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PiaTe 1. Black-tailed prairie dog (Cynomys ludovicianus mexicanusoterie taken in the Janos Biosphere Reserve, Chihuahua,
Mexico. Photo credit: R. Sierra-Corona.

M ETHODS prairie dog colonies are often associated with distinctive
soils and vegetation. The wire mesh extended 0.70 m
aboveground, and was buried 1.25 m below the soil
We established four replicate blocks of experimental g rface to deter animals from burrowing underneath. A
plots, for a total of 16 plots in an area with similar soil 15 24 cm wide strip of metal "ashing was attached along
type, plant species composition, and initial prairie dog the top of the poultry wire to prevent prairie dogs from
densities (Appendices A and B). The study site had not ¢limbing over the fences. To control for potential fence
been grazed by cattle for two years prior to the initiation boundary effects, a 5-m buffer was designated between
of the study. Each block had the following 2 X 2 the fence and sampling areas within the study plots
factorial design: presence of prairie dogs and cattle (appendix B). Litter accumulation along the fence was
(bPp C), cattle only ( Pp C), prairie dogs only pP C),  routinely removed. The poultry netting with 2.54 cm
and where neither species was presentR C) (Appen-  diameter mesh excluded prairie dogs, but allowed access
dix A). Plot treatments were randomly assigned within by all other rodents and small desert cottontail rabbits
each block. Minimum distances between the four (Sylvilagus audubonji(Appendix C). The fence height of
replicate blocks of plots were between 50 m and 150 m 0.70 m allowed predators and adult rabbits to jump over
(Appendix B). Each of the four plots in a replicate block  the fences (J. H. Brownunpublished datathe authors of
was separated by 30 m. Each plot was 50 50 m, with a  this study also observed this behavior). Desert cottontail
6 X 6 grid of 36 sampling points systematically numbers were low in the area. Counts of individuals
positioned at 10-m intervals. Data were collected from during prairie dog observations amounted to 10
2006 (baseline pretreatment) through 2007 and 2008individuals over the study period, and fecal pellets
(posttreatment). showed no signi“cant differences among plots.
During late fall of 2006, the exclusion treatments were
initiated by removing prairie dogs from the Pp C and
Prairie dog exclosures, removals, and abundapce P C plots. Animals were trapped using Tomahawk
Prairie dog exclosures were installed at the end of the live traps and relocated elsewhere within El Uno
“rst year of the study (late fall 2006). Initially, prairie  Ecological Reserve. Plots PhC and P C were
dogs were present on all plots, and thePpCand P C  monitored monthly thereafter, and prairie dogs entering
treatments were implemented by removing prairie dogs the plots were removed as necessary to maintain the
and preventing recolonization by fencing with 2.54-cm exclusion treatments.
poultry netting. This design is superior to establishing  Prairie dogs were visually counted and mapped within
P Cand Pp C treatments on plots where prairie dogs and around each of the study plots during mid-spring
were initially absent, because it is well known that and early fall of each year from 2006 to 2008 to monitor
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populations on the treatment plots. Prairie dogs tend
not to occur uniformly across a colony; rather, they are
clustered in distinct coteries (territorial family groups).
As a result, prairie dogs were patchily distributed within
and/or along the edges of our plots (Appendix D).
Therefore, we mapped and counted all prairie dogs
associated with coteries that utilized the study plots. As
an additional measure, we also counted only those
animals observed within the boundaries of each of the
study plots (Appendix D). Although both counts
provided similar abundance trends, those that included

all members of the coteries best represented the number

of animals that actually used the study plots (Fig. 2).

During each spring and fall sampling period, an
observer was stationed in an elevated blind located in
the center of each block. Visual counts and locations of
prairie dogs were mapped on two consecutive mornings
and the intervening evening. Black-tailed prairie dog
coterie groups were very distinct, making counting of
individuals simple and repeatable (Appendix D). Live
trapping was not performed in order to minimize human
impact.

