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Home-range size and shape are influenced by cost-benefit relationships associated with acquiring resources.
Subterranean animals may be particularly affected by food availability and soil conditions because of the close
coupling of their activity to soil and the high energetic expense of digging. We examined foraging tunnel length,
area, and geometry (e.g., number of branches and turning angles) of 3 species of pocket gophers (Geomys attwateri,
Geomys bursarius, and Thomomys bottae) in their natural habitats, which differed in food abundance and soil
characteristics. Burrow features (except length and area) were similar among species, sexes, ages, and habitats.
However, burrows of adults were longer and occupied larger areas than those of juveniles, and burrow system
length and area decreased with increasing vegetation biomass and with increasing soil clay content of soil (i.e.,
increasing expense of digging). Our findings reveal common patterns of burrow geometry, which suggest that there
may be an underlying strategy defining geometric features of burrows within this family of subterranean rodents.
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Home-range size and shape are functions of cost—benefit
considerations based on resource acquisition and use of space
for garnering resources (often food, also mates). An animal
must maintain a net energy gain from the costs of seeking and
acquiring resources and resource returns. Moreover, an animal
can optimize energetic considerations by establishing a home
range and foraging in a resource-rich area (Schoener 1971;
Stephens 1986) or adjusting home-range configuration to
maximize energy gain (Carpenter et al. 1983).

Establishing a home range in a resource-rich location is
a particularly challenging task for animals that cannot detect
resources from a distance. For example, subterranean rodents
are limited in their ability to detect food through the soil
(Benedix 1993). Additionally, the energetic cost of excavating
a burrow is 360-3,400 times the cost of walking a similar
distance aboveground (Vleck 1979). As a consequence, there
should be significant selective pressure on subterranean mam-
mals to excavate their burrows in optimal configurations.
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Pocket gophers (Geomyidae) are subterranean rodents whose
burrowing patterns are affected by their solitary social system
(Reichman et al. 1982) and their need to acquire food (Andersen
1988, 1990). Each individual constructs a burrow that serves as
its home range (Miller and Bond 1960). Pocket gophers forage
for plant material and seek mates by extending their burrows
within a relatively fixed area (Reichman et al. 1982). They
spend their lives belowground (except during dispersal), and
thus burrow location and configuration of shallow tunnels for
foraging (““foraging tunnels™) are critical for resource acquisi-
tion. Spatial configurations of burrows serve as snapshots of the
movement paths of pocket gophers at any one time and thus can
yield information about their burrowing patterns as they search
for resources.

We examined foraging tunnel size and geometry (e.g., num-
ber of branches and turning angles) of pocket gophers by using
burrow maps and site data from previous studies. We analyzed
the foraging tunnels (hereafter referred to as “‘burrows” for
simplicity) of 3 species of pocket gophers, Geomys attwateri,
Geomys bursarius, and Thomomys bottae, each at 2 sites
differing in food abundance and soil conditions. The 3 species
differed in body size, and hence in physiological demands. We
examined whether burrow geometry was species-specific and
how geometry was affected by food availability, soil conditions,
age, and sex. We made 2 sets of predictions. First, assuming
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TaBLE 1.—Site locations, body masses of animals, and vegetation and
soil characteristics. Vegetation biomass before conversion (‘‘original™)
is given, and converted (‘‘total””) above- and belowground biomass
(conversion performed where only aboveground biomass was given
by existing studies). Where body masses or soil data were not recorded
at a site, data are presented from other sources in the literature.

Biomass of vegetation (g/m?)

Body
mass, Total, Original,  Sand (%),Clay (%),
Location X X (n) X £ SE X X
Geomys attwateri
Venado Sands,
Texas 132.3 109 (30) 95 + 18 >91 1.4
Lake Trap, Texas  148.9 215 (30) 188 =24  >91 4.1
G. bursarius
Konza, Kansas 185" 2,069 (42) 658 = 25 7.7 28.3°
Cedar Creek,
Minnesota 185% 307 (64) 97 = 24 90° 4.7

Thomomys bottae

Tuzigoot Monument,

Arizona 121.3 1,421 20) 1421 =116  54¢ 234
Museum of

N. Arizona, No

Arizona 121.3° 757 (20) 757 + 123 data  36.5"

# Ruff and Wilson 1999.

® Knapp 1998.

