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ApstrAcT—We examined ecological interactions between two ecosystem engineers, Gunnison’s
prairie dogs (Cynomys gunnisoni) and Botta’s pocket gophers (Thomomys bottae), across a 67,000-km?
range of northern Arizona. We examined densities of burrows, composition of vegetation, and
characteristics of soil associated with locations where each species occurred alone and compared them
to where they were both present. Density of 7. bottae was significantly lower in the presence of C.
gunnisoni than where occurring alone, while density of C. gunnisoni more than doubled at locations
where they occurred with 7. bottae compared to where they were alone. Vegetational communities
associated with locations where C. gunnisoni occurred alone were significantly different from locations
where 7. bottae occurred alone and where both species were present. We also detected that burrows of 7.
bottae and C. gunnisoni occurred in soils that did not differ significantly in depth, texture, or rock
content, but characteristics of soil played an influential role in patterns observed in vegetational
communities.

ResuMEN—Examinamos las interacciones ecologicas entre dos herbivoros clave: Los perros de la
pradera de Gunnison (Cynomys gunnisoni) y los topos (Thomomys bottae) a través de 67,000 km? en la zona
norte de Arizona. Examinamos las densidades de madrigueras, la composicion de vegetacion, y las
caracteristicas del suelo asociadas con las localidades donde cada especie ocurri6 sola y se los compar6
donde ambas estuvieron presentes. La densidad de 7. bottae fue significativamente mas baja en
presencia de C. gunnisoni en comparacion a donde existio sola, mientras que la densidad de C. gunnisoni
fue mas del doble en los lugares donde ocurri6é con 7. bottac en comparacion a donde existio sola. Las
comunidades de la vegetacion asociadas con los lugares donde C. gunnisoni ocurrié sola fueron
significativamente diferentes de los lugares donde 7. bottae ocurri6 sola, y donde ambas especies
estuvieron presentes. También encontramos que las madrigueras de 7. bottaey C. gunnisoni ocurrieron
en suelos que no diferian significativamente en profundidad, textura, ni en contenido de rocas, pero las
caracteristicas del suelo pueden ser importantes en los patrones observados en las comunidades de
vegetacion.
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Research
ecosystem engineers, defined as a species that
greatly affects habitat features and the survival of
other species (Mills et al., 1993; Jones et al.,
1994), has consistently focused on effects of
single species and not the effects or interaction
between two such species. Comparative and
experimental evidence suggests that grassland

involving keystone modifiers or

and desert ecosystems harbor several ecosystem
engineers, such as prairie dogs (Cynomys; Kotliar
et al., 1999; Bangert and Slobodchikoff, 2000;
Miller et al., 2000), pocket gophers (Thomomys
bottae and Geomys bursarius; Huntly and Inouye,
1988; Cantor and Whitham, 1989), and kangaroo
rats (Dipodomys; Brown and Heske, 1990). Be-

cause some of these species live sympatrically
with one another, interactions must occur
between them. The combination of effects by
multiple ecosystem engineers could have prop-
erties different from those each species has
individually.

The focus of our research was to explore
possible interactions and ecological relationships
between two demonstrated ecosystem engineers,
Gunnison’s prairie dog (Cynomys gunnisoni) and
Botta’s pocket gopher (Thomomys bottae). Both
live sympatrically throughout much of northern
Arizona (Hoffmeister, 1986), but it is common to
find areas where each species occurs in absence
of the other. This distributional pattern provides
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a unique opportunity to observe densities of
burrows and vegetational communities associat-
ed with Gunnison’s prairie dogs and Botta’s
pocket gophers separately, and where both are
present.

