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Abstract Few studies have experimentally tested the re-
source dispersion hypothesis (RDH). In this study, I tested
whether space use and social organization of Gunnison’s
prairie dog responded to changes in the dispersion and
abundance of resources. Food manipulations were carried
out during the reproductive and nonreproductive seasons
across 2 years. Gunnison’s prairie dog adults responded to the
experiments by decreasing territory size as food became
patchier in space and time. Both males and females modified
their home ranges, with no detectable difference between
sexes, either prior to or during the experiments. As food
became patchier in space and time, the spatial overlap of
adults increased, whereas it decreased as food became more
evenly dispersed. The average size of a group, defined as
those individuals occupying the same territory, did not change
significantly as a result of the experiments. Where changes in
the composition and size of groups did occur, there was no
indication that such changes were sex specific. Results from
this study support critical components of the RDH and
strongly suggest that patterns of space use and social structure
in Gunnison’s prairie dogs are the result of individual
responses to resource abundance and distribution.
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Introduction

A general principle, first described by Crook (1965), is that
individuals in a population tend to aggregate more as the
dispersion of their food becomes more clumped (patchy) in
space. This broad correlation has been verified in an
extensive array of organisms (birds: Myers et al. 1981;
Stouffer et al. 1988; Gunnison’s prairie dogs, Cynomys
gunnisoni: Slobodchikoff 1984; Travis and Slobodchikoff
1993; European badgers, Meles meles: Kruuk and Parish
1982, 1987; brown hyenas, Hyaena brunnea: Owens and
Owens 1996; primates: Yamagiwa and Hill 1998; see Lott
1991 for review). Many of these correlations are likely due
to the costs associated with competition among group
members for resources balanced against the benefit of
exploiting a clumped resource (Waser 1977, 1988; Bradbury
and Vehrencamp 1976; Janson 1992; van Schaik and
Janson 2000).

An extension of this general pattern, the “resource
dispersion hypothesis” (RDH) states that the abundance
and distribution pattern of critical resources may provide a
distinct underlying mechanism for the evolution of groups
(Macdonald 1983, 1984; Slobodchikoff 1984; Carr and
Macdonald 1986; Slobodchikoff and Schultz 1988; Bacon
et al. 1991a, b; da Silva et al. 1993; Woodroffe and
Macdonald 2000). The RDH differs from Crook’s hypoth-
esis in that it is limited to territorial animals, while Crook
suggested that territoriality could act as an impediment to
sociality (Crook 1965). Although the RDH is also similar to
Brown’s (1982) model of optimal group size, two unique
assumptions differentiate the RDH from this and other
models. First, the RDH assumes shared territorial defense
as the primary benefit to group living. Second, no other
benefits or external forces are assumed necessary to explain
group formation and maintenance, though the model does
not preclude other benefits from existing.
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The RDH can also be thought of as an alternative
hypothesis to grouping patterns that reflect more typical
male mammalian mating strategies. Much of the research
on mating systems has centered on the prediction that males
and females respond to different selection pressures.
Female distribution is predicted to follow the distribution
of resources and predation risk, whereas male distribution
will be primarily determined by the spatial and temporal
availability of females rather than of resources (Emlen and
Oring 1977). Thus, it is possible that females only follow
RDH, whereas males follow individual mating strategies
but are not involved in resource defense against other
groups (Waser 1977; Packer et al. 1990). Alternatively, if
resources are the dominant influence on aggregation
patterns, variation should be the result of the changes in
the grouping behavior of both males and females, while
remaining independent of any particular mating strategies.

The RDH has been criticized as an untestable hypothesis
because of a lack of well-defined predictions (Von Shantz
1984). As a result, its application as a mechanism for the
evolution of group living has been limited. More recently,
theoretical work has focused on identifying the RDH
predictions, thus creating a framework for examining animal
grouping patterns (Bacon et al. 1991a, b; Johnson et al.
2002). There are two characteristics of resources that are
suggested to play a role in grouping behavior: (1) their
abundance or richness and (2) their distribution or
dispersion in space and time. Like other models, the formal
RDH broadly predicts that the abundance of resources
constrains group size, but, in contrast, RDH predicts that
the spatial dispersion, or patchiness, of those resources
directly influences territory and home range size. In
addition, temporal fluctuations in resource abundance and
distribution may create stochastic changes in the environ-
ment that could affect aggregation patterns and spatial
organization of individuals (Maher and Lott 2000; Johnson
et al. 2002). Under the RDH, the expectation is that, as
resources become more variable in space and time (more
heterogeneous), territory size would increase because of the
need to defend larger areas that consistently contain enough
food patches to satisfy even a single animal. In addition,
such food patches may be productive enough, once located,
to support several individuals, so the defense of a larger
territory may favor larger group sizes.

