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Arid systems are characterized by spatiotemporal variability in resources and, as such, make ideal systems for
examining the role of resource limitation in the long-term dynamics of populations. Using 28 years of data, we
examine the long-term relationships of 3 guilds of desert rodent consumers with precipitation and primary
productivity in a changing environment. Lags in rodent response to precipitation increased with increasing
trophic level over the entire time series, consistent with resource limitation. However, we found that consumer—
resource dynamics are complex and variable through time. Precipitation exhibited increasing influence on both
primary producers and consumers in this system over time. Experimental evidence suggests that reorganization
of community composition, coincident with environmental change, likely explains some of the increasing
influence of precipitation. Additional, indirect evidence suggests some role for increasing shrub density and
changing precipitation regimes. Results from our long-term study demonstrate that the global phenomena of
changing precipitation regimes, increasing frequency of extreme climatic events, and shrub encroachment are
likely to have strong, interactive impacts in reorganizing ecological communities, with significant consequences
for ecosystem dynamics. DOI: 10.1644/09-MAMM-S-142.1.
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Resource pulses and resource variability can play important
roles in the dynamics of populations, communities, and
ecosystems (Anderson et al. 2008; Chesson et al. 2004;
Drever et al. 2009; Noy-Meir 1973; Polis 1991; Stapp and
Polis 2003; Yang et al. 2008). In particular, recent studies have
shown that resource variability can influence population
dynamics, species coexistence, and bottom-up and top-down
regulation of trophic levels (Chase et al. 2000; Chesson et al.
2004; Lima et al. 2006; Yang 2008). Because arid systems are
characterized by heterogeneity in resource availability through
space and time, driven primarily by pulses of precipitation and
nutrient availability (Collins et al. 2008; Garcia-Moya and
McKell 1970; Guo and Brown 1997; Noy-Meir 1973; Polis
1991; Rosenzweig 1968), arid systems are ideal systems in
which to examine whether and how resource variability
dictates the long-term dynamics of populations. Much of
pulse-reserve theory has been developed using the response of
desert plants to precipitation as a model system (Anderson et
al. 2008; Chesson et al. 2004; Noy-Meir 1973; Schwinning
and Sala 2004). Although the positive relationship between
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precipitation and primary productivity in arid systems is well
documented, the consequences of this relationship for
consumer—resource dynamics in a diversity of communities
remain unclear. Understanding this relationship is critical to
understanding disease outbreaks (Enscore et al. 2002), impacts
of global climate change across ecosystems (Easterling et al.
2000), and desertification (Van Auken 2000).

The dynamics of small mammals in arid systems have been
studied intensively because they are model organisms in
population ecology and often serve as vectors or reservoirs for
zoonotic diseases (Lima et al. 2003; Ostfeld and Holt 2004,
Stenseth 1999; Yates et al. 2002). Numerous studies have
documented the influence of precipitation or primary produc-
tivity, or both, on rodent populations across both large and
small spatial and temporal scales. At large spatial scales
species richness and abundance of small mammals typically
§
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are correlated with mean annual precipitation (Brown 1973,
1975; Brown and Ernest 2002; Brown and Harney 1993;
Shenbrot et al. 1994). However, predation risk can interact
with these processes to yield significant differences in
abundances of small mammals under similar precipitation
regimes (Kotler 1984; Kotler and Brown 1988; Rosenzweig
and Winakur 1969). At local scales increases in small mammal
abundance following precipitation events have been docu-
mented repeatedly (Beatley 1969; Brown 1973; Chew and
Butterworth 1964; Ernest et al. 2000; Hafner 1977; Jaksic et
al. 1997; Letnic et al. 2005; Lima et al. 1999, 2002; Meserve
et al. 1995, 2003; Orland and Kelt 2007; Stapp and Polis 2003;
Whitford 1976; Yates et al. 2002). However, such positive
responses do not always occur (Brady and Slade 2004; Ernest
et al. 2000; Gillespie et al. 2008; Meserve et al. 2003;
Reynolds 1958), and, in some cases, extreme precipitation
events can actually cause populations to decline (Fitch 1948;
Grinnell 1939; Kelt et al. 2008; Reynolds 1958; Thibault and
Brown 2008; Valone et al. 1995).

