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ABSTRACT

Habitat alterations may improve and
expand wildlife habitats, and bolster
waning wildlife populations. We used
global positioning system (GPS) loca-
tions to monitor 38 bighorn sheep
(Ovis canadensis Shaw) that were
translocated to the Seminoe Moun-
tains, Wyoming, USA, in 2009 and
2010, and 24 bighorns captured in
2011 to investigate short-term impacts
of prescribed fires and wildfires that
covered ~24% of the study area in
2011 and 2012. We quantified home
range distributional changes, resource
selection, and survival of bighorn
sheep from 2009 to 2013. Although
bighorns expanded home ranges and
increased proportional use of fire-treat-
ed areas, there was no overall selection
for fire-treated areas. Bighorn survival
decreased by over 30% after fires in
2012 that were accompanied by severe
drought. Prescribed fires conducted
under favorable conditions (2011) in-
duced potentially positive bighorn re-
sponses including high survival and
increased use of treated areas. Fires
during drought conditions were more
widespread with little vegetative re-
sponse (2012) and coincided with in-

RESUMEN

Las alteraciones del habitat pueden mejorar y
ampliar los habitats de vida silvestre, y refor-
zar las menguante poblaciones de vida silves-
tre. Utilizamos ubicaciones del Sistema de Po-
sicionamiento (GPS) para monitorear a 38 bo-
rregos cimarrones (Ovis canadensis Shaw),
que fueron trasladadas a las Montafas Semi-
noe, Wyoming, EEUU, en 2009 y 2010, y 24
cimarrones capturados en 2011 para investigar
los efectos a corto plazo de los incendios e in-
cendios prescritos que cubrian ~24 % del area
de estudio en 2011 y 2012. Se cuantificaron
los cambios distributivos del ambito hogarefo,
la seleccion de recursos, y la supervivencia de
cimarrdnes entre 2009 y 2013. A pesar de que
los cimarrones expandieron sus areas de distri-
bucion e hicieron un mayor uso proporcional
de las areas tratadas por el fuego, no hubo se-
leccion general para las zonas tratadas con fue-
go. La supervivencia de los borregos cimarro-
nes disminuy6 en mas del 30% después de los
incendios del 2012, que fueron acompafiados
por una grave sequia. Los fuegos prescritos
realizados en condiciones favorables (2011) in-
dujeron respuestas potencialmente positivas,
incluyendo una alta supervivencia y mayor uso
de las areas tratadas. Los incendios durante las
condiciones de sequia fueron mas generaliza-
dos con poca respuesta vegetativa (2012) y
coincidieron con una mayor mortalidad cima-
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creased bighorn mortality in spring
2013. Dead bighorns with poor body
condition had high home range over-
lap with burned areas. We suggest
that large fires coupled with unfavor-
able weather conditions rendered big-
horns unable to access adequate for-
age to meet nutritional requirements.
Because impacts of fires on bighorn
populations are highly dependent on
ensuing vegetative recovery, consid-
eration should be given to the timing,
extent, and spatial coverage of pre-
scribed fires. Therefore, we recom-
mend conducting prescribed fires be-
fore bighorn reintroductions, or con-
ducting prescribed fires on a relatively
small scale and on a rotational basis
to avoid reducing foraging options.
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rréon en la primavera del 2013. Los cimarrones
muertos con malas condiciones corporales se
superpusieron con las areas quemadas. Sugeri-
mos que los grandes incendios, junto con las
condiciones climaticas desfavorables impidie-
ron a los cimarrones acceder a forraje suficiente
para satisfacer sus requisitos nutricionales. De-
bido a los impactos de los incendios en las po-
blaciones de borregos cimarrones y de que estas
son altamente dependientes de la recuperacion
vegetativa subsiguiente, se debe considerar el
tiempo, alcance y cobertura espacial de las que-
mas prescritas. Por lo tanto, se recomienda la
realizaciébn de quemas prescritas antes de la
reintroduccion de los borregos cimarrones, o
llevar a cabo incendios prescritos en una escala
relativamente pequefia y en forma rotativa para
evitar la reduccion de las opciones de busqueda
de alimento de esta forma de vida silvestre.
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INTRODUCTION

Habitat alterations are often implemented
to improve and expand wildlife habitats (Os-
borne and Seddon 2012), and may be applied
in an effort to bolster waning wildlife popula-
tions. While habitat evaluations are often con-
ducted after alterations occur, assessment of
wildlife responses to treatments provides key
information on how habitat treatments impact
targeted animals (Van Dyke and Darragh
2007). To identify impacts to target popula-
tions, distributional response may be assessed,
often measured by changes in animal space
use and habitat selection. However, distribu-
tional responses can be limiting if not assessed
in concert with demographic response to iden-
tify not only if habitat alterations result in se-
lection for treated areas or expanded space

Fire Ecology 12(3): 80-98. doi: 10.4996/

use, but actually improve the overall fitness
and productivity of the targeted population.
Because many bighorn sheep (Ovis
canadensis Shaw) populations migrate through
extensive elevational gradients, habitat suit-
ability models for the Rocky Mountains, USA,
suggest reintroducing bighorn into large patch-
es of habitat that promote movements and mi-
grations to increase the success rate of translo-
cations (Singer et al. 2000). However,
long-distance migrations do not occur among
isolated or non-migratory bighorn populations
restricted within habitat surrounded by a ma-
trix of unsuitable landscapes. For instance,
some desert bighorn (O. c. nelsoni) popula-
tions use seasonal ranges separated by as little
as 2 km to 30 km annually (Ough and deVos
1986, Bleich ef al. 1990). Consequently, big-
horn sheep concentrated to restricted habitat,
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especially on winter range, may be more sus-
ceptible to disease, increased predation, limit-
ed genetic connectivity, and overutilization
(Risenhoover et al. 1988). Thus, the standard
recommended is to eliminate tall vegetation
through burning or easements to open restric-
tive habitats and encourage use of movement
corridors (Smith et al. 1999, Singer et al.
2000).

