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Pocket gophers provide vital ecosystem services; however, species like the southeastern pocket gopher (Geomys 
pinetis), endemic to the southeastern United States, are declining. Long-term conservation of this species 
requires greater understanding of its habitat characteristics. Our objective here was to determine habitat features 
associated with southeastern pocket gopher occurrence at the local (100 ha) and home-range (0.09 ha) scales. We 
assessed occurrence and carried out vegetation surveys at 177 sites across the species’ range during the growing 
season (March–September) 2016–2017. At the local scale, we found a negative relationship between occurrence 
and groundcover height and a quadratic relationship with canopy closure. At the home-range scale, occurrence 
was positively related to grass groundcover and had a quadratic relationship with canopy closure. Restoration 
of southeastern pocket gopher habitat should focus on creating or maintaining areas with intermediate canopy 
(~45–55%) and an understory dominated by grasses and forbs.
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Tunneling activities of fossorial ecosystem engineers dispro-
portionately contribute to ecosystem structure and development 
(Huntly and Inouye 1988). In areas they inhabit, pocket go-
phers (Geomyidae) provide valuable ecological services (Jones 
et al. 1994; Reichman and Seabloom 2002), increasing soil aer-
ation, water infiltration, and litter decomposition (Kalisz and 
Stone 1984; Forbis et al. 2004), and providing refugia for com-
mensals (Cartwright 1939; Skelley and Gordon 2001; Blihovde 
2006; Miller et al. 2012). Unfortunately, pocket gophers’ low 
mobility and specialized nature makes them highly vulnerable 
to habitat fragmentation and degradation (Keinath et al. 2014; 
Duncan et al. 2020). Due to the suite of services they provide, 
maintaining and restoring populations of pocket gophers are an 
important part of ecosystem-level conservation and restoration.

The southeastern pocket gopher (Geomys pinetis) histori-
cally was associated with the longleaf pine (Pinus palustris) ec-
osystem that dominated the Coastal Plain of Alabama, Georgia, 
and Florida (Hickman and Brown 1973; Engstrom 1993; Van 

Lear et al. 2005). Since European settlement, the longleaf pine 
ecosystem has experienced large-scale degradation and frag-
mentation, with only an estimated <3% of the original extent 
remaining (Landers et al. 1995; Van Lear et al. 2005; Oswalt 
et al. 2012). Concurrently, G. pinetis appears to be declining 
and is a species of conservation concern throughout its range 
(Ozier 2010; FWC 2012; ADCNR 2015). Within this region, 
restoration of the longleaf pine ecosystem has been a major 
conservation focus, including restoration of associated faunal 
species such as G. pinetis, which depend on the historical short 
fire return interval (1–3 years) essential for maintaining the her-
baceous understories required by most of these species (FWC 
2019; ADNCR 2015; GADNR 2015).

As with most species of conservation concern, understanding 
G. pinetis habitat preferences is critical for long-term restoration 
and management. A fundamental aspect of understanding habitat 
selection is the importance of assessing patterns across a range 
of scales (Johnson 1980; Weins 1989; McGarigal et al. 2016),  
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because an increasing number of multi- and broad scale studies 
suggest that factors driving species occurrence vary across 
scales (Pavlacky et al. 2012; Lipsey et al. 2017). From a con-
servation standpoint, a multi-scale approach is important be-
cause potential habitat management alternatives range from 
landscape-scale actions (e.g., maintaining connectivity among 
subpopulations) to fine-grain decisions (e.g., determining 
number and arrangement of residual trees left during forest har-
vest operations). Habitat selection studies also benefit from a 
multi-scaled approach because it may facilitate identification of 
limiting factors at one scale that are affecting processes at other 
scales (Mayor et al. 2009). Landscape-scale factors influencing 
G. pinetis occurrence were examined by Duncan et al. (2020) 
who determined that open canopies and areas of low urbani-
zation were important predictors of occurrence. However, to 
understand drivers of larger-scale patterns and to effectively 
restore and maintain habitat in individual patches and proper-
ties, habitat selection needs to be understood at smaller scales 
as well.