Long-term studies provide opportunities for elucidating
mechanisms underlying this apparent inconsistency, because
they provide data spanning the range of variation individual
sites experience through ecological time. Since 1977 a
community of desert rodents near Portal, Arizona, has been
sampled monthly on both control plots and on plots from
which the dominant consumers (kangaroo rats [Dipodomys
merriami, D. ordii, and D. spectabilis]) have been removed
experimentally. During this period density of shrubs across the
entire site has increased by a factor of at least 3 (Brown et al.
1997), driving significant changes in species composition
(Ernest et al. 2008; Thibault et al. 2004). Several studies of the
dynamics between precipitation and rodent populations have
been done at this site. Early analyses revealed peaks in
abundance that corresponded to 3 seasons of high winter
precipitation in the 1980s that were related to El Nifio
Southern Oscillation events (Brown and Heske 1990), but the
intense rains associated with a 1983 tropical storm contributed
to the local extinction of the formerly dominant banner-tailed
kangaroo rat (D. spectabilis—Valone et al. 1995). In 2000,
analysis of the relationships among precipitation, annual plant
abundance, and rodent abundance revealed significant,
positive relationships between precipitation and annual plant
abundance—the primary resource base—but not rodent
abundance (Ernest et al. 2000). The complexity and
nonlinearity of the dynamics operating within this community
were further supported by the catastrophic mortality of
kangaroo rats following a 1999 flood (Thibault and Brown
2008) and rigorous analysis of population dynamics of
kangaroo rats at the site (Lima et al. 2008). Taken together,
this suite of studies implies that the very nature of consumer—
resource dynamics could be changing over time at this site.

A number of reasons could account for why the whole-
community abundance of rodents shows a complex and
dynamic relationship with precipitation. In addition to the
nonlinearities associated with extreme climatic events such as
drought and floods, the changing composition of the rodent
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community has likely affected the consumer—resource dy-
namics at Portal through a number of pathways. The change in
species composition resulting from a decline in kangaroo rats
and an increase in pocket mice (Chaetodipus baileyi and C.
penicillatus—Thibault et al. 2004) could impact community-
level responses to precipitation if these genera respond
differently to precipitation. The shift from larger kangaroo
rats to smaller pocket mice also could affect the relationship
between rodents and precipitation indirectly through other
mechanisms. Previous work at the site showed that the
increasing dominance of pocket mice resulted in a doubling of
the total rodent abundance, because more small individuals
can be supported on the same amount of resource (White et al.
2004). This long-term increase in abundance could obfuscate
the relationship with precipitation by changing the number of
individuals a given amount of precipitation will support. Many
of these changes in the rodent community were driven by the
shift in habitat from desertified grassland to a Chihuahuan
Desert shrubland (Brown et al. 1997). This shift in habitat
favored shrub-affiliated species of rodents at the expense of
grass-affiliated species (Ernest et al. 2008) and also could have
affected the temporal relationships between precipitation,
plant production, and rodent response. Finally, previous efforts
examined community dynamics across all trophic guilds,
ignoring potential differences in the consumer—resource
dynamics among granivores, folivores, and insectivores.
Given all the documented changes at the site and known
differences in natural history among species (Hoffmeister
1986), any or all of these observed shifts—compositional
change, long-term abundance trajectories, differences in
trophic guilds, and vegetation changes—could result in
complex dynamics between precipitation and the rodent
community.

Using the experimental manipulations of rodent community
composition, an additional 11 years of data since the analyses
of Ernest et al. (2000), and more advanced statistical methods
than used in either Ernest et al. (2000) or Brown and Ernest
(2002), we ask the following questions: What are the long-
term relationships between precipitation, annual plant abun-
dance, and abundance and energy use within rodent trophic
guilds?; Have consumer—resource dynamics changed against
the backdrop of compositional change in response to
desertification?; and How does the experimental exclusion
of all resident species of Dipodomys change consumer—
resource dynamics?

MATERIALS AND METHODS

Study site—We used data from a long-term study
established in 1977 by J. H. Brown and colleagues and
located at the edge of the Chihuahuan Desert, in the foothills
of the Chiricahua Mountains (elevation 1,330 m, 6.5 km east
and 2 km north of Portal, Cochise County, Arizona). Annual
precipitation in the region is distributed bimodally, with
approximately 60% of the annual rainfall falling in the
summer and the remaining 40% in the winter (Brown and
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TaBLE 1.—Delineation of trophic guilds at the study site near Portal, Arizona.
Guild Genus Species

Granivores Baiomys B. taylori
Chaetodipus C. baileyi, C. hispidus, C. intermedius, C. penicillatus
Dipodomys D. merriami, D. ordii, D. spectabilis
Perognathus P. flavus
Peromyscus P. eremicus, P. leucopus, P. maniculatus
Reithrodontomys R. fulvescens, R. megalotis, R. montanus

Folivores Neotoma N. albigula
Sigmodon S. fulviventer, S. hispidus, S. ochrognathus

Insectivores Onychomys O. leucogaster, O. torridus

Ernest 2002). A weather station has collected meteorological
data at the site continuously since 1980. The 20-ha site was
fenced to exclude cattle and consisted of 24 experimental
plots, each 0.25 ha in size. Plots were constructed using
hardware-cloth fencing—total aboveground (60 cm) + below-
ground (30 cm) height = 90 cm—to inhibit rodents digging
under the fence; aluminum flashing was secured to the top
edge of the fencing to deter climbing rodents. Three rodent
treatments were randomly distributed among the 24 plots:
controls (n = 10) that allow equal access to all rodents via
large holes in the fence at ground level, plots from which all
species of Dipodomys (D. merriami, D. ordii, and D.
spectabilis) were removed (1977-1987: n = 4; 1988—present:
n = 8) and that have holes that are smaller than a kangaroo
rat’s skull, and plots from which all rodents were removed
(i.e., total rodent exclosures, n = 6) that have no holes. We
used data from only the control and Dipodomys removal plots
in these analyses.

