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Abstract

Biotic and abiotic processes jointly influence natural systems, yet opportunities to
integrate studies of both processes are uncommon. For two decades we have excluded
different subsets of the small mammal community from a series of plots near a
grassland-desert ecotone in the northern Chihuahuan Desert. These studies spanned a
period of historically high winter rainfall, allowing us to distinguish the effects of
climate and small mammals on the composition and patch structure of vegetation.
Removal of only kangaroo rats (Dipodomys) ot of all small mammals led to increased
cover of large herbaceous vegetation. The size of vegetative patches increased in all
plots but this increase was three times greater where all rodents were removed. Thus,
the activity of small mammals that forage under and near shrub canopies appear to
significantly inhibit the expansion of existing vegetative patches, and may have a
stronger influence on habitat structure than previously recognized.
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INTRODUCTION

The structure and dynamics of arid ecosystems have been
attributed to a variety of biotic and abiotic factors
ranging from geological processes (Bowers & Lowe
1986; McAuliffe 1994; Schlesinger et al. 1996) and the
distribution of abiotic soil resources (Noy-Meir 1973;
Crawford & Gosz 1982; Schlesinger et al. 1990), to the
activities of biotic organisms (e.g. Brown & Heske 1990;
Chew & Whitford 1992; Hawkins & Nicoletto 1992;
Heske er al. 1993) and the influence of climate (Walter
1973; Brown et al. 1997; Swetnam & Betancourt 1998).
These processes clearly do not operate independently,
and the effects of both abiotic and biotic factors
generally act in concert with other processes to organize
ecological systems (Andrewartha & Birch 1954; Chapin
et al. 1997; Polis 1999).

In the American South-west shrub cover has been
increasing over the past century (Hastings & Turner
1965; Humphrey 1987; Bahre 1991; Dick-Peddie 1993),
and while numerous factors have been invoked to explain
this pattern, recent changes in the precipitation regime
appear to be the most likely candidate, at least in the
northern Chihuahuan Desert (Brown et 2l 1997; Swetnam
& Betancourt 1998). Against this backdrop of abiotic-

induced changes, we have been tracking small mammal
and plant dynamics in experimental plots as a model
system for examining the interaction of intrinsic (to the
community) biotic process such as granivory, and
extrinsic abiotic processes such as climate. Here we
integrate studies of desert small mammal community
structure (e.g. Brown er al 1986; Brown 1998) with
decadal changes in rainfall patterns (Betancourt 1996;
Brown er al. 1997) in otrder to compare and contrast the
relative effects of abiotic (precipitation) and biotic
(granivory by small mammals) factors on the patch
dynamics and vegetative composition of a Chihuahuan
Desert/arid grassland ecotone. Specifically, we ask: (1)
How has this grassland/shrubland system changed over
the past two decades?; and (2) How have rodents (largely
granivorous) altered the spatial structure and vegetation
composition of this grassland/shrubland system?

MATERIALS AND METHODS

Our study site is located 6.5 km E, 2 km N of Portal, in
Cochise Co., Arizona, at an elevation of 1330 m. In 1977 a
20-ha site was fenced to exclude cattle. Within this area, 24
50 x 50 m plots were established with wire mesh fencing
containing holes of varying sizes to selectively exclude
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different sizes of granivorous rodents (Munger & Brown
1981; Brown et al. 1986; Brown 1998). Treatments used in
the present study include removal of all rodents (no holes
in fences, hereafter designated as —R, N =4 plots),
removal of kangaroo rats (Dipodomys sp.; —D, N =4
plots), and control plots with complete access by all
rodents (C, N = 4 plots). Treatment plots probably also
partially exclude collared peccary (Pecari tajacu; Linnaeus
1758), but they have not greatly influenced movements of
rabbits (Sylvilagus bachmani; Waterhouse 1839) and
hares (Lepus californicus; Gray 1837). During the 20
years that these treatments have been in place, periodic El
Nifio Southern Oscillation events (ENSO) have caused
changes in precipitation, especially in winter (Fig. 1;
Betancourt 1996; Brown et al. 1997). In the present study
we examine the distribution of ground cover in 1979 and
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Figure 1 Yearly differences (measured in standard deviations) in
regional precipitation from long-term averages (set equal to
zero) for Douglas, Arizona (from 1903), Jornada, New Mexico
(from 1914), Safford, Arizona (from 1898), Tombstone, Arizona
(from 1889), and Tucson, Arizona (from 1867) (all data from
Brown ez al. 1997). At all stations 1977-92 winter precipitation
was significantly higher than prior years (Mann—Whitney
U-tests, all P < 0.01; see Brown et al. 1997). Regional summer
precipitation did not deviate significantly from average.
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1995, and we evaluate the interaction between three
major variables — time, rodent removal and ground
cover. We interpret differences in community and
landscape structure (e.g. in patterns of ground cover)
across rodent treatments (C, —D, —R) as responses to
biotic interactions (e.g. granivory, herbivory). Changes in
structure between 1979 and 1995 are less clearly
attributed to a single cause. Although several mechanisms
(e.g. changes in climate, ongoing release from over-
grazing and consequent soil depletion and alteration of
seasonal fire regimes) might influence long-term dy-
namics at this site, there is good evidence that the most
recent shift in vegetation is primarily in response to
changes in rainfall and not to grazing or drought (Brown
et al. 1997).