The home-range scale is an important and standard focus for 
assessing habitat selection, as it encompasses conditions ca-
pable of supporting one or more individuals of the focal species 
and integrates outcomes of finer-scale foraging and security de-
cisions (Johnson 1980). Selection at this scale has been evalu-
ated intensively for G. pinetis only in two localized study areas 
within the range of the species (Warren et al. 2017a; Bennett 
et  al. 2020). At finer scales, G.  pinetis selected sandier soil 
and showed site-specific relationships with vegetation struc-
ture (Warren et al. 2017a; Bennett et al. 2020). However, with 
G. pinetis of conservation concern across its range, and given 
regional variation in factors such as climate, forest types, and 
land use (Duncan et al. 2020; Homer et al. 2020), a range-wide 
quantification of habitat at the home-range scale will strengthen 
understanding of habitat requirements. In addition, localized 
studies may encompass a relatively small portion of variation in 
conditions in which the species can occur, limiting our ability 
to detect factors that are important but relatively homogeneous 
within localized study areas (e.g., in a landscape dominated by 
suitable stand conditions in uplands; Warren et al. 2017a). Yet, 
management actions such as prescribed fires, timber harvest, 
and replanting are implemented at the scales of individual forest 
stands and collections of stands (Huang et al. 2018; Wheeler 
et  al. 2020), scales much larger than the home-range size of 
G. pinetis (average 0.09 ha; Warren et al. 2017b). For taxa such 
as pocket gophers that have non-overlapping territories (Ford 
1980; Reichman et  al. 1982), maintaining a viable site-level 
population of a species depends on providing suitable condi-
tions over an area larger than that of an individual home range. 
There is a consequent need to determine whether patterns at the 
home-range scale and larger landscape scales adequately guide 
operational management at these intermediate scales.

We assessed habitat selection by G. pinetis at two scales using 
data from the species’ entire range. We examined the home 
range scale and a larger spatial scale that would be more suitable 
for land management decisions (hereafter, local scale) based on 
G. pinetis presence within a 1 km2 plot. Because G. pinetis is 

known to avoid areas with dense root systems (Ford 1980) and 
because other gopher species tend to choose areas of abundant 
herbaceous groundcover (Cox and Hunt 1992; Connior et  al. 
2010), we predicted that increases in structural complexity 
of understory (height of understory and amount of shrubs as 
groundcover) would decrease the likelihood of G. pinetis oc-
currence at the local scale, whereas increases in grasses and 
forbs and presence of suitable soils would increase the like-
lihood of G.  pinetis occurrence at the home-range scale. We 
also examined a quadratic relationship between G. pinetis oc-
cupancy and canopy closure (avoidance of low or high canopy 
closure), because we expected G. pinetis occurrence to have a 
nonlinear relationship with canopy closure where occurrence 
would be highest at an intermediate range (Bennett et al. 2020).

Materials and Methods
Study site selection.—We selected study sites within the his-

toric range of G. pinetis, the Coastal Plain of Alabama, Georgia, 
and Florida, United States (Cassola 2016; Fig. 1); we first gen-
erated a 1-km2 grid across the range using ArcMap 10.5 (ESRI 
2015; Homer et al. 2015). We then randomly selected grid cells 
that contained ≥50% of land cover classes historically associ-
ated with G. pinetis, which included evergreen forests, mixed 
forests, shrub/scrub, grasslands/herbaceous, pasture/hay, and 

Fig. 1.—Locations of G. pinetis surveys in southeastern United States 
from 2016 to 2017 within historic range (gray). Dark gray squares in-
dicate sites that were unoccupied at the time of survey; white circles 
were sites with G. pinetis mounds present at the time of survey.
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cultivated crops (Avise and Laerm 1982; Homer et al. 2015). 
In Georgia and Florida, we used the Create Random Points 
tool in ArcMap to place points in grid cells located on public 
(GADNR 2015; Florida Natural Areas Inventory 2016) and pri-
vate lands. If the property could be accessed, the selected grid 
cells were added as a study site. In Alabama, we stratified se-
lection of sites on public and private land. We first created the 
1-km2 grid and randomly selected grid cells on public lands 
(Conservation Biology Institute 2012). We repeated the process 
for sites on private land, but due to the need for landowner per-
mission we ultimately chose sites as close as possible to the 
original randomly selected grid square. Following site selec-
tion, we created a 500 m square (2,000 m total length) transect 
inside the original 1-km2 square as the survey path to avoid 
double sampling in case two squares were adjacent.