Prairie dogs (Cynomys) and pocket gophers
(Thomomys and Geomys) both affect the environ-
ment directly, by foraging on vegetation, and
indirectly, through burrowing activities. Foraging
and burrowing activities by Gunnison’s prairie
dogs affect diversity of plants (Slobodchikoff et
al,, 1988), height and cover of vegetation
(Davidson, 2005), and heterogeneity of land-
scape (Bangert and Slobodchikoff, 2000). Simi-
larly, burrowing and foraging by pocket gophers
increases diversity of plants (Martinsen et al.,
1990), affects vegetational structure (Reichman
and Smith, 1985) and heterogeneity of habitat
(Huntly and Inouye, 1988), and prevents regen-
eration of forest (Cantor and Whitham, 1989).
The large influence on ecosystems has led
researchers to consider prairie dogs (Kotliar et
al.,, 1999; Bangert and Slobodchikoff, 2000;
Miller et al., 2000) and pocket gophers (Cantor
and Whitham, 1989) as keystone species and
ecosystem engineers (Jones et al., 1994).

Although prairie dogs and pocket gophers
seem to have similar categorical effects on the
environment through herbivory and burrowing,
ecological differences between the two result in
different disturbance regimes. Prairie dogs in-
tensively graze on aboveground vegetation and
live in colonies that support many individuals
and can cover large areas (Whicker and Detling,
1988). Conversely, pocket gophers forage mostly
below ground and around burrow openings
(Hunter and Inouye, 1988). Pocket gophers are
mostly solitary, and their burrow systems disturb
less soil than those of social prairie dogs
(Davidson and Lightfoot, 2006). The different
disturbance regimes associated with prairie dog
and pocket gopher activities could structure
different vegetational communities.

Additionally, in areas where both species
occur, the combination of disturbance by prairie
dogs and pocket gophers could produce a
distinctly different vegetational community. Da-
vidson and Lightfoot (2006) reported that the
combined effects of coexisting keystone species
Cynomys ludovicianus and Dipodomys spectabilis did
structure a unique biotic community compared
to where each species occurred alone. Although
many species benefit directly or indirectly from
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actions of prairie dogs and pocket gophers, it is
unknown if they positively or negatively influ-
ence each other. It is possible that they compete
for food or subterranean space, or benefit from
one another by creating vegetational communi-
ties that provide forage for each other. Davidson
and Lightfoot (2006) reported abundances of C.
ludovicianus and D. spectabilis were lower where
they occurred together compared to where each
occurred alone, likely the result of competition.
In our study, we investigated ecological inter-
actions between Gunnison’s prairie dog and
Botta’s pocket gopher. Specifically, we addressed
three hypotheses: 1) there will be a difference in
density of prairie dog and pocket gopher
burrows where each of these species occurs
alone compared to where both are present, and
2) there will be different vegetational communi-
ties associated with locations that are inhabited
by each species alone and where both are
present. Because burrowing animals are depen-
dent on characteristics of soil for placement of
burrows (Bolen and Robinson, 1999), we inves-
tigated the role of soil in ecological interactions
between Botta’s pocket gopher and Gunnison’s
prairie dog, and hypothesized 3) that these
species inhabit soils with similar characteristics.

MATERIALS AND METHODS—Study Areas—We collected
data from three types of locations; locations where only
Gunnison’s prairie dog was present (n = 15), locations
where only Botta’s pocket gopher was present (n = 15),
and locations where both species were present (n =
15). By analyzing locations where Gunnison’s prairie
dogs (hereafter, C. gunnisoni) and Botta’s pocket
gophers (hereafter, 7. bottae) each occur alone, we
were able to establish patterns of density of burrows,
associated vegetation, and characteristics of soils in
which their burrows occurred, and then compare them
to locations where both species were present.

We opportunistically chose study locations through-
out northern Arizona (Fig.1). We visited study
locations 1 May-23 September 2000. Study locations
spanned a substantial elevational gradient from 1,154
to 2,957 m and included several vegetation zones as
described in Brown (1994). Vegetational communities
at low elevation (<1,700 m) consisted of open semi-
desert grasslands, whereas locations at high elevation
(>2,000 m) consisted of subalpine meadows surround-
ed by montane conifer forests. Vegetational communi-
ties at intermediate elevation (1,700-2,000 m) consisted
of a mixture of coniferous woodlands and grasslands.
Sizes of colonies for both species ranged from 1 to
360 ha.