Cattle treatment,Cattle were placed into the pPp C
and Pp C plots to simulate realistic levels of both grazing
and trampling under a moderate winter grazing regime
(see Appendix E). Beginning in the winter (January) of
2007, dry matter forage availability on each plot was
estimated by clipping 24, 0.5-rfiquadrats 2 cm above the
soil surface. Clipped plant material was dried at 4TC for
48 hours and then weighed. Available forage for each
pPp Cand Pp C plot was calculated, and then grazed by
crossbred beef cowsR. taurus). Beef cows used in this
study were primarily of British (Angus, Hereford) and
continental (Limousin and Charolais) breeds raised on
adjacent and/or nearby pastures, and accustomed to the
electric fencing used to con“ne them within plots. Based
on forage availability and cow body mass, a number of
cows were selected to remove 20of the available forage
during a four-hour period. Based on nearly a century of
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Fic. 2. (A) Numbers of prairie dogs (mean= SE) on each

of the treatments, based on numbers of animals that use each
plot (see Methods: Experimental treatments: Prairie dog
exclosures, removals, and abundarfce explanation), and (B)
prairie dog activity on the study plots as measured by the
percent cover of their soil disturbance. There were no signi“cant
differences in prairie dog abundance before the treaments were
imposed, but subsequently prairie dog abundance was higher
on plots where prairie dogs occurred with cattlef{Pp C) than
without (pP C). Differences (ANOVA: P < 0.05, df% 3, 15)
betweenpPp C andpP C plots were present in spring 2007 and
fall 2008.

research on similar desert grassland associations, conser-

vative grazing not exceeding 4% utilization is recom-

similar to that developed by Huenneke et al. (2001), with

mended for these sites, with these upland speciesplant canopy cover by species measured with subdeci-

recommended for winter grazing (Paulsen and Ares
1962, Holechek et al. 1994. Selecting a four-hour duration
during the morning period increased the likelihood of

normal grazing and limited the effects of trampling

(Gregorini et al. 2008). To further limit the effects of

trampling, cattle were not placed in plots for 5...7 days
following a precipitation event. Forage availability was

estimated immediately following grazing to estimate
actual utilization.

Plant and animal measurements

Vegetation,Percent live plant canopy cover and
height of live foliage of all plant species were measured
at 10-m intervals on a 6X 6 grid using 0.25-nf quadrats
at the end of the growing season each spring (April) and

meter resolution using a gridded frame (Davidson and
Lightfoot 2006). Plant identi“cations of voucher spec-
imens were conducted at the Autonomous University of
Chihuahua (UACH) and voucher specimens were
deposited at UACH and the National Autonomous
University of Mexico (UNAM). To measure peak
aboveground plant biomass, plants were clipped to
ground level from 0.1 nf (20...50 cm) quadrats using a 3
X 3 grid. Locations of clipped quadrats differed each
year. Plants were then separated in the laboratory into
forbs, grasses, and shrubs, and further separated into
live (at time of harvest) and dead material. Samples were
dried in paper bags at 50C to a constant mass (48 h),
then weighed.

GrasshoppersGrasshoppers were sampled visually

early fall, (September) 2006...2008. The method wa®ach fall from 2006 to 2008 along 1X 50 m strip
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transects, using a 6< 1 grid array. Grasshoppers "ushed Winter 2005 and spring 2006 were very dry (Appen-
from the ground were counted and identi“ed to species dix G), resulting in no prairie dog offspring in 2006.
(Davidson and Lightfoot 2007). The relatively higher numbers of prairie dogs in 2007

Animal activity.,Percent cover of soil disturbance and 2008 re’ect, in part, a rebound of the prairie dog
(i.e., digs, mounds, and tracks) from prairie dogs, population following a more normal precipitation and
banner-tailed kangaroo rats, and pocket gophers vegetation production regime. Additionally, while
(Thomomys bottag and counts of feces from desert prairie dogs were removed from PpC and P C
cottontail rabbits were estimated using the 0.25-f plots, and exclosure fences were installed to keep
vegetation quadrats as an index of activity of these prairie dogs out, there were periodic trespassers,
animals on the plots (Davidson and Lightfoot 2006). especially in the initial posttreatment stages of the
Prairie dogs, kangaroo rat, and harvester antPogono- study (Fig. 2).
myrmex spp.) mounds also were mapped and counted )
on each plot at the start of the study (2006). Vegetation response

Prairie dogs and cattle had dramatic and rapid effects
on the vegetation (Figs. 3 and 4; Appendix F). At the