Transect surveys.—We carried out presence surveys of 
G. pinetis and measured habitat attributes within selected grids 
from March to September of 2016 and 2017. For each survey, 
two observers independently walked in opposite directions 
along the survey path searching for mounds of G. pinetis on 
either side of the transect (Harper 1912; Warren et al. 2017a, 
2017b). Studies of pocket gopher occurrence generally focus on 
mounds as reliable indicators of presence (Connior et al. 2010; 
Duncan et  al. 2020). Based on our experience in this region 
(Warren et al. 2017a, 2017b; Bennett et al. 2020; Duncan et al. 
2020), mounds may be identifiable for up to several months 
rather than providing a snapshot of occurrence at the time of the 
survey. However, pocket gophers have relatively high adult sur-
vival, stable home ranges, and low dispersal capability, and oc-
cupancy status likely is static over the time scale of our study at 
local scales and even home-range scales (Bennett et al. 2020). 
Because one animal can create several mounds, we recorded 
the location at the center of mound clusters (Ford 1980). We 
defined a cluster as ≥3 mounds that were ≤5 m apart because 
G. pinetis are territorial and unlikely to have overlapping tunnel 
systems (Ford 1980; Reichman et al. 1982).

We recorded vegetation characteristics at each mound cluster 
encountered but not exceeding 10 clusters/grid. We measured 
canopy closure in each cardinal direction around the cluster 
center or plot using a spherical convex densiometer (Spherical 
Crown Densiometer, Forest Densiometers, Rapid City, SD; 
Baudry et al. 2014). We used a 1-m2 frame to record percentage 
ground cover that was bare ground, leaf litter, woody vegeta-
tion, forbs, and grasses (Daubenmire 1959; USDA 1999). We 
recorded vertical vegetation cover in each cardinal direction, 4 
m from the center of the mound cluster or subplot, using a 1.2-m 
tall Robel pole (Toledo et al. 2008). We measured basal areas of 
pines and hardwoods with a 10 Basal Area Factor prism (JIM-
GEM Rectangular Prism, Forestry Suppliers, Jackson, MS; 
USDA 1999). We also measured the same vegetation charac-
teristics every 200 m along the transects regardless of G. pinetis 
presence (hereafter, systematic plots).

Soil survey data.—We used gridded Soil Survey Geographic 
Database (gSSURGO) information for Alabama, Georgia, and 
Florida (Soil Survey Staff 2018a, 2018b, 2018c) to examine 
soil texture at surveyed grids. Because of the high number 

of texture classes (n = 26), we reclassified texture classes as 
highly suitable, suitable, or unsuitable (Supplementary Data 
SD1; Warren et  al. 2017a; Bennett et  al. 2020). We overlaid 
each 1-km2 survey grid on the soil polygons, and calculated 
area occupied by each soil texture class within each grid. Due 
to low spatial resolution of the gSSURGO data (30 m), we only 
calculated percentage of soil classes for the local scale.

Data analysis.—Before creating candidate models, we 
evaluated correlation among predictor variables using the car 
package in program R (Fox and Weisberg 2011; R Core Team 
2018) and considered variables with a correlation coefficient 
|r| ≥ 0.70 to be strongly correlated (Fox and Weisberg 2011). 
Canopy closure and total basal area were correlated (r = 0.79), 
we therefore omitted total basal area from subsequent mod-
eling, because we believed that canopy closure potentially was 
more biologically important in that it directly influences growth 
of herbaceous groundcover (McGuire et  al. 2001; McIntyre 
et al. 2019).

We carried out parallel analyses focusing first on occurrence 
at the local scale, then on occurrence at the home-range scale 
conditional on presence at the local scale. For each spatial 
scale, we evaluated a set of logistic models. We formed candi-
date models based on a priori predictions about whether occur-
rence was driven by food resources (measured as groundcover), 
understory structure, or canopy cover. The models were: 
CANOPY2 (included percent canopy closure as a quadratic 
effect); FOOD (included percent groundcover of grasses and 
forbs); SOIL (included area of suitable soil); UNDERSTORY 
(included height [cm] of woody and herbaceous understory 
and percent shrubs as groundcover); CANOPY2 + FOOD; 
CANOPY2 + SOIL; UNDERSTORY + CANOPY2; FOOD + 
SOIL; FOOD + UNDERSTORY; SOIL + UNDERSTORY; and 
NULL (included the y-axis intercept and no additional param-
eters). Models did not include interactive effects.