Past studies have documented variable in-
creases in forage nutritional quality and pro-
duction in various shrub and grassland habitats
following burning (DeWitt and Derby 1955,
Seip and Bunnell 1985, Cook et al. 1994, Van
Dyke and Darragh 2007). Consequently, pre-
scribed burning is used as a management tool
to benefit bighorn sheep and has been shown
to improve diet quality and foraging efficiency
(Hobbs and Spowart 1984, McWhirter et al.
1992). In addition, open habitat created by fire
may establish movement corridors that en-
courage dispersal to previously underused
habitats (Risenhoover et al. 1988). While
these studies have examined changes in vege-
tation in burned and unburned areas, a defi-
ciency persists in evaluating the effects of fire
on bighorn sheep demography, highlighting
the need to further investigate in situ demo-
graphic response of bighorns to impacts of
fire.

Our study aimed to quantify short-term
impacts of fire-mediated habitat alterations to
a recently translocated bighorn population in
the Seminoe Mountains, located in south-cen-
tral Wyoming, USA. These habitat alterations
included two prescribed fires applied within
the study area (spring 2011 and 2012), as well
as an unanticipated wildfire that occurred late
in the study. We collected global positioning
system (GPS) location data from radio-col-
lared bighorn sheep in the Seminoe Mountains
from 2009 to 2013 that included three translo-
cation events (Dec 2009, Jan 2010, and Dec
2010) as well as a capture event (Dec 2011)
within the study area after the initiation of pre-
scribed fires. Our specific objectives were to
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(1) identify changes in bighorn distribution,
(2) investigate potential habitat selection for
fire-treated areas, and (3) compare survival re-
sponse of bighorn sheep before and after fire
events. We predicted that bighorn sheep
would expand distribution and select for treat-
ed habitat after fires in response to a combina-
tion of increased forage quality and reduced
shrubby and forested habitat visual barriers
that had previously restricted bighorns. We
also predicted commensurate survival with fa-
vorable habitat improvements.

METHODS
Study Area

The Seminoe Mountains (42° 10" N, 106°
56" W) are located approximately 40 km north
of Sinclair, Wyoming, USA (Figure 1). To-
pography (elevation range from 1830 m to
2500 m) in the study area (~85 km?) ranges
from long draws and ridges in the western por-
tion to nearly vertical cliffs where the North
Platte River flows northerly through the range.
Land status includes 80% federal, 10% state,
and 10% private lands. Primary vegetative
cover types include sagebrush (4Artemisia spp.
L.)-dominated grassland and conifer with a
mixed shrub understory intermixed with
mountain shrub, riparian meadow, and riparian
broadleaf cover types. Dominant coniferous
trees include limber (Pinus flexilis James),
lodgepole (P. contorta Douglas ex Loudon),
and ponderosa (P. ponderosa Lawson & C.
Lawson) pines; and Rocky Mountain juniper
(Juniperus scopulorum Sarg.); and deciduous
tree species include chokecherry (Prunus vir-
giniana L.), narrowleaf cottonwood (Populus
angustifolia James), and quaking aspen (Popu-
lus tremuloides Michx.). Shrub species in-
clude antelope bitterbrush (Purshia tridentata
[Pursh] DC.), big sagebrush (Artemisia triden-
tata Nutt.), and birchleaf mountain mahogany
(Cercocarpus montanus Raf.). Hiatt (1997)
provides lists of common grass and forb spe-



Fire Ecology Volume 12, Issue 3, 2016
doi: 10.4996/fireecology. 1203080

Clapp and Beck: Short-Term Impacts of Fire on Bighorn Sheep
Page 83

-
WYOMING

e (Casper

e Rawlins

® |Cheyenne

| 2012

< #ﬁ

North Platte River

eminoe

B 2012 wildfire .
|

0 2 4

T 1
8 Kilometers

Reservoi

Figure 1. Study area map including RSF study area (86.4 km?) boundaries and fire events (20.1 km?) from
2011 to 2012 in the Seminoe Mountains, south-central Wyoming, USA.

cies for the study area. The 30 yr (1981 to
2010) average annual precipitation was 36 cm
(range = 23 cm to 49 cm), with most precipita-
tion occurring in spring. The 30 yr (1981 to
2010) average annual temperature was 7°C
(range 3 °C to 8 °C), resulting in 70 to 90 frost-
free days, with 45% of annual precipitation
falling as snow (Western Regional Climate
Center 2013). High winds are also common in
the Seminoe area, especially on exposed
slopes and ridges.

