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Effect of heterogeneity in burn severity on Mexican fox
squirrels following the return of fire
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Abstract. After decades of suppression, fire has returned to many forested areas of the western United States.
Understanding responses of wildlife species to fire is essential to native species conservation because contemporary
fires may not have the same effects as historical fires. Recent fires in the Chiricahua Mountains of Arizona provided an
opportunity to investigate effects of fire heterogeneity on habitat selection of a native wildlife species. We used
radiotelemetry to determine home ranges of Mexican fox squirrels (Sciurus nayaritensis chiricahuae) within fire-
influenced forests. We then applied resource-utilisation functions to evaluate associations of use intensity within home
ranges to heterogeneity of burn severity at two spatial scales. Squirrels used areas with moderate levels of burn
heterogeneity at large scale more than areas of low or high heterogeneity. Squirrels used small (<0.5ha) or narrow
(<120 m) severely burnt patches, but incorporated only edges of large patches into home ranges. Use of burnt forests by
Mexican fox squirrels demonstrates the complexities of fire’s effects on wildlife. Our results contribute to an
understanding of the role and effect of fire in forest ecosystems and implications for wildlife conservation.
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Introduction

In the widespread dry ponderosa pine (Pinus ponderosa) forests
of the western United States (US), wildfires and prescribed
burns have returned to many areas that historically experienced
frequent, low-severity fires (Cooper 1960; Swetnam and Baisan
1996b). After nearly a century of suppression, wildfires in recent
decades have burnt these forests at increasing frequency,
severity and extent (Graham et al. 2004; Westerling et al. 2006).
Climate forecasts predict conditions likely to intensify this trend
(Brown et al. 2004; Williams et al. 2010). Prescribed burns are
used to reduce fuel loads, which may reduce size and severity of
future wildfires (Brown and Smith 2000; Graham et al. 2004;
Finney et al. 2005).

To conserve forest wildlife during the reintroduction of fire,
we must better understand the effects of fire (Driscoll et al.
2010) and the potentially different effects of wildfire and
prescribed burns. In addition to the direct danger imposed by
fire due to extreme heat (Koprowski et al. 2006), landscape
pattern is modified by fire (Turner ez al. 1994; Chuvieco 1999).
Wildfire burns with a wide range of severities and often
heterogeneously, creating a highly variable landscape pattern
of unevenly sized patches of different burn severities in close
proximity (Baker 1992; Turner et al. 1994). However, large
severe wildfires can homogenise the landscape by killing most
trees in large areas (Chuvieco 1999). Prescribed fires often
include prescription of maximum flame lengths (Graham et al.
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2004), which can result in uniform low severity and little
variation of landscape pattern (Conway and Kirkpatrick
2007). Prescribed burns implemented in a mosaic, however,
can create fine-grained spatial heterogeneity (Bradstock et al.
2005; Price et al. 2005; Parr and Andersen 2006).

Landscape heterogeneity (size, shape and distribution of
patches of vegetation or structural components within a land-
scape) is known to affect wildlife species (Tews et al. 2004)
directly through vegetative differences (Leopold ef al. 1951;
Moe and Wegge 1994) and indirectly via mechanisms such as
predation (Marzluff et al. 2004). Although effects of landscape
heterogeneity resulting from timber extraction, agriculture and
other human activities have been studied extensively (Tews
et al. 2004), effects of burn heterogeneity on wildlife species
have been little studied (Clarke 2008).