On each plot rodents were surveyed monthly since 1977,
over a period of 2 or 3 nights during the new moon phase,
using Sherman traps (7.6 x 8.9 x 22.9 cm, model LFA; H. B.
Sherman Traps, Tallahassee, Florida) baited with millet. Traps
were placed at each of 49 permanently staked locations (7 x 7
grid, with 6.25 m between stakes) per plot for 1 night.
Captured rodents were measured, weighed, identified to
species and sex, and uniquely marked with a passive
integrated transponder tag (Biomark, Boise, Idaho) or ear
tag (National Band and Tag Co., Newport, Kentucky), and
their reproductive condition was determined. Our livetrapping
methodology followed guidelines of the American Society of
Mammalogists (Gannon et al. 2007) and has been approved
repeatedly by various animal care and use committees (most
recently at Utah State University).

Annual plants and perennial grasses (collectively referred to
herein as annuals) have been surveyed biannually in a
consistent manner since 1988. Surveys of the plants occur
after the winter (March—April) and summer (August—Septem-
ber) growing seasons. Each plot has 16 permanent, staked
quadrats, each 0.5 m? in area, within which each live stem is
identified to species. A thorough treatment of the site and
methods can be found in Brown (1998).

Data analysis.—Given the bimodality of the precipitation
regime at the site and corresponding plant censuses, all data

were analyzed seasonally, as in Ernest et al. (2000).
Precipitation was summed for each precipitation season,
summer (April-September) and winter (October—March).
Each rodent species that was captured at the site was assigned
to 1 of 3 foraging guilds (Table 1), as in Goheen et al. (2005).

Within each guild rodent data were aggregated to
correspond to the 2 distinct pulses of annual plants and to
avoid complications arising from the tendency of some rodent
species to reduce activity in winter (e.g., C. penicillatus—
Mantooth and Best 2005). Rodent abundances represent total
numbers of captures, and energy use was calculated by
summing the energy use of all individuals estimated from the
allometry for field metabolic rates: energy use = 5.69 x
mass’ "’ ; 2 = 0.99 (data from Nagy et al. 1999; see White et
al. 2004 for details). For each treatment and monthly census
period abundance and energy use were summed across plots.
Three-month averages of these values were taken, 2 per year
corresponding to winter (April-June) and summer (Septem-
ber—November) crops of annual plants.

For each season and each treatment (controls and removals)
we had data on total precipitation, total annual plant stem
counts, and total abundance and energy use of granivorous,
folivorous, and insectivorous rodents. The influence of
precipitation on each of these trophic levels was evaluated
separately using generalized linear models to explain variation
in abundance or energy use as a function of variation in
precipitation. We constructed models that had a 1st-order
autoregressive error structure to account for autocorrelation
within the time series (Fox 2002; White and Gilchrist 2007).
To investigate lagged responses we included same-season
precipitation (Ppt,) and precipitation from the previous season
(Ppt,—) and 2 seasons prior (Ppt,—,). We also ran parametric
multiple linear regression analyses, and because the results
were qualitatively similar to those of the generalized linear
models, we report these R* values for comparative purposes.

These analyses were performed for the entire time series
(1980-2007 for the rodents, 1988-2008 for the plants) and
then for each of 3 distinct time periods based on variation in
rodent community composition: time period 1 (1980-1987,
before local extinction of the dominant kangaroo rat D.
spectabilis), time period 2 (1988-1995, decline to local
extinction of D. spectabilis, but prior to colonization of C.
baileyi), and time period 3 (1995-2008, after colonization by
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Fic. 1.—Temporal trends in seasonal precipitation and annual
plant abundances across treatments on control plots and Dipodomys
removal plots at a study site near Portal, Arizona, 1980-2008.
Vertical gray lines delineate time periods of analysis; annuals refer to
annual plants (see text). Precipitation has generally been decreasing
over time, but a record amount of precipitation fell in summer 2006.

C. baileyi). Analyses are limited in time period 1 because we
had only 4 (rather than 8) removal plots and complete plant
census data are not available. Plant abundance data deviated
markedly and significantly from normal (P < 0.001) and were
log-transformed, which yielded data that were normally
distributed, prior to analysis. All analyses were performed in
R (http://www.r-project.org), using the car and nlme libraries
as described in Fox (2002). We used an o of 0.10 for these
analyses rather than the traditional 0.05, because we are
interested in biologically meaningful influences of precipita-
tion on observed dynamics. Although relationships character-
ized by 0.05 < P < 0.10 are relatively weak, we believe that
they are still biologically meaningful.

