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Abstract Using 18 years of census data from permanent
quadrats, we examined the interactions between spatially coexisting but temporally segregated winter and
summer ephemeral plant communities in the Chihuahuan Desert. The ability of winter and summer annuals
to achieve nearly complete temporal segregation by
partitioning the bimodal annual rainfall permits the
coexistence of a diverse ¯ora of annual (and perennial)
plants in this unproductive arid environment. Despite
the dierences in their biogeographical anities and
temporal segregation, long-term data indicated that at
the scales of both the entire 20-ha study site and small
0.25-m2 sample quadrats, abundances of plants were
never high in two successive growing seasons, suggesting
a negative interaction between winter and summer annuals. We evaluate alternative hypotheses for this phenomenon.
Key words Chihuahuan Desert á Competition á
Ephemeral plants á Long-term study á Spatial-temporal
interactions

Introduction
It has long been recognized that in warm deserts, such as
those of southwestern United States and northern
Mexico, there are two distinct, temporally separated
communities of ephemeral plants, usually referred to as
winter and summer annuals (Mulroy and Rundel 1977;
Davidson et al. 1985; Gutierrez and Whitford 1987a, b).
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ganisms have revealed specialized morphologies, physiologies, and life histories that have been interpreted as
adaptations to stressful abiotic conditions, such as prolonged, unpredictable droughts and high temperatures
(Went 1949; Beatley 1967; Mulroy and Rundel 1977;
Venable and Lawlor 1980; Kemp 1983; Gutierrez and
Whitford 1987a; Fox 1989; Ehleringer 1994; Rundel and
Gibson 1995). Many individual species of winter or
summer annuals have been studied with respect to ecological characteristics, such as germination (Juhren et al.
1956; Tevis 1958; Inouye 1980; Inouye et al. 1980),
survival (Juhren et al. 1956; Beatley 1967), and seed
banks (Freas and Kemp 1983; Philippi 1993). Previous
studies of either winter or summer desert annuals have
also called attention to dramatic year-to-year ¯uctuations in abundance, productivity, and diversity that re¯ect interactions between their short life cycles and the
large, largely unpredictable climatic variation in arid
regions (Inouye 1991; Guo and Brown 1996).
Even though desert plants have been the subject of
many ecological studies in recent years, due to the limitations of data availability there has been little attempt
to investigate the relationships between winter and
summer annuals at population and community levels.
Even though the two sets of species to coexist in the
same environment with essentially no temporal overlap
by specializing to be active at dierent seasons, there are
reasons to suspect direct or indirect interactions between
them. Work on such cross-season interactions is critical
for understanding the dynamics of desert plant communities.
Here we use data collected in permanent quadrats at
our long-term ®eld study site in the Chihuahuan Desert of
southeastern Arizona. The site receives a distinctly bimodal distribution of annual precipitation and supports
diverse communities of both winter and summer annuals.
On the one hand, these communities are distinct: except
for a few biseasonal species, there is no overlap in species
composition and no temporal overlap in their vegetative
life cycles. On the other hand, the two communities occur
together in the same macroenvironment and overlap ex-
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tensively in the soil seed bank, where they are exposed to
similar abiotic conditions and seed consumers. Here we
present evidence for important spatial-temporal interactions between the two communities despite the temporal
segregation of their life cycles, and develop hypotheses on
the underlying mechanisms that might have caused such
cross-season interactions.

Table 1 Geographical anities of winter and summer annuals at
the study site as indicated by the number of species falling into each
distributional category