Use of burnt forests by wildlife varies with species, habitat
requirements and fire characteristics (Stuart-Smith et al. 2002;
Fisher and Wilkinson 2005; Larsen et al. 2007; Vierling et al.
2008; Nappi and Drapeau 2009; Russell et al. 2010). Use also
varies relative to burn severity (Hutto 1995; Smucker et al.
2005; Kirkpatrick et al. 2006; Kotliar et al. 2007; Doumas and
Koprowski 2012), but few studies have examined the response
of wildlife species to burn patterns on a landscape scale (Clarke
2008; Driscoll et al. 2010). Woodpeckers (family Picidae) nest
within severely burnt areas away from edges of unburnt forests
(Vierling et al. 2008), but reproductive success of black-backed
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woodpeckers (Picoides arcticus) is higher near edges of unburnt
forests (Nappi and Drapeau 2009). The results of a simulation
model used to examine the persistence of malleefowl (Leipoa
occellata) in Australia suggest sensitivity to spatial pattern of
fire (Bradstock et al. 2005). Despite the paucity of information
concerning the effects of fire heterogeneity on wildlife species,
the principles of patch mosaic burning have been adopted by
some Australian and South African conservation management
agencies to promote biodiversity (Parr and Andersen 2006). In
the US, to reduce risk of fire escape and air-quality degradations
from smoke, prescriptions for fuel-reduction fires include short
flame lengths likely to keep burn severity uniformly low
(Graham et al. 2004) and to create burns predominately homo-
geneous relative to burn severity (Knapp and Keeley 2006). The
focus of prescribed burns as a fuel-reduction tool while ignoring
the effects on wildlife species may pose risks to forest wildlife
because we lack knowledge of harmful effects and mitigation
strategies (Tiedemann and Klemmedson 2000).

The history of suppression and recent reintroduction of fire
brings a unique management and conservation challenge as
the response of wildlife species is considered in addition to
wildfire risk (Wilcove et al. 1998; Tiedemann and Klemmedson
2000). Understanding effects of fire on wildlife species is of
utmost importance in informing decisions to return fire to the
landscape (Allen et al. 2002; Hutto et al. 2008).

We examined use of burnt forests by a conspicuous medium-
sized mammal (the Mexican fox squirrel, Sciurus nayaritensis
chiricahuae) in the Chiricahua Mountains of south-eastern
Arizona as a case study to understand the effect of heterogeneity
in burn severity on native wildlife species. Because Mexican fox
squirrels use small patches of moderate and severe burn within
areas burnt at low severity (Doumas and Koprowski 2012), we
predicted use by squirrels would increase as heterogeneity of
burn severity increases. To allow practical implementation of
our findings, we investigated size of severely burnt patches used
by squirrels and the level of overall moderate and severe burn
tolerated by squirrels.

Methods
Study system

The Chiricahua Mountains of south-eastern Arizona encompass
37 000 ha and range from 1500 m to 2795 m in elevation. His-
torically, forests in the Chiricahua Mountains sustained fre-
quent, low-severity fire (Swetnam and Baisan 1996a). After
nearly 100 years of fire suppression, fires have recently heavily
affected the range (Coronado National Forest Supervisors
Office 2006), primarily in conifer forests (ponderosa pine, Pinus
ponderosa and mixed conifer: Douglas-fir, Pseudotsuga men-
ziesii; with white fir, Abies concolor; and Engelman spruce,
Picea engelmannii). Forests unburnt for nearly a century were
rare historically (Swetnam and Baisan 1996a).

We located one study area (2600-m elevation) at the perime-
ter of a large (>10 000-ha) wildfire that burnt in 1994, in an area
with unburnt forest and patches of forest burnt severely, moder-
ately and at low severity nearby. We located a second study area
at the perimeter of a prescribed burn (>2800 ha) from 2005-06,
which burnt at low severity. The perimeters of fires were
selected so that both unburnt and burnt forest were available

S. L. Doumas and J. L. Koprowski

for use by squirrels. Vegetation comprised primarily ponderosa
pine forest with smaller components of Madrean oak-pine
(Chihuahuan and Apache pines, P. leiophylla var. chihuahuana
and Pinus engelmannii; with the evergreen oaks Quercus
emoryi, Q. arizonica and Q. hypoleucoides), mixed conifer
and riparian forest (deciduous woodland associated with drai-
nages, Sawyer and Kinraide 1980; Gehlbach 1993). Our study
was conducted in 2007 through 2009.