RESuLTS

Annual plants and precipitation.—Seasonal precipitation
varied dramatically through time at Portal, ranging from a low
of 10.9 mm in the winter of 2000 to a high of 312.3 mm in the
summer of 2006 (X = 1494 mm * 723 SD; Fig. 1).
Similarly, annual plant abundance fluctuated markedly over
time on both the control and removal plots, with several
seasons yielding no plants and some years >30,000 stems
(controls: X = 10,088 stems *= 17,502 SD; removals: X =
6,511 = 10,058 stems; Fig. 1). These extremely high
abundances were composed overwhelmingly of needle grama
grass (Bouteloua aristidoides) and occurred toward the
beginning of the study when grass was much more abundant
and shrub densities were lower than at present (Brown et al.
1997). Temporal trends in annual plant abundance were nearly
identical across treatments (Fig. 1), and both were signifi-
cantly influenced by precipitation in the same season
(Table 2). Although it is clear that low levels of precipitation
yield few plants, much greater variability in the relationships
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exists when precipitation is high, as reflected in the relatively
low R? values (<0.4; Table 2). Similar results are found
within time periods 2 and 3 (Table 2), although the effect of
same-season precipitation in time period 2 is weaker (P =
0.10-0.12).

Rodent guilds and precipitation, 1980-2007.—The long-
term, increasing trend in abundance discussed above is
apparent in Fig. 2 for the granivores and the insectivores
(generalized linear model on controls, P = 0.001 and 0.069,
respectively) but not for the folivores (P = 0.585). In contrast,
energy use for all groups has consistently failed to show a
directional trend over time (generalized linear model on
controls, P = (.145 for granivores, 0.121 for insectivores, and
0.960 for folivores; Fig. 2).

Strong community responses to precipitation can be seen in
the responses in both abundance and energy use of all guilds to
the high precipitation received in the summer of 2006 (Figs. 1
and 2), although 2 previous summers at the site received
similar quantities of precipitation to which the rodent
community did not respond as markedly (Figs. 1 and 2). Over
the course of the entire study, precipitation is an important
predictor for both abundance and energy use of all 3 guilds on
the control plots, although its explanatory power is low
(Fig. 2; Tables 2 and 3). Although the plants responded to
same-season precipitation, granivores and folivores showed
significant responses to precipitation in the previous season
(Ppt;—), and insectivores did not respond until 2 seasons later
(Ppt—p)—that is, a full year later (Tables 2 and 3). On the
removals, in the absence of kangaroo rats, responses were
comparable, except that insectivores failed to show any
significant relationship to precipitation, and granivores
showed weak relationships to Ppt,_, (Fig. 2; Tables 2 and
3). Across all of these models abundance and energy yielded
similar results (as indicated by values of R* and P) despite the
marked differences in their long-term temporal trends (Fig. 2;
White et al. 2004).

Rodent guilds and precipitation across time periods.—The
effect of precipitation on abundance and energy use of rodents
at Portal varied both through time and across treatments
(Fig. 3). Time period 1 (1980-1987) is characterized by
virtually no significant effects on any guild located on either
treatment (Fig. 3; Tables 2 and 3). The only exception occurs
for granivores on removal plots, for which both abundance and
energy use are significantly, but negatively, related to Ppt,_,
(Tables 2 and 3). During this time, however, granivores were
very rare on the few removal plots, with average abundances
ranging between 5.0 and 18.7 individuals (Fig. 2).

In time period 2 rodent abundance and energy use reached
their minima (Fig. 2), coincident with 3 consecutive seasons
of precipitation below 90 mm (Fig. 1), and 1 species (D.
merriami) accounted for approximately 80% of the rodent
energy use (Thibault and Brown 2008). However, analyses
reveal a significant influence of precipitation across guilds on
only the removal plots during this time. Granivores and
folivores on removal plots responded to Ppt,._;, as they did
over the whole time series (Fig.3; Tables 2 and 3).
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TaBLE 2.—Relation of abundance of annual plants and 3 foraging guilds of rodents to precipitation, as shown by parameters of generalized
linear models, over the course of the study and for the 3 time periods (1980-1987, 1988-1995, and 1995-2008 for plants, and 1995-2007 for
rodents; see text), incorporating time lags. Time lags for precipitation (Ppt) are the same season (t), the previous season (t—1), and 2 seasons
prior (t—2; see text). AP indicates autoregressive parameter for the models. Only results representing significant (P < 0.10) effects of
precipitation on at least 1 of the treatments for a particular taxon and time combination are presented.

