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A B S T R A C T

W e s tu d ie d  s h o r t- te rm  c h an g e s  in  v e g e ta tio n  fo r tw o  y e a rs  fo llo w in g  a  s u m m e r  w ild fire  o n  th e  w in te r  
ra n g e s  o f  S ie rra  N evada  b ig h o rn  s h e e p  {Ovis canadensis  sierrae). Forbs d o m in a te d  b u rn e d  a re a s  a n d  
s h ru b s  d o m in a te d  u n b u rn e d  a reas . G re en  fo rage  (n e w -g ro w th  o f  a ii fo rage  c ia sses ) b io m a ss  re b o u n d e d  
q u ick iy ; w ith in  tw o  y e a rs  g re e n  fo rag e  b io m ass  w as  e q u a i in  b u rn e d  a n d  u n b u rn e d  a reas , a i th o u g h  to ta i 
fo rag e  b io m ass  re m a in e d  g re a te r  in  u n b u rn e d  a reas . P ia n ts  in  th e  b u rn  h a d  s iig h tiy  h ig h e r  c ru d e  p ro te in  
b u t  e q u iv a ie n t d ig e s tib iiity  a n d  p h e n o io g y  as p ia n ts  in  u n b u rn e d  a re a s . This, in  c o m b in a tio n  w ith  th e  
s h ift to w a rd  m o re  fo rb  b io m ass , iikeiy  in c re a se d  fo rage  q u a iity  in  b u rn e d  a reas . Forage m o d e is  d e v e io p ed  
fro m  g ro u n d -b a s e d  m e a su re s  o f  b io m ass  p e rfo rm e d  b e t te r  th a n  th e  NDVi a n d  w e re  a b ie  to  c a p tu re  
c h an g e s  in  fo rag e  c o m p o s itio n , e m p h a s iz in g  th e  im p o r ta n c e  o f  fie id  sam p iin g  to  m o d e i v e g e ta tio n . B ased 
o n  m ic ro h is to io g ica i a n a iy se s  o f  fecai p e iie ts . S ie rra  N evada  b ig h o rn  s h e e p  w h o se  w in te r  ran g e s  w e re  
e x te n s iv e iy  b u rn e d  c o n su m e d  m o re  fo rbs th a n  th o s e  w ith  iess b u rn e d  h a b ita t. V isib iiity  w as  g re a te r  in 
b u rn e d  a re a s  c o m p a re d  w ith  u n b u rn e d  a re as , su g g e s tin g  th a t  b u rn s  m a y  d e c re a s e  p re d a t io n  r isk  from  
s ta ik in g  p re d a to rs , in  co n c iu sio n , w iid fire  m a y  h a v e  b e n efic ia i e ffec ts  fo r S ie rra  b ig h o rn  by  in c rea s in g  
fo rb  avaiiab iiity , fo rag e  q u a iity  a n d  v isib iiity .

© 2012  E isev ie r Ltd. Aii r ig h ts  re se rv ed .

1. Introduction

Fire has m ultiple indirect effects on ungulates through its direct 
effect on vegetation. Fire affects forage quantity, quality and species 
composition, and can also change vegetation structure thereby 
altering behavior and predation risk. Following fire, forage quantity, 
or biomass, initially decreases bu t m ay quickly rebound and often 
increases beyond the am ount of forage in unburned  areas (Cook 
e t al,, 1994; Sachro e t al,, 2005), bu t th e  tim efram e of th is transi
tion varies depending on th e  vegetation comm unity, p re-burn  
condition or post-fire w eather, especially in arid regions (Bennett 
e t al,, 2003), In addition to  forage quantity, ungulates m ay be 
affected by fire-induced changes in forage quality, specifically the 
digestibility and crude protein w ith in  available forage. In response 
to fire, plants m ay experience a short-term  increase in protein

Abbreviations: ANOVA, Analysis of variance; GPS, Global Positioning System; 
IVDMD, In vitro dry m atter digestibility; MODIS, M oderate Resolution Imaging 
Spectroradiom eter; NDVI, Normalized difference vegetation index; Sierra bighorn. 
Sierra Nevada bighorn Sheep; TM, Landsat-Thematic Mapper.
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(DeW itt and Derby, 1955; Hobbs and Spowart, 1984) due to a flush 
of nutrients, including N, from ash (Boerner, 1982), Forage quality 
may also increase due to  a shift in the p lant com m unity com posi
tion; fires can increase availability o f grasses (Cook e t al,, 1994; 
Merrill e t al,, 1980) and forbs (M errill e t al,, 1980), Burned areas may 
also greenup earlier than  unburned areas due to increased solar 
radiation and provide high quality forage early in the season as 
young plants have m ore protein and tend  to be m ore digestible 
than  older plants. Overall diet quality, however, is a function of 
forage quality and availability, as well as d iet selection (Hobbs and 
Spowart, 1984), In addition to altering forage conditions, fire affects 
vegetation structure, generally resulting in increased visibility 
(Bentz and W oodard, 1988; Smith e t al,, 1999), Visibility is im por
tan t for ungulates such as bighorn sheep (Ovis canadensis) because 
they rely on vigilance behavior to avoid predation, preferring open 
areas near escape terrain, w hich allows them  to visually detec t and 
flee from predators (Risenboover and Bailey, 1985), The variation in 
p lant responses to  fire and the  com plex relationships betw een 
forage quantity, quality and visibility makes it difficult to  predict 
the effects of fire on ungulates.