Mexican fox squirrels are large tree squirrels (~700 g) found
throughout the Sierra Madre Occidental of Mexico, northward
into the US only in the Chiricahua Mountains (Best 1995). This
northernmost population is a subspecies, known as the Chiricahua
fox squirrel (Best 1995), which is classified as a sensitive
species by the United States Forest Service (USFS, USDA
Forest Service 2000). The Chiricahua fox squirrel is the only
arboreal squirrel species in the Chiricahuas (Cahalane 1939).
The population has been isolated in the Chiricahua Mountains
since formation at least 7000 years ago of the ‘sky island’
landscape in north-western Mexico and south-western US,
characterised by insular forests at high elevations separated
from other mountains by arid lowlands (Gehlbach 1993), (Van
Devender and Spaulding 1979). The endemic subspecies
appears well adapted to the forest characteristics associated
with the natural fire regime and able to serve as a model for other
native wildlife species that respond to similar vegetation char-
acteristics. Tree squirrels require mature trees for food and
shelter and serve as reliable indicators of forest condition
(Gurnell 1987; Steele and Koprowski 2001). Mexican fox
squirrels use all forested vegetation types in the Chiricahuas,
but are most often associated with riparian and conifer forests
(Cahalane 1939).

Determination of home ranges

To describe habitat use by squirrels, we employed radiotelem-
etry to determine home ranges in areas burnt with varying
severities near the perimeters of recent fires (=15 years,
Coronado National Forest Supervisors Office 2006). Although
squirrels also use riparian forest, we restricted trapping areas to
conifer forests (ponderosa pine and mixed conifer) because
these areas were recently burnt. We evaluated 10 potential live-
trapping areas for squirrel activity indicated by feeding sign and
live trapped in five areas. We were able to calculate home ranges
in two study areas.

We distributed Tomahawk live traps baited with peanuts and
peanut butter throughout trapping areas at the base of large trees
and at water sources. We transferred captures to a handling cone
(Koprowski 2002) and fitted adults (>550 g) with a radiocollar
(Model SOM 2380, Wildlife Materials, Inc., Carbondale, IL).
We used a yagi antenna and receiver (Models F164-165-3FB
and TRX-2000S, Wildlife Materials, Inc.) to locate individuals
during daylight hours by homing (White and Garrott 1990) and
recorded locations with a Global Positioning System (GPS) unit
(eTrex Legend Cx, Garmin International, Inc., Olathe, KS). We
located individuals at =120-min intervals to minimise autocor-
relation (White and Garrott 1990) and obtained locations evenly
throughout periods of squirrel activity (Koprowski and Corse
2005) during all seasons from May 2007 through November
2008. We applied fixed-kernel methods with least-squares cross
validation to set the smoothing parameter (Seaman and Powell
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Table 1. Burn severity classifications
Burn severity dNBR values Ground assessment criteria
Unburnt Outside USFS perimeter No burn scars
Low <0.15 Burn scars on tree trunks but intact canopy
Moderate 0.15-0.32 Tree mortality and interrupted canopy
Severe >0.32 Complete or nearly complete tree mortality such that remaining live trees

were isolated from each other and branches did not overlap

Table 2. Definitions of spatial scales
Dimensions, shape and area of moving window over which heterogeneity was assessed, and biological correspondence for Mexican fox squirrels (Sciurus
nayaritensis chiricahuae), Chiricahua Mountains, Cochise County, Arizona

Spatial scale Moving window

Biological correspondence

Dimensions shape Area
small 90 x 90-m square 0.81 ha Immediate needs, such as food sources, view of predators,
escape routes and rest locations
large 240-m-diameter circle 4.41ha long-term needs, such as water sources, nesting sites, food quantity

and variety and shelter from extreme weather and predators

1996; Gitzen and Millspaugh 2003), and used the Animal
Movement Analysis extension of ArcView (Hooge and Eichen-
laub 2001) to calculate 95 and 99% home ranges for squirrels
with 29 or more telemetry locations, a point at which accumula-
tion curves generally asymptote (Ranges 6 software, Kenward
et al. 2003). We performed a 2-factor ANOVA to evaluate
effects of sex and study area on home-range size (95% kernel).
Parameter estimates are shown +half-width 95% confidence
interval unless otherwise noted. Trapping and handling were
approved by The University of Arizona Institutional Animal
Care and Use Committee (protocols 01-056 and 07-077) with
permits from Arizona Game and Fish Department and the USFS.