Controls Removals
Ppt time Parameter Parameter
Time period df. lag estimate SE t P AP R? estimate SE t P AP R*
Annual plants
1988-2008 41 t 0.02 0.00 458 0.00 0.11 038 0.01 0.00 430 0.00 0.15 036
1 No data available
2 15 t 0.00 0.00 1.e6 0.12 0.71 0.37 0.00 0.00 1.80 0.10 0.68 0.34
3 26 t 0.01 0.00 321 0.00 0.01 034 0.01 0.00 322 0.00 007 033
Granivores
1980-2007 53 t—1 0.15 0.05 274 0.0l 080 0.11 0.14 0.05 3.04 0.00 088 0.16
1 13 t—=2 —0.06 0.09 —-068 051 0.10 0.07 —0.05 002 —209 0.07 034 041
2 15 t—1 0.01 0.03 047 0.65 067 0.17 0.05 0.02 203 0.07 022 033
3 25 t—1 0.31 0.10 3.00 0.0l 046 0.38 0.26 0.10 272 0.0l 055 032
t—2 0.15 0.09 1.6l 0.12 0.14 0.08 1.72  0.10
Insectivores
1980-2007 53 t—2 0.03 0.01 2,60 0.01 038 0.08 0.01 0.01 1.03 031 0.17 0.06
1 13 No significant results
2 15 t—2 0.03 0.01 338 0.0l 039 044 0.01 0.01 1.38 0.19 034 041
3 25 t=2 0.06 0.03 222 0.04 022 0.19 0.03 0.01 221 0.04 017 022
Folivores
1980-2007 53 t—1 0.02 0.01 266 001 060 0.13 0.02 0.01 326 0.00 088 0.16
1 13 No significant results
2 15 t—1 0.01 0.01 1.37 020 056 022 0.01 0.01 237 0.04 053 044
3 25 t—1 0.03 0.01 229 003 054 032 0.03 0.01 234 0.03 056 034

Abundance and energy use of insectivores on removal plots
were significantly influenced by precipitation in the same
season (Fig. 3; Tables 2 and 3). Insectivores also showed the
only significant relationship found on the control plots,
responding to Ppt,_,, as over the whole time series (Fig. 3;
Tables 2 and 3).

The dynamics appear to change more markedly in time
period 3, after colonization of the site by C. baileyi in 1995.
The effect of precipitation was much greater across guilds at
that time than in previous periods, and dynamics on the 2
treatments converge (Fig. 3; Tables 2 and 3). The same
significant relationships with precipitation that were found for
the whole time series were seen for this time period, with
similar results seen across treatments and for both abundance
and energy use (Fig.3; Tables2 and 3). In addition,
abundance and energy use of granivores show weak responses
to Ppt._,, as exemplified by the maintenance of high
abundances for 2 seasons after the record rainfall of summer
2006.

DiscussioN

Overall, the results support the idea that precipitation plays
a key role in the dynamics of the rodent community at Portal.
In contrast to previous studies that examined the rodent
community as a whole, here we detected a weak, but

significant, positive relationship between precipitation and
rodent responses across the entire time series when the
community was divided into trophic guilds. Time lags in
response to precipitation increased with increasing trophic
level. Folivores and granivores responded to precipitation of
the previous season, whereas insectivores responded to
precipitation from the previous year. The short lag from
precipitation to folivore and granivore response is consistent
with the dependence of these trophic groups on annual plants
(a major food resource in this system). The increased lag for
insectivores presumably results from the lag for primary
consumers, such as grasshoppers, to convert primary produc-
tivity into increased biomass, and that the insects are primarily
available only during the warm months of the year, whereas
seeds and leaves remain available for longer periods in the
winter months. Studies from other systems typically have
reported similarly lagged responses (Previtali et al. 2009;
Stapp and Polis 2003; Yates et al. 2002), further supporting
the role of precipitation in consumer—resource dynamics.
Although our results illustrate how precipitation drives
numerical and compositional changes within desert rodent
communities, they also indicate that this relationship is
complex and temporally dynamic. Although statistically
significant, the amount of variance in rodent abundance
explained by precipitation was low (all R* < 0.2) when the
whole time series is considered. When the analyses were
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FiG. 2.—Temporal trends in abundance and energy use of 3 guilds
of rodents across treatments at the Portal, Arizona, long-term research
site. Energy use is based on allometry of field metabolic rates.
Treatments are control plots (solid lines) and Dipodomys removal
plots (dotted lines). Three-month seasonal averages are presented (see
text). Differences between treatments and through time are driven in
part by the differential number of plots included (see ‘‘Materials and
Methods’” for details). Vertical lines delineate the 3 time periods
of analysis.
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restricted to only time period 3, the general pattern of
relationships between precipitation and rodent populations
was the same, but the relationships were substantially stronger.
Coupled with the lack of significant effects found in previous
studies encompassing shorter time series (Ernest et al. 2000),
these results suggest that long-term relationships might not
reflect long-term processes but might instead be driven by the
strong, positive relationships in time period 3. Moreover, the
strength of these relationships is due in large part to the
dramatic impact of the extreme precipitation received in the
summer of 2006 (Fig. 4), further supporting the conclusion
that the long-term results do not reflect processes that have
been consistently operating at the site. So, why does
precipitation appear to exert greater influence on the dynamics
in time period 3? Our results provide some empirical support
for 3 factors that could have altered the relationship between
precipitation events and rodent population dynamics: shifts in
species composition; underlying changes in vegetation; and
shifts in the timing and distribution of precipitation events.
The effects of changing species composition.—One possible
explanation for the changing relationship between precipita-
tion and rodent dynamics lies in the changing species
composition of the rodent community. As the community
shifted from dominance by large-bodied kangaroo rats to
smaller pocket mice, the relationships between precipitation
and rodent community metrics (i.e., abundance and energy
use) became stronger. For the granivorous rodents these
changes could be related to one another. Reynolds (1958)
found that abundance of D. merriami was not correlated with
precipitation or grass production (but see Lima et al. 2008).
Given the territorial behavior of kangaroo rats (Randall 1984),
it is possible that during the first 2 time periods granivorous
rodents also were limited by the availability of space, which
dampened fluctuations in response to resource availability.