Although many species show patterns of correlations
consistent with the RDH, more rigorous experimental
studies are scarce due to practical difficulties in testing the
RDH in natural populations. Though not specifically testing
RDH, some experimental evidence does exist to suggest
that resource abundance and distribution may exert a strong
influence on aggregation patterns. For example, by manip-
ulating food abundance and dispersion simultaneously,
Sánchez-Prieto et al. (2004) found that group size increased

in Iberian red deer when food was patchier and denser. In
addition, Davies and Hartley (1996) demonstrated that
territory size increased with increasing food patchiness in
dunnocks. Though neither study system meets the assump-
tions for testing the RDH, both studies indicate that
behavioral flexibility in response to changing environmen-
tal conditions may be common.

Gunnison’s prairie dogs (C. gunnisoni) provide an
excellent model system for experimentally testing the RDH
and satisfy the assumptions associated with this model in the
following ways. First, all individuals within a territory have
access to all parts of the territory, and both males and
females communally defend territories larger than individual
home ranges (Rayor 1988; Verdolin 2007). Second, food
resources are heterogeneous and individuals respond to this
variation (Slobodchikoff 1984; Travis and Slobodchikoff
1993). Third, there is observational and experimental evi-
dence suggesting that the social structure associated within a
territory varies with the availability and distribution of food
resources (Slobodchikoff 1984; Travis and Slobodchikoff
1993; Travis et al. 1995). Lastly, although previous research
suggests that female kin-related groups form the core social
unit in this species (Hoogland 1999), data from these
populations indicate that kinship benefits are not driving
social patterns (Verdolin and Slobodchikoff 2009).

In this study, I explored the effect of resource abundance
and dispersion on Gunnison’s prairie dog social organiza-
tion and space use through a series of food manipulations
testing eight specific predictions of the RDH (Table 1).
Predictions 1–4 were derived from Johnson et al. (2002),
while the remaining predictions naturally emerge from
RDH, though they are not explicitly expressed in the formal
model. It should be noted that the model indicates that
predictions 2–4 depend on initial conditions (Johnson et al.
2002). However, because specific directional predictions

Table 1 List of predictions related to the hypotheses tested in this
study, most of which (1–4) were specifically derived from Johnson
et al. (2002)

Variable Predictions

1. Resource abundance + Correlation with GS
2. Resource dispersion even − Correlation with GS and TS
3. Resource dispersion patchy + Correlation with GS and TS
4. Resource dispersion spatially
temporally heterogeneous

+ Correlation with GS and TS

5. Resource dispersion even − Correlation with HRO
6. Resource dispersion patchy + Correlation with HRO
7. Resource dispersion spatially
temporally heterogeneous

+ Correlation with HRO

8. Sex No difference
9. Season No difference

GS group size, TS territory size, HRO home range overlap
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depending on initial conditions are not available, this study
is testing the hypotheses only as presented in Table 1.

Materials and methods

Study area

Two colonies of Gunnison’s prairie dogs were studied in
northern Arizona from May 2003 to August 2005. The first
study site, Humane Society (HS), was established in May
2003. The second study site, Country Club (CC), was
established in August 2003. Experimental manipulations of
resource abundance and distribution were conducted from
June 1, 2004 to August 1, 2004 and April 1, 2005 to May 6,
2005. Data from 2003 are excluded from the current analysis.

Both colonies were located within the city limits of
Flagstaff, AZ, USA. Within each study site, two 1-ha plots
were created. At both sites, the location of the plots (HS I,
HS II, CC I, and CCII) was separated by a distance of
0.2 km and a road. With the exception of one individual
who moved in August 2004 from HS I to HS II and two
individuals from CC I that moved to the boundary of CC II,
individuals in different plots did not physically interact with
one another or occupy the same area at any time during this
study. For each plot, at both HS and CC, a 100×100-m
letter/number grid system consisting of 100 10×10-m
quadrats was established using surveyor stakes.

I assigned individuals to social groups and determined
group territory boundaries using data on animal locations
collected during live trapping and behavioral observations
as described in Verdolin (2007). An intrusion refers to an
event where an individual not belonging to the social group
entered the territory and was aggressively chased out of the
territory. The number of social groups and territories
occurring on each plot is listed in Table 2.