Map of burn severity

We used a supervised classification of the differenced Nor-
malised Burn Ratio (AINBR, Key and Benson 2005) to construct
a 30-m-resolution map of burn severity from pre- and post-fire
Landsat Thematic Mapper (TM) images. We categorised burn
severity into three classes (low, moderate, severe) based on
dNBR values (Table 1), and classified areas outside USFS burn
perimeters (Coronado National Forest Supervisors Office 2006)
as unburnt. We used ground assessments at 344 points generated
for vegetation assessment (Doumas and Koprowski 2012) to
supervise the classification process. Our ground-assessment
classification system (Table 1) consisted of broad categories
generally defined by survival of mature trees and canopy con-
tinuity because mature trees and canopy are important habitat
considerations for Mexican fox squirrels (Pasch and Koprowski
2011). Fifteen years is not sufficient time for large trees to
regrow; therefore, severity classifications should be stable for
>15 years post fire. We classified continuous dNBR values
into burn severity classes in order to use patch-based metrics
as measures of heterogeneity (Hayes and Robeson 2011).
We used ERDAS IMAGINE (ERDAS, Atlanta GA) for
image processing, ArcMap 9.3 (ESRI, Redlands, CA) for GIS

processing, and obtained Landsat TM images from Arizona
Regional Image Archive (ARIA Support Team 2008).

Habitat use relative to burn heterogeneity

We overlaid 99% home ranges onto our burn severity map to
assess habitat associations relative to heterogeneity of burn
severity. All study animals had home ranges positioned entirely
or partially within burnt areas; we investigated level of use
within home ranges relative to burn pattern to discern if squirrel
use was associated with burn heterogeneity at the home range
scale. Because many measures of heterogeneity are correlated
with area (Li and Reynolds 1994, 1995; Kie et al. 2002), which
can lead to bias in comparisons of large to small areas, we
selected a moving-window method that compared equal-sized
areas (Hayes and Robeson 2011). Because wildlife species may
respond differently to various scales (Schiegg 2000; Brose
2003), we calculated heterogeneity of burn severity for each
pixel of our burn severity map at two spatial scales: small and
large (Table 2). We selected these scales based on body size
(Best 1995), vagility (Koprowski and Corse 2005), home-range
size (Pasch and Koprowski 2006, 201 1; Doumas and Koprowski
2012) and observations during telemetry activities.

We used the number of patches of different burn severities
surrounding each pixel as the measure of heterogeneity at each
spatial scale. Patches are aggregations of pixels of the same
burn-severity class, and we treated patches that met only at pixel
corners as separate patches. The number of patches within a
moving window representing the scale was tabulated for the
centre pixel of the moving window (Fig. 1).

A heterogeneity value of 1 was calculated when all surround-
ing pixels were the same burn severity. A heterogeneity value of
2 was calculated near the perimeter of a large patch or in an area
of low severity burn with a single patch of moderate or severe
burn. Higher levels of heterogeneity occurred in areas with more
than a single patch of moderate or severe burn inset within an
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Demonstration of heterogeneity values at small and large scale. An example of a burn severity

map is shown in (a), with different severities shown in grey shading. The centre pixel and moving
window for each scale are outlined. Heterogeneity values for each pixel are shown in (b). The centre

pixel corresponding to () is outlined in (b).

area of low-severity burn. Squirrels did not incorporate other
configurations of burn severity, such as large areas of severe
burn with small inset patches of low-severity burn, within home
ranges. Large patches resulted in heterogeneity values of 1 for
most of the patch and values of 2 for the band of pixels near the
perimeter of the patch. This band of pixels with heterogeneity
values of 2 was narrow (approximate 2 pixels wide) for small
scale and wide (approximately 8 pixels wide) for large scale
(Fig. 1).