Patterns of ground cover

Low elevation (30 m) high resolution photographs (Fig.
2) were taken of the study area in the winters of 1979
(2 years after the study was initiated) and 1995 (18 years
after initiation). These years bracket the wettest recorded
period of this century, with historically high winter rains
(Fig. 1; Brown et al. 1997). Aerial photographs were
scanned into an Apple Macintosh computer, and a
supervised classification (the grey-scale was set to
characterize certain microhabitat types) was conducted
using Adobe Photoshop (Frey & Curtin 1997). This
classification reflected four principal cover types at our
site: large shrubs (primarily in the genera Acacia, Ephedra,
Flourensia, and Prosopis), tall herbaceous vegetation
(primarily large-seeded winter annuals), low herbaceous
cover (primarily grasses), and bare ground (Fig. 2). The
scanned images were then transferred into the National
Institutes of Health (NIH) shareware program Image
(available through NIH) in order to measure the
proportion of the different cover types, the distance
between patches, and the size of habitat patches (see
Young & Kostel-Hughes 1995). We define patches as
contiguous cover by vegetation at the scale of meters, an
appropriate scale of analysis for habitat selection by small
mammals (e.g. Rosenzweig 1973; Kotler & Brown 1988);
of course, these rodents use their environment at finer
spatial scales as well. Aerial images were ground-truthed
by two means. First, within weeks of the 1995 flight we
measured on the ground the size and density of the shrub
and grass patches depicted in our 1995 aerial image to
validate our measurements from the aerial image. Second,
we compared cover estimates of the different functional
groups taken from aerial photographs with measures of
plant species composition taken in the field in the spring
of 1995 (for a detailed explanation of these methods, see
Guo et al. 1995).
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Figure 2 Low-elevation, high resolution aerial photographs
illustrate changes in vegetation composition at our site between
1979 and 1995. Rodent treatments are coded as C (control), —D
(Dipodomys exclusion), and —R (all rodents removed).

Statistical analysis

Ground cover

Opverall change in ground cover was initially examined
with a multivariate analysis of variance (MANOVA), with
three of the four cover classes as dependent variables (only
three were used as the four categories always summed to
100%; we excluded bare ground from this analysis), and
PLOT(TRT), TIME, and RODENT TRT*TIME as independent
variables. The error term for RODENT TRT was PLOT(RO-
DENT TRT), and for TIME and RODENT TRT*TIME we used
TIME*PLOT(RODENT TRT). The metric employed was the
number of pixels on a computer screen that were classified
in each of the four cover categories; all plots were
magnified evenly so that the number of pixels remained
constant across plots and across time.

i

T i o

A comparison of a 1977 (top photo) and 1994 image (lower
photo) illustrates how the site has shifted from an arid grassland
in the 1970s, to predominantely a shrubland by the mid-1990s.
These changes are thought to have been the result of changes in
rainfall patterns, with these patterns even more extensive within
rodent removal plots.

The MaNova indicated that ground cover did not vary
statistically across rodent treatments (over two time
periods, three rodent treatments, and three cover
categories) but that both TIME and the TIME*RODENT TRT
interaction were significantly variable. We therefore
followed this with separate univariate analyses of variance
(ANOVAs) on each dependent variable in order to evaluate
which of these were responsible for the significant main
effects in the mManova. Each ANOvA was a two factor
model (RODENT TRT and TIME) with nested (PLOT(RODENT
TRT)) and interaction (RODENT TRT*TIME) effects. Scheffe’s a
posteriori multiple comparisons test was used to dis-
criminate which treatments differed when ANova reported
statistical significance (Day & Quinn 1989).
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Table 1 Results of multivariate analysis of variance to evaluate overall variation in variables measuring ground cover over time and

across rodent treatments, as well as the interaction between these

Soutce Error term Wilk’s lambda F d.f. (numerator/denominator) P
Rodent Trt Plot(Rodent Trt) 0.6136 0.6455 6/14 0.6933
Time Time x Plot(Rodent Trt) 0.0280 81.0594 3/7 0.0001
Time X Rodent Trt Time X Plot(Rodent Trt) 0.1456 3.7818 6/14 0.0001
Source df MS F P Table 2 Results of a three-factor analysis
of variance on the number of pixels