The abundance and distribution of food plants were
obtained by monthly sampling of all plots from April to
August each year. A detailed description of methods used
for assessing percent cover and estimating aboveground
biomass is provided in Verdolin (2007). Briefly, percent

cover was estimated for all plots and all territories within
each plot, from digital images using Optimas 3.0. Available
aboveground biomass for each plot was estimated using
the average dry weight of 100-cm2 food plant samples
collected from 15 randomly selected 100-m2 quadrats each
year. Territory food patchiness during the nonexperimental
portion of the study was calculated as the variance to mean
ratio of biomass per square meter or index of dispersion
(Krebs 1999). Territory food patchiness during the experi-
ments was also calculated as the index of dispersion, with
the daily amount of sunflower seeds distributed to each
territory incorporated in the mean biomass per square meter.
Changes in patchiness were calculated as the difference in
patchiness prior to and during the experiments. In 2005,
just prior to the onset of the experiments, there was little
aboveground vegetation cover. Individuals were observed
foraging on roots and were likely living off of post-
hibernation fat reserves. Due to the lack of aboveground
biomass in March and widespread snow cover, data to
estimate pre-treatment patchiness were unavailable. Instead,
a pre-treatment patchiness of 1 was assigned to all territories,
corresponding to a random distribution.

All home ranges and territory areas were calculated
using the fixed kernel density estimator. When using the
fixed kernel approach with a level of smoothing selected by
least squares cross-validation, results are less biased and
more appropriate for nonnormal distributions (Worton 1995;
Seaman and Powell 1996). As opposed to the adaptive
kernel, the fixed kernel approach is more stable for
probability contours exceeding 80%. Seaman et al. (1999)
suggest that contours greater than 85% do not provide
meaningful biological information and are less reliable.
Therefore, I used only the 85% contour probabilities for all
individual home ranges, territory areas, spatial overlap of
individual home ranges, and all statistical comparisons (see
Verdolin 2007 for details). The proportion of the total home
range that any one target individual overlapped with
another individual was calculated by taking the area over-
lapped divided by the home range of the target individual.
Proportions were arcsine-transformed for analysis. Changes
in home range overlap were calculated as the difference
between the proportion of overlap between two individuals
prior to the experiments and the proportion of overlap
during the experiments.

Experimental design

Food manipulation experiments were conducted by imposing
a spatiotemporally even treatment, a spatially patchy treat-
ment, or a spatiotemporally heterogeneous treatment in 2004
to the study plots. In 2005, the experiments were repeated
using only the even and spatiotemporally heterogeneous
treatments. The food source used was sunflower seeds, a

Table 2 Experimental design for the post-reproductive season in
2004 and the reproductive season in 2005

Plot 2004 Experiments 2005 Experiments

CCI Patchy (6) Heterogeneous (4)
CCII Control (4) Control (5)
HIS Heterogeneous (5) Even (4)
HSII Even (5) –

The number of social groups/territories occurring on each plot is in
parentheses
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high-energy naturally occurring food source. Prairie dogs
within each plot were supplemented with 70% of their daily
energetic requirements. The average weight of a sunflower
seed used in this study is 0.065±0.003 g, N=15 (unhusked),
and 0.040±0.002 g, N=15 (husked). The estimated energetic
requirements for an adult prairie dog weighing an average of
836.8±26.15 g (N=36) is 660.22±4.71 kJ/day (Nagy et al.
1999). Thus, the estimated daily food intake per adult prairie
dog, based on 16.9 kJ/g of dry matter for granivores, was
39.06±3.59 g, yielding a value of 44.0 g of unhusked
sunflower seeds per individual in order to supplement 70%
of the daily energetic requirement.

Post-reproductive season experiments

Food manipulations during the nonreproductive season
began on June 3, 2004 and continued until August 1,
2004. This time period encompassed the start of juvenile
emergence (early June) and the start of the rainy season
(mid-July). One of the four plots, selected at random among
the four, served as the control. Each of remaining three
plots received one of the other treatments, according to a
fixed rule. The plot with the highest natural food patchiness
received the even treatment; the plot with the least natural
food patchiness relative to the other experimental plots
received the patchy treatment and the experimental plot
with an intermediate patchiness received the spatiotempo-
rally heterogeneous treatment (Table 2).