We used resource-utilisation functions (RUFs, Marzluff
et al. 2004) to relate squirrel habitat use within home ranges
to burn heterogeneity (3rd-order selection, Johnson 1980). The
RUF approach is based on multiple linear regression adjusted for
spatial autocorrelation. The kernelling process used to create
home ranges from telemetry locations resulted in a 3-dimen-
sional plot (x, y, z) where the third dimension (z) was the
intensity of use at map coordinate (x, ). The intensity of
use for each 30 x 30-m map pixel within the 99% kernel home
range was used as the response variable of RUF regression and
the corresponding small- and large-scale heterogeneity values
for the same map pixel were used as the explanatory variables. A
separate regression was run for each animal, which made
individual squirrels the sampling unit. We used R (R Develop-
ment Core Team 2009) and the RUF library (Marzluff et al.
2004) for statistical analysis. The RUF procedure determined
maximum-likelihood fit based on a Matérn covariance function
that accounted for spatial autocorrelation induced by the kernel-
ling process (Marzluff et al. 2004). Because we were interested
in comparing responses to different levels and scales of burn
heterogeneity we used standardised coefficients (Marzluff et al.
2004). From exploratory data analysis, we suspected that use
would display maximum or minimum values at moderate levels

of heterogeneity. To allow easy interpretation of non-linear
effects, we divided heterogeneity values at each scale into five
categories. We categorised small-scale heterogeneity into 1, 2,
3,4 or =5 patches within the moving window representing small
scale, and large-scale heterogeneity into 1, 2, 3-5, 6-8 or =9
patches within the moving window representing large scale. We
entered categories as explanatory variables of the RUF regres-
sion as indicator variables relative to the reference level of one
patch, which equals homogeneity. The regression coefficients
represented the response of squirrels to heterogeneity, where a
positive response corresponded to a positive coefficient, which
indicated that an individual squirrel used heterogeneous areas
more than homogeneous areas, and negative coefficient indicated
the converse.

We characterised habitat use relative to burn heterogeneity at
two scales for individual squirrels, and averaged the regression
coefficients across 14 squirrels. We included a regression
coefficient of 0 in the calculation of the mean when a level of
heterogeneity was available to a squirrel (within the study area)
but was not used. We used one-sample #-tests to compare mean
regression coefficients to 0 (Marzluff ef al. 2004); mean regres-
sion coefficients that differed significantly from 0 represented
consistent response across the study population. To evaluate the
effects of scale and level of heterogeneity on intensity of use, we
used a 2-factor ANOVA. We tabulated the number of squirrels
with individual significant positive and negative coefficients
and performed sign tests relative to an expected even distribu-
tion centred on 0 (Marzluff ef al. 2004).

To summarise individual responses to heterogeneity, we
tallied number of positive-positive, positive-negative, negative-
positive, negative-negative combinations of small- and large-
scale responses for each heterogeneity level for each squirrel.
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Table 3. Estimates of standardised RUF coefficients for Mexican fox squirrels
Habitat use by Mexican fox squirrels (Sciurus nayaritensis chiricahuae) in the Chiricahua Mountains, Cochise County, Arizona was most strongly associated
with areas of moderate levels of burn heterogeneity at large scale. Mean standardised coefficients, 95% confidence interval (CI) half-widths and P values
include all sources of variation

Burn heterogeneity Mean standardised 95% CI half-width P Number of squirrels with Sign test P
coefficient individual use significantly associated
with number of patches
+ -
Small scale number of 2 —0.70 1.37 0.29 5 6 1.00
patches 3 0.94 1.48 0.18 5 2 0.45
4 —0.07 1.61 0.92 5 2 0.45
=5 0.85 3.76 0.61 3 3 1.00
Large scale number of 2 0.65 1.09 0.22 8 2 0.11
patches 3-5 2.15 1.63 0.02 7 0 0.02
6-8 2.55 2.63 0.06 5 2 0.45
=9 1.96 4.47 0.34 4 4 1.00

We compared the total number of each sign combination to the
expected even distribution across the four sign combinations
using Chi-square goodness-of-fit test (Neu et al. 1974).