Bare ground cover representing four plant cover classes as

Model 14 14420316 1.75 0.2015 functions of rodent treatments and time,

Rodent Trt 2 17228878 1.67 0.2417 with interaction. Presented are separate

Pl‘ot(Rodent Tre) 9 10320404 1.25 0.3723 univariate ANOVA tables for each response

T?mc 1 15278508 1.85 0.2067 variable. The error term for Rodent

Time x Rodent Trt 2 29632259 3.59 0.0714 treatment was Plot(Rodent Trt)

Error 9 8253184
Low herbaceous vegetation

Model 14 34389647 15.98 0.0001

Rodent Tt 2 4812730 0.47 0.6381

Plot(Rodent Trt) 9 10185302 4.73 0.0150

Time 1 371149350 172.43 0.0001

Time X Rodent Trt 2 45006275 2.09 0.1792

Error 9 2152470
Tall herbaceous vegetation

Model 14 21106232 8.21 0.0016

Rodent Trt 2 22251483 1.64 0.2471

Plot(Rodent Trt) 9 13574021 5.28 0.0104

Time 1 72387740 28.17 0.0005

Time X Rodent Trt 2 28215172 10.98 0.0039

Error 9 2570044
Shrubs

Model 14 6721638 2.87 0.0581

Rodent Tt 2 2287478 0.56 0.5891

Plot(Rodent Ttt) 9 4074327 1.74 0.2107

Time 1 48906150 20.90 0.0013

Time x Rodent Trt 2 1976441 0.84 0.4612

Error 9 2340189

Table 3 Results of multivariate analysis of variance to evaluate overall variation in patch size and distribution over time and across

rodent treatments, as well as the interaction between these

Source Error Term Wilk’s lambda F d.f. (numerator/denominator) P

Rodent Trt Plot(Rodent Trt) 0.1075 8.2007 4/16 0.0009
Time Time X Plot(Rodent Trt) 0.0547 69.1575 2/8 0.0001
Time X Rodent Trt Time x Plot(Rodent Trt) 0.3310 2.9521 4/16 0.0528

Patch size and interpatch distance

Mean patch size and distance were derived from four
measurements per plot (area of bare ground, low and tall
herbaceous vegetation, and shrubs) using NIH Image
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(Young & Kostel-Hughes 1995; Frey & Curtin 1997).
Size and distance were analysed separately with univariate
ANOVAS with RODENT TRT, TIME, and RODENT TRT*TIME 2s

independent variables.
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Figure 3 Bar diagram of ground cover (derived from pixel
counts of habitat types within our 12 study plots) by shrubs, tall

herbaceous vegetation, low herbaceous vegetation, and bare
ground, in three rodent treatments in 1979 and 1995.

A fence-line contrast of one of the mammal exclosure plots,
taken at the time of our second aerial image in March 1995,
illustrates the extreme differences in vegetation composition as a
result of small mammal herbivory.
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Figure 4 Bar diagram of mean distance between vegetation

patches and mean patch size for plots in three rodent treatments
in 1979 and 1995.

RESULTS
Ground cover

As noted above, coverage by three plant cover types did
not differ across RODENT TRT, but they did change over
TIME, and a significant RODENT TRT*TIME interaction was
observed (Table 1). Thus, we proceeded with univariate
ANOVAs on each dependent cover variable (Table 2). Bare
ground cover did not vary across TIME orf RODENT TRT,
although the RODENT TRT*TIME interaction approached
statistical significance (P & 0.07), reflecting modest temp-
oral declines in bare ground cover in both rodent treat-
ments (—D, —R) but increases in control plots (Fig. 3a). All
three plant cover categories changed over TIME, with shrub
and tall herbaceous cover increasing, and low herbs decreas-
ing (Table 2). Significant variation was observed within
treatments for both herbaceous cover categories (PLOT(RO-
DENT TRT)), but only tall herbaceous vegetation exhibited a
significant RODENT TRT*TIME interaction; this vegetation class
remained similar over time in control plots, but increased in
both rodent removal treatments (Table 3, Fig. 3c).