An even distribution was obtained by dividing the total
amount of seeds by 100 and each 10×10-m quadrat
received equal portions every day. The portion distributed
in each quadrat was spread as uniformly as possible to
minimize the creation of mini-patches. To achieve a higher
spatial patchiness, ten 10×10-m quadrats were selected
using a random number generator in Excel. The total
amount of sunflower seeds to be distributed daily was
divided by 10 and each selected quadrat received that
amount daily throughout the duration of the experiment.
The portion distributed to the ten patches was placed in the
center of each quadrat. As resources can vary temporally as
well as spatially, the plot with the intermediate patchiness
value (relative to the others) was given a spatiotemporally
heterogeneous treatment. Again, ten 10×10-m quadrats
were selected at random and the total amount of sunflower
seeds to be distributed daily was then divided by 10 and
placed in the center of each quadrat. Each selected quadrat
received that amount for 2 weeks. After 2 weeks, an
additional set of ten quadrats were selected at random and
food was distributed in the new set of quadrats for 2 weeks.
This process was repeated four times throughout the
experiment. Territories did not necessarily receive equal
amounts of food because the size of a territory and the
fraction of its area included in the hectare plot affected how

much food it received, in addition to the random choice of
locations to receive supplements. However, the variation in
food added per territory was similar for all three experi-
mental treatments (Bartlett’s test, P=0.267).

Reproductive season experiments

Extensive flooding during the winter of 2004 resulted in
100% mortality of all individuals on HS II, eliminating this
plot from the study in 2005. Food manipulations during
the mating portion of the reproductive period began on
April 2, 2005 and continued until May 11, 2005. The
CCII remained the control plot, while HS I received the
even treatment and CC I received the spatiotemporally
heterogeneous treatment (Table 2). The procedures were
identical to the post-reproductive season experiments.
Though territories did not receive equal amounts of food,
the variation in food added per territory was similar for all
three experimental treatments (Bartlett’s test, P=0.149).

Statistical analysis

Previous results indicated that yearlings and adults had
different home range sizes and that yearling home range
overlaps did not correlate with differences in food patch-
iness (Verdolin 2007); thus, all analyses of home range and
food patchiness were conducted on adults. Because it is not
possible to reliably distinguish between adults and year-
lings by weight (Tileston and Lechleitner 1966), all males
and females of unknown age were classified as adults.
Previous results during the nonexperimental portion of this
study also indicated that territory size predicted the number
of individuals in a group, regardless of age and sex
(Verdolin 2007); therefore, analyses of group size include
both male and female adults and yearlings.

Aboveground vegetation was recorded monthly and
analyzed to calculate territory food patchiness. Due to the
monthly sampling regime, there could have been a complex
correlation structure among the sequential sampling periods
for a given colony, requiring the use of repeated-measures
analysis of variance (ANOVA). However, repeated-measures
ANOVA is not required when sequential data points within
a category share a common covariance structure across
categories (SAS Institute 2000). A test for sphericity was
used to test this assumption for patchiness of food within
colonies across months. The results were not significant for
each colony in each year (2004: X2=3.70, df=4, P=0.595;
2005: X2=0.56, df=4, P=0.762). Therefore, I accepted the
null hypothesis that different months shared the same
covariance structures across time. This criterion then
allowed me to use univariate analyses for the reproductive
(April–May) and post-reproductive (June–August) exper-
imental periods.
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I used a general linear model (GLM), except where the
dependent variable had a Poisson distribution, in which
case I used a generalized linear model (GdLM). Average
food patchiness for each period was used to test the effect
of patchiness of food on the spatial overlap of individual
home ranges. Biomass per square meter and territory size
were log-transformed to reduce heteroscedasticity. Arcsine
transformation was performed on the proportion overlap of
individual home ranges. Year, site, and interaction terms are
not reported, except where significant. Statistical analyses
were performed using JMP 4.0 and Statistica software, and
all P values reported are two-tailed.

Results

Post-reproductive season (2004)

Adult males and females did not differ in their responses to
the experiment. A two-way ANOVA found a main effect on
changes in home range as a result of the treatments (F3, 58=
4.75, P=0.005). There was no main effect of sex on
changes in home range (F1, 58=0.72, P=0.399), nor was
there any interaction effect between sex and treatment
(F3, 58=1.26, P=0.297). In addition, the starting number of
males and females did not explain changes in either the
number of males added or lost to a group (GLM: whole
model: R2=0.06, F2, 17=0.55, P=0.669) or the number of
females added or lost to a group (GLM: whole model: R2=
0.22, F2, 17=2.45, P=0.116).