Patch-size use

Patch size and heterogeneity are negatively correlated. To
translate our findings on habitat use relative to burn heteroge-
neity into patch-size recommendations, we assessed use by
squirrels of various-sized patches of severe burn by comparing
home ranges to areas available to the study animals (2nd-order
selection, Johnson 1980). We merged individual home ranges
into one home range perimeter so that patches used by more than
one squirrel were counted only once, and used the 95% home
range to exclude very lightly used patches at the edges of the
99% kernel home range. To define available area, we used a
784-m buffer (the greatest distance an animal was known to
travel from capture point) around trap locations. Considering
only severely burnt patches, we compared the area of each patch
size used (ha) to the area available to study squirrels with a Chi-
square goodness-of-fit test with Yates correction for small
expected values.

To determine levels of moderate or severe burn that squirrels
can tolerate at home-range scale, we calculated percentage of
area burnt moderately or severely for our study area burnt by
wildfire. We merged individual home ranges into one home
range perimeter and used 95% home range to exclude very
lightly used patches at the edges of the 99% kernel home
range. We considered both moderate and severe burn because
it is unlikely that techniques to include patches of high-intensity
fire into prescription burns would be able to differentiate
moderate and severe burn. We calculated percentages for entire
home ranges and for burnt portions of home ranges, excluding
unburnt areas.

Results
Determination of home ranges

We examined space use of 14 adult squirrels (nine female,
five male) with =29 telemetry locations (x=39.8+3.0).

Home-range (95% kernel) sizes did not differ between males
and females (F,;; =2.45, P=0.15) or between study areas
(F111=0.39, P=0.55).

Habitat use relative to burn heterogeneity

Squirrels in the study area burnt by prescribed fire used homo-
geneous unburnt forest, homogeneous low-severity burn and the
burn perimeter. Squirrels in the study area burnt by wildfire
primarily used low-severity burn with small inset patches of
moderate and severe burn, but also homogeneous unburnt forest,
homogeneous low-severity burn and the burn perimeter. Very
little area of evenly distributed burn severities was used by
squirrels. Large patches of severe burn were used at edges or in
areas where a narrow band extended into low-severity burn
(maps showing habitat use and burn pattern within study areas
are provided as supplementary material, see http://www.
publish.csiro.au/?act=view_file&file_id=WF12046_AC.pdf).

Association between intensity of use and burn heterogeneity
at small scale was inconsistent across the population (Table 3),
indicated by mean regression coefficients not different from 0
(Fig. 2). Squirrels used areas with three patches of different burn
severities at small scale somewhat more than areas with lower or
higher numbers of patches (X3 patches, small scale = 0.94, t7 =1.49,
P =0.18). Squirrels used heavily those areas with moderate levels
of burn heterogeneity at large-scale (X3-s pacches, large scale =
2.15,t,=3.12, P=10.02; x¢_g patches, large scale = 2.55, t,=2.30,
P =10.06). Squirrels responded more positively to heterogeneity
at large scale than at small scale (F, 7 =5.07, P=0.03) but
there was no effect of level of heterogeneity (/37 =1.53,
P =0.21). Distribution of the numbers of squirrels with positive
and negative association of use to various levels of small-scale
heterogeneity showed similar trends (Table 3).