All data were assessed for normality, and if needed, start of the study, there were no differences in vegetation
normalized by log transformations and analyzed using among treatments or across blocks. Shortly after
SAS version 9.1 (SAS Institute 2005). We applied two implementing the treatments, plant canopy cover and
complementary statistical approaches to analyze vegeta- height were substantially lower where both prairie dogs
tion (plant height, cover, and biomass), animal activity and cattle were present{Pp C) compared to plots where
(fecal counts of rabbits, and soil disturbance by prairie each occurred alonel{fP C, PpC) or where neither
dogs, kangaroo rats, and gophers), mounds (of prairie were present (P C) (Fig. 4, Appendix F). Height of
dogs, kangaroo rats, and harvester ants), grasshopper grasses and spring and summer forbs were consistently
abundance, and prairie dog abundance among the |owest on thep Pb C plots relative to the others, although
treatment plots. We used Analysis of Variance signi“cant differences varied betweerbPpb C and the
(ANOVA) to examine the effects separately and a Mixed other treatments (Appendix F). Canopy cover of forbs
Model Analysis of Repeated Measures (MM), which and grasses showed no signi“cant difference® (> 0.05).

included repeated covariance parameter estimates toThe strongest difference was in summer forb height
evaluate these variables over time to determine signi‘cant (MM, time X treatment interaction, Fg »».3%23.30, P ¥

time X treatment interactions. The “xed effects for each (.018; Fig. 4C). Summer forb height was very similar at
MM were the plot treatment types, time, and the the start of the study, but by 2008 forbs were tallest in
interaction between the treatments and time. Each model p ¢ plots and Pp C plots, intermediate in pP C
included a random block effect, which allowed for pjots, and shortest inpPp C plots (Fig. 4C). There were
correlated responses among plots within blocks. Each no differences in vegetation height or cover between
MM compared the posttreatment samples to a baseline pjots where prairie dogs and cattle each occurred alone,
pretreatment measure, which came from data on prairie compared to where neither occurred (Fig. 4; Appendix
dog plots p P C) during spring and/or fall 2006. Among ). some species-level differences in plant canopy cover
the four treatments, thesgpP C plots were not manip-  and height became apparent by 2007, and continued into
ulated and represented site conditions at the start of the 2008, Compared to thepPp C plots, Russian thistle
study. Because the power of the MM was low due to few (sasola kali), an exotic forb, was two times taller in the
repeated measurements (i.e., 6 seasons, 3 years), we al§fp ¢ plots, >2 times taller in the Pp C plots, and >3
used ANOVA models with Tukeyss adjustments that times tallerinthe P C plots (ANOVA, F315%3.08,P Y,
made multiple range-test comparisons across treatmentsg og: Fig. 3). Despite some notable changes in vegetation
at each time interval. We pooled spring and fall gtycture (i.e., height and canopy cover) there were no
measurements by each year for plant height and for gjgnjcant differences in aboveground biomass among
plant cover to obtain total annual height and cover. treatments, probably because there was high variability
within. Nevertheless,pPp C plots consistently had the

. lowest biomass compared to the other plots in 2007 and
Prairie dog abundance 2008 @ > 0.05).

Data analysis

REsuLTs

There were no signi“cant differences among blocks or
treatments prior to imposing the treatments, but soon
after, prairie dog abundance was higher on plots grazed  Grasshoppers showed large responses to the removal
by cattle @PpC) compared to plots without cattle of prairie dogs and both prairie dogs and cattle (Fig. 5;
(PP C), and this pattern persisted from spring 2007 to Appendix F). Prior to the implementation of treat-
fall 2008 (Fig. 2, Appendices D and F). This observation ments, there were no signi“cant differences in grass-
is supported by prairie dog soil disturbance that hopper abundance among treatments or blocks. By
exhibited a similar relationship between treatments 2008, overall grasshopper abundance was much higher
(Fig. 2, Appendix F). on plots where prairie dogs were removed, with