TaBLE 3.—Relation of energy use of 3 foraging guilds of rodents to precipitation, as shown by parameters of generalized linear models. Time
periods, time lags for precipitation, definition of AP, and significance of results are as in Table 2.

Controls Removals
Parameter Parameter
Time period df. Ppt time lag ~ estimate SE t P AP R? estimate SE t P AP R’
Granivores
1980-2007 53 t—1 10.46 3.90 268 0.01 0.7 0.1 8.69 2.69 323 0.00 092 0.15
t—=2 2.14 3.37 0.63 0.53 3.82 2.29 1.67 0.10
1 13 t—2 —8.55 9.59 —0.89 040 028 0.17 —2.07 090 —-229 0.05 049 028
2 15 t—1 —1.09 213 —-051 0.62 085 0.13 2.00 0.74 270 0.02 006 042
3 25 t—1 23.60 6.93 341 0.00 040 046 16.72 5.94 2.81 0.01 067 028
t=2 12.39 6.06 2.05 0.05 9.64 5.12 1.88  0.07
Insectivores
1980-2007 53 t—=2 1.76 0.72 243 0.02 034 0.07 043 0.41 1.05 030 0.19 0.06
1 13 No significant results
2 15 t—=2 1.83 0.56 326 0.01 046 040 0.59 0.38 1.55 015 033 046
3 25 t—2 3.20 1.56 205 0.05 021 0.17 1.73 0.80 2.15 0.04 0.18 021
Folivores
1980-2007 53 t—1 2.94 1.27 232 0.02 047 0.11 3.26 1.01 324  0.00 059 0.17
1 13 No significant results
2 15 t—1 1.25 1.36 092 038 069 034 2.29 1.05 2.18 0.05 044 0.13
3 25 t—1 6.15 2.59 238 0.03 036 030 5.23 2.26 231 003 052 032
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Time Period 1: 1980-1987
Ppt (mm): S =212, W= 156
Dipos: RA=0.75, RE = 0.80

Time Period 2: 1988-1995
Ppt (mm): S =176, W =148
Dipos: RA=0.76, RE = 0.80

Time Period 3: 1995-2007
Ppt (mm): S =156, W =87
Dipos: RA=0.44, RE = 0.53

Controls

Removals

Controls

Removals

Controls

Removals

‘1 Ppt, f<

Abundance Abundance Abundance Abundance Abundance Abundance
Plants Plants Plants Plants Plants Plants
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- & Energy & Energy
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& Energy & Energy & Energy
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Fic. 3.—Summary of seasonal precipitation, kangaroo rat (Dipodomys) dominance, and the significant relationships detected between
precipitation and annual plant abundance and guild-specific rodent abundance and energy use in control plots and plots with kangaroo rats
removed in Portal, Arizona, for 3 time periods. Solid arrows indicate significant (i.e., P < 0.05) relationships, whereas dashed lines signify 0.05
< P < 0.10. Abbreviations: Ppt = precipitation (seasonal mean); S = summer; W = winter; Ppt, = precipitation in same season; Ppt,_; =
precipitation in previous season; Ppt,_, = precipitation 2 seasons prior; Dipos = Dipodomys spp.; RA = relative abundance; RE = relative
energy use (both as mean proportions of community totals). Reliable data on plant abundances in time period 1 were not available. The effects of
precipitation increase over time, coincident with decreasing kangaroo rat dominance and precipitation.