For our tally of sign combinations of small- and large-scale
responses for each heterogeneity level for individual squirrels,
the most numerous combinations were positive response to both
small- and large-scale heterogeneity or negative response to
small-scale and positive response to large-scale heterogeneity
(x*=11.00, d.f. =3, P=0.012, Fig. 3). We observed fewer
negative responses at both scales than expected if distribution
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Fig.2. Use by Mexican fox squirrels (Sciurus nayaritensis chiricahuae) in
the Chiricahua Mountains, Cochise County, Arizona was most strongly
associated with areas of moderate levels of burn heterogeneity at large scale,
and large-scale heterogeneity had stronger positive association with use than
did small-scale heterogeneity (7, =5.07, P=0.03). Values for indivi-
duals shown as solid points, and means, as open diamonds.

was evenly distributed (Bonferroni z-tests, P << 0.05, Zy 00625 =
—2.50); only one squirrel responded negatively to heterogeneity
at both small and large scales at the same level of heterogeneity.

Patch-size use

Patches of severe burn ranged in size from 0.09 to 90.27 ha
within the available area (Fig. 4). Available patches 0f0.36, 0.63
and 1.26 ha in size were not used; portions of all other available
patch sizes were used by squirrels. The single 90.27 ha patch was
used less than available (whole model )(2 =29.65, d.f.=11,
P =0.002; Bonferroni z-tests, P < 0.05, Zy gp207 = —2.84).
Severely burnt patches >0.45 ha were used only at edges or
in areas where a narrow band (<120 m wide) extended into low-
severity burn. Squirrels used the largest patches, 62.19 ha and
90.27 ha in size, only at the edges. Home ranges in wildfire areas
were 21.7% burnt moderately or severely. If unburnt areas were
excluded, squirrels tolerated 30.1% moderate or severe burn.

Discussion

Habitat use by Mexican fox squirrels was associated positively
with moderate burn heterogeneity at large scale, which suggests
that squirrels selected areas with intermediate levels of burn
heterogeneity. Our prediction that use would increase as het-
erogeneity of burn severity increases was correct for low and
moderate levels of heterogeneity at large scale, but incorrect for
high levels of heterogeneity. Other species respond to burn
heterogeneity, although studies have examined only distance-
to-edge effects of severely burnt forests. Woodpeckers nest
further from edge of burnt patches than random, presumably to
avoid mammalian predators (Vierling et al. 2008). In contrast,
reproductive success of black-backed woodpeckers is higher
near edges than it is deep within burnt patches (Nappi and
Drapeau 2009), as are densities of a favoured food of black-
backed woodpeckers (Saint-Germain et al. 2004).
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Fig. 4. Mexican fox squirrels (Sciurus nayaritensis chiricahuae) in the
Chiricahua Mountains, Cochise County, Arizona used patches of severe
burn non-randomly relative to patch size (x> =29.65, d.f.= 11, P=0.002).

Homogeneous areas of unburnt forests and low-severity burn
were used by squirrels, but homogeneous areas of severe burn
were not used, suggesting that burn severity plays an important
role in response of squirrels to fire. Because of the variation in
individual use of heterogeneous burnt areas, heterogeneity
likely plays a secondary role to burn severity in habitat use of
burnt forests. However, our results indicate burn heterogeneity
influences habitat use by Mexican fox squirrels and should not
be ignored when assessing response of wildlife species to fire.
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A heterogeneity level of two patches is found predominately
at burn perimeters or edges of large patches, and the band of two
patches at the burn edge is narrow (~2 pixels) for small scale
and wide (~8pixels) for large scale (Fig. 1). The pattern of
somewhat negative association between habitat use and two
patches at small scale, and mostly positive association between
use and two patches at large scale, suggests that areas immedi-
ately adjacent to burn edge were not used as much as areas
nearby. Therefore, squirrels were not attracted to burn edges,
despite using areas of patchy burn more than they did homoge-
neous areas. Some species such as red-backed voles (Clethri-
onomys gapperi) are attracted to edges of clearings and forest
near openings, whereas deer mice (Peromyscus maniculatus)
and masked shrews (Sorex cinereus) use edge and forest open-
ings differently according to vegetative conditions (Sekgororoane
and Dilworth 1995; Menzel et al. 1999). Presence of sage
sparrows (Amphispiza belli), California thrashers (Toxostoma
redivivum) and California towhees (Pipilo crissalis) is associated
with edge in sage-scrub vegetation (Kristan et al. 2003).