Methods

biseasonal annuals. The geographic ranges of the winter
species tended to extend westward, into the Sonoran and
even the Mojave Desert. In contrast, ranges of summer
annuals tended to extend eastward, into the Chihuahuan
Desert and the Great Plains. This distributional patterns
are re¯ected in the large proportion of winter species
that are listed in the ¯ora of California, and the large
proportion of summer annuals in the Texas ¯ora
(Table 1). Presumably, these geographic anities re¯ect
the association of winter annuals with predominantly
winter rains from the Paci®c Ocean and Baja California
and of summer annuals with summer rainfall from the
Gulf of Mexico (Mulroy and Rundel 1977).
The ®rst winter annuals typically germinated in response to the ®rst autumn rains, in October or November. The early-germinating species formed rosettes
and grew relatively slowly during the cold midwinter
months. Additional pulses of germination often occurred in response to subsequent rains, with some species germinating as late as March in certain years. There
tended to be considerable phenological variation among
the winter annual species in timing of germination and
initial growth, but all species overlapped substantially in
¯owering, seed production, and death, which occurred
when the soil dried out in late spring (March to May,
depending on the timing of the last rains; see Fox 1989).
In contrast to this pattern, nearly all germination of
summer annuals typically occurred within a few days
immediately following the ®rst summer rain, which
usually fell in early July but sometimes came as late as
mid-August. The plants grew rapidly as long as soil
moisture was available. Rains typically ceased in late
August or early September, and this resulted in a period
of relatively synchronized ¯owering, seed production,
and death as the soil moisture was rapidly depleted
(Heske et al. 1993; Guo and Brown 1996).
The three biseasonal species (Eriogonum abertianum,
Haplopappus gracilis, and Baileya multiradiata), germinated in fall and winter, but unlike the winter annuals,
individuals survived through the spring droughts
(Fig. 1). Although mortality during this period was often severe (sometimes >95%) and the surviving rosettes
lost their outer leaves, the surviving plants grew rapidly
in response to the ®rst summer rains. In years when
mortality during the spring drought was relatively low,
the surviving plants, because of their size advantage and
well established root system, were often able to dominate the summer annual plant community in terms of
both individual plant size and total species biomass
(Kemp 1983; Inouye 1991).

The ®eld work was carried out on a 20-ha long-term experimental
study site established in 1977 near Portal, Arizona (Brown and
Munger 1985). The soil is a fairly homogeneous mixture of small
alluvial boulders mixed with and overlaid by ®ner particles, but
there is considerable micro-scale heterogeneity related to soil
structure, shrub cover, animal disturbance, and other factors (Guo
1994). The vegetation is primarily upper elevation Chihuahuan
Desert scrub, but the habitat varies from open grassy areas to
stands of widely-spaced shrubs (Brown and Munger 1985). Livestock have been excluded from the site since 1977.
At times corresponding to the bimodal precipitation, we censused winter and summer annual plants, as well as biseasonal
species and perennials twice each year, during April±May and
August±September, beginning in 1978. The data were most complete after 1989, when we were con®dent that even the rarest species
were identi®ed correctly and counted accurately. Each census was
conducted during a 1- to 3-week period of peak ¯owering and
maximum biomass (for details, see Davidson et al. 1985; Samson
et al. 1992). All plants were counted individually by species in 384
permanent quadrats, each 0.25 m2 in area (0.5 ´ 0.5 m). There
were 16 quadrats placed at regular intervals within each of 24 plots,
0.25 ha in area (50 ´ 50 m).
Several measures of performance are useful for understanding
the population and community ecology of annual plants. These
include post-germination and end-of-season density, survivorship,
plant size, and survival and carry over of seeds in the soil seed
bank. In this study we analyze only data on density at the end of
the growing season. This is the only measure of performance that
we have for the same quadrats over many years. R. Inouye (personal communication) found that when standing dead plants were
clipped and removed for weighing at the end of a growing season,
the densities of the next cohort was reduced by a factor of approximately 2, apparently because of removal of seeds that would
contribute to the local seed bank or possibly because of removal of
nutrients that would be recycled to contribute to plant growth and
survival. Other methods of trying to estimate plant size or biomass
nondestructively either had very large error variances (re¯ectometry) or were impractical to do each year on 384 quadrats
(measuring height of individual stems).
The 24 experimental plots were subjected to replicated experimental manipulations that involved primarily removal of some or
all species of rodents or ants (see Brown and Munger 1985; Heske
et al. 1993). Eects of these treatments on abundance and species
composition of the annuals were sometimes substantial, and have
been documented in other publications (Davidson et al. 1985;
Brown et al. 1986; Samson et al. 1992; Guo et al. 1995). In analyzing the data, the three common biseasonal species (see below)
were included as both winter and summer annuals, because they are
important members in both communities.