The Seven Oaks wildfire o f July 2007 provided the  first oppor
tun ity  to  evaluate the effect of w ildfire on Sierra Nevada bighorn 
sheep (Ovis canadensis sierrae; hereafter Sierra bighorn; see Plate 1)

http://www.elsevler.com/locate/jarldenv
mailto:Lacey.eva@gmail.com
http://dx.doi.Org/10.1016/j.jaridenv.2012.06.001
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Plate 1. Two Sierra bighorn rams foraging in the Seven Oaks wildfire near Indepen
dence, California during the w inter of 2007—8. Photo credit Todd Vogel.

since being placed on th e  federal endangered species list in 1999. 
The effects o f this natural w ildfire are relevant for Sierra bighorn 
recovery for tw o reasons: (1) th e  large extent of the w ildfire may 
have reduced w in ter range forage availability in the short-term  to 
detrim ental levels and (2) increased understanding of the rela
tionship betw een  fire and Sierra bighorn could be useful in 
directing future prescribed burns. Prescribed burning has been 
identified in th e  Sierra bighorn recovery plan as a m anagem ent 
option to com bat single-leaf pinon (Pinus monophylla; hereafter 
pinon) encroachm ent on w in ter ranges (U. S. Fish and Wildlife 
Service, 2007). Lower elevation w in ter ranges are characterized 
by m onocultures o f pinon as well as shrublands of sagebrush 
{Artemesia tridentata) or b itterbrush  (Purshia tridentata). However, 
in the eastern  Sierra Nevada, th e  spatial ex tent of pinon 
encroachm ent is lim ited (averaging 4% of low er elevation ranges; 
Latham, 2010) bu t variable and the  reduction in open habitat has 
likely caused decreases in forage availability and visibility. The 
cause of pinon expansion into shrublands is not well understood 
and geographically variable (Romme e t al., 2009). Pinon estab
lishm ent is not driven com pletely by fire suppression as previously 
postulated, bu t instead th e  result of a com bination of factors 
including natural range expansion, increased carbon dioxide, fire 
suppression, and livestock grazing (Burwell, 1999; Leopold, 1924; 
Romme e t al., 2009). Prescribed fires m aybe  an effective strategy to 
com bat pinon expansion (Aro, 1971).

W e evaluated th e  im m ediate vegetation response to the Seven 
Oaks W ildfire to tes t the contrasting predictions th a t th is fire would 
have e ither a detrim ental im pact on Sierra bighorn due to forage 
reduction or a positive im pact on Sierra bighorn by increasing 
forage quality and visibility. We tested  these predictions by quan
tifying changes in forage quantity, forage quality, and visibility 
betw een  burned and unburned areas for tw o years post-wildfire. 
W e used extensive ground sam pling to  build statistical m odels of 
short-term  changes in forage biomass, forage class com position and 
visibility. We w ere m ost in terested in quantifying changes in green 
new  grow th (hereafter green). In addition, w e used our ground data 
to determ ine how well the norm alized difference vegetation index 
(NDVI) derived from satellite data  (Rouse e t al., 1973) tracked 
changes in green forage biom ass over tim e to determ ine if the NDVI 
is an appropriate m etric for aboveground green biom ass for this 
arid region. The NDVI m easures ‘greenness’ as th e  difference in the 
near infrared and red w avelengths and is often used as a surrogate

for above ground forage biom ass (Pettorelli e t al., 2005). If th e  NDVI 
correlates well w ith  ground m easurem ents, it could be used to 
quantify forage biom ass responses following fire instead o f exten
sive ground m easurem ents in the future. As an index of forage 
quality, w e com pared th e  crude protein and digestibility o f key 
forage species in burned  and unburned  regions. Finally, we 
hypothesized th a t these changes in forage availability will lead to 
increased d iet quality for Sierra bighorn. We tested  this hypothesis 
by com paring th e  d iet com position estim ated from fecal micro- 
histological analyses betw een tw o Sierra bighorn herds w ith  con
trasting am ounts of burned available habitat.

2. Study area

Our study area focused on the  Sierra bighorn w in ter ranges of 
th e  Mt. Baxter and Sawmill Canyon herds located on the Inyo 
National Forest in the  eastern  Sierra Nevada, near Independence, 
California (Fig. 1). In July 2007, th e  Seven Oaks w ildfire burned 18 
square kilom eters of Sierra bighorn w in ter range w hich included 
67% of the Mt. Baxter w in ter range, including all o f the lowest 
elevation areas and 11% of th e  adjacent Sawmill Canyon w in ter 
range (Fig. 1). These tw o herds play a critical role in the recovery of 
Sierra bighorn because they  are th e  largest of all relict populations 
and they  have been th e  main source for translocations used to 
restore Sierra bighorn to  the ir historic range (U. S. Fish and Wildlife 
Service, 2007). Most Sierra bighorn in these herds migrate 
seasonally, spending sum m er in the  alpine (>3050  m) and w in ter 
a t low er elevations th a t provide snow  free foraging areas w ith  early 
exposure to spring greenup.