¢ Grigal et al. 1974.

¢ United States Geological Survey 2000.

¢ Reichman et al. 1982.

f United States Department of Agriculture 1975.

equal net energy gain per meter of burrow excavated, we
predicted the following: (1) Species with the largest body mass
will have the largest burrow systems (i.e., greatest length and
area) to acquire sufficient food to meet their energetic needs
(McNab 1963). (2) Males will have larger burrows than those of
females because males have a larger body mass, and because
they search for mates (Bandoli 1981; Reichman et al. 1982). (3)
Adults will have larger burrows than those of juveniles because
adults have a larger body mass. Second, assuming variable net
energy gain per meter of burrow excavated, we also predicted:
(4) Burrows will be shorter in areas of high vegetation abun-
dance because net energy gain per meter of burrow dug will
be greater than in areas of low vegetation abundance (all
else being equal). (5) Burrows will be shorter in areas of sandy
soils because net energy gain per meter of burrow dug will be
greater than in areas of clay soils because of the lower cost of
digging in sand (all else being equal—Vleck 1979).

Although belowground behavior of subterranean rodents is
difficult to assess, they maintain a dynamic equilibrium with
regard to burrow length (Andersen 1987; Zinnel 1992). Sea-
sonally, burrow length may vary as individuals refill old burrow
sections rather than depositing excavated soil on the surface
(Crouch 1933; Sparks and Andersen 1988; Sumbera et al.
2003). The specific geometry of individual burrows is also dy-
namic, changing through time as the resident excavates new
tunnels for foraging, or when a vacant system is taken over by
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a new resident, which happens within minutes to a few days
(Reichman et al. 1982; Zinnel and Tester 1994). Burrows
examined in this study were mature burrow systems (i.e., the
products of at least 1 season of pocket gopher excavation).
Although home-range size and structure can vary over time, for
pocket gophers in particular, Reichman et al. (1982) present
internal burrow geometry, interburrow spacing, and population
density data that suggest stability in burrow configurations in
mature populations. Therefore, we assumed that burrow con-
figurations were stable and could be attributed to the inhabitant
at the time of burrow mapping.

MATERIALS AND METHODS

Species and sites—We analyzed burrows at 2 sites for 3 species of
pocket gophers, G. attwateri, G. bursarius, and T. bottae (Table 1). All
burrow system maps were taken from previous studies, which differed
in foci and details and spanned 13 years of data collection. We used
burrow maps from 2 Arizona sites, Tuzigoot Monument and Museum
of N. Arizona (Reichman et al. 1982); 2 Texas sites, Venado Sands and
Lake Trap (Cameron et al. 1988); 1 Minnesota site, Cedar Creek
(Wasley 1995); and 1 Kansas site, Konza (W. E. Rogers, in litt.). Sex
and age (categorized either as adult or juvenile based on reproductive
maturity, body mass, or both, depending on methods of the existing
studies) data were available for 3 sites (G. attwateri, Venado Sands and
Lake Trap; T. bottae, Tuzigoot Monument), only sex data was avail-
able for 1 site (G. bursarius, Cedar Creek), and neither was available
for the other 2 sites (G. bursarius, Konza; T. bottae, Museum of
N. Arizona).

Data on standing crop of vegetation were taken at each site at the
time of burrow mapping. At 4 of the 6 sites, only aboveground biomass
was measured; at the other 2 sites combined above- and belowground
biomass was measured (Table 1). For sites where only aboveground
biomass data were recorded, we extrapolated belowground biomass by
using root-to-shoot ratios (Andersen and MacMahon 1981). Percentage
sand and clay in the soil was measured directly at 2 sites and extracted
from published records for the remaining 4 sites (Table 1).

Both sites where G. attwateri occurred were characterized by low
vegetation biomass and sandy soils. G. attwateri was intermediate in
size to G. bursarius and T. bottae.