Prior to beginning the food manipulation experiments in
2004, log territory size was a significant predictor of group
size (GLM: whole model: R2=0.61, F1, 18=28.36, P<0.001).
Log mean food biomass per square meter increased with log
territory size (GLM: whole model: R2=0.29, F1, 18=7.18,
P<0.015) and the log food biomass per individual increased
with log territory size (GLM: whole model: R2=0.42, F1, 18=
12.82, P<0.001) suggesting that larger territories were more
productive. In addition, the per capita number of intrusions
did not depend on group size (GdLM: W=0.04, P=0.854,
N=20). While group sizes changed on most territories
during the experiment (Table 3), mean group size per
treatment plot did not change significantly (Wilcoxon
paired signed rank test: W=4, P=0.920). Although treat-
ment type did not strongly affect group size after the
experiments, the positive relationship between group size
and territory size remained significant (GLM: whole model:
R2=0.47, F4, 15=3.45, P=0.033).

There was a significant treatment effect on the change in
territory size (ANOVA: R2=0.59, F3, 16=7.65, P<0.002).
Territories on plots receiving the patchy and heterogeneous
food treatments decreased in size, while territories on the
even plot increased in size to about the same extent as those

on the control plot (Fig. 1a). A post hoc comparison of
treatment means to the control, using Dunnett’s test,
indicated that the patchy and spatially heterogeneous plot,
but not the even plot, were significantly different from the
control at P=0.05. Prior to the experiments, there was no
significant relationship between food patchiness and terri-
tory size (GLM: whole model: R2=0.05, F1, 18=1.02, P=
0.325). However, the change in food patchiness was
significantly correlated with the changes in territory size
during the experiment (GLM: whole model: R2=0.45, F1, 18=
14.74, P<0.001). Changes in territory size on the even plot
followed a similar pattern to the control plot. A comparison
of territory sizes measured at 2-week intervals, beginning
2 weeks after the start of the experiments, showed that the
territories on the even plot expanded significantly more than
those on the control plot (t test: t7=−2.909, P=0.023). This
difference in expansion pattern was no longer significant
after the rainy season began (paired t test: t7=−2.232, P=
0.061), suggesting that the effect of the experiments were
diluted as the summer progressed, as natural foods became
more common and palatable.

There was a significant treatment effect on the change in
mean adult home range overlap (Fig. 2a; ANOVA: R2=
0.62, F3, 14=7.47, P=0.003), with home range overlaps on
plots receiving the patchy and heterogeneous food treat-
ments increasing, whereas the mean home range overlap for
territories on the even plot decreased and was more similar
to that of the control plot. A post hoc comparison by
Dunnett’s test also indicated that the patchy and spatially
heterogeneous plots, but not the even plot, were signifi-

Table 3 Changes in group size (GS), for each territory by experimental
treatment in 2004 and 2005

Plot Treatment 2004 Territory GS Treatment 2005 Territory GS

CCII Control 1 1 Control 1 −2
2 0 2 0

3 −2 3 1

4 1 4 1

CCI Patchy 1 −2 Spatiotemporally

heterogeneous

5 0

2 −1 1 0

3 −4 2 0

4 −3 3 −1
5 1 4 −5
6 0 5 –

HIS Spatiotemporally

Heterogeneous

1 1 Even 1 −2
2 1 2 0

3 0 3 0

4 3 4 0

5 0

HSII Even 1 0

2 3

3 −
4 1

5 1
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cantly different from the control at P=0.05. The difference
in territory patchiness was significantly correlated with the
change in mean adult home range overlaps (GLM: whole
model: R2=0.38, F1, 11=6.23, P=0.030).

Reproductive season (2005)

As in 2004, adult males and females did not differ in their
responses to the experiment. A two-way ANOVA found no
significant main effect on changes in home range size due
to sex (F1, 31=0.36, P=0.499) or to treatment (F2, 31=1.90,
P=0.133) and no interaction between sex and treatment
(F2, 31=1.42, P=0.272). In addition, the starting number of

males and females did not explain changes in the number of
males added or lost to a group (GLM: whole model: R2=
0.45, F2, 11=3.67, P=0.066). Similarly, the starting number
of males and females did not explain changes in the number
of females added or lost to a group (GLM: whole model:
R2=0.14, F2, 11=0.73, P=0.765).