Results
Biogeography, phenology, and relations with climate
During the 18 years of this study, we recorded 34 species
of winter annuals, 42 of summer annuals, and 3 of

California
Winter annuals 14
Summer annuals 1

Texas Both CA and TX Neither
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Fig. 1 Monthly temperature and precipitation ( SE; above) and a
composite climograph (below) of the study site, which permits
comparison of two seasonal climate regimes in which winter and
summer annuals occur. Monthly means of temperature and rainfall
have been plotted against each other and the months were connected
by lines. Numbers in open circles represent individual months. Data
from the weather station of Southwest Research Station at Portal,
Arizona, about 17 km from the study site

The annual precipitation regime was distinctly bimodal (Fig. 1). Compared to the summer rains (May±
September), the winter rains (October±April) were on
average lower in magnitude (141 vs. 187 mm), but more
variable from year to year (CV = 36.88 vs. 29.2) and
dispersed over a longer season. The annual pattern of
average temperature is also shown in Fig. 1, as is the
generalized phenology of the winter, summer, and biseasonal annuals. The long lifespans and ``climate
spaces'' of the biseasonal species overlap with the much
narrower ones of the winter and summer annuals.
Despite the necessary dependence of desert annuals
on moist soil for a sucient period to complete their
vegetative life cycles, we did not observe the expected
positive relationship between precipitation and abundance (Fig. 2). There was no correlation between total
precipitation during the growing season and density of
individual plants at the end of that season for either
winter or summer annuals (r2  0:073; P  0:29;
r2  0:002; P  0:86, respectively). Further, the range
of variation as re¯ected by the coecient of variation,
was greater for summer annual density than for winter
annual density (CV  94 vs. 54, respectively), even
though the variation in winter precipitation was slightly
greater than summer precipitation.
Interactions between winter and summer annuals
Figure 3 shows that there were ten occasions (i.e., W78,
W83, W84, W85, W87, S89, S90, W92, W93, W95) when

Fig. 2 Temporal variation in seasonal precipitation and winter
(October±April; above) and summer (May±September; below) annual
plant density over the 18±year study

Fig. 3 Fluctuation in total densities of annual plants over seasons and
years. Densities were measured as total plant abundance in 384
permanent 0.25-m2 quadrats. The mean value is also shown

the abundance of either winter or summer annuals
equaled or exceeded the long-term average (high), and in
every case the abundance in the following season was
below the average (low). The abundances are rightskewed rather than normally distributed, making parametric statistics problematic. The probability of obtaining the above pattern by chance can be estimated
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nonparametrically as follows. The null hypothesis is
that the abundances in successive seasons are independent events. There were 35 transitions between
seasons (winter to summer or vice versa), so the probability of 10 highs each being followed by a low is (25/
35)10 or P  0:034). The tenth highest abundance (W82)
was nearly exactly equal to the long-term average, and
if this is called a high, the abundance the following
season was again low. The probability of this by chance
is (24/35)11 or P  0:023. After this the consistency of
the pattern diminishes, since the 11th highest abundance (W89) is followed by a high in the next season.
The above probability estimates should be taken with
caution, but they suggest that very high densities in one
season tend to be followed by low densities in the following season. This cannot be attributed to the pattern
of precipitation, because there was no relationship between high and low rainfall in successive seasons (i.e.
the seasonal ¯uctuation of precipitation did not show
the pattern of highs followed by lows observed for the
plants; Fig. 4). There were 20 seasons with aboveaverage precipitation, and 13 of these were followed by
another season with above-average rainfall. Furthermore, as reported above, there was no relationship
between total seasonal precipitation and density of
annuals in that season. Therefore, variation in precipitation between successive seasons cannot account in
any single way for patterns seen in the annual plants.
There is no doubt that abundance and other measures
of annual plant performance are aected by precipitation. However, such eects may be very complex,
because factors including total rainfall, timing and frequency of precipitation events, runo and in®ltration,
and buildup and depletion of soil moisture, and
temperature and photoperiod regimes all in¯uence
germination, growth, and survival of plants (Inouye
1991; Ehleringer 1994).
The same pattern of high density in one season being
followed by low density in the following season was also
observed at the scale of individual quadrats over the 18
years. Two examples from 1991±1992 are shown in
Fig. 5. We selected these data because species richness
and abundance were relatively high in these three adjacent seasons. When the density during one season was
plotted as a function of the density during the previous
season, all of the points fell within a triangular space.
Thus, when a quadrant had a low density of annuals, it
could have either a high or a low density in the following
season. When the density was very high, however, the
density in the following season was always low. The
probability of obtaining such triangular distributions of
data points by chance can be estimated by computer
simulations in which the values for one season (on the X
axis) are paired at random with the values for the following season (on the Y axis), and the number of simulated data points falling outside the triangular space
are tallied and compared with the observed distribution
(see Enquist et al. 1995 for details). Based on 1,000 simulations, both the distributions of data points in Fig. 5