The 2 sites for G. bursarius differed in their habitat characteristics.
Konza had the highest vegetation biomass of all sites examined as well
as high soil clay content. Cedar Creek was characterized by low veg-
etation biomass and sandy soils. G. bursarius had the largest body mass
of the 3 species.

Both sites where T. bottae occurred had high vegetation biomass
and high soil clay content.

Burrow measurements—Burrows ranged in size and structural
complexity (see Reichman et al. [1982] for example illustrations of
burrow systems). We digitized burrow maps, and then, by using the
imaging program SigmaScan (SPSS 1996), we measured several major
burrow features (Romafiach and Le Comber 2004; Fig. 1), including
number of branches; length of each segment (nonterminal burrow
sections) and each branch (terminal burrow section); total length of
burrow system (i.e., sum of all segment and branch lengths); branch
and turn angles; linearity of each segment and each branch (i.e.,
displacement from a straight line); area occupied by burrow system
(convex polygon drawn around burrow system); and shape of burrow
system (calculated by using SigmaScan; unitless measure defined as
4m(area)/perimeter®, which is an index of the circularity of an object,
where shape ranges from 0 [= straight line] to 1 [= circle]).
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Fi16. 1.—Sample burrow system of Thomomys bottae showing geometric measurements.

Statistics—We analyzed data by using SAS statistical software
(SAS Institute Inc. 1989). We used 1-way analysis of variance to
examine differences in burrow system geometry among species and
between ages (only 1 species had data from adults and juveniles; see
“Results”) based on general linear models that included all burrow
geometry metrics. Shape data were arcsine transformed before per-
forming analyses (Zar 1999). We used analysis of covariance (with
species as a factor) to examine differences in burrow system geometry
between sexes.

Each of the 6 sites had a single measure of vegetation biomass and
soil clay content. Therefore, we calculated average burrow system
metrics for each site and used these averages to perform separate, simple

linear regressions with vegetation abundance and soil type. Percent
clay content data were arcsine transformed before performing analyses.

RESULTS

All internal geometric features were statistically indistin-
guishable (P > 0.05 for each metric) among burrow systems
from all sites (Table 2). This result may indicate that variation in
these metrics is controlled by factors that we did not consider in
our study (e.g., population density and habitat variability) or
that burrow geometry has little variability across all sites. To

TaBLE 2.—Burrow geometry data (mean * SE) for each species at each site. Significant differences (P < 0.05) among species for length and
area are indicated by different superscript letters. (Our measure of total burrow length at the Museum of N. Arizona site is a corrected value from

Reichman et al. [1982].)

No. No. Segment Total Turn Branch
burrows branches length (m) length (m) Area (m%) angle (°) angle (°) Shape Linearity
Geomys attwateri
Venado Sands 6 16.0 = 2.8 3.1 =03 91.9 = 22.4* 499.1 + 320.9* 1446 = 1.7 127.0 £ 3.6 0.67 £ 0.1 1.3+ 0.0
Lake Trap 4 245 + 4.6 2.5 £0.6 109.4 * 31.6" 431.1 = 189.6" 1453 = 6.1 1249 += 6.3 0.68 = 0.0 1.3 = 0.0
G. bursarius
Konza 38 6.7t 14 2.0 £0.2 23.1 * 4.5° 345 + 10.2° 1444 = 42 129.8 £ 2.7 0.54 = 0.0 S5+
Cedar Creek 20 11.6 = 2.5 2.5 0.2 51.8 = 11.7° 95.3 + 28.6" 137.7 £ 3.5 1342 £ 29 0.64 = 0.0 1.5+ 0.1
Thomomys bottae
Tuzigoot
Monument 25 13.7 =24 1.4 = 0.1 33.6 + 5.1° 415 = 8.2° 1415 £ 22 1233 = 1.8 0.58 = 0.0 1.2 £ 0.0
Museum of
N. Arizona 19 16.1 = 2.7 1.1 £0.1 33.7 £ 5.0° 38.48 + 8.6° 1419 = 1.3 1262 £ 1.0 0.60 = 0.0 1.3 = 0.0
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TaBLE 3.—Burrow geometry data (mean * SE) by sex for all species combined, with data from Venado Sands, Lake Trap, Cedar Creek, and
Tuzigoot Monument. Burrow geometry data (mean = SE) by sex and age (adult and juvenile) for Thomomys bottae, with only data from Tuzigoot
Monument. Significant differences (P < 0.05) among sex and age classes are shown by different superscript letters.