Capture of Bighorn Sheep and
Habitat Alterations

In a reintroduction effort from December
2009 to December 2010, 52 bighorn sheep (40
female [F], 12 male [M]) were translocated to
the Seminoe Mountains from two sites in east-
ern Oregon and a single site in north-central
Wyoming. Helicopter net-gunning was used
to capture all bighorns, which were processed,
marked, and translocated following state agen-
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cy (Oregon Department of Fish and Wildlife
[Foster 2005], Wyoming Game and Fish De-
partment [ WGFD] Chapter 10-1535 and Chap-
ter 33-750 permits) approved protocols, and
complied with guidelines published by the
American Society of Mammalogists (ASM;
Sikes and Gannon 2011). Animals were
marked using self-piercing metal or plastic ear
tags unless previous ear tags were evident, and
40 store-on-board GPS collars (13 GEN III,
model TGW3500 collars from Telonics, Inc.,
Mesa, Arizona, USA; and 27 model G2110D
collars from Advanced Telemetry Systems
[ATS], Isanti, Minnesota, USA. ) were affixed
to 31 F and 9 M bighorn sheep. GPS data
were collected from translocated bighorns
through spring 2011.

Prescribed burning initiated by the Bureau
of Land Management was conducted in 2011
and 2012 in the southern portion of the study
area. FEach spring, separate burns targeted
dense shrub communities consisting of moun-
tain mahogany and juniper and encroaching
timber potentially limiting visibility and
movement of bighorn sheep (Risenhoover et
al. 1988, Johnson and Swift 2000), but these
burns were also intended to improve overall
forage quality in the study area. Spring igni-
tions resulted in mosaic burn patterns around
snow cover and low fuel load areas, and to-
taled ~7.5 km® Field observations revealed
favorable landscape conditions through sum-
mer 2011, identified by positive vegetative re-
sponses in grass, forb, and shrub communities.
A lightning-ignited wildfire also occurred in
July 2012 that burned ~12.6 km? of the north-
ern portion of the study area. This uncon-
trolled wildfire occurred during extreme
drought conditions, and impacted more habitat
than the prescribed fires. Likely due to drier
conditions and mid-summer ignition, this
wildfire also consumed most shrub and grass
communities, resulting in large expanses of
bare ground, and left little area unburned with-
in the extent of the fire (no mosaic burn pat-
terns). Poor vegetative response of plant com-
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munities was identified after the wildfire, with
little regrowth identified near the end of the
study in spring 2013. The combined area of
these prescribed and wildfire-mediated habitat
alterations resulted in ~20.1 km? or ~24% of
treated habitat within the study area (Figure 1).

On 2 and 3 December 2011, 20 F and 5 M
bighorns were captured in the study area via
helicopter net-gunning, processed, and re-
leased on-site following ASM guidelines
(Sikes and Gannon 2011), University of Wyo-
ming Institutional Animal Care and Use Com-
mittee approved protocols (no. 12012011), and
WGFD Chapter 33-750 permit. Twenty-five
refurbished GPS collars (Telonics = 4, ATS =
21) were deployed on these animals to collect
location data until they remotely detached in
June 2013. This capture included bighorns
that were previously collared and released in
translocation efforts (n = 16), bighorns not fit-
ted with GPS collars when translocated (n =
4), and bighorns born in the study area (n =5).

Home Range Analysis

We used GPS location data to estimate big-
horn home ranges to describe distributions in
relation to fire-treated areas and to identify
changes in home range size after fire events.
We standardized location data gathered from
each bighorn to include one GPS location ev-
ery five hours (matching the maximum GPS
fix-rate schedule of transmitters from all cap-
tures), and censored initial movements to al-
low bighorns to acclimate after translocation
or capture releases (range = 0 days to 70 days;
Clapp et al. 2014). We chose the “BBMM”
package (Nielson et al. 2013) in the R statisti-
cal environment (R Development Core Team
2012) as a home range estimator to create
Brownian bridge movement models (BBMM;
Horne et al. 2007) to estimate utilization dis-
tributions (UD) for each bighorn sheep (Clapp
and Beck 2015). We used a sample of 24 big-
horn sheep that collected location data after
the initiation of fires (19 F, 5 M) to investigate
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the amount of home range area that overlapped
fire-treated areas. We digitized areas impacted
by fire-mediated habitat alterations using satel-
lite imagery provided by Apollo Mapping
(Boulder, Colorado, USA) and with aerial
photography acquired shortly after each fire
event, and we quantified the proportional over-
lap of each distribution with fire-treated areas
at 50% and 95% home range contours. We
report descriptive statistics including means,
standard errors (SE), and ranges of proportion-
al overlap with fire-treated areas.

We next used a subsample of 16 radio-col-
lared bighorn sheep (12 F, 4 M) from the 24
captured within the study area to identify
changes in home range distributions after fires.
GPS transmitters attached to these bighorns
collected location data prior to the initiation of
fires that occurred in early May 2011 (pre fire),
and subsequent recaptures of these animals
continued data collection through June 2013
(post fire). For consistency, we standardized
the duration of GPS data acquired from each
animal by matching ordinal dates (starting 1
January and ranging from 1 to 366) when data
were collected before and after the initiation of
fires. We created a pair of UDs for each ani-
mal, and summarized relative change in home
range size by dividing post-fire area by pre-fire
area (A, + A)). We conducted one sample
t-tests to identify relative changes in bighorn
distribution at 50 % and 95 % home range con-
tours. We implemented o = 0.05 for statistical
significance and report mean, standard error,
and range for each estimate. We conducted
home range analyses and data management in
R 2.15.3 (R Development Core Team 2012).

Resource Selection Analysis

In our resource selection function (RSF)
analysis, we used RSF modeling to identify a
specific predictor variable—selection of
fire-altered habitats—while allowing other
habitat components to compete as predictors
in model selection and comparison of effect
sizes. We constructed a single model from
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data gathered throughout the study and tested
for significance of an interaction between pre-
fire or post-fire location data (discrete binary
predictor variable) and the distance to treated
areas (continuous predictor variable).