Patch size and interpatch distance

The spatial distribution of vegetation changed signifi-
cantly during this study. A MANOVA on patch size and
interpatch distances demonstrated significant variation
across RODENT TREATMENT and TIME (Table 3). The
interaction effect was marginally significant (P & 0.05),
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Source d.f. MS

Inter-patch distances
Model 14 1.60
Rodent Trt 2 2.80
Plot(Rodent Trt) 9 0.24
Time 2 14.11
Rodent Trt X Time 2 0.13
Error 9 0.18

Scheffe’s a posteriori tests:
Rodent Trt  C  -D  -R  Time 1979 1995

2.152.15 3.18 3.258  1.725
Patch sizes
Model 14 373.84
Rodent Trt 2 554.83
Plot(Rodent Trt) 9 146.47
Time 2 1576.26
Rodent Trt X Time 2 614.82
Error 9 118.86

Scheffe’s a posteriori test:
Time 1979 1995
3.333 19.542

Patch size — analyses by year

1979
Model 2 0.79
Rodent Trt 2 0.79
Error 9 4.11
1995
Model 2 1168.85
Rodent Trt 2 1168.85
Error 9 261.22

Table 4 Results of a two-factor ana-

F P
lysis of wvariance on the distance
between shrub patches, and on the

8.76 0.0013 mean size of shrub patches, as func-

10.57 0.0043 tions of rodent treatments and time,

145 0.2929 with interaction. The error term for

774 0.0001 RODENT TRT Wwas PLOT(RODENT TRT).

0.72 0.5117 For Scheffé a posteriori tests the value
of the metric is given, and values
joined by underlining are not statisti-
cally different from each other

3.15 0.0446

3.79 0.0640

1.23 0.3804

13.26 0.0054

5.17 0.0320

0.19 0.8283

0.19 0.8283

4.47 0.0448

4.47 0.0448

and so was retained in subsequent univariate ANOVAS on
these variables.

Both the sizes of individual patches of vegetation, and
the distances between them, differed across TIME (Table
4), reflecting increases in the former and declines in the
latter (Fig. 4). The large increase in mean patch size in—R
treatments was responsible for the significant interaction
effect. Patch size did not differ among rodent treatments
in 1979, but was marginally significant in 1995 (Fig. 4a),
with smaller patches tending to occur in control plots and
larger patches in —R plots. Higher initial interpatch
distances in —R plots evidently led to higher final distances
as well, resulting in a significant RODENT TRT effect for this
variable (Table 4b).

To summarize, overall ground cover did not change
over time, but the composition of existing vegetative
cover did change. Low herbs decreased, and shrubs and
tall herbs increased; all herbaceous vegetation varied
significantly within RODENT TRT, but only tall herbs
exhibited a significant RODENT TRT*TIME interaction,
reflecting increases only on —R and —D plots. Vegetation
patch size and interpatch distances underwent reciprocal
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changes over time, with the former increasing and the
latter decreasing; a significant RODENT TRT*TIME interac-
tion in patch size reflected particularly large increases in
patch size in rodent removal plots.

DISCUSSION

The only patterns that were consistent across all treatments
were a temporal increase in shrub cover and a concomitant
decline in low herbaceous vegetation. Increases in shrub
cover have been observed throughout the south-west (e.g.
Hastings & Turner 1965; Humphrey 1987; Bahre 1991;
Dick-Peddie 1993), and, at least in the region of the San
Simon valley where this study was conducted, have been
closely linked to a shift in precipitation in the past two
decades (Brown et al. 1997). Brown et al. (1997) demon-
strated that a substantial ecosystem reorganization at the
north-western extent of the Chihuahuan Desert appeared to
be caused by a shift in regional climate since the late 1970s.
Increased precipitation, especially during winter months,
appears to have been directly or indirectly responsible for
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changes in woody shrub density, local extinction of
previously common animals, and concomitant increases in
numbers of previously rare species. While our treatments
(consisting of fences ~ 40 cm tall) may have inhibited
access by peccary and by rabbits and hares, subsequent
studies indicate these effects were not significant (Curtin &
Brown 1999). Additionally, the general temporal patterns
observed are identical to those documented throughout the
region (Brown et al 1997), suggesting a more regional
causality. Here, we extend the results of Brown ez 4l by
evaluating the role that small mammals play in directing the
distribution and structure of plant communities within the
broader climatically driven vegetative changes.