Density of Burrows and Mounds—We used density of
active prairie dog burrows and mounds of pocket
gopher burrows as a general indicator of use of space
and abundance of animals. Although some authors
have reported that number of active burrows provide a
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Fic. 1—Distribution of study locations in northern
Arizona. The historical range of Gunnison’s prairie
dogs (Cynomys gunnisoni) in Arizona (Hoffmeister,
1986) is outlined. The range of Botta’s pocket gophers
(Thomomys bottae) completely encompasses Arizona.

weak index of actual populations of burrowing
mammals (Powell et al., 1994), we did not use our
data to generate specific population estimates. First, we
reviewed literature for average size of territory of each
species as the basis for selecting size of our density-
sampling units. Rayor (1988) reported the median
home range of individual C. gunnisoni to be 684 and
774 m? at two sites, whereas Hoogland (1999) reported
mean size of territory of clans to be 6,700 m2. We
selected a compromise between these two figures and
used a 2,800-m? circular plot to sample density of
prairie dog burrows. Reported mean size of home
ranges for 7. bottae vary considerably, ranging from
35 m2 (Reichman et al., 1982) to 185 m2 (Howard and
Childs, 1959), and up to 474 m? (Bandoli, 1987). Due
to the patchy distribution of activity of 7. bottae, we
opted for the higher value and selected 450-m? circular
plots to sample density of pocket gopher mounds. Four
density-sampling units were randomly placed within
each study location. We then counted number of active
burrows and mounds within the density-sampling units,
designating a burrow of C. gunnisoni as active if there
was fresh green scat around the burrow opening
(Powell et al., 1994; Davidson et al., 1999) and a
mound of 7. bottae as active if it consisted of loose
granular dirt and lacked vegetation (Smallwood and
Erickson, 1995). Finally, we used a Mann-Whitney test
to determine if densities of active burrows and mounds
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were different between locations where each species
occurred alone (n = 15 for each species) and where
both species occurred together (n = 15).

Vegetational Composition—To determine if vegetation
among the three treatments differed (C. gunnisoni
alone, T. bottae alone, and both species present; n =
45), we sampled vegetation characteristics in six
randomly placed circular plots (diameter = 2 m)
within each of the density-sampling units described
above. We recorded percentage groundcover of grass-
es, forbs, shrubs, litter (dead plant and fecal material),
and bare ground.

Analysis of vegetational data consisted of using
nonmetric multidimensional scaling (NMDS; DE-
CODA software). NMDS is a measure of dissimilarities
in vegetation composition (Faith et al., 1987; Minchin,
1987). This method plots each location from the three
treatments in multidimensional space based on how
similar they are to one another. Locations that are
similar in vegetational composition will be closer
together and locations that are dissimilar will be
farther apart. We used an analysis of similarity
(ANOSIM) to determine if the three treatments
supported significantly different vegetational composi-
tions (Faith et al., 1987; Minchin, 1987). A nonpara-
metric multivariate method for comparing multiple
samples, the ANOSIM test statistic R, is based on
ranked dissimilarities between samples within and
between treatments. If average rank-dissimilarity be-
tween treatments is greater than average rank within
treatments, treatments will differ in composition.
Finally, we wused the vectorfitting procedure to
determine which variables were most correlated with
the ordination pattern (Wagner et al., 2000).

Characteristics of Soil—To determine if burrows of C.
gunnisoni and T. bottae were located in different types of
soil, we collected soil samples for texture analysis.
Texture of soil often can determine where a burrowing
animal will occur (Bolen and Robinson, 1999). We
collected soil samples from the center of each density-
sample unit. We used a soil auger 1.7-m long with a
bucket 25-cm long and 8 ¢m in diameter to collect soil
samples at a depth of 0.25 m and a standardized
volume of a full bucket (about 700-900 g). Because
both prairie dogs and pocket gophers affect texture of
soil comprising mounds (Laycock and Richardson,
1975; Munn, 1993; Treveino-Villarreal et al., 1997), we
collected soil samples away from mounds to avoid
effects of burrowing activity. We determined soil
texture by relative proportions of sand, silt, and clay
particles (Tan, 1996; Brady and Weil, 1999). To
determine soil texture, we followed the particle
dispersion and sedimentation method outlined by
Tan (1996).