Acquisition of GPS locations was high in
our study, averaging over 90 % success for col-
lared bighorns, which alleviated potential bias
associated with low GPS fix success (Nielson
et al. 2009). Resource selection can be identi-
fied when animals utilize a resource dispropor-
tionate to what is available on the landscape
(Hall et al. 1997, Manly et al. 2002). To delin-
eate availability in our analysis, we merged
95% contours from BBMM home range esti-
mates of each individual throughout the dura-
tion of the study (Dec 2009 to June 2013),
eliminating likely non-habitats. Because the
purpose of the RSF was to specifically identify
selection of treated habitat, we refined avail-
ability to areas within a 5 km buffer from the
perimeter of treated areas, where habitat alter-
ations had a higher likelihood of influencing
bighorn habitat selection. This procedure
eliminated areas occupied by individuals that
dispersed or spent time away from the study
area.

To quantify RSF response, we generated
circular sampling units with a radius of 150 m
that were small enough to isolate and represent
habitat components across the landscape
(Millspaugh et al. 2006, Sawyer et al. 2006),
yet large enough to encompass adequate vol-
ume of locations to determine intensity of use
and approximate error distributions (Sawyer et
al. 2006, 2009), and that exceeded the expect-
ed spatial error associated with GPS location
acquisition (Nielson and Sawyer 2013). We
randomly distributed 2000 sampling units
across the study area to ensure independence
in sampling unit response (Sawyer et al.
2009), allowing units to overlap and locations
to fall outside or within one or more indepen-
dent sampling units. We then quantified inten-
sity of use as the number of locations within
each sampling unit. We used a negative bino-
mial general linear model because count data
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exhibited over-dispersion from a Poisson dis-
tribution, in which variance exceeded the
mean of the response (White and Bennetts
1996). The negative binomial regression mod-
el took the form:
ln[E(ti)] - Bo + Bl'xli + B2x2i e T anni’

where E(#) was the expected number of loca-
tions within sampling unit i; ) represented the
intercept term; B,, B,,..., B, represented esti-
mated coefficients; and x ..., x = were covari-
ate values measured across respective sam-
pling units (Nielson and Sawyer 2013). To as-
sess resource selection, we included habitat
variables likely to impact bighorn populations,
and quantified habitat layers (i.e., aspect, ele-
vation, escape terrain, slope) using 10 m x 10
m resolution digital elevation data (National
Elevation Dataset, US Geologic Survey, Sioux
Falls, South Dakota, USA) in a Geographic In-
formation System framework (ArcMap 10.1;
Table 1). Distance to burned areas was mea-
sured from the center of each sampling unit to
the nearest edge of digitized burned areas
within the area defined as available, regardless
of whether fires had yet occurred (Table 1).
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We assessed predictor variable correlations via
Pearson’s correlation matrices and restricted
highly correlated variables from entering mod-
el selection (|r] > 0.70) by including top per-
forming variables using Akaike’s Information
Criterion (AIC). We further assessed multicol-
linearity by calculating predictor variable tol-
erances in top performing models (r = 0.44 —
0.88), ensuring that they exceeded recom-
mended minimum tolerance thresholds (e.g.,
>0.10; Tabachnick and Fidell 2001). We stan-
dardized continuous predictor variables (by
z-score) to facilitate direct comparison of pre-
dictor variable influences in coefficient plots.

To allocate location data into the pre-fire or
post-fire binary predictor (pre.post in Table 1)
used in the model, we projected pooled big-
horn locations collected before fires, quantified
a response variable as a measure of intensity of
use, and assigned each of the 2000 sampling
units the binary predictor “pre-fire” (among the
other calculated habitat variable values). We
repeated this procedure using location data
gathered after the initiation of fires labeled
“post-fire.” This resulted in 4000 rows of data,
with intensity of use equally represented in
RSF model response.

Table 1. Descriptions of candidate habitat variables used to model bighorn resource selection in the Semi-

noe Mountains, Wyoming, USA, from 2009 to 2013.

Covariates Description
aspect Dominant cardinal direction within each sampling unit. North used as reference factor.
dist_burn Sampling unit center to nearest (m) burned habitat edge calculated after fire events.
dist_escp Sampling unit center to nearest (m) escape terrain (slope > 27°)*.
dist road Sampling unit center to nearest (m) road.
dist water ~ Sampling unit center to nearest (m) perennial water source.
elev Average elevation (m) within sampling unit .
slope Average slope (°) within sampling unit.
pre.post Binary variable (1 = after fire treatment; 0 = prior to fire treatment).
Int Interaction term (pre.post x dist_burn).

*(DeCesare and Pletscher 2006)
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We identified seasonal timeframes similar
to other low-elevation, non-migratory bighorn
sheep herds in Wyoming as summer (June 1 to
Oct 31) and winter (Nov 1 to April 30) seasons
(Kauffman et al. 2009). We used paired loca-
tion data gathered from individuals that were
GPS-collared both before and after fires to
generate RSF models for female bighorn
during summer and winter seasons. We con-
ducted model selection using the best subset of
predictor variables with competitive models
AAIC < 4 (Arnold 2010) as well as consider-
ation of highest Akaike’s model weights (w;
Burnham and Anderson 2002). Due to insuffi-
cient sample sizes, male bighorn sheep RSF
models were not considered.