Although we observed significant changes in cover of
the three vegetation categories studied, the nonsignificant
TIME effect for bare ground cover (Table 2) indicates that
increases in the spatial distribution of one cover category
were roughly matched by decreases in other categories.
The aggregation of resources in the system, however, as
reflected in the number and size of vegetation patches,
changed significantly over the 16-year study period, with
larger patches of vegetation located closer together (Table
4, Fig. 4). While shrub cover increased across all plots, the
most notable pattern may be the decrease in bare ground
cover where rodents were removed (—R, —D; Table 2, Fig.
3a). In the face of significantly different changes in
vegetation patches (Fig. 4), temporal changes in cover by
vegetative categories were similar in both removal
treatments (Fig. 3). This suggests that the consumption
or redistribution of seeds by granivorous rodents,
including but not limited to the larger kangaroo rats,
plays an important role in mediating climatic variation by
dampening the spatio-temporal variation in resources that
we observed (e.g. cover by tall herbs, size of vegetative
patches). In the presence of kangaroo rats (C), tall
herbaceous vegetation did not change over the course of
the study (Fig. 3c), and in the presence of the smallest
species (C and —D), changes in vegetative patch size were
greatly diminished (Fig. 4a).

Although removal of kangaroo rats (-D) and of all
rodents (—R) produced similar effects on vegetation cover
types, they differentially affected the vegetation matrix on
the landscape, with removal of all rodents having a three-
fold greater effect on mean patch size than removal of
kangaroo rats alone (Fig. 4a). Given the similar total
coverage of all three vegetative cover categories (Table 2,
Fig. 3) this suggests that relative to control and Dipodomys
removal plots, all rodent removal plots had many fewer
but larger vegetation patches. Thus, in rodent removal
plots the increase in shrub and tall herbaceous cover
evidently resulted from a coalescence of existing vegeta-
tion patches (thereby reducing the number of patches but
not greatly altering the total vegetative cover or the mean

distances between remaining patches). This suggests that
different rodents exert qualitatively different impacts on
the environment. Removal of kangaroo rats at this site has
been shown to result in increased leaf litter accumulation,
reduced soil surface disturbance, increases in tall perennial
and annual grasses, decreased foraging by granivorous
birds, and differential colonization by other rodent species
(see Brown & Harney 1993). Removal of all rodents,
however, appears to lead to even greater structural
changes in plant communities, although the impact of
this on total cover by different plant classes is not greatly
different from that observed when only kangaroo rats are
excluded (Fig. 3). Pocket mice (Chaetodipus, Perognathus)
forage more extensively under shrub cover than Dipod-
omys, which forage more in open microhabitats (Reichman
& Price 1993), and pocket mice may significantly impact
seed survival and the probability of successful recruitment
by plants under and along the edges of shrub patches.
Seed banks in desert environments typically are greater
under shrubs, with gradual declines towards the edges of
shrub canopies (Guo et al 1998), and seedling growth
may be optimal along canopy edges where water
availability remains relatively high but insolation allows
for rapid growth. If this is true then the presence of shrub-
foraging granivores (or graminivores; Kerley et al. 1997)
may have a much stronger impact on the generation of
structure in arid zone ecosystems than has been believed.

Several recent authors have documented interactions
between herbivores and their environment. Milchunas &
Lauenroth (1993) concluded that above-ground net
primary productivity influenced the impact of grazing on
local species composition. Frank e a/. (1998) documented
functional similarities between Serengeti and the Yellow-
stone ecosystems, and similar patterns have been docu-
mented for Kansas prairies (Knapp ez al. 1999) dominated
by bison, and temperate savannas colonized by prairie dogs
(Weltzin er al. 1997). These patterns may reflect emergent
consequences of long-term interactions of herbivores with
their environment (Milchunas ez al. 1988).

Our results complement previous studies by under-
scoring the possible role of small mammals in mitigating
the effects of other influences (e.g. climate, grazing) in arid
ecosystems. Although the most apparent effect was on tall
herbaceous vegetation (Fig. 3c), perhaps the most inter-
esting result is the increase in vegetative patch size that
was observed only when all rodents were removed (Table
4, Fig. 4a). The compensatory changes in abundance of
pocket mice in response to kangaroo rat removal (Valone
& Brown 1995) and the demonstration of strong responses
by the plant community to —R and —D treatments, suggest
that the ‘“keystone granivore guild” (Brown & Heske
1990) has a broader membership than only kangaroo rats.
Understanding the activities of small mammals in these
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habitats is likely to be important to understanding
vegetative responses to long-term changes in climate.
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