In addition to sand, silt, and clay particles, rocks are
a major component of soil. Presence of rocks can
increase density of soil and make burrowing more
energetically costly (Vleck, 1979). To determine if rock
content of the soil differed among the three treatments
(n = 45), we removed all rocks >2 mm in diameter
from soil samples and determined the percentage
content of rock (by mass) of the soil. We used an
analysis of variance (ANOVA) to determine if there
were differences in amount of rock in the soil among
the three treatments.
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Depth of the soil also could influence location of
burrows. To determine if depth of soil differed among
the three treatments, we recorded depth of soil at the
center of each density-sampling unit by using the soil
auger to core into the soil to a maximum depth of
1.7m (length of soil auger) or until it could not
penetrate deeper. We used an ANOVA to determine if
there were differences in depth of soil among the three
treatments (n = 45). Finally, we used NMDS, ANOSIM,
and vector-fitting analyses to evaluate if there were
differences in the characteristics of soil as a whole
(percentage composition of sand, silt, and clay; rock
content; and depth of soil) among the three treatments.

ResuLTs—Density—Density of active 7. bottae
mounds was significantly lower at locations
where C. gunnisoni (33.3 = 3.2 SE mounds/plot)
was present compared to locations where 7.
bottae occurred alone (73.8 + 12.5 mounds/ plot;
U = 23.5, 201.5, P < 0.001). Despite density of
active burrows of C. gumnisoni being 2.5 times
greater at locations where 7. bottae (18.6 * 4.8
burrows/plot) was present compared to loca-
tions where C. gunnisoni occurred alone (7.3 =
0.65 burrows/plot), the difference was not
significant (U = 71, 154, P = 0.089).

Vegetational Composition—Vegetational compo-
sition was significantly different among the three
treatments (Fig. 2; Table 1). Vegetation at loca-
tions where C. gunnisoni occurred alone was
significantly different from vegetation at loca-
tions where 7. bottae occurred alone and loca-
tions where both species were present. There was
no difference in vegetational composition be-
tween locations where 7. bottae occurred alone
and locations where both species were present.
Three of the five vegetational variables that were
measured were significantly correlated with
ordination pattern (Fig. 2) and consisted of two
major gradients. A gradient of bare ground and
grass (locations with high grass cover had low
bare ground cover) was influential for separation
of locations where C. gunnisoni occurred alone
from locations where 7. bottae occurred alone
and where both species occurred together. The
other gradient of litter and forb cover was not
useful for separating treatments.

Analysis of variance quantified the significant
difference in amount of bare ground cover
among the three treatments (Fy 4 = 8.98, P =
0.001; Fig. 3). Bare ground cover at locations
where C. gunnisoni occurred alone (54.9 * 4.2%)
was significantly greater than locations where 7.
bottae occurred alone (28.3 = 4.2%; Tukey’s HSD
used for all post hoc comparisons, P = 0.001)
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NMDS Axis 2

- 0 1
NMDS Axis 1
Fic. 2—Non-metric multidimensional scaling
(NMDS) ordination of vegetational composition where
Cynomys gunnisoni occurred alone (n = 15; O), where
Thomomys bottae occurred alone (n = 15; ¥), and where
both species were present (n = 15; ¢) in northern
Arizona, 2000. Vegetation was significantly different (o
= 0.05) between C. gunnisoni and T. bottae, C. gunnisoni
and both species present, but not between 7. bottae and
both species present. Vectors that were significantly
correlated with the ordination pattern were bare
ground cover (%; R, = 0.967, P< 0.001), percentage
cover of grass (R,,. = 0.838, P < 0.001), and
percentage cover of forbs (R, = 0.798, P < 0.001).

and locations where both species were present
(34.2 = 3.0%; P = 0.003). Bare ground cover was
not significantly different between locations
where 7. bottae occurred alone and where both
species were present (P = 0.925).