Assuming that the error structure of resid-
ual values was not appropriate to generate reli-
able variances for model coefficients, we im-
plemented random-x resampling (Fox 2002) in
a bootstrapping framework to assess coeffi-
cient variability (Efron 1979, Khurshid et al.
2005). Bootstrapping methods reflected Type-
2 resource selection (Thomas and Taylor
2006), in which discrete animals were the ex-
perimental units used to account for individual
variation in RSF models. We randomly select-
ed the same number of animals present in the
original sample (with replacement), and used
locations from these animals to populate re-
sponse variables within the best models and
generate new variable coefficient point esti-
mates. We then estimated respective standard
errors and 95 % confidence intervals by encap-
sulating the mid-ninety-fifth percentile of each
coefficient under 1000 bootstrap iterations.
We validated RSFs by populating top model
response variables using supplemental loca-
tion data acquired from bighorns that collected
data either before or after habitat alterations.
We then assessed whether coefficient point es-
timates fell within bootstrapped confidence in-
tervals generated from paired data. Finally,
we determined significant habitat selection of
fire-altered habitats if bootstrapped confidence
intervals for the interaction term did not in-
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clude zero, and we created coefficient plots for
visual comparisons among other predictor
variables.

We supplemented habitat selection meth-
ods with ad hoc analyses that quantified the
proportion of locations within independent fire
treatments. We again used location data gath-
ered from corresponding bighorn sheep before
and after habitat alterations and conducted
paired #-tests to identify changes in the propor-
tion of locations within treated areas before
and after fires. Unlike RSF models, we used
paired data from males and females irrespec-
tive of season, and conducted tests that treated
each fire independently to identify changes
among prescribed burns or wildfire as an indi-
cation of effectiveness of treatment type.

Survival Analysis

We used the Kaplan-Meier product-limit
estimator (K-M; Kaplan and Meier 1958)
modified for staggered entry (Pollock et al.
1989), with variances computed following
Greenwood (1926), to evaluate bighorn sur-
vival throughout the study, encompassing
translocation efforts as well as the December
2011 capture until all GPS units detached by
June 2013. We also report cause-specific mor-
talities of marked individuals from field obser-
vations and necropsies throughout the study
period. We conducted a series of independent
sample #-tests to compare overall bighorn mor-
tality and cause-specific mortality with a suite
of variables representing spatial responses of
bighorn after fire including home range over-
lap of treated areas, changes in proportional
use of treatment arecas after fires, and home
range expansion as relative change in home
range size after fires.

Though the K-M and cause-specific data
showed trends through the entire study period,
tests only included data recovered from big-
horns that were captured within the study area
in 2011 (n = 24) that were potentially influ-
enced by fire. We further restricted samples
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for which spatial changes before and after fires
were quantified at an individual level using
paired data (n = 16), including the change in
home range size after fires (home range expan-
sion) and the change in the proportion of loca-
tions within treated areas after fires as an index
of selection. We categorized cause-specific
mortality to include animals that died in con-
nection with poor body condition (n = 4), and
remaining mortalities into an “other” category
(n=5).

RESULTS
Distributional Response to Fires

When summarizing bighorn distributions,
we found an average of 29 % of bighorn home
ranges (n = 24, both 50% [0.29 + 0.06; mean +
SE] and 95% [0.29 + 0.06] home range con-
tours) overlapped fire-treated areas. Because
the relative difference in home range size was
quantified by dividing post-fire area by pre-fire
area for each animal, a metric equal to 1 indi-
cated no change in home range size and was
used as the null hypothesis value in #-tests. We
identified that bighorns (n = 16, pre fire and
post fire) increased their post-fire home range
sizes by ~200% (¢, = 2.71, P = 0.016) at the
50% contour (2.97 + 0.73), and ~250% (¢, =
2.33, P = 0.034) at the 95% contour (3.53 +
1.09).

Habitat Selection of Fire-Treated Areas

We report paired datasets from 12 adult fe-
male bighorn to provide RSF model coeffi-
cient point estimates, SEs, and 95% confi-
dence intervals for summer and winter season
models (Table 2). Location data used in the
summer model included 11573 locations
(mean per animal = 964, range = 579 to 1487),
whereas winter model data consisted of 24 620
locations (mean per animal = 2052, range =
1622 to 2640). Model selection procedures re-
sulted in only slight differences in top per-
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forming model structures between summer
and winter. In both cases, top models ranked
well above competing model structures, out-
performing competitive models by exhibiting
o, > 0.998, and AAIC of 43.1 and 13.2 for
summer and winter models, respectively. Co-
efficient plots revealed that confidence inter-
vals encompassed point estimates from addi-
tional location data from n = 20 (9605 loca-
tions, mean per animal = 480, range = 82 to
741) and n = 24 (20504 locations, mean per
animal = 854, range = 215 to 1480) individu-
als in summer and winter seasons, respective-
ly, indicating that models validated well when
tested with supplemental data (Figure 2).

Summer and winter resource selection
were similar, with bighorn selecting for lower
elevation habitats, and for east, south, and
west aspects in relation to the north aspect ref-
erence (Figure 2). High correlation between
slope and distance to escape terrain resulted in
one variable constrained from inclusion in the
same models during model selection proce-
dures. However, bighorn selected for habitat
with greater slopes in the summer, and similar-
ly selected against increasing distances from
escape terrain in winter, supporting the notion
of bighorn reliance on close proximity to steep
and rugged terrain (Figure 2). Female bighorn
also selected habitats farther from roads in
winter. Differences between pre-fire and post-
fire locations were identified in the winter
model as well. In both models, no influence
was found in the distance to burned areas, and
the interaction term defined as the primary in-
dicator of selection for fire-treated areas
showed no influence on bighorn resource se-
lection, with confidence intervals overlapping
zero, and validation point estimates opposite
point estimates derived in model construction
(Figure 2).