Fig. 4 Fluctuation in total seasonal (winter = October±April,
summer = May±September) precipitation over seasons and years.
The mean is also plotted

Fig. 5 The relationship between winter and summer annuals in
successive seasons in 384 0.25-m2 permanent quadrats (each data
point). Note that all points fall within a triangular constraint envelope,
such that high densities within a local patch in one season are followed
by low densities in the following season
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are highly signi®cantly dierent from those expected by
chance (P<0.04 and 0.02, respectively for W91 to S91
and S91 to W92). Thus the patterns at the scale of the
entire study site and individual 0.25-m2 quadrats both
suggest that very high densities of plants in one season
are obligately followed by low densities in the next
season. This implies some kind of strong negative interaction between winter and summer annuals, despite
their nonoverlapping vegetative phenologies. In winter,
Haplopappus gracilis, Eriastrum diusum, and Eriogonum abertianum and in summer, Aristida adscensionis,
Bouteloua aristidoides, and Pectis papposa tend to show
both the highest average densities (within quadrats) and
the widest distribution over the study site (among
quadrats). Therefore, these account for most of crossseasonal phenomenon reported above (details will be
reported elsewhere; Q. Guo, J. Brown, and T. Valone,
unpublished work).

Discussion
Given the dierences in biogeographical anities and
the complete temporal separation in the vegetative and
reproductive phases of their life cycles, it is surprising
that our data suggested strong negative interactions
between the winter and summer communities. A large
number of individuals in one season appeared to inhibit
germination and/or survival in the subsequent growing
season, resulting in low numbers of plants. This was
apparent at two spatial scales: (1) the entire 20-ha study
site, where higher than average numbers of plants were
never observed in successive seasons; and (2) individual
0.25-m2 quadrats, where high numbers in one season
was always followed by low numbers in the following
season, resulting in a triangular constraint envelope.
We can suggest four mechanistic hypotheses for this
cross-seasonal phenomenon. First, a direct negative interaction may be mediated through the biseasonal species, which can be important components of both
communities. This was suggested by Davidson et al.
(1985) and Inouye (1991). Biseasonal species might account for some eect of winter on summer annuals,
because a favorable winter season with high densities of
individuals could potentially result in greater survival of
biseasonal species through the spring drought, and their
competitive inhibition of germination and survival of
seedlings of summer annuals. It cannot account, however, for the negative eect of summer annuals on winter
annuals during the subsequent season, which was also
observed (Figs. 3 and 5B). For some not yet understood
reason, all three biseasonal species germinate in winter
and reproduce in the subsequent summer (Fig. 1; see
also Fox 1989).
A second hypothesis is that the negative interaction
between the winter and summer annual communities is
indirect, mediated by ``enemies.'' Such an indirect eect
would be an example of ``apparent competition'' (Holt
1977). It is easy to imagine that abundant plants in one