Mexican fox squirrels may use heterogeneously burnt forests
because resources are distributed across forest patches burnt at
varying severities. Although forests burnt at low severity are
used most heavily by squirrels (Doumas and Koprowski 2012),
small patches of moderately and severely burnt forest provide
abundant seeds in isolated pine trees (Larson and Schubert
1970), fungal growth — an important part of the diet of Mexican
fox squirrels (Koprowski and Corse 2001) — on dead wood, and
cavities, which female Mexican fox squirrels use exclusively for
maternity nests (Steele and Koprowski 2001; Pasch and
Koprowski 2005).

Conclusions

In forests inhabited by wildlife species that respond positively to
burn heterogeneity, burn prescriptions should include small
areas of moderate and severe burn at low proportions. Russell
et al. (2010) describe a prescription of high severity patches
<1 ha in size that comprise <5% of total burnt area. Our results
suggest that a configuration of primarily low-severity burn with
moderate or severe patches <<0.5 ha in size that comprise =22%
of total area may be tolerated by wildlife species in the conif-
erous forests of south-western US, which are suggested by his-
torical evidence to burn at high severities in some cases (Baisan
and Swetnam 1995; Kirkpatrick er al. 2006; Conway and
Kirkpatrick 2007; Kotliar et al. 2007). Some native wildlife
species may be dependent on patches burnt at higher severities
than are presently prescribed (Hutto et al. 2008). Further studies
should examine the effects of a wide range of burn heterogeneity
and various fire prescriptions on vegetation structure and
wildlife species if the use of prescribed fire is to benefit wildlife
species in addition to reducing fuel levels (Tiedemann and
Klemmedson 2000). Fuel-reduction efforts can also be modified
to influence future wildfires to burn in patterns of heterogeneity
that are beneficial. Although modification to fire prescriptions
may be difficult in the near term because of high fuel loads,
techniques to allow for patchiness of burn severity in the long
term should be developed.

Following a period of fire suppression, forests with a histori-
cal fire regime of frequent, low-severity fire will likely require
multiple fires or other restoration measures to re-establish
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historical landscape patterns (Baker 1994). Heterogeneity in
vegetative conditions can be created over time using a variety of
techniques (Allen et al. 2002; Bradstock et al. 2005). A return
to a natural fire-regime should be encouraged when possible to
restore a mosaic in landscape structure (Bonnicksen and Stone
1985; Hutto et al. 2008). Mexican fox squirrels respond posi-
tively to single episodes of fire (Doumas and Koprowski 2012),
suggesting a fire-based restoration process may improve habitat.

In fire-adapted ecosystems, native wildlife species may
require fire to fulfil the essential role as primary driver of
landscape heterogeneity (Baker 1994; Bradstock ef al. 2005;
Price et al. 2005; Parr and Andersen 2006). Fire heterogeneity
varies relative to topography, fuel availability, weather and
climate conditions (Turner et al. 1994; Price et al. 2005), and
the effects on wildlife species can vary as well. Conspicuous
species such as Mexican fox squirrels can serve as indicator
species for other native species, and better understanding of how
spatial heterogeneity of a single fire affects species can guide
efforts to mediate the change of fire regime and its effect on
communities and ecosystems (Driscoll ef al. 2010).

In 2011, 2 years after this study, nearly all of the forested
portions of Chiricahua Mountains were burnt by an uncontrolled
wildfire. Intensity and heterogeneity varied widely. The entire
population of Mexican fox squirrels in the US, as well as many
other species in the Chiricahuas, will be subject over the next 15
years to similar conditions to those examined in this study. Such
fires demonstrate that the return of fire is inevitable, given the
fire-prone nature of the ecosystem (Swetnam and Baisan 19965)
and human alterations to the vegetation (Graham et al. 2004) and
climate (Brown et al. 2004). It is essential that we determine
goals for modifications to the controllable aspects of wildland
fires, such as heterogeneity, so that forest vegetation and
wildlife species can be conserved.
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