There also was a significant difference in
amount of grass cover among the three treat-
ments (Iy4e = 4.79, P = 0.013; Fig. 3). Grass
cover at locations where C. gunnisoni occurred
alone (22.3 * 4.4%) was significantly lower than
locations where 7. bottae occurred alone (38.2 *
4.4%; Tukey’s HSD, P = 0.033) and locations
where both species were present (39.5 = 3.1%; P
= 0.023). There was no difference in grass cover
between locations where 7. bottae occurred alone
and where both species were present (P =
0.988).

Although it was not statistically significant,
mean forb cover at locations where T. bottae
occurred alone and where both species were
present (11.2 = 1.9% cover; 9.1 * 1.3%,
respectively) was nearly double that of locations
where C. gunnisoni occurred alone (4.8 = 1.9%;
Iy 49 = 3.17, P = 0.052; Fig. 3). There was no
significant difference in litter cover (%40 = 0.23,
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TaBLE 1—Results from analysis of similarity (ANOSIM) of vegetation composition and soil characteristics among
locations occupied by Cynomys gunnisoni (n = 15), Thomomys bottae (n = 15), and both species (n = 15) in northern

Arizona, 2000.

Ordination

Vegetational composition

C. gunnisoni — both species
T. bottae — both species
C. gunnisoni — T. bottae

C. gunnisoni — both species
T. bottae — both species

Soil characteristics

C. gunnisoni — T. bottae

Treatment comparison R P
0.224 0.002
0.200 0.002
—0.020 0.603
0.114 0.260
0.369 <0.001
0.195 0.246

P = 0.795) or shrub cover (Fy49 = 0.44, P =
0.650) among the three treatments.
Characteristics of Soil—There were few differ-
ences in characteristics of soil among the three
treatments (Fig. 4, Table 1). This ordination
pattern differed from the vegetation ordination
in that points had less spacing between them,
indicating that there was less variation in
characteristics of soil than vegetation. Character-
istics of soil where C. gunnisoni occurred alone
were significantly different from those at loca-
tions where both species were present, but not
different from those at locations where T. bottae
occurred alone. Characteristics of soil where 7.
bottae occurred alone were not different from
those at locations where both species were
present. A gradient consisting of depth of soil
and rock content of soil was influential in
separation of locations where C. gunnisoni
occurred alone from locations where both

70 i
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50 A
E b b b b
S 40 1
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10 4 ab
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Shrubs Litter

Grass Bare ground Forbs

Fi6. 3—Mean (%1 SE) percentage groundcover of
grass, bare ground, and forbs at locations where
Cynomys gunnisoni (n = 15) and Thomomys bottae (n =
15) each occurred alone and locations where both
species were present (n = 15) in northern Arizona,
2000. Groups a and b were significantly different (o0 =
0.05). Group ab was not significantly different.

species were present (Fig 4). Texture of soil
(composition of silt, sand, and clay) was less
influential in separation of treatments.

Silt was the only class of soil particles that
differed among treatments (Fy49 = 6.61, P =
0.003). The proportion of silt at locations where
both species were present (42.7 * 2.9%) was
significantly greater than locations where C.
gunnisoni occurred alone (27.4 = 3.0%; Tukey’s
HSD, P = 0.002). The proportion of silt at
locations where T. bottae occurred alone (35.3 £
3.0%) was not significantly different from loca-
tions where C. gunnisoni occurred alone (P =
0.172) or where both species were present (P =
0.192). There was no difference in proportion of
sand (Io40 = 0.942, P = 0.398) or clay (I940 =
1.30, P = 0.283) among treatments. Burrows of
each species were located in a variety of soil
textures. The most prevalent soil textures ob-
served at locations where both species were
present and locations where 7. bottae occurred
alone were medium and medium-fine soils (e.g.,
loam and silt loam), which consist of low
amounts of clay, medium sand, and medium to
high amounts of silt. Conversely, locations where
C. gunnisoni occurred alone were often in
medium-coarse (e.g., sandy loam; high in sand)
and medium fine (e.g., clay loam; high in clay)
textured soils.