season might lead to the increase in some kind of relatively unspecialized granivore, herbivore, parasite, or
pathogen, which would then cause high mortality and
low populations of plants the following season. While
this mechanism is plausible, we have no evidence that it
has a signi®cant in¯uence on population and community
dynamics of desert annuals at our study site or elsewhere. For example, we know that granivorous rodents
and birds have a major impact on the composition of the
winter annual community by foraging selectively for
large seeds and suppressing the densities of large-seeded
species (Brown et al. 1986; Samson et al. 1992; Guo et al.
1995; Guo and Brown 1996), but it is hard to see how
these granivores would aect the summer annuals,
which do not include any large-seeded species.
A third hypothesis was suggested by R. Inouye
(personal communication). Carbon dioxide is known to
inhibit germination of many seeds. Inouye (1980) suggested that CO2 produced by the roots of seedlings that
had germinated in response to earlier rains accounted
for the reduced germination of winter annuals after
subsequent rains that he observed. It is possible that
CO2 emitted by the decomposing biomass of annuals
from a previous season could have a similar inhibitory
eect on germination. This would require that in the
season after a high density of desert annuals there is
sucient decomposition in the super®cial soil and
overlying litter to raise signi®cantly the concentration of
CO2 in the microenvironment of the germinating seeds.
While this may be plausible, we have no data that would
either support or refute it.
A ®nal hypothesis is that plants growing in one season
deplete some resource and immobilize it for suciently
long to inhibit germination and/or survival in the
following season. The most likely resource is nitrogen
(Romney et al. 1978; Gutierrez and Whitford 1987a) or
some other limiting nutrient, that is tied up in the standing
dead vegetation of the previous season, and hence unavailable to support growth in the current season. Our
observations suggest that most of the annual biomass
produced in any one season remains either as standing
dead plants or as surface litter, and decomposition does
not begin until microbial and other (e.g., termites) decomposers become active during the next rainy season.
Such a mechanism is very plausible. Nitrogen is known to
be limiting to annual plants in desert habitats (Gutierrez
and Whitford 1987a). Further, decomposition in deserts is
performed by a variety of invertebrates and microbes,
whose activity is dependent on soil moisture. Therefore,
recycling of the nutrients in dead biomass from the previous season is unlikely to begin until after there has been
sucient precipitation to also stimulate germination
(Parker et al. 1984). This mechanism could also explain, at
least in part, the absence of a close correlation between
precipitation and abundance of annuals within a growing
season. While water may be one critical limiting resource
for desert annuals, it may not be the only one (see Whitson
1975, 1976; Romney et al. 1978; Gutierrez and Whitford
1987a; Schlesinger et al. 1990).
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Thus, we suspect that competition for a limiting nutrient that is immobilized in dead biomass is the most
likely mechanism to account for the negative interaction
between winter and summer annuals. We note, however,
that the above hypothesized mechanisms are not mutually
exclusive, and all could potentially contribute the observed negative in¯uence of annuals in one season on
those in the following season. We know from our data that
this interaction aects the density of annuals at the end of
the growing season, presumably by in¯uencing some
combination of germination and subsequent survival. It
may aect other aspects of plant performance, such as
growth rates and plant size, which we have not measured
but which would oer additional clues to the mechanism.
Even though the winter and summer annual communities
are temporally segregated, almost completely nonoverlapping in species composition, and dierent in several aspects of plant structure and function, they are not as
independent as they might seem.
Acknowledgments We thank individuals who helped census plants
at the Portal site. W. Sherbrooke kindly provided the data on
precipitation. R. Inouye, T. Lowrey, W. Schlesinger, and two
anonymous reviewers provided helpful comments on the manuscript. This study was supported by National Science Foundation
grants (BSR-8718139 and DEB-922138) to J.H. Brown and by
awards from Sigma Xi and the Biology Graduate Research Allocation Committee of the University of New Mexico to Q. Guo.

References
Beatley JC (1967) Survival of winter annuals in the northern
Mojave Desert. Ecology 48:745±750
Brown JH, Munger JC (1985) Experimental manipulation of a
desert rodent community: food addition and species removal.
Ecology 66:1545±1563
Brown JH, Davidson DW, Munger JC, Inouye RS (1986) Experimental community ecology: the desert granivore system. In:
Diamond JM, Case TJ (eds) Community ecology. Harper and
Row, New York, pp 41±61
Davidson DW, Samson DA, Inouye RS (1985) Granivory in the
Chihuahuan Desert: interactions within and between trophic
levels. Ecology 66:486±502
Ehleringer J (1994) Variation in gas exchange charcteristics among
desert plants. In Schulze E-D, Caldwell MM (eds) Ecophysiology of photosynthesis (Ecological studies 100). Springer
Berlin Heidelberg New York, pp 361±392
Enquist BJ, Jordan MA, Brown JH (1995) Connections between
ecology, biogeography, and paleobiology: relationship between
local abundance and geographic distribution in fossil and recent
mollusks. Evol Ecol 9:586±604
Fox GA (1989) Consequences of ¯owering-time variation in a
desert annual: adaptation and history. Ecology 70:1294±1306
Freas KE, Kemp PR (1983) Some relationships between environmental reliability and seed dormancy in desert annual plants. J
Ecol 71:211±217
Guo Q (1994) Dynamic desert plant community ecology: changes
in space and time. PhD dissertation, University of New Mexico,
Albuquerque
Guo Q, Brown JH (1996) Temporal ¯uctuations and experimental
eects in desert plant communities. Oecologia, 107:568±577