Log territory size was again a significant predictor of
group size prior to the experiments (GLM: whole model:
R2=0.38, F1, 12=6.76, P=0.024). Food biomass was not
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analyzed in 2005, as measurements of biomass were not
feasible in March, prior to the experimental treatment (see
“Materials and methods”). Although group sizes changed,
both increasing and decreasing (Table 3), mean group size
did not change significantly with treatment (Wilcoxon
paired signed rank test: W=24, P=0.106). One territory
on CCI contributed heavily to the changes in group size.
Shortly after the experiments began, five individuals left
this territory, with four individuals, two males and two
females, settling just 30–40 m north of their original
territory and one individual moving 50–60m east to a territory
outside of the plot. However, removing this territory from
the analysis did not yield different results (W=16, P=0.088).
Unlike in 2004, after the experiment, the relationship between
group size and territory size was no longer significant,
even when controlling for treatment type (GLM: whole
model: R2=0.23, F3, 10=1.01, P=0.431).

However, as with experiments conducted during the
nonreproductive season (2004), there was a significant
treatment effect on the difference in territory size (ANOVA:
R2=0.45, F2, 11=4.12, P=0.049), with territories on plots
receiving the heterogeneous treatment decreasing in size,
while territories on the even plot increased in size (Fig. 1b).
A post hoc comparison using Dunnett’s test showed that the
spatially heterogeneous plot, but not the even plot, was
significantly different from the control at P=0.05. Territory
expansion occurred principally by individuals incorporating
previously unutilized and undefended portions of the plots.
The change in food patchiness was again strongly correlat-
ed with the average change in territory size during the
experiment (GLM: whole model: R2=0.42, F1, 12=8.09,
P=0.016).

Consistent with the results from the nonreproductive
season (2004), adult home range overlaps were affected by
the experimental treatment (Fig. 2b; ANOVA: R2=0.46,
F2, 11=3.93, P=0.053). A post hoc comparison of treat-
ment means to the control, by Dunnett’s test, indicated
that the spatially heterogeneous and even plots were not
significantly different from the control at P=0.05. The
mean adult home range overlap on the heterogeneous
treatment plot increased, while mean adult home range
overlap on the even plot decreased and they were
significantly different from each other (Tukey–Kramers
honestly significant difference at P=0.05). The change in
mean adult home range overlaps within territories was
correlated with the changes in territory food patchiness
(GLM: whole model: R2=0.35, F1, 12=5.31, P=0.043).

Discussion

Overall, results of this study indicate that food dispersion
exerts a strong effect on the spatial aggregation patterns and

territory size of Gunnison’s prairie dogs. Both male and
female adult Gunnison’s prairie dogs showed indistinguish-
able and significant changes in territory size and spatial
overlap in response to experimental changes in food
abundance and dispersion and did so whether or not it
was the mating season. These experimental results support
some key components of the RDH as a potential mecha-
nism for the evolution of group living in this species, while
forcing a reassessment of some of the detailed predictions
of RDH.

By increasing the average carrying capacity of all
territories across experimental plots through increasing
food abundance, I could evaluate what effect changes in
the distribution of food had on each territory. Unexpectedly,
territories on the plots that received patchy and spatiotem-
porally heterogeneous treatments contracted around the
resource patches added, while territories on the plot receiving
the even treatment expanded to encompass additional
areas where food was being added. While the presence of
a significant effect is concordant with the RDH, the
outcome was opposite to currently published predictions
(summarized in Table 1). The RDH predicts directional
changes in territory size based on changes in resource
distribution and states that the directions of these changes
are contingent on initial patterns of food distribution
without providing specific a priori expectations (Johnson
et al. 2002; see Table 1, predictions 2–4). In general, the
results I report here are consistent with the logic of RDH,
although the logic is not explained clearly with respect to
published predictions. Existing theoretical treatments do
not specify what ecological conditions should be associ-
ated with particular directional changes in foraging
strategies and spatial use. Therefore, this study focused
on testing of the predictions for which clear directional
hypotheses were provided, as reflected in predictions 2–4
of Table 1. Furthermore, it may be that the response of
individuals does not depend on initial conditions but
rather on patch size reaching a critical threshold that allows
other individuals to utilize the patch. An extension of
the RDH model beyond the conventional predictions is
required to encompass adaptive foraging responses not
currently anticipated.

Theoretical studies have emphasized the tradeoffs asso-
ciated with territorial defense. As territories become larger,
additional defense costs should be incurred, offsetting the
potential to gain additional resources (Brown 1964). The
expectation is that individuals will be spatially conservative
and minimize the area over which they must forage to meet
their metabolic needs (Brown 1964; Gill and Wolf 1975;
Charnov et al. 1976). However, results of this study suggest
that Gunnison’s prairie dogs seek to maximize their energy
gain by expanding their ranging and territory size when
additional energy makes it beneficial to do so. The ability to
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expand territory size without incurring excessive additional
defense costs might be associated with vacant marginal
space that was not being utilized. On both the control and
even plots, such space for expansion was available and
territories expanded by individuals incorporating previously
unused and undefended areas. Although contrary to the
predictions of the RDH, similar responses to changes in
resource dispersion have been observed in other species
when population sizes were low or below carrying capacity
(red fox: Baker et al. 2000; badger: Revilla and Palomares
2002; arctic fox: Eide et al. 2004).