There was a significant difference in depth of
soil among treatments (f 49 = 6.02, P = 0.005).
Depth of soil at locations where C. gunnisoni
occurred alone (133.1 * 9.7 cm) was significant-
ly deeper than locations where both species were
present (86.9 * 9.4 cm; Tukey’s HSD, P =
0.004). Depth of soil was not significantly
different between locations where 7. bottae
occurred alone (101.9 = 9.7 cm) and locations
where C. gunnisoni occurred alone (P = 0.072)
or between locations where both species were
present (P = 0.516).
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F16. 4—Non-metric multidimensional scaling
(NMDS) ordination of soil characteristics where
Cynomys gunnisoni occurred alone (n = 15; O), where
Thomomys bottae occurred alone (n = 15; ¥), and where
both species were present (n = 15; @) in northern
Arizona, 2000. The only significant difference (o =
0.05) was between C. gunnisoni and both species
present. Vectors that were significantly correlated with
the ordination pattern were depth of soil (cm; R, =
0.749, P < 0.001), rock content of soil (%; Ry =
0.760, P < 0.001), and silt composition of the soil (%;
R0 = 0.640, P < 0.001).

Because depth of soil was negatively correlated
with rock content of soil (r = —0.366, P =
0.005), locations that had shallow soil generally
had high rock content. There was a significant
difference in rock content of soil among
treatments  (Fo 40 5.72, P = 0.007). The
proportion of soil mass consisting of rock at
locations where C. gunnisoni occurred alone (7.5
+ 3.0%) was significantly lower than locations
where both species were present (21.8 * 2.9%;
Tukey’s HSD, P = 0.005). Similar to the pattern
observed for depth of soil, rock content of soil at
locations where T. bottae occurred alone (16.2 *
3.0%) was not significantly different from loca-
tions where C. gunnisoni occurred alone (P =
0.181) or locations where both species were
present (P = 0.373).

DiscussioN—Effect  of Ecosystem Engineers on
Each Other—We found the presence of one
ecosystem engineer negatively associated with
presence of the other. Vegetational cover and
characteristics of soil were not significantly
different between locations where T. bottae
occurred alone and where both species were
present, which suggests other, unmeasured
effects of C. gunnisoni activity may limit density
of T. bottae. Because both of these species are
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burrowing herbivores, it is possible that direct
competition exists for food or subterranean
space. Food items of T. bottae could have been
decreased by activity of C. gunnisoni. A compar-
ison of diets for C. gunnisoni (Shalaway and
Slobodchikoff, 1988) and 7. bottae (Bandoli,
1981) near Flagstaff, Arizona, indicated that
nearly 50% of food items overlapped between
the two species. This suggests competition
between C. gunnisoni and T. bottae is likely.

Densities of pocket gophers are limited by
availability of food (Howard and Childs, 1959;
Andersen and MacMahon, 1981; Rezsutek and
Cameron, 1998), and they will selectively burrow
in areas that have higher productivity of food
(Reichman and Smith, 1985; Inouye et al., 1987;
Benedix, 1993). Aboveground grazing by black-
tailed prairie dogs (C. ludovicianus) decreases
root biomass and annual net root production
(Ingham and Detling, 1984). Roots and other
belowground storage organs are crucial compo-
nents of winter diet of pocket gophers (Vaughan,
1974; Andersen and MacMahon, 1981). Possible
decreased root biomass from grazing by C.
gunnisoni has the potential to limit availability
of food and populations of 7. bottae.

The fact that density of T. bottae mounds was
negatively associated with presence of C. gunni-
soni is interesting because the majority of
research involving prairie dogs indicates their
activities benefit other wildlife (Kotliar et al.,
1999; Miller et al., 2000). Similarly, Davidson and
Lightfoot (2006) reported abundances of prairie
dogs (C. ludovicianus) and kangaroo rats (D.
spectabilis) decreased where they coexisted com-
pared to where they occurred alone. Keystone
species have been associated with increasing
habitat or species diversity (Paine, 1969), result-
ing in a higher number of individual species
occupying a given area. More species in a given
area increases the possibility of resource compe-
tition and the possibility that any one species is
not able to dominate resources. Although
habitat heterogeneity can alleviate competition
through niche diversification, there is still
undoubtedly overlap between resource needs of
animals occupying colonies of prairie dogs (i.e.,
grass as a food source). As direct and indirect
activities of C. gunnisoni increase landscape
heterogeneity (Bangert and Slobodchikoff,
2000; Davidson, 2005), they potentially increase
the number of niches within a landscape;
however, these niches are now presumably
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smaller than those of a less-diverse landscape.
Thus, the niche of T. bottae may be reduced
where it occurs with C. gunnisoni compared to
where it occurs alone.