Similar to results of RSF models, the pro-
portion of locations before (0.23 £ 0.06) and
after habitat (0.30 = 0.05) alterations showed
no difference when measured among com-
bined fire events and before and after the initi-
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Table 2. Resource selection modeling results, including covariate estimates (f), bootstrap-derived stan-
dard errors (SE), and 95% confidence intervals for 12 female bighorn sheep in the Seminoe Mountains,

Wyoming, USA, from 2009 to 2013.

95 % Confidence interval

Season Covariate B SE Lower limit Upper limit
intercept —0.582 NA NA NA
aspect*
east 0.743 0.127 0.537 0.979
south 2.159 0.409 1.202 2.917
g west 1.134 0.295 0.408 1.587
g dist_burn —-0.700 1.258 —1.943 0.419
& dist_road 0.678 0.267 —0.026 1.003
elev* —0.854 0.126 —-1.059 —0.570
pre.post 0.487 0.759 —-0.056 2.115
slope* 0.704 0.176 0.396 1.054
Int -0.671 0.825 -2.292 0.423
intercept 0.820 NA NA NA

aspect*
east 0.651 0.313 0.177 1.126
south 2.064 0.897 1.171 2.835
5 west 0.524 0.733 0.058 1.369
E dist_burn -0.111 0.615 —-1.223 0.697
= dist_escp* —0.540 0.122 —0.784 -0.318
dist_road* 0.426 0.305 0.086 1.009
elev —0.453 0.718 —1.298 —0.013
pre.post* 0.311 0.285 0.043 1.060
Int —0.714 0.468 —1.282 0.148

* Indicates significant covariates.

ation of fires in May 2011 (¢, = 1.63, P =
0.123). However, treating each fire inde-
pendently provided some inference to specific
use of treatment type. To be included in the
sample, these tests required that animal loca-
tions be identified within independent treat-
ment areas before, after, or before and after
each fire. Results indicated that bighorn in-
creased use of habitats altered with prescribed
fires in 2011 and 2012 (Table 3). The first pre-
scribed burn, in May 2011, resulted in an esti-
mated increased use of 11 %, with all 11 indi-
viduals increasing the proportion of locations
within the burned area after the treatment. The
second prescribed fire, in March 2012, showed
similar results, with an estimated increase of
7%, and with 9 of 10 bighorns increasing pro-

portional use. However, we found no differ-
ence in use of burned habitat from the wildfire
event in July 2012—although 5 of 9 bighorns
increased proportional use, these changes ulti-
mately resulted in an estimated 1% decrease
in area used by bighorns after the wildfire
event (Table 3).

Demographic Response to Fires

We documented 13 natural bighorn sheep
mortalities (12 F, 1 M) from December 2009
to June 2013. Predation events were primarily
attributed to mountain lions (Puma concolor;
four of five documented predations). Other
causes of mortality included an apparent fall
from a cliff during winter 2010-2011, one
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Figure 2. RSF model coefficient plots for female
bighorn resource selection in the Seminoe Moun-
tains, Wyoming, USA, from 2009 to 2013. a)
Summer habitat selection. Point estimates and
bootstrap-derived 95% confidence intervals were
based on n = 12 individuals (black), and validation
estimates from n = 20 individuals (grey points). b)
Winter habitat selection. Point estimates and boot-
strap-derived 95 % confidence intervals were based
on n = 12 individuals (black), and validation esti-
mates from #n = 24 individuals (grey points). Note
that confidence intervals for interaction terms (far
right) overlap zero, indicating that bighorns did not
select fire-treated habitats during summer or winter
seasons.
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male bighorn entangled in a wire fence during
winter 2012-2013, and one unknown mortali-
ty in summer 2013. A notable portion of mor-
tality occurred during spring 2013, in which 5
bighorn died within a two-day period in mid-
April. On further examination, these animals
had little to no apparent fat reserves, resulting
in extreme emaciation, and examination of
bone marrow content further indicated signs of
overall poor body condition. Although surviv-
al estimates remained relatively high early in
the study, mortalities documented in 2013 re-
sulted in a precipitous decrease in survival, re-
sulting in greater than 30 % mortality from ra-
dio-collared bighorns (Figure 3).

Due to the marked decrease in bighorn sur-
vival after alterations, we conducted a series of
tests to identify potential correlations between
overall survival and cause-specific mortalities,
and various bighorn responses to altered habi-
tats. We found that bighorns that died (n = 9)
increased their distributions more than big-
horns that survived after fires (n = 15; Table
4). However, this correlation was not identi-
fied when tested against the cause of mortality.
In addition, the change in proportion of loca-
tions in treated areas after fire was not differ-
ent between bighorns that survived or that
died, or on the cause of mortalities (Table 4).
Finally, we found evidence suggesting that
bighorns that died had a higher proportion of
home range overlap with burned areas (7,, =
1.51, P = 0.146) and, further, that bighorn
mortality associated with poor body condition

Table 3. Estimates, standard errors (SE), range in estimates, d.f., and P-values from paired #-tests of the
proportion of bighorn locations within treated areas before (pre-fire) and after (post-fire) fire events in the
Seminoe Mountains, Wyoming, USA, from 2009 to 2013.