Of particular interest and importance in supporting the
RDH as a mechanism to explain group formation was the
effect of the treatments on adult home range overlaps. Not
surprisingly, because territory size decreased as food patch-
iness increased, adult home range overlaps correspondingly
increased. Therefore, within a territory, it appears that
individuals become more spatially tolerant of group members
as food becomes increasingly patchy. Within the RDH
framework, greater spatial overlap in home ranges, and the
resulting closer proximity of individuals to each other, may
facilitate a higher frequency of social interactions among
individuals, providing the potential for the evolution of
increased sociality.

Although resource distribution affected both territory
size and home range overlap, the changes in abundance and
dispersion did not significantly alter group size. Previous
results indicated a strong correlation between territory size
and group size that was linked, not to patchiness, but to
territory productivity and density (Verdolin 2007). The
experiments conducted in this study, emphasizing the effect
of resource dispersion, decoupled this relationship by
altering territory size in response to the dispersion of food.
This decoupling supports the RDH because it is explicitly
predicted that territory size will be influenced by the
dispersion of resources (Johnson et al. 2001, 2002). A
previous experiment that involved mowing the resources on
a Gunnison’s prairie dog colony did result in a change in
group size (Slobodchikoff 1984). In this study, however, I
found that group sizes were not strongly affected by
increasing abundance or dispersion. The short duration of
the experiments may have left little opportunity for popula-
tion responses to yield significant differences in group size.
Given the experimental design, all territories within a given
treatment plot were stochastically similar. Because there
should have been little incentive for individuals to switch
territories, it would have been unlikely to detect significant
changes in group size.

For the RDH to apply as a general mechanism, both
males and females should respond similarly to changes in
resource distribution. If not, RDH might be useful only for
one sex, and it might be difficult to distinguish the RDH
from other hypotheses that stress male mating strategies as

a determinant of social structure. This assumption is rarely
emphasized but is critically important to establishing the
RDH as an independent general model for group formation.
Results from this study indicate that males and females
responded similarly to the experiments across the repro-
ductive and nonreproductive season, suggesting that male
mating strategies are not driving spacing patterns. Changes
in the demography of groups as a result of the experiments
were not related to the original composition of the group. In
addition, changes in home range size were not sex specific,
indicating that both adult males and females adjusted
home ranges in similar ways in response to the food
manipulations.

Another key element of the RDH is that there are
intrinsic advantages to group living other than benefits
more typically assumed for mammalian social groups (e.g.,
reduced predation risk, access to mates). The RDH is
unique in that it requires no additional external force or
benefit to explain group living, beyond shared territorial
defense in response to patterns of abundance and distribu-
tion of resources. Prior to the 2004 experiments, Gunnison’s
prairie dogs living in larger groups lived on larger territories
and had higher per capita food availability. With individuals
on larger territories having access to more resources, coupled
with no evidence that the per capita rate of intrusions
depends on group size, these results provide support in
favor of the communal defense assumption of RDH and
indicate a potential synergistic benefit associated with living
in a larger group.

Unlike in black-tailed prairie dogs, there is little evidence
to suggest that Gunnison’s prairie dog social groups acquire
additional benefits. For example, black-tailed prairie dogs
frequently engage in allogrooming with group members
(Hoogland 1995). Allogrooming can provide several bene-
fits including the removal of ectoparasites, increased
tolerance, strengthening pair bonds, food acquisition, and
parental care (Seyfarth and Cheney 1984; Tanaka and
Takefushi 1993; De Waal 1997; Henzi and Barrett 1999).
Although allogrooming occurs, its incidence in Gunnison’s
prairie dogs is extremely rare (personal observation) and
unlikely to confer any significant benefit.