This assumes that individual home-range size does not change
with resource availability on the short timescale at which we
conducted these analyses. Orland and Kelt (2007) proposed a
similar mechanism to account for the lack of density increases
in adult pocket mice following food addition experiments in
an arid system in California. This mechanism may operate
even more strongly in communities dominated by kangaroo
rats, and consequently the role of space as a limiting resource
should decrease with declining kangaroo rat populations,

F1G6. 4.—Photographs from the study site before (2005, on left) and
after (2006, on right) record precipitation in 2006, showing difference
in plant cover. The photographs are of different plots, approximately
400 m apart, but the fence line apparent in each serves as a point of
comparison and scale. Photo credit: Alan Ernest.

potentially leading to the shift in observed correlations
between the rodent community and precipitation.

The temporal dynamics on the Dipodomys removal plots
provide further, albeit limited, support for the role of kangaroo
rats in the changing influence of precipitation. In time period 2
precipitation significantly influenced abundance and energy
use of all 3 rodent guilds on the removal plots but not on the
control plots. On the control plots only insectivores showed
significant relationships with precipitation. The 2 guilds
whose dynamics differed between the control and removal
plots, granivores and folivores, also were the groups that
increased in abundance on the treatments relative to controls
during this period (Heske et al. 1994). However, we observed
no difference between the rodent dynamics on control and
removal plots in time period 1. This could be indicative of
additional complexities or be a consequence of the lagged
response of the rodent community to the treatment (Heske et
al. 1994). Overall, these results lend further support to the
contention of Lima et al. (2008) that the complex responses of
rodents to precipitation at Portal is affected by the identity of
sympatric species and that the kangaroo rats as a group have
the greatest impact on these responses.

Complex interactions between changing vegetation and
rodents.—No evidence of direct competitive effects of
kangaroo rat removal on insectivores and folivores has been
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found at the site (Heske et al. 1994). Thus, competition for
space with kangaroo rats is an unlikely mechanism to account
for the changing temporal relationship between precipitation
and community dynamics in these guilds. This suggests that
underlying, long-term changes in the ecosystem also could be
influencing rodent populations. One of the striking long-term
changes at Portal likely to influence various aspects of small
mammal ecology is the >3-fold increase in shrub density
(Brown et al. 1997) characteristic of desertification in arid
systems throughout the world (Van Auken 2000).

Because resource availability to rodents is determined by
plant response to precipitation, shifts in vegetation, such as
increasing shrub cover, could impact the magnitude and
timing of how precipitation is translated into resources.
Previous studies have shown that communities dominated by
different types of vegetation (i.e., grassland, shrubland, or
woodland) will exhibit different lags in rodent responses to
precipitation (Ernest et al. 2000). Unfortunately, we do not
have data on actual resource availability (e.g., seed densities
and insect abundances) and so rely on trends in plant
abundances through time as a surrogate. Plant abundances
consistently have shown positive relationships with precipita-
tion at Portal (Fig. 3; Ernest et al. 2000), as seen in many arid
systems (Ernest et al. 2000; Inouye 1991; Meserve et al. 2003;
Schwinning and Sala 2004). However, these relationships are
not particularly strong, indicating a surprising degree of
complexity in the response of the primary producers at Portal,
as also seen in Guo et al. (2002). As we expected to see with
energy use of rodents relative to abundance, we expect that an
alternative measure that better approximated productivity of
plants (e.g., cover or biomass) would exhibit stronger
relationships with water inputs in this system. For example,
no dramatic increase in plant abundance was seen following
the record precipitation in the summer of 2006; however,
photographs indicate that the biomass of individual plants was
exceedingly high (Fig. 4).

Coarse measurements of primary productivity probably
only partially explain the variability in changes in plant
abundance in response to precipitation. Previous work at the
site demonstrated important interactions between summer and
winter annual communities, despite only 1 or 2 species
typically spanning both seasons. Guo and Brown (1997) found
that a good season for one community of annual plants was
commonly followed by a poor season for the other
community, suggesting competition between these temporally
disjunct plant communities. Because decomposition in desert
ecosystems is slow, competition for soil nutrients locked in the
slowly decaying biomass of the previous season was proposed
as a possible explanation (Guo and Brown 1997; Gutierrez and
Whitford 1987). However, it is possible the rodents them-
selves contribute to the complex dynamics of the plants.
Granivorous and folivorous rodents that might increase in
response to 1 good season could survive to impact the plant
crop negatively the following season. The response to
precipitation that lagged by 1 season, seen in the 2 herbivorous
guilds, offers support to a key aspect of this hypothesis.
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Regardless of the underlying mechanism, negative interactions
between summer and winter annual plant communities further
complicate responses to pulsed water resources at Portal.