No. No. Segment Total Turn Branch

burrows  branches length (m) length (m) Area (m?) angle (°) angle (°) Shape Linearity

Geomys attwateri, Female 22 121 23 20 +02 421 *8.6 1744 £ 874 1427 =23 1262 £1.8 0.6 0.0 1.3 *£0.0

G. bursarius, and Male 19 149 £ 28 1.8 02 49.6 = 10.8 833 =269 1435 27 1221 =23 0.6 =00 13 *=0.0
Thomomys bottae

T. bottae Adult female 9 151 =46 13 *0.1 315 =*51°% 33.1 £54% 1383 +33 12866 =26 0.6 =00 1.2 *0.0

Adult male 6 205+ 63 1.9 *02 612+ 139> 964 *+202° 149.6 =34 1163 =3.1 05+ 00 1.2 *00

Juvenile female 4 93+35 15*02 244+ 65" 236 =73 1444 +43 1193 +£1.0 06 =01 13 0.0

Juvenile male 6 78 +1.8 1.0*01 153 + 2.8° 11.1 £2.7° 1353 6.0 1253 £44 06 =01 12 * 0.0

distinguish between these 2 possibilities, we calculated the coef-
ficient of variation (CV) for each metric to determine the degree
of variability within each of them. Number of branches and
segment length had the highest variation (CV = 0.40 and
0.36, respectively). In contrast, angular measurements showed
remarkably little variation across sites (CV = 0.02-0.03).
Shape and linearity were intermediate in variability (each with
CV =0.09).

Total length and area of burrow systems showed significant
differences across species, sexes, ages, vegetation abundances,
and soil characteristics (Tables 2 and 3), so these results will be
presented in detail.

Species —The intermediate-sized species, G. attwateri, had
burrows that were longest (F = 14.9, df. = 2, P < 0.01) and
that occupied the largest area (F = 25.79, d.f. = 2, P = 0.01).
Total burrow length (F = 0.66, d.f. = 1, P = 0.42) and burrow
system area (F = 0.97, df. = 1, P = 0.33) did not differ
between the largest and smallest species, G. bursarius and
T. bottae, respectively.

Sex and age—Four sites had data on the sex of the individual
occupying each burrow, including data from at least 1 site for
each species (Table 1). No difference was found in total burrow
length between females and males (F = 0.56,d.f. = 1, P = 0.46;
Table 3). Area of burrow systems also did not differ between
females and males (F = 1.10, d.f. = 1, P = 0.30).

Of the 3 sites with data on age of occupant, only 1 site
(T. bottae, Tuzigoot Monument site) had both adults and juve-
niles present (other sites had only adults). Burrows of adult
T. bottae at Tuzigoot were longer (F = 10.10,d.f. =1, P <0.01)
and occupied larger areas (F = 17.93, d.f. = 1, P < 0.01) than
burrows of juveniles. A sex-by-age interaction (F = 5.42,
df. = 1, P = 0.03; Table 3) was found for burrow length;
adult males had longer burrows than did juvenile males (P <
0.01). Adult and juvenile females had similar burrow lengths
(P = 0.56), and their burrows were intermediate in length to
those of adult and juvenile males. The same sex-by-age
interaction pattern described for burrow length was found for
burrow system area (F = 11.45, d.f. = 1, P < 0.01; Table 3).

Vegetation biomass—Total burrow length decreased (* =
0.62, df. = 1, P = 0.06) and burrow system area decreased
(? = 049, df = 1, P = 0.12; Figs. 2A and 2B) with
increasing vegetation biomass across all sites. We examined
trends within species although we had only 2 sites per species.