We initially used an occupancy modeling approach to deter-
mine the number of false absences from surveys (MacKenzie 
et  al. 2002). Due to high local-scale probability of detection 
(99.5%) at the local scale, we did not include a detection 
covariate in the models and proceeded with logistic regression. 
For the local scale, we averaged measured variables from the 
systematic plots at each site and modeled occurrence using lo-
gistic regression. We compared models using adjusted Akaike’s 
Information Criterion for small sample sizes (AICc; Akaike 
1973; Anderson and Burnham 2002). We considered models 
within 2 AICc units competing. We undertook all analyses in 
R (R Core Team 2018). We considered a variable informa-
tive if the 95% confidence interval (CI) did not cross zero. We 
evaluated model fit using the concordance statistic (c-statistic; 
Austin and Steyerberg 2012).

Following Johnson (1980), we limited home-range scale 
analyses to occupied sites. We used logistic regression with a 
random site effect to examine factors discriminating occupied 
clusters from unoccupied systematic plots within occupied sites 
using package lme4 in program R. Focusing on the same pre-
dictions as local scale analysis, we compared top models using 
AICc (Anderson and Burnham 2002). Following the same 
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procedures as the local scale analysis, we considered models 
within 2 AICc units competing. We considered a variable infor-
mative if the 95% CI did not cross zero.

Results
We surveyed 177 sites across Alabama (n  =  56), Georgia 
(n = 70), and Florida (n = 51). We detected G. pinetis at 38 
(21.5 %) sites, with Alabama having two (3.6%) sites occupied, 
Georgia having 17 (24.3%) sites occupied, and Florida having 
19 (37.3%) sites occupied (Fig. 1).

Local scale.—The top model explaining G.  pinetis oc-
currence was UNDERSTORY + CANOPY2 which included 
effects of understory structure and quadratic effect of tree 
canopy (Table 1). The model indicated a negative relation-
ship between G. pinetis occurrence and increasing height of 
vegetation in the understory (β = −0.07, SE ±0.02) (Fig. 2A) 
but not amount (%) of shrubs as groundcover (β  =  0.004, 
SE ±0.02; Fig. 2B). Occupied sites occurred over a range of 
canopy closure (Table 2), but the greatest probability of oc-
currence was at ~48% closure (Fig. 2C). The concordance 

statistic indicated good predictive ability of the top model 
(C = 0.767) (Austin and Steyerberg 2012).

Home-range scale.—We surveyed 675 plots within the 38 
occupied sites. These plots contained both G. pinetis clusters 
and systematic plots along survey transects (occupied plots 
n  =  296; unoccupied plots n  =  379). At occupied sites, we 
measured an average of eight mound clusters (median = 10.0, 
SD = 3.1); 24 sites had more than 10 clusters observed (max: 
96), with only the first 10 clusters being measured (Table 4).

The top model for home-range scale was FOOD + CANOPY2 
which included groundcover of grasses and forbs and a quad-
ratic effect of canopy cover (AICc weight  =  0.68) (Table 3; 
Fig. 3). There was a positive relationship between the percent 
of grasses and occurrence of G. pinetis (β = 0.013, SE ±0.003; 
Fig. 3A) but no conclusive relationship with amount of forbs 
in the groundcover (β = −0.003, SE ±0.006; Fig. 3B). As at the 
local scale, the highest probability of occurrence was at an in-
termediate level of canopy closure (~48%; Fig. 3C).

Discussion
We expected that occurrence of G.  pinetis across its range 
would be associated with variables related to soil texture, food 
resources, understory woody structure, and canopy cover. 
Our general expectations regarding vegetation structure were 
supported, because occurrence was most strongly related to 
canopy cover and understory structure at the local scale and to 
canopy cover and herbaceous groundcover at the home-range 
scale. Our local scale results indicated that likelihood of occur-
rence of G. pinetis decreased with increasing understory struc-
tural complexity, supporting our prediction that G.  pinetis is 
associated with areas of sparse woody understory. Areas with 
complex woody understory may be avoided because it is en-
ergetically more expensive for G. pinetis to create tunnel sys-
tems through dense root systems (Hickman and Brown 1973; 
Ford 1980; Vleck 1981). Consistent with Bennett et al. (2020), 

Table 1.—Model selection results for variables related to G. pinetis 
occurrence at the local (100 ha) scale in Alabama, Florida, and 
Georgia, United States.