In addition to these potential changes in bottom-up
dynamics, increasing shrub densities could also alter top-
down processes. Shrub cover is a key feature of the landscape
to which many rodents respond, because rodents often
concentrate their foraging activities under shrub canopies to
decrease predation risk (Brown and Lieberman 1973; Kotler
and Brown 1988). Although no data exist on predator
abundances and predation rates at Portal, rodent population
dynamics in other systems respond to changes in predation
(Letnic et al. 2005; Lima et al. 2001; Meserve et al. 2003;
Schmidt and Ostfeld 2008). If increased shrub cover does
provide refuge from predators, however, it is possible that
rates of predation have decreased over time, shifting control of
rodent populations from predators to resources. This potential
mechanism, if operating, likely would impact all guilds of
rodents, because folivores, insectivores, and granivores all are
vulnerable to the same suite of predators. The increasing
influence of precipitation on dynamics of all guilds over time,
coincident with increasing shrub density, is consistent with
this mechanism.

Precipitation event size and timing.—Timing and distribu-
tion of precipitation also can contribute to complex dynamics
of primary producers and consumers (Beatley 1974; Inouye
1991; Sala et al. 1992). For example, heavy rains early in the
winter of 1999 produced many annual plant stems that season,
but most annuals did not ultimately produce seeds, likely
because of low precipitation throughout the remainder of the
season (Brown and Ernest 2002). In other systems summer
annuals are known to require little moisture to germinate, but
survival and reproduction depend on precipitation after
germination (Guo et al. 2002; Inouye 1991). In addition to
timing, the magnitude of precipitation events affects how
available water is partitioned among shrubs, grasses, and herbs
in arid systems (Sala et al. 1992). Possible changes in
precipitation regime, in terms of frequency and magnitude of
precipitation events, coupled with increasing shrub densities at
the site, could complicate the tested relationships.

One aspect of changing precipitation dynamics at Portal that
is readily apparent in our analysis is the overall decreasing
trend in seasonal precipitation since 1980. This is driven by
increased variability in precipitation over time; no season
before 1990 received less than 90 mm, but many seasons after
1990 did. This suggests an additional explanation for the
changing relationship between plants and rodents. Arid
systems subject to resource pulses might experience *‘thresh-
old effects’’—levels of resource availability above which
biological responses are saturated (Schwinning and Sala
2004). In our system, above some critical amount of
precipitation, rodent abundances might be more limited by
some other critical resource. Our results are not inconsistent
with this hypothesis. The lack of any significant relationships
between precipitation and rodents during time period 1 could
be related to the lack of extremely low seasonal precipitation.
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Perhaps rodent abundance did not respond consistently to
precipitation because responses of rodents were saturated at
moderate levels of precipitation. However, as the system
shifted and more seasons occurred with <90 mm of
precipitation, this threshold might have been crossed, resulting
in more marked declines and increased variability in rodent
populations. Comparisons of rodent dynamics across gradients
of precipitation variability (either temporal or spatial) could be
very informative in determining whether desert rodent
dynamics, like desert plant dynamics, are influenced by
precipitation thresholds.

Conclusions: the continuing saga of rodents and precipi-
tation.—Although the relationship between rodents and rain at
our site has in some ways become stronger and clearer with
almost 30 years of data, it also has been revealed to be more
complex. Using the long-term observational data, we were
able to detect differences among trophic guilds in their
response to precipitation events, but it is clear that the nature
of these relationships has been changing through time. We
have discussed what we believe to be the most likely potential
factors contributing to the complex, changing relationships
between precipitation, plants, and rodent consumers for which
we have at least some data. However, ecosystems are by their
nature complicated, and other contributing factors are
possible, including complex dynamics of predators (Meserve
et al. 1996; Polis et al. 1998), parasites (Ostfeld 2008), and
nonrodent competitors for seeds, vegetation, and insects
(Brown and Davidson 1977; Brown et al. 1979; Pianka
1986). In addition, we have assumed relatively linear
relationships between rodents and precipitation with our
analyses. Nonlinearities in population dynamics can obscure
the effect of climatic variation on population fluctuations; for
example, precipitation and population density can act in
concert to determine total population sizes (Berryman and
Lima 2006; Lima et al. 2008). Lima et al. (2008) found
evidence of such nonlinearities in an analysis of long-term
population dynamics of D. merriami and D. ordii at Portal,
with intraspecific density dependence and summer precipita-
tion together accounting for 60—-71% of the observed variation
in population size. It remains an open question whether these
types of nonlinear responses also can influence whole
community dynamics.

Although incorporation of any or all of these additional
mechanisms could clarify the dynamics of rodent populations
by accounting for significant portions of the variation, it does
not change the simple conclusion that no simple, linear
relationship between precipitation and rodent response
transcends the complexities of this ecosystem. Instead, our
results suggest that the responses of consumers to precipitation
in deserts could be changing in response to the numerous
perturbations that desert ecosystems are experiencing. Portal
has shown that the global phenomena of changing precipita-
tion regimes, increasing frequency of extreme climatic events,
and shrub encroachment can interact to reorganize communi-
ties and consequently ecosystem dynamics. Further explora-
tion of the mechanisms underlying such reorganization is
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critical to understanding the long-term consequences of global
climate change in arid systems.
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