Infanticide is another seemingly common occurrence
among black-tailed prairie dogs (Hoogland 1995) but has
not been recorded in Gunnison’s prairie dogs despite long-
term studies. The lack of infanticide in Gunnison’s prairie
dogs is not surprising because none of the classical
hypotheses for the existence of infanticide appear to apply.
Though females could potentially benefit by eliminating the
offspring of competing females, because females breed
once per year, there is no real chance for males to benefit
from infanticide. In addition, females of this species do not
appear to regularly nest communally, decreasing the
likelihood that infanticide by females would occur.
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Increased protection from predators is thought to be a major
benefit in many species that live in groups, including black-
tailed prairie dogs. Increased vigilance could reduce predation
risk for black-tailed prairie dogs living in larger groups within
a colony (Hoogland 1979, 1981). For Gunnison’s prairie dogs,
however, such antipredatory benefits may be largely due to
overall colony size and not to group size per se (Verdolin and
Slobodchikoff 2002). Thus, reduced predation risk could
explain coloniality in these populations, but it does not
explain why colonies are subdivided into social groups and
communally defended territories.

Lastly, while individuals living in groups clearly have
access to potential mates by proximity, behavioral obser-
vations (Verdolin 2007), coupled with high levels of extra-
group paternity found in previous studies (Haynie et al.
2003; Travis et al. 1995, 1996), indicate that females actively
seek copulations with males outside the territory. These data
suggest that individuals of either sex may not derive clear
benefits of territorial defense via enhanced access to mates.
However, a comparison of male mating success (resident
males versus nonresident males) will ultimately be the only
way to address this issue. Genetic analyses of the reproduc-
tive success of individuals from these populations are in
progress and perhaps will reveal if access to mates is an
additional driving force shaping Gunnison’s prairie dog
social group formation and maintenance.

If none of the classical benefits for sociality apply, what
factors might favor larger group sizes in Gunnison’s prairie
dogs? They are obligate hibernators, though hibernation
is interrupted by cyclic periods of activity (Bakko and
Nahorniak 1986). As the season progresses, individuals
need to acquire adequate resources to meet their daily
requirements and obtain additional resources if they are to
survive overwinter hibernation. Therefore, the primary
purpose of territories in this species may be to secure
sufficient resources and reduce individual defense costs,
while constraining the absolute group size possible within
a territory by the intensity of competition for those resources.
Optimal group size will then be determined by the fitness
maximum, based on rates of reproductive output and
mortality, that results from access to resources and the costs
of group defense as territory size increases (Fig. 3).

Overall, this study provides strong empirical support for
the RDH as an explanation of group living in Gunnison’s
prairie dog. Adult males and females responded to the
experiments by adjusting territory size and spatial overlap
during both seasons. These changes occurred as both adult
males and females modified their home ranges, and there
were no consistent differences between adult male and
female home ranges, both prior to and during the experi-
ments. Although significant group size changes were not
observed, there was no indication that alterations in the
composition of groups were sex specific. However, the fact

that territories contracted on the patchy and heterogeneous
experimental plots suggests that an extension to the
current predictions of the RDH is needed to allow for the
possibility that, under conditions of superabundant patchy
or heterogeneous food availability, individuals will minimize
energetic costs and risks associated with territorial defense
by reducing territory size. Additionally, because treatments
were assigned in such a way as to change initial differences
in field conditions toward the most extreme opposite
direction, these data provide a foundation for enhancing the
RDH model and generating a priori expectations about how
initial conditions may modify the responses of individuals to
changes in resource dispersion and abundance. Lastly, while
changes in the abundance of food were similar across
treatments, the RDH does not address the potential interac-
tion between simultaneous changes in abundance and
dispersion. Future field experiments will be designed to
independently assess the impacts of abundance and disper-
sion as well as potential interactions not currently accounted
for in the RDH model.

It has been claimed that the RDH is not a testable
hypothesis because it has been used ad hoc to explain
grouping patterns for which no reasonable alternative
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Fig. 3 Conceptual model of selection on group size in an RDH
system. It is assumed that in general larger groups inhabit larger
territories. Reproduction at first increases with group size because of
the benefits of better group defense (lower costs and/or better-quality
territories), but eventually competition among group members reduces
reproductive success in larger groups. Mortality decreases in larger
groups because individuals on larger territories are more likely to find
sufficient food regardless of seasonal and annual variations in
productivity, although unpredictable climatic events (e.g., floods)
place a lower limit on mortality rates. Total fitness (taken simplisti-
cally as the reproductive rate divided by mortality, assuming constant
vital rates throughout life) peaks at slightly larger group sizes (and
presumably territory sizes) than those that maximize reproduction
alone
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appears to exist. Results of the current investigation
suggest that the RDH is a practical, feasible, and testable
hypothesis. While it may not be possible to conduct such
experimental manipulations for all species, this study
demonstrates that the RDH is no longer limited to purely
descriptive conclusions and may be applicable to a broader
array of species.
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