Model Parameters AICc ∆AICc w
i

UNDERSTORY + CANOPY2 5 165.8 0 0.6
UNDERSTORY 3 167.6 1.8 0.2
UNDERSTORY + FOOD 5 169.6 3.9 0.1
UNDERSTORY + SOIL 4 169.7 3.9 0.1
CANOPY2 3 178.3 12.5 1.0e−3

SOIL + CANOPY2 4 179.2 13.2 7.2e−4

FOOD + CANOPY2 5 181.3 15.5 2.6e−4

NULL 1 186.1 20.4 2.3e−5

SOIL 2 186.2 20.5 2.1e−5

FOOD 3 187.1 21.3 1.4e−5

FOOD + SOIL 4 188.1 22.3 8.5e−6

Fig. 2.—Relationship between groundcover height (cm), groundcover of shrubs (%), and average canopy closure (%) and the probability of 
G. pinetis occurrence at the local scale for sites (100 ha) surveyed in Alabama, Georgia, and Florida, United States from 2016 to 2017 (the bands 
represent the 95% confidence envelopes).
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we observed a quadratic effect of canopy cover at both scales. 
Shading provided by intermediate canopy may moderate soil 
temperatures and slow loss of soil moisture that is necessary to 
maintain tunnel structure while allowing enough light for un-
derstory plant growth (Hickman and Brown 1973; Ross 1980).

Superficially, our results may suggest differential impor-
tance of woody structure at the local scale and herbaceous food 
resources at the home-range scale. However, these attributes 

are closely related; as cover of shrubs and saplings increases, 
cover of grasses and forbs decreases due to shading (Brockway 
and Lewis 1997; Outcalt and Brockway 2010). Thus, we inter-
pret our results as indicating that occurrence at both scales is 
driven by the combined and interrelated requirements for open-
canopied sites with well-developed herbaceous understories 
and low woody structural complexity. In the southeastern US, 
frequency and seasonality of fire are known to be the most im-
portant factors driving the restoration and maintenance of such 
understory conditions (Drewa et  al. 2002; Glitzenstein et  al. 
2003; Outcalt and Brockway 2010), which also are critical for 
the persistence of a suite of other species of conservation con-
cern (e.g. gopher tortoise—Gopherus polyephemus—Ashton 
et al. 2008; Red-cockaded Woodpecker—Picoides borealis—
Stephens et al. 2019). Within our study region, open sites that 
are not managed consistently on a short (1–3 years) prescribed 
fire interval rapidly develop shrub and sapling cover, reducing 
the density and diversity of grasses and forbs (Drewa et  al. 
2002; Glitzenstein et al. 2003; Outcalt and Brockway 2010).

Our study evaluated sites across the range of G.  pinetis, 
and with this and other works (Duncan et  al. 2020), collec-
tively examined a range of scales. We observed generally sim-
ilar patterns of association between occupancy and vegetation 
structure as have been documented in past localized studies 
(Warren et  al. 2017a; Bennett et  al. 2020). The range-wide 
and multi-scale consistency of patterns is not surprising given 
that G. pinetis is a highly specialized mammal with low mo-
bility (Hickman and Brown 1973). Traditional development 
of multi-scale selection theory and many current multi-scale 
studies have tended to focus on birds (Harryman et al. 2019) 
or highly mobile species such as large carnivores (Dellinger 
et  al. 2020) capable of extensive movements to access dif-
ferent resources seasonally and over their lifespan. For such 
species, a top-down hierarchical framework of habitat selec-
tion can be especially relevant because different resources 
may be selected at different scales and times, and large-scale 

Table 2.—Mean (95% confidence limits) for local scale (100 ha) 
vegetation variables across all 177 sites sampled for presence of 
G.  pinetis in Alabama, Georgia, and Florida, United States, 2016–
2017. Occupied sites had G. pinetis mound clusters present; unoccu-
pied sites had no G. pinetis mound clusters detected during surveys.