Burrow systems of G. attwateri were longer and occupied
smaller areas at the site with high biomass compared to
burrows at the site with low biomass. For G. bursarius, burrow
systems were shorter and occupied smaller areas at the site with
high biomass compared to burrows at the site with low
biomass. For T. bottae, burrows were shorter and occupied
larger areas at the site with high biomass compared to burrows
at the site with low biomass.

A combination of the aforementioned length and area results
have the potential to reveal burrow system shape; however,
a multiple regression (r2 =0.11, df. = 3, P < 0.01) showed
that although shape was correlated with total burrow length
(F=6.74,d.f. =1, P =0.01), shape was not affected by burrow
system area (F = 1.14, df. = 1, P = 0.29) nor an interaction
between length and area (F = 1.04, d.f. = 1, P = 0.31).

Soil characteristics—Total burrow length decreased (* =
0.70, df. = 1, P = 0.04) and burrow system area decreased
(r2 = 0.67,df. = 1, P = 0.05) as soil clay content increased
(Figs. 2C and 2D). We examined trends within species although
we had only 2 sites per species. For G. attwateri, burrow
systems were longer and occupied smaller areas at the site with
soil of high-clay content compared to burrows from the site with
soil of low-clay content. For G. bursarius, burrows were shorter
and occupied smaller areas at the high-clay site compared to
burrows at the low-clay site. For T. bottae, burrow systems were
longer and occupied smaller areas at the high-clay site com-
pared to burrows at the low-clay site.

A linear regression of vegetation biomass and soil clay
content showed increasing vegetation biomass with increasing
clay (> = 0.57, df. = 1, P = 0.08).

DISCUSSION

Two predictions regarding burrow system size (length and
area) were met. Burrow systems of adults were larger than those
of juveniles (prediction 3), and, in general (across species), bur-
row system size decreased with increasing vegetation biomass
(prediction 4). However, 3 predictions were not met: (predic-
tion 1) the species with the largest body size did not have the
largest burrow systems; (prediction 2) on average, males did
not have larger burrow systems than females (consistent with
findings of Sumbera et al. [2003] for a bathyergid species);
and (prediction 5) burrow system size decreased with increas-
ing clay content of soil. The intermediate-sized species, G.
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F1G6. 2.—Relationship between vegetation biomass and A) total burrow length and B) burrow system area, and between soil clay content and
C) total burrow length and D) burrow system area, for all species (Geomys attwateri, G. bursarius, and Thomomys bottae) across all sites.

attwateri, had the largest burrow systems, likely because it
occurred in areas with sandy soils (i.e., low digging cost) and low
food availability. Females had equivalent sizes of burrow systems
(length and area) to males, although their body mass was lower,
possibly the burrow size is a result of the need by females to
obtain sufficient food particularly during pregnancy and lactation
(Hickman 1990). Burrows were largest in sandy soils, which
were those inhabited by G. attwateri (as noted above).

Burrow system size across species decreased with increasing
vegetation biomass and soil clay content. However, we had
burrow maps at only 2 sites for each species, and because these
sites differed in their habitat characteristics, we were limited in our
ability to detect intraspecific burrowing patterns among habitat
types. Thus, a larger sample size across many habitat types would
be required to fully examine intraspecific burrowing patterns.

Burrow geometry (excluding length and area) was similar
across species, sex, age, and habitat, suggesting that internal
burrow geometry might be the outcome of a burrowing strategy
common to geomyids. All subterranean rodents have common
influences of life belowground (e.g., high energetic cost of dig-
ging and foraging method), which could result in an optimal
burrow configuration, perhaps for the most energetically effi-
cient configuration. For example, Vleck (1981) found an en-
ergetically optimal segment length for 1 geomyid species,
Andersen (1988) found an optimal turning angle for the
geomyid species that he examined, and Sumbera et al. (2003)
suggested that burrow configurations reflected energetic con-
siderations (e.g., soil excavation costs) for a bathyergid species.
In our study, internal geometry appeared to be consistent across
species and habitats. Burrow system sizes were adjusted based
on energetic costs and rewards in accordance with food avail-
ability and soil type, consistent with findings of previous studies
(Reichman et al. 1982; Seabloom and Reichman 2001).