Pre-fire

Post-fire

Habitat treatment Est. SE Range

Est. SE Range d.f. ¢stat P

Prescribed burn
(May 2011) 0.03 0.01 0.00to0.10

Prescribed burn
(Mar 2012) 0.06 0.01 >0.01to0.11

Wildfire

(Jul 2012) 0.24 0.08 0.00to 0.69

0.14 002 001t00.28 10 -598 <0.001
0.14 002 >0.01t00.19 9 537 <0.001

023 009 0.00t00.54 8 0.30 0.771
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Figure 3. Staggered-entry Kaplan-Meier survival estimates of 48 radio-collared bighorn sheep (38 F, 10
M) in the Seminoe Mountains, Wyoming, USA from 2009 to 2013. Vertical red lines represent fire events
including a) May 2011 prescribed fire, b) March 2012 prescribed fire, and c) July 2012 wildfire.

had higher home range overlap with burned
areas (¢, = —2.44, P = 0.045; Table 4).

DISCUSSION

We implemented a structured approach to
describe the impacts of fire-mediated habitat
alterations to bighorn sheep in our study area.
We analyzed changes in distribution, quanti-
fied changes in use, and investigated selection
for treated habitats. We correlated these re-
sponses to survival and found evidence that
treatment type (i.e., prescribed or wildfire) had
differing short-term impacts to overall bighorn
success, likely due to differences associated
with the lack of control and targeted intent,
coverage, environmental conditions, size, and
timing of the wildfire. Findings from our study
align well with research documenting the po-

tential for positive or negative responses of
bighorn sheep to fire-treated habitats (Tesky
1993).

Results from distributional responses indi-
cated that bighorns expanded post-fire home
ranges. These findings lend support to our
prediction that habitat treatments should cause
an increase in space use by bighorn sheep and
an expansion of home range area. This expan-
sion could be attributed to bighorns partition-
ing overall space use by increasing use of ad-
jacent areas with improved habitat after treat-
ments while maintaining a portion of original
space use due to other essential habitat re-
quirements (e.g., proximity to escape terrain).
On the contrary, bighorn expansion may be an
indication that bighorns attempted to avoid
burned habitats but were unwilling to venture
far from other vital habitat components. Evi-
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Table 4. Independent 2-sample #-tests comparing bighorn distribution and habitat use by animals that sur-
vived or died and cause-specific mortality of bighorn sheep after the initiation of fire-mediated habitat al-
terations in the Seminoe Mountains, Wyoming, USA from May 2011 to June 2013.

Survival
Survived Died
Variable Est. SE Range Est. SE Range d.f. t stat P

Relative home range
increase after fires 148 036 0240 540 qes 20000 4 569 0018

o 3.40 12.80
(95 % contour)
Relative home range 0.00 to 0.00 to
overlap with treated 0.25 0.04 p 0.36 0.06 p 22 1.51 0.146

S 0.48 0.51
areas (95 % contour)
Selection for treated
habitat (change in
proportion of locations  0.06 ~ 0.07 ~GA 008 005 G0 14 026 0801
within treated areas ) ’
after fires)
Cause-specific mortality
Poor body condition Other
Variable Est. SE Range Est. SE Range d.f. t stat P

Relative home range
increase after fires 508 263 13410 559 g4y 23400 5 519 (854

N 10.15 12.80
(95 % contour)
Relative home range 039 to 0.00 to
overlap with treated 0.48 0.03 ; 0.26 0.07 ; 7 -2.44 0.045

b 0.53 0.39

area (95 % contour)
Selection for treated
habitat (change in
proportion of locations  0.00  0.04 ~HP° 015 006 P94 s 181 0130

within treated areas
after fires)

dence suggests that increased energy demands
of animals require larger areas for food gather-
ing (McNab 1963) and that animals often in-
crease home range size when nutritional re-
sources are scarce (Ford 1983, Tufto et al.
1996). Accordingly, an inverse relationship
often exists between available forage biomass
or food resources and home range size (An-
derson et al. 2005, Corriale et al. 2013). Un-
der these assertions, if habitat quality had im-
proved, bighorns might have restricted distri-
butions if they positively responded to habitat
treatments conducted within current home
ranges—able to access important resources
while limiting energy expenditures. Thus, al-
though our prediction that bighorns would ex-
pand distribution was supported, in certain

conditions it may have been under negative
implications on bighorn fitness.

Although home range area increased after
fires, RSF modeling showed no overall selec-
tion for burned areas. Supplemental analyses
testing the change in proportion of locations in
treated areas after fires did find that bighorn
use increased after both prescribed burn treat-
ments, but not after the wildfire. While specif-
ic fires may have influenced habitat use, these
tests did not account for additional habitat
variables that influenced habitat selection as
shown in RSF models. Also, examining each
fire independently may overlook the influence
one fire may have had on another. Habitat se-
lection for fires may also have been obscured
by the extensive area or spatial coverage of
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burns, which encompassed much bighorn dis-
tribution before and after fires within the study
area. In this case, bighorn selection would not
be easily identified by change in use patterns.
Overall, we were unable to positively identify
habitat selection for treated areas, although we
did find increased use in areas treated with
prescribed burning.

A key assumption within habitat selection
models is that animals select habitat to benefit
overall fitness (Manly et al. 2002), and we
used analyses correlating demographic re-
sponse of bighorn sheep to measured respons-
es in distributional shifts and potential habitat
selection. Kaplan-Meier survival estimates
showed that survival decreased more after the
initiation of habitat alterations than before, and
poor body condition tied to mortality inci-
dence after the wildfire event implicated that
habitat treatments decrease foraging efficiency
of some bighorns. After fire events, we found
that bighorns that died had increased their
home range sizes more than those that expand-
ed home ranges to a lesser degree. In addition,
it was suspected that animals that died showed
higher overlap of home ranges with treated ar-
eas, which was verified when examining ani-
mals that died in poor body condition. These
results are congruent with the example previ-
ously described, in which bighorns expanded
home ranges not as an opportunity to increase
use of habitat but in an attempt to gain re-
sources required to maintain fitness levels.
Thus, our prediction of high bighorn survival
commensurate with treated habitats was not
supported.