Opposite of what we observed with T. bottae,
density of active C. gunnisoni burrows was >2
times as high where they co-occurred with T.
bottae compared to locations where C. gunnisoni
occurred alone. One explanation for this pattern
may be related to dominant vegetation associat-
ed with different elevations. Locations at high
elevation (majority of locations where both were
present) consisted of subalpine meadows sur-
rounded by forests, which limit expansion of
colonies and dispersal of individuals to other
colonies (Travis et al., 1997), thereby increasing
density. Locations at low elevation (majority of
locations for C. gunnisoni) consisted of open
grasslands that do not seem to pose major
limitations to expansion of colonies or dispersal.

An alternative hypothesis is that the presence
of T. bottae benefited C. gunnisoni. Mounds of
excavated soil created by 7. boltae serve as areas
of high seed catchment (McDonough, 1974) and
forb growth (Martinsen et al., 1990). Seeds are
an important component of the diet of C.
gunnisoni in early spring (Shalaway and Slobod-
chikoff, 1988). Excavated mounds become dom-
inated by annuals and eventually perennials,
which may provide areas for C. gunnisoni to
graze. Investigations into effects of habitat
quality on C. gunnisoni revealed that more
productive habitats yield an increase in growth
rates, sexual maturation, and ultimately produc-
tivity (Rayor, 1988). If activity of T. bottae
increases food resources of C. gunnisoni, then
the presence of T. bottae may benefit C. gunnisoni.
This potential relationship represents a poorly
studied aspect of the ecology of prairie dogs.
Most research involving prairie dogs examines
their effects on vegetation, other wildlife, or
ecosystem processes. Yet, we know little about
how other rodents, grazing ungulates, or pred-
ators affect prairie dogs. Grazing by bison (Bison
bison) was reported to benefit C. ludovicianus by
improving foraging conditions (Krueger, 1986),
whereas simulated livestock grazing negatively
affected the Utah prairie dog (C. parvidens;
Cheng and Ritchie, 2006). Although ecosystem
engineers are known to affect many aspects of
their biotic community, they also are affected by
other species.
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Ecosystem Engineers Associated —with — Different
Vegetational Communities—We detected different
vegetational communities associated with loca-
tions where 7. bottae and C. gunnisoni each
occurred alone, which was likely due to differ-
ences in disturbance regime. The fact that soil
characteristics and elevation were not different
between these two treatments supported our
hypothesis that different ecosystem engineers
and disturbance regimes are associated with
different vegetational communities. Locations
with 7. bottae were associated with significantly
more cover of grass and forbs and significantly
less bare ground than locations with C. gunnisoni.
The nature of disturbance by pocket gophers
involves continuous excavation of soil onto the
surface. Freshly excavated soil provides a coloni-
zation opportunity for disturbance-dependent
plants (McDonough, 1974; Martinsen et al.,
1990) and facilitates regeneration of vegetational
cover that was lost to herbivory or production of
soil mounds. Burrowing by prairie dogs provides
fewer colonization opportunities for plants be-
cause construction or maintenance of burrows
does not occur frequently (Fitzgerald and
Lechleinter, 1974), whereas mounds from pock-
et gophers are created throughout the year
(Bandoli, 1981). The larger amount of bare
ground at C. gunnisoni locations also could be
attributed to the fact that prairie dogs exhibit
more intensive grazing than pocket gophers.
Pocket gophers are limited to feeding on roots
within their tunnel systems and vegetation in the
immediate vicinity of their burrow openings,
whereas prairie dogs graze over much larger
areas (Hoffmeister, 1986). Because prairie dogs
live in territorial clans (Rayor, 1988; Hoogland,
1999), their grazing is likely more intense than
the herbivory of solitary pocket gophers.