Our findings on internal geometry also were consistent with
previous findings reported in the literature. Andersen (1988)
found that average ““‘directionality’” of a burrow (i.e., deviation
from a straight line) for G. bursarius was 46.5°. When we
converted our turn angle metric into Andersen’s directionality
metric (180° minus the turn angle), we found an average di-
rectionality across sites and species of 37.4°. Additionally,
Andersen (1988) measured ‘‘branching angles” and found an
average of 80° for G. bursarius. When using Andersen’s metric,
our average branching angle (360° minus the turn angle and
branch angle) was 89.9°. Because of differences in the ways in
which burrows were mapped, we were unable to compare our
segment lengths to those in the published literature.

Our results showed that segment length and number of
branches, although statistically indistinguishable across sites,
were much more variable than were angular measurements. This
suggests that the ability of pocket gophers to alter their foraging
behavior relies primarily on changes in the overall size of the
burrows and to a lesser degree on the size of other components
(e.g., segment length). In contrast, the angular components of
the burrow appear to be highly constrained, perhaps by energetic
constraints that are common to all geomyids (Andersen 1988).
The similarities between our angular measurements and those
of Andersen (1988) strengthen our suggestion for the exis-
tence of common burrowing patterns within geomyids.

We were unable to disentangle the relationship between
vegetation biomass and soil clay content. However, previous
modeling work examining the energetics of burrowing by pocket
gophers revealed that vegetation biomass and digging strategy
(when using area-restricted searching) were the most important
factors contributing to burrow geometry, with little or no effect of
soil clay content (Romanach 2003). The model showed that
caloric value of vegetation was sufficient to compensate for the
cost of digging, even in the most energetically demanding soils.
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Additionally, Romafiach (2003) compared model results to
existing field data and suggested that animals in their natural
environments may use area-restricted searching (i.e., concen-
trating foraging effort in food-rich patches once they are en-
countered). Thus, it is likely that burrowing patterns revealed by
our current study were driven by food availability rather than
by digging cost.

One of our results was inexplicable based on energetic
predictions. Both sites occupied by T. bottae had similar soil
clay content, but 1 site contained twice as much vegetation
(Table 1). Energetic gain per meter of burrow dug should be
higher at the site with high vegetation biomass than at the site
with low biomass, thus we predicted (prediction 4) smaller
burrow systems at the site with high biomass. Instead, we found
similar burrow sizes for T. bottae at both sites (Table 2). Both
sites had uniform vegetation and soil features (Reichman et al.
1982), therefore we do not expect within-site spatial variation in
these factors to have played a major role. This similarity in
burrow sizes suggests that factors not considered in our study,
such as social behavior associated with mate choice or ade-
quate burrow size for gas exchange (Kennerly 1964), may favor
a larger burrow size than that predicted by energetics alone.

Influences on pocket gopher burrow length, area, and internal
geometry are more than those considered in our study. When
animals dig a burrow, their burrowing patterns can be affected
by additional physical considerations such as hillslope angle
(Seabloom et al. 2000) and needs for respiratory gas exchange
(Wilson and Kilgore 1978), and likely also features such as soil
irregularities and vegetation type. The aforementioned factors
may contribute to adjustments animals make in burrow location,
length, internal geometry, and depth. However, we did not con-
sider these factors in our study because, within each site, areas
occupied by burrows were fairly uniform with respect to these
physical features. Future work examining these factors could
reveal their relative importance in the determination of burrow
size, shape, and structure.

In a widespread family such as Geomyidae, to study burrows
by excavating a large sample of burrows in the diversity of
habitats (across thousands of kilometers) in which they occur is
impractical. Thus, we used as many previously excavated bur-
row maps as were available across a range of habitat types to
examine burrowing patterns. Even with the limited information
we were able to synthesize, our results suggest that there is a
common burrowing pattern within this family of subterranean
rodents. If this is so, studies of distantly related ecological cog-
nates on other continents are warranted to determine whether
these patterns are characteristic of subterranean rodents.