Variable Occupied (n = 38 sites) Unoccupied (n = 139 sites)

Canopy closure (%) 58.6 (52.2, 65.1) 67.0 (63.0, 70.9)
Vertical height (cm) 11.0 (7.6, 14.4) 24.6 (21.4, 27.8)
Bare/sand (%) 19.8 (14.7, 24.8) 11.7 (9.8, 13.6)
Litter (%) 32.1 (25.7, 38.4) 40.4 (37.3, 43.6)
Grasses (%) 20.1 (15.6, 24.6) 16.7 (14.8, 18.6)
Forbs (%) 8.2 (6.0, 10.5) 9.4 (8.2, 10.6)
Shrubs/woody (%) 13.0 (8.7, 17.4) 17.7 (15.9, 19.4)
Pine BA (m2/ha) 6.8 (5.5, 8.2) 8.4 (7.5, 9.3)
Hardwood BA (m2/ha) 3.4 (2.4, 4.3) 5.9 (5.0, 6.8)

Table 3.—Model selection results for variables related to G. pinetis 
occurrence at the home-range (0.09 ha) in Alabama, Georgia, and 
Florida, United States.

Model Parameters AICc ∆AICc w
i

FOOD + CANOPY2 6 898.7 0.0 0.7
UNDERSTORY + FOOD 6 901.1 2.3 0.2
UNDERSTORY + CANOPY2 6 902.7 4.0 0.1
FOOD 4 908.6 9.9 5.0e−3

CANOPY2 4 914.1 15.4 3.1e−4

UNDERSTORY 4 919.1 20.3 2.6e−5

NULL 2 929.5 30.8 1.4e−7

Fig. 3.—Relationship between groundcover of grasses (%), groundcover of forbs (%), and average canopy closure (%) and the probability of 
G. pinetis occurrence at the home-range scale (0.09 ha) from plots surveyed in Alabama, Georgia, and Florida, United States from 2016 to 2017 
(the bands represent the 95% confidence envelopes).
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selection may constrain habitat associates at smaller scales 
(Johnson 1980; Wiens 1989). However, pocket gophers have 
small, stable home ranges and a consistent requirement for 
sandy soils and herbaceous food sources (this study; Warren 
et al. 2017a, 2017b; Bennett et al. 2020). Movements beyond 
their established tunnel system are costly due to the extreme 
energetic expense of burrowing (Vleck 1981), and risk of pre-
dation during above-ground movements such as overland dis-
persal (Connior and Risch 2010; Warren et al. 2017b; Pynne 
et al. 2019). For pocket gophers, a “bottom-up” view of hab-
itat selection (Mayor et al. 2009) appears more relevant, with 
conditions needed to support home-range establishment and 
development of a tunnel system also reflected in larger-scale 
patterns of occurrence (Duncan et al. 2020).

Although our results generally are consistent with those 
from localized studies, our results included several noteworthy 
findings. Counter to our prediction, we did not detect an asso-
ciation at the home-range scale between forbs and presence 
of G.  pinetis. For other gopher species, forbs are the pre-
ferred food resource even when abundance of grasses is high 
(Connior et al. 2010; Rezsutek and Cameron 2011). Moreover, 
we frequently observed forbs cached in tunnel systems during 
livetrapping efforts on a subset of our sites. We therefore, 
suggest that a fuller evaluation of the potential importance of 
forbs may require finer-scale samples of forage-species pref-
erences and diet. In addition, as claw-diggers, Geomys are tied 
to sandy or sandy loam soils (Lessa and Thaeler 1989), and 
studies that incorporated intensive soil sampling found that 
soil characteristics are strong predictors of G. pinetis occur-
rence (Warren et al. 2017a; Bennett 2020). However, we found 
a lack of association at local- and range-wide scales that may 
be indicative of low variation in the 30-m resolution SSURGO 
data (Duncan et al. 2020).

Our results, in combination with those of Duncan et  al. 
(2020), suggest a complementary hierarchy of management 
and restoration priorities for G. pinetis. At the broadest scales, 
management activities should concentrate on measures to pre-
vent fragmentation and slow the process of urbanization into 
open-canopy forests throughout the region (Duncan et  al. 

2020). At finer spatial scales and within areas of suitable soil, 
we should ensure forest stands are managed to provide suitable 
understories, generally requiring measures to stop woody en-
croachment such as short burn rotations (1–3 years) that facili-
tate a diversity of herbaceous understory vegetation.
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