Because we found evidence supporting in-
creased use of prescribed burns but no evi-
dence that it negatively influenced bighorn
survival, we determined that prescribed burn-
ing likely contributed to bighorns expanding
distribution via selection for treated habitat.
Although specific habitat selection through
RSF modeling revealed no selection for treat-
ed areas as a whole, increased use of this area
under optimal foraging theory (Stephens and
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Krebs 1986) likely did not hinder bighorn fit-
ness, and we found no increase in mortality
during this time. Likewise, in a review of case
studies on influences of fire on bighorn sheep
populations, Peek et al. (1985) provide many
examples in which fire-treated habitats benefit-
ed bighorn sheep populations. However, we
postulate that wildfire that occurred late in the
study negatively impacted bighorn sheep when
an apparent decrease in survival was docu-
mented.

High burn severity has the potential to al-
ter forage composition and delay vegetative
response after fires (Miller 2000, Lentile et al.
2007). While data were not available to quan-
tify burn severity for all fire treatments in our
study area, we found only minimal differences
in the proportion of high burn severity be-
tween the prescribed fire in 2011 and the wild-
fire in 2012 (1.8% and 1.9%, respectively;
MTBS 2015). However, post-fire drought
conditions delay the recovery of vegetative
communities (Huffman 2004) and drier condi-
tions often increase the spatial coverage of un-
controlled fires (Miller 2000), both character-
istics of the wildfire event. Although our focus
was specific to the impact of the wildfire event,
it is important to consider the interplay be-
tween drought and wildfire during our study,
as well as the temporal limits of data collec-
tion after the wildfire occurred. Specifically,
the impact of drought alone likely influenced
foraging behavior and fitness of bighorn sheep,
and may be considered proximal to the results
we obtained after the wildfire event. In addi-
tion, extended temporal assessments after the
cessation of fire treatments (e.g., multiple sea-
sons of recovery) might enable inference to fu-
ture bighorn success. However, we postulate
that the interaction between drought and wild-
fire drastically altered immediate foraging
conditions for animals utilizing areas impacted
by wildfire, when evidence suggested direct
negative impacts on bighorn sheep due to the
complete coverage of the burn and removal of
foraging options.
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Climate patterns for the study area show a
30 yr precipitation average of 36 cm annually.
However, extreme drought conditions in 2012
revealed the lowest annual precipitation re-
corded since 1901 (<21 cm). Therefore, vege-
tative response after fires in 2012 was ex-
tremely low. In particular, the wildfire that oc-
curred in July caused extensive habitat loss,
allowing sparse vegetative recovery before
winter 2012-2013 (see Figure 4). In addition,
the extent (~12.6 km?) and contiguous cover-
age of the wildfire was greater than that of
controlled prescribed fires (~7.5 km?) that pre-
sented mosaic fire patterns across the land-
scape (see Figure 1). While we concede that
our study was limited by the inability to con-
duct vegetative assessments before and after
fires, field observations revealed striking dif-
ferences in the recovery of vegetative commu-
nities during the drought in 2012. We suggest
that bighorn expanded distribution at this time
to gain access to remaining forage but were
unwilling to vacate burned areas completely,
resulting in reduced fat reserves while increas-
ing energy expenditures. Largely dependent
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on the size, intensity, and completeness of
burns, detrimental short-term effects of fire
have been described in which destruction of
winter browse forage or reduced availability
of forage can limit wildlife populations, espe-
cially in scenarios with limited alternative
wintering habitats (Klein 1982, Klebenow
1985). Specifically regarding bighorn sheep,
negative impacts of fires can occur when for-
age species cannot respond, species that pro-
vide key nutrients are eliminated, or when too
much area is burned and inadequate forage re-
mains until the next growing season (Peek et
al. 1985). Under similar conditions in our
study area, bighorn fitness was likely sup-
pressed, leaving them vulnerable to weather
conditions in early 2013.

Practitioners implementing prescribed
burning to support bighorn sheep face many
challenges. = The unpredictable nature of
weather patterns makes optimal timing of
burns difficult, with post-fire recovery heavily
dependent on ever-increasing stochastic ten-
dencies in climate regimes, particularly
drought (Engle and Bultsma 1984). We rec-

(a) Nov 2011

(b) Nov 2012

Figure 4. Photos of a northeast-facing slope taken before and after a wildfire event in the Seminoe Moun-
tains, Wyoming, USA, in July 2012. a) Photo taken November 2011 before wildfire event. Note bighorn
sheep in mixed sagebrush habitat. b) Photo taken November 2012 after wildfire event. Note complete re-
moval of shrub component with little available herbaceous forage preceding winter season.
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ommend conducting prescribed fires before
bighorn reintroductions, or conducting pre-
scribed burns on a relatively small scale and
rotational basis to avoid potentially impeding
foraging options. Moreover, if objectives are
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habitats restricted by timber encroachment,
mechanical treatments such as clear-cut log-
ging have been shown to increase habitat use
by bighorns to a higher degree than burning
alone (Smith ez al. 1999).

set to support bighorn populations by opening
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