ACKNOWLEDGMENTS

This study would not have been possible without the many field
assistants who excavated burrows for the previous studies. Thanks to
C. Shanney and R. Wilder, who helped collect burrow geometry data.
Financial support was provided by a National Science Foundation
grant awarded to OJR and EWS (DEB-9806377), and by a University
of California Eugene Cota-Robles Predoctoral Fellowship to the 1st
author. Computer support and software use was provided by the

ROMANACH ET AL.—POCKET GOPHER BURROW GEOMETRY 755

National Center for Ecological Analysis and Synthesis (NCEAS),
a center funded by the National Science Foundation (DEB-0072909).
EWS was a postdoctoral researcher at NCEAS while working on
this study. WER was a Faculty Research Fellow at Rice University
while working on this study. Thanks to R. Warner, S. Rothstein,
D. Andersen, E. Hellgren, and 2 anonymous reviewers for comments
on earlier versions of this manuscript.

LiTERATURE CITED

ANDERSEN, D. C. 1987. Geomys bursarius burrowing patterns: in-
fluence of season and food patch structure. Ecology 68:1306—1318.

ANDERSEN, D. C. 1988. Tunnel construction methods and foraging path
of a fossorial herbivore, Geomys bursarius. Journal of Mammalogy
69:565-582.

ANDERSEN, D. C. 1990. Search path of a fossorial herbivore, Geomys
bursarius, foraging in structurally complex plant communities.
Journal of Mammalogy 71:177-187.

ANDERSEN, D. C., AND J. A. MacMaHoN. 1981. Population dynamics
and bioenergetics of a fossorial herbivore, Thomomys talpoides
(Rodentia: Geomyidae), in a spruce—fir sere. Ecological Monographs
51:179-202.

BanpoL, J. H. 1981. Factors influencing seasonal burrowing activity
in the pocket gopher, Thomomys bottae. Journal of Mammalogy
62:293-303.

Benepix, J. H. 1993. Area-restricted search by the plains pocket
gopher (Geomys bursarius) in tallgrass prairie habitat. Behavioral
Ecology 4:318-324.

CAMERON, G. N., S. R. SPENCER, B. D. ESHELMAN, L. R. WILLIAMS, AND
M. J. GREGORY. 1988. Activity and burrow structure of Attwater’s
pocket gopher (Geomys attwateri). Journal of Mammalogy 69:
667-6717.

CARPENTER, F. L., D. C. PaToN, AND M. A. HixoN. 1983. Weight gain
and adjustment of feeding territory size in migrant hummingbirds.
Proceedings of the National Academy of Sciences 80:
7259-7263.

CroucH, W. E. 1933. Pocket gopher control. United States De-
partment of Agriculture Farmer’s Bulletin 1709:1-20.

GRIGAL, D. F., L. M. CHAMBERLAIN, H. R. FINNEY, D. V. WROBLEWSKI,
AND E. R. Gross. 1974. Soils of the Cedar Creek Natural History
Area. Agricultural Experiment Station Miscellaneous Report 123:
1-47.

Hickman, G. C. 1990. Adaptiveness of tunnel system features in
subterranean mammal burrows. Pp 185-210 in Evolution of sub-
terranean mammals at the organismal and molecular levels (E. Nevo
and O. A. Reig, eds.). Wiley-Liss, New York.

KenNErLY, T. E. 1964. Microenvironmental conditions of the pocket
gopher burrow. Texas Journal of Science 16:395-441.

Knapp, A. K. 1998. Grassland dynamics: long-term ecological
research in tallgrass prairie. Oxford University Press, New York.
McNas, B. K. 1963. Bioenergetics and the determination of home

range size. American Naturalist 97:133-140.

MILLER, R. S., AND H. E. BonD. 1960. The summer burrowing activity
of pocket gophers. Journal of Mammalogy 41:469—475.

