4b; Fig. 4.3). 

If the amount of rainfall that causes germination is 

directly related to reproductive success in these short

lived plants, then desert annuals have no more predicting to 

do than to germinate more in wetter rainfall bouts. 
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However, there may be additional opportunity for prediction 

of future conditions relevant to reproductive success, since 

rainfall in December (a common month for mass germination) 

is positively correlated with rainfall in February 

(frequently a month of drought; Pearson r = .1905, P = .04, 

N = 115 years of Tucson records). Species-specific 

differences in either the ability to receive and process 

environmental cues at the time of germination or in the 

environmental cues that are correlated with reproductive 

success, could result in a significant Species*Rain 

interaction. 

A positive relationship between germination fraction 

and reproductive success has previously been found for two 

annual Erodium species exposed to spatial variation in a 

California grassland. Rice (1985) showed that these species 

respond to temperature cues to germinate more in the places 

where they had higher reproductive success. He also found 

significant differences in how those species respond to 

temperature cues. 

Persistence in a variable environment. Across species, 

germination fractions in each of 3 years were lower for 

those species with high temporal variation in reproductive 

success (as measured over 10 years; Table 4.5a). This is 

the pattern we would expect if species for which the 

environment is more variable experience more selection for 
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TABLE 4.5. Analyses assessing the relationship between 
germination fraction, temporal variation in reproductive 
success (SD in log realized fecundity over 10 years), and 
seed size (Log seed mass). R2' S for analyses (a), (b), and 
(c) are 30%, 41%, and 55%, respectively. 

Variables 

(Predicted 

Relationshi12s} Source MS F -_P-

(a) 

Germination Year 1. 36 4.74 2 ,44 .0136 

Fraction and Temporal 2.88 10.061 ,44 .0028 

Temporal Variation 

Variation Error .2864 

(Negative) G' = 2.35 -2.22*Temp. Va~iation + Year 

(b) 

Germination Year 1.22 5.052 ,44 .0106 

Fraction and Seed Size 4.87 20.20 1 ,44 .0001 

Seed Size Error .2411 

(Positive) G' = 1.33 + .2429 Seed Size + Year 



TABLE 4.5. Continued. 

(c) 

Seed Size 

and 

Temporal 

Variation 

(Negative) 

Spearman Rank 

Correlation 

Coefficient 

rs = -.7448 

166 

.0213 
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the low-risk strategy of a between-year seed bank. Along a 

rainfall gradient, Philippi (1993a) found that dormancy 

fractions in populations of a Chihuahuan desert annual, 

Lepidium lasiocarpum, increased as the probability of low 

rainfall increased. This is also consistent with the 

hypothesis that a lower probability of a good year selects 

for dormancy. 

Furthermore, large-seeded species experienced lower 

variation in reproductive success over the last decade 

(Table 4.Sc). If larger food stores reduce the risk of 

seedling mortality and thereby lower variation in survival, 

this is the pattern that would be generated. If, in 

addition, a temporally variable environment selects for bet

hedging, the lower variation accrued to large-seeded species 

would mean less selection for other bet-hedging strategies, 

like dormancy. The positive relationship between seed size 

and germination is consistent with this hypothesis (Table 

4.Sb) . 

Taken together these data support models that suggest 

that a variable environment selects for bet-hedging, that 

there is more than one way to lower risk (increasing seed 

size and increasing dormancy are two ways), and that 

possession of one trait lowers selective pressure for 

another trait (Venable and Brown 1988, Venable 1989). 

Therefore, a variable environment may promote two extremes 
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of germination strategies among annual plants: a large

seeded/low variance/high germination strategy and a small

seeded/high variance/low germination strategy. A similar 

tradeoff between two bet-hedging strategies (dormancy and 

dispersal) has previously been demonstrated within, rather 

than among, several seed-heteromorphic species (Venable and 

Lawlor 1980, Venable and Levin 1985, Venable et al 1987). 

Coexistence. This system has the characteristics that 

theory suggests are required for temporal variation to 

promote coexistence. First, many desert annual species have 

between-year seed banks. Unfortunately, we still lack 

information on age structure in the seed bank, a factor 

which is important because longer-lived seeds should be 

better able to buffer the effects of unfavorable years. 

Secondly, species are not completely correlated in their 

responses to environmental conditions that change between 

years. Ln the current study, I found that species have 

different germination responses depending upon the year. In 

addition, in Chapter 2 I showed that species have different 

reproductive successes in different years; for example, 

Pectocarya recurvata out-performed Schismus barbatus in 

1990/91, but Schismus out-performed Pectocarya in 1991/92. 

These findings mean that species differ to some degree in 

which years favor population growth. Thirdly, as explained 

in the introduction, species-specific germination 
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requirements tend to create a situation in which success in 

good years is limited by competition for the abundant 

species. 

In models, temporal variation in germination response 

(uncorrelated among species) has been shown to promote 

coexistence in seed bank annuals (Ellner 1984, Shmida and 

Ellner 1984, Chesson and Huntly 1988, 1989, Chesson In 

press). However, a relevant finding from this study is that 

germination response is predictive, i.e., it is positively 

correlated with reproductive success. When species have 

differences in the years that are better for survival and 

reproduction, predictive germination may be responsible for 

species having different germination responses in different 

years. Models that incorporate both temporal variation in 

reproductive success (uncorrelated among species) and 

predictive germination promote coexistence even more 

strongly (i.e., create higher long-term average growth rates 

for species at low density) than do models in which temporal 

variation in germination response is not correlated with 

reproductive success (Venable and Pake unpublished) . 

The suggestion that seed size affects temporal variance 

in reproductive success, which could alter selective 

pressure for seed dormancy, also has implications for 

coexistence. Consider a model system, in which Ellner 

(1987) showed that species with different seed survivorships 



170 

have different optimal solutions to a variable environment: 

a low seed survivorship/high germination strategy and a high 

seed survivorship/lOW germination strategy. In this system, 

temporal variation lowers the critical alpha that allows 

coexistence of the high germinator and the low germinator. 

In comparison, in the Sonoran Desert winter annual system, 

species with different seed sizes may have different optimal 

solutions to a variable environment: a large-seeded/high 

germination strategy and a small-seeded/low germination 

strategy. Similarly, then coexistence of high germinators 

and low germinators may, to some degree, be related to 

temporal variation. Furthermore, Ellner found this effect 

was enhanced when there was a tradeoff between the seed 

trait and seed yield, as occurs with seed size. Therefore, 

the evolution of different solutions to the problem of 

temporal unpredictability may in part be responsible for 

elevating the species diversity of annual plants in the 

Sonoran Desert. 

In summary, the results of this chapter and of Chapter 

2 suggest strongly that this is a system in which temporal 

variation is important in mediating coexistence, although I 

have not estimated enough population parameters to predict 

whether these species could coexist by temporal variation 

alone. Indeed there may by other factors, such as types of 

spatial variation not investigated and higher trophic 
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levels, that may be supplementing temporal variation in 

maintaining species diversity. One strength of this study 

is that it is a field-based exploration of specific 

population dynamic mechanisms that could lead to 

coexistence. Such work is needed to complement recent 

theoretical development in the area of variance-mediated 

coexistence. 
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