We partially supported our hypothesis that the
combination of two disturbance regimes would
produce a unique vegetational community,
because locations where both species were
present were different from those of C. gunnison:
alone, but not from 7. bottae alone. Presence of
C. gunnisoni should have increased the amount
of bare ground and fewer 7. bottae would turn
over less soil, creating less opportunity for
growth of forbs and grasses. The conflicting
results from different disturbance regimes
warrant consideration of other factors that
influence vegetational communities.
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To reconcile vegetation-community patterns,
we compared differences in soil characteristics
and elevation between treatment locations.
Vegetational communities that were not signifi-
cantly different (both species present and 7.
bottae alone) were located at sites that did not
differ in elevation or soil characteristics. Con-
versely, vegetational communities that were
significantly different (both species present and
C. gunnisoni alone) also differed in elevation,
although not significantly, and soil characteris-
tics. Higher elevations (majority of sites with
both species present and 7. bottae alone) receive
more precipitation, which could be responsible
for the increase in vegetational cover, despite the
increase in disturbance and herbivory. Higher-
elevation locations often were located in loamy
soils with high proportions of silt. These types of
soil have physical and chemical properties that are
ideal for growth of plants (Raven et al., 1981).
Fertile soils and high precipitation may explain
why an increased herbivory and disturbance did
not reduce plant cover at locations where both
species were present compared to where 7. bottae
occurred alone. Although ecosystem engineers
and keystone species have profound effects on
biotic communities, these effects can be over-
shadowed by the influence of soil conditions or
climate. This was the case when Grant-Hoffman
and Detling (2006) detected no difference in
vegetation between sites on and off colonies of C.
gunnisoni, but conceded that a persistent drought
in that area likely masked potential differences.
Experiments involving addition of species (e.g.,
Davidson et al.,, 1999) into separate areas of
similar vegetation, soil composition, and elevation
would be an excellent way to observe how a
vegetational community is changed in response to
different disturbance regimes.
of Soil—Our comparison of
characteristics of soil between locations where
C. gunnisoni and T. bottae each occurred alone
revealed few differences. Both species seemed to
be soil generalists because they inhabited all
types of soil textures, but were more prevalent in
medium-textured soils (e.g., loam, silt loam),
which have a balance between being loose
enough for burrowing, but compact enough to
maintain burrow infrastructure. The high vari-
ability in soil texture supports previous research
that suggests prairie dogs and pocket gophers
are more limited by the depth of soil and rock
content of the soil than by texture of soil (Collier
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and Spillett, 1975; Wagner and Drickamer,
2004). Different characteristics of soils where C.
gunnisoni occurred alone and where both species
were present does not reflect a niche shift or
competitive exclusion. Rather, the confines of
the natural distribution of our treatment sites
influenced these results. Locations where we
found C. gunnisoni alone were most common at
low elevation, which consisted of desert grass-
lands with deep (>1.0 m), sandy soil and low
amounts of rock, whereas the majority of
locations where both species were present were
located at high and intermediate elevations and
consisted of shallower, silty soils with higher rock
content. Although these species have slightly
different burrowing needs and behaviors, these
differences did not result in requiring different
subterranean habitats.

Although communities that harbor two ecosys-
tem engineers might not be common, each
community could have multiple species that play
crucial roles in maintaining diversity and stability
in that system. Each ecosystem engineer has a
unique disturbance regime that shapes commu-
nities differently, and the interaction of multiple
disturbance regimes could have properties that
are unique relative to the effects of each species
alone. Most ecosystems probably are not main-
tained by a single ecosystem engineer or keystone
species, but rather by the activities and interac-
tions of several influential species, in addition to
the important influences of soils and elevation
that ultimately dictate presence of certain species
of plants and wildlife. The grasslands of northern
Arizona occur on a patchwork of different soil
types, with each focal ecosystem engineer occur-
ring alone and co-occurring with each other. The
patchwork of soils and three disturbance regimes
likely play an important role in the habitat and
landscape diversity that is present.
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