Reicaman, O. J., T. G. WHittHAM, AND G. A. RUFFNER. 1982.
Adaptive geometry of burrow spacing in two pocket gopher pop-
ulations. Ecology 63:687-695.

RomaRNAcH, S. S. 2003. Factors affecting burrowing patterns of
subterranean rodents. Ph.D. dissertation, University of California,
Santa Barbara.



756 JOURNAL OF MAMMALOGY

RomaRach, S. S., anp S. C. LE ComBER. 2004. Measures of pocket
gopher (Thomomys bottae) burrow geometry: correlates of fractal
dimension. Journal of Zoology 262:399-403.

Rurr, S., anp D. E. WiLsoN. 1999. The Smithsonian book of North
American mammals. Smithsonian Institution Press, Washington,
D.C.

SAS InsTiTUTE INC. 1989. SAS/STAT user’s guide, Version 8. SAS
Institute Inc., Cary, North Carolina.

ScHOENER, T. W. 1971. Theory of feeding strategies. Annual Review
of Ecology and Systematics 2:369-404.

SEABLOOM, E. W., anD O. J. RElcHMAN. 2001. Simulation models of
the interactions between herbivore foraging strategies, social be-
havior, and plant community dynamics. American Naturalist 157:
76-96.

SeEaBLOOM, E. W., O. J. REIcCHMAN, AND E. J. GABET. 2000. The effect
of hillslope angle on pocket gopher (Thomomys bottae) burrow
geometry. Oecologia 125:26-34.

SpaRrkS, D. W., aND D. C. ANDERSEN. 1988. The relationship between
habitat quality and mound building by a fossorial rodent, Geomys
bursarius. Journal of Mammalogy 69:583-587.

SPSS. 1996. SigmaScan users manual. SPSS, Chicago, Illinois.

STePHENS, D. W. 1986. Foraging theory. Princeton University Press,
Princeton, New Jersey.

SumBERA, R., H. Burpa, W. N. CHITAUKALI, AND J. KuBova. 2003.
Silvery mole-rats (Heliophobius argenteocinereus, Bathyergidae)
change their burrow architecture seasonally. Naturwissenschaften
90:370-373.

UNITED STATES DEPARTMENT OF AGRICULTURE. 1975. Soil survey and
interpretations of the soils in the city of Flagstaff, Coconino

Vol. 86, No. 4

County, Arizona. United States Department of Agriculture, Interim
Report.

UNITED STATES GEOLOGICAL SURVEY. 2000. Soil survey of Tuzigoot
National Monument, Arizona. United States Geological Survey,
Technical Report 67:1-54.

VLECK, D. 1979. The energy cost of burrowing by the pocket gopher
Thomomys bottae. Physiological Zoology 52:122—136.

VL0ECK, D. 1981. Burrow structure and foraging costs in the fossorial
rodent, Thomomys bottae. Oecologia 49:391-396.

WasLEy, G. W. 1995. The effects of productivity on mound pro-
duction and burrow geometry of the plains pocket gopher (Geomys
bursarius), in an old-field in east-central Minnesota. Ph.D. disserta-
tion, Idaho State University, Pocatello.

WiLson, K. J., aND D. L. KiLGORE, JR. 1978. The effects of location
and design on the diffusion of respiratory gases in mammal
burrows. Journal of Theoretical Biology 71:73—101.

ZAR, J. H. 1999. Biostatistical analysis. 4th ed. Prentice Hall, London,
United Kingdom.

ZINNEL, K. C. 1992. Behavior of free-ranging pocket gophers. Ph.D.
dissertation, University of Minnesota, St. Paul.

ZINNEL, K. C., AND J. R. TESTER. 1994. Plains pocket gophers social
behavior. Pp. 95-101 in Proceedings of the thirteenth North
American prairie conference: spirit of the land, our prairie legacy
(R. G. Wickett, P. D. Lewis, A. Woodliffe, and P. Pratt, eds).
Department of Parks and Recreation, Windsor, Ontario, Canada.

Submitted 21 September 2004. Accepted 6 December 2004.

Associate Editor was Eric A. Rickart.