Guo Q, Thompson DB, Valone TJ, Brown JH (1995) Eects of
vertebrate granivores and folivores on plant community structure in the Chihuahuan Desert. Oikos 73:251±259
Gutierrez JR, Whitford WG (1987a) Chihuahuan Desert annuals: importance of water and nitrogen. Ecology 68:2032±
2045
Gutierrez JR, Whitford WG (1987b) Responses of Chihuahuan
Desert herbaceous annuals to rainfall augmentation. J Arid
Environ 12:127±139
Heske EJ, Brown JH, Guo Q (1993) The eects of kangaroo rat
exclusion on vegetation structure and plant species diversity in
the Chihuahuan Desert. Oecologia 95:520±524
Holt RD (1977) Predation, apparent competition, and the structure
of prey communities. Theor Popul Biol 12:197±229
Inouye RS (1980) Density-dependent germination response by
seeds of desert annuals. Oecologia 46:235±238
Inouye RS (1991) Population biology of desert annual plants. In:
Polis GA (ed) The ecology of desert communities. University
of Arizona Press, Tucson, pp 27±54
Inouye RS, Byers GS, Brown JH (1980) Eects of predation and
competition on survivorship, fecundity, and community
structure of desert annuals. Ecology 61:1344±1351
Juhren M, Went FW, Philipps E (1956) Ecology of desert plants.
IV. Combined ®eld and laboratory work on germination of
annuals in the Joshua Tree National monument, California.
Ecology 37:318±330
Kemp PR (1983) Phenological patterns of Chihuahuan Desert
plants in relation to the timing of water availability. J Ecol
71:427±436
Mulroy TW, Rundel PW (1977) Annual plants: adaptation to
desert environments. Bioscience 27:109±114
Parker LW, Santos PF, Phillips J, Whitford WG (1984) Carbon
and nitrogen dynamics during the decomposition of litter and
roots of a Chihuahuan Desert annual, Lepidium lasiocarpum.
Ecol Monogr 54:339±360
Philippi T (1993) Bet-hedging germination of desert annuals:
beyond the ®rst year. Am Nat 142:474±487
Romney EM, Wallace A, Hunter RB (1978) Plant responses to
nitrogen fertilization in the northern Mojave Desert and its
relationship to water manipulation. In: West NE, Skujins J
(eds) Nitrogen in desert ecosystems (US/IBP Synthesis Series
9). Dowden, Hutchinson, and Ross, Stroudsburg, Pennsylvania, pp 237±243
Rundel PW, Gibson AC (1995) Ecological communities and processes in a Mojave Desert ecosystem. Cambridge University
Press, New York
Samson DA, Philippi TE, Davidson DW (1992) Granivory and
competition as determinants of annual plant diversity in the
Chihuahuan Desert. Oikos 65:61±80
Schlesinger WH, Reynolds JF, Cunningham JL, Huenneke JF,
Jarrell WM, Virginia RA, Whitford WG (1990) Biological
feedbacks in global deserti®cation. Science 247:1043±1048
Tevis L Jr (1958) Germination and growth of ephemerals induced
by sprinkling a sandy desert. Ecology 39:681±688
Venable DL, Lawlor L (1980) Delayed germination and dispersal
in desert annuals: escape in space and time. Oecologia
46:272±282
Went FW (1949) Ecology of desert plants. II. The eects of rain
and temperature on germination and growth. Ecology 30:1±
13
Whitson PD (1975) Factors contributing to production and
distribution of Chihuahuan Desert annuals (US/IBP Desert
Biomes Research Memorandum 75±11). Utah State
University, Logan
Whitson PD (1976) Factors contribution to production and
distribution of Chihuahuan Desert annuals (US/IBP Desert
Biome Research Memorandum 76±12). Utah State
University, Logan