Grasshopper response
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responses re’ect differenes in the distribution of other studies, such as prairie dogs and kangaroo rats in
colonies or in overall abundance. This relationship is Chihuahuan Desert grasslands (Davidson and Lightfoot
further in"uenced by the positive associations of cattle 2006, 2007, 2008, Davidson et al. 2008), ants and prairie
with prairie dog colonies. Our research in the Janos dogs in shortgrass prairie (Alba-Lynn and Detling
region is showing that cattle preferentially graze on 2008), habitat-modifying benthic mollusks in coastal
prairie dog colonies (R. Sierra, E. L. Fredrickson, and regions (Boyer and Fong 2005), and salmon and bears in
G. Ceballos, unpublished data;see also Curtin 2008), Alaskan riparian ecosystems (Hel“eld and Naiman
similar to the preferential grazing by bison on colonies in 2006). Our study goes a step further, however, in
mixed-grass prairie (Coppock et al. 1983). So, grasslandsshowing that these combined effects are in"uenced by
where cattle and prairie dogs coexist experience thethe relationships between species, and that these
combined effects of two major herbivores, and ecosys- complex interactions can be important in the domesti-
tem structure and function are shaped fundamentally by cated, human-dominated landscapes that now comprise
the relationships between them. most of the Earth (Kareiva et al. 2007). We suggest that
Such relationships and resultant synergistic effects grassiands may be able to sustain populations of both
may be common between megaherbivores and burrow- gomestic megaherbivore and burrowing mammals
ing mammals worldwide, and even between large and when apundances are managed so that they interact
small herbivores more generally. For example, livestock synergistically to enhance the productivity and biodi-
are purported to facilitate other burrowing mammals, versity of grassland ecosystems.
such as plateau pikas and zokors Mlyospalax fonta-
nierii) in the Tibetan plateau and plains vizcachas in the ACKNOWLEDGMENTS
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to their sedentary behavior and engineering activities } o
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consistent with our model, small and large herbivores Arsenault, R., and N. Owen-Smith. 2002. Facilitation versus
often have both independent and interactive impacts  competition in grazing herbivore assemblages. Oikos 97:313...
(e.g., Ritchie and OIff 1999, Olofsson et al. 2004, Bakker ~ 318.

et al. 2006, Yoshihara et al. 2010). When each functional Bagchi. S., T. Namgail, and M. E. Ritchie. 2006. Small

. . mammalian herbivores as mediators of plant community
group is more abundant when the other is present than dynamics in the high-altitude arid rangelands of Trans-

Whe_n they oceur alone (e.g., Coppock et al. 1983, Himalaya. Biological Conservation 127:438... 442.
Whicker and Detling 1988, Arsenault and Owen-Smith Bakker, E. S., M. E. Ritchie, H. OIff, D. G. Milchunas, and
2002, Curtin 2008, the present study; R. Sierra et al., J. M. H. Knops. 2006. He_rbivore impa_ct on grasslgnd plgnt
unpublished datp they can play synergistic roles in diversity depends on habitat productivity and herbivore size.

: - _ Ecology Letters 9:780...788.
ts:ﬂe;ps)lng the structure and function of grassland ecosys Boyer, K. E.. and P. Fong. 2005. Co-occurrence of habitat-

modifying invertebrates: effects on structural and functional
Our conceptual model also has broader applications  properties of a created salt marsh. Oecologia 143:619...628.

to other kinds of herbivores and ecosystem engineers in Branch, L. C., J. L. Hierro, and D. Villarreal. 1999. Patterns of

other grassland ecosystems, and highlights the need for plant species diversity following local extinction of the plains

both theoretical and empirical studies in order to better \A/f|lz.cla?c3ha igzsem""a”d scrub. Journal of Arid Environments

understand and manage grasslands throughout the Ceballos, G., A. Davidson, R. List, J. Pacheco, P. Manzano-
world. More generally, our work demonstrates how  Fischer, G. Santos Barrera, and J. Cruzado. 2010. Rapid
the networks of ecological relationships among species decline of a grassland ecosystem and its ecological and

belonging to different functional groups can affect the  conservation implications. PLoS ONE 5:e8562.
structure and function of ecosystems. These relation- €Neng. E., and M. E. Ritchie. 2006. Impacts of simulated

. . . . livestock grazing on Utah prairie dogs Cynomys pardivens
ships and their consequential cascading effects are often ;. 2" 10w productivity ecosystem. Oecologia 147:546...555.

controlled by top predators and humans (Ripple and cig, M. S., J. K. Detling, A. D. Whicker, and M. A. Brizuela.
Beschta 2007). Our “ndings are generally consistent with  1991. Vegetational response of a mixed-grass prairie site
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APPENDIX C

Photo showing accessibility of the prairie dog exclosure plots by the next largest rodent at the study site, the banner-tailed
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