The Mt. Baxter and Sawmill Canyon w in ter range pre-fire 
vegetation com prised 87% sagebrush scrub, 2% pinon woodlands, 
and 9% cliffs (slope >100%). Common grasses included; Achnathe- 
rum  spp., Bromus spp. and Poa spp. W inter ranges had a variety  of 
forbs including; Mentzelia sp., Phacelia spp., Dichelostemma sp., 
Galium sp., Eriogonum spp., Tauschia sp., Lupinus spp. and Linanthus 
spp. Shrub genera included Eriogonum spp., Ephedra spp., Prunus 
sp., Ceanothus spp., Purshia spp., Chrysothamnus spp., Artemesia 
spp., Lupinus sp. and Cercocarpus sp. No post-fire seeding was done. 
Total precipitation recorded from th e  nearest w eather station in 
Independence, California for November through May was 131 mm 
2007—8 and 51 m m  2008—9 and the long term  average (50 years) is 
111 m m  (SB =  84; California Data Exchange Center http;//cdec. 
water.ca.gov). M onthly m ean tem peratures in 2008 w ere 
Feb =  8 °C, March =  12 °C, April =  16 °C and May =  20 °C; in 2009 
Feb =  7 °C, March =  11 °C, April =  15 °C and May =  24 °C (U.S. 
National W eather Service, W estern Regional Climate Center h ttp ;// 
wrcc.dri.edu/). Longer term  average (6 years) m ean tem peratures 
w ere February =  8 °C (SB =  0.9), March =  11 °C (SE =  2.1), 
April =  15 °C (SB =  1.4) and May =  22 °C (SB =  2.0; U.S. National 
W eather Service, W estern Regional Climate Center http;//w rcc.dri. 
edu/).

We delineated each herd ’s w in ter range using Global Posi
tioning System (GPS) locations o f collared Sierra bighorn collected 
from November 2007 to  May 2009. We added a 500 m buffer 
around a 100% m inim um  convex polygon of th e  GPS collar locations 
collected w ith in  the elevation range 1400 m —2600 m (Fig. 1). There 
w ere 4 GPS collared female Sierra bighorn (all from Mt. Baxter) in 
th e  w in ter o f 2007—8 and 14 in 2008—9 (8 from Mt. Baxter and 6 
from Sawmill Canyon). The Sawmill Canyon herd w in ter range was 
1.2 tim es larger than  th e  Mt. Baxter Herd w in ter range and the tw o 
herds overlapped by approxim ately 25%. The elevation distribution 
and m ean w ere sim ilar betw een th e  Mt. Baxter and Sawmill Canyon 
herds bu t the  d istribution of aspects differed slightly. The Mt. 
Baxter w in ter range tended  m ore to the southeast and th e  Sawmill 
Canyon w in ter range tended m ore to the northeast, bu t both w ere
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Fig. 1. Sierra bighorn w inter ranges for the Mt. Baxter and Sawmill Canyon herds.

dom inated by east-facing terrain. The Mt. Baxter w in ter range 
aspect was 36% east, 23% southeast, 19% northeast, 9% north, 8% 
south, and <5% w est. W ithin the Sawmill Canyon w in ter range the 
d istribution of aspect w as 31% east, 29% northeast, 15% southeast, 
14% north, 5% south and 6% west.

3. Materials and methods

To quantify the m agnitude and duration  o f changes caused by 
wildfire, w e com bined field sam pling of vegetation responses 
following fire into a suite of statistical m odels (e.g. H ebblew hite 
e t al., 2008). We used a m odel-based approach to account for 
differences in aspect betw een  herds and to  develop predictive 
spatial m odels to understand  Sierra bighorn selection (Greene, 
2010). We m odeled changes in green grow th biom ass by vegeta
tion class (i.e. grass, forb, shrub) as well as visibility. All m odels 
w ere built w ith  extensive ground sam pling data. We evaluated 
changes in forage quality by m easuring digestibility and crude 
protein and in addition tested  for changes in phenology th a t can 
im pact forage quality (Van Soest, 1994). To determ ine the potential 
population im pact o f burn-induced vegetation changes on

Sierra bighorn w e assessed changes in d iet com position via 
microhistoiogicai analysis betw een the Mt. Baxter and Sawmill 
Canyon herds.

3.1. Forage biomass

The goal o f our vegetation sam pling w as to quantify differences 
in forage biom ass betw een  burned and unburned sites. Vegetation 
sites w ere located w ith  a stratified, systematic, sem i-random  
sam pling design (Krebs, 1989). Sites w ere stratified based on 
elevation, aspect, landcover (reclassified as shrub, forest o r herba
ceous from the regional dom inance category of CALVEG: h ttp :// 
w w w .fs.fed.us/r5/rsl/projects/classification/), slope, and burn  
status categories. For efficiency, sites w ere placed systematically 
along transects from 1500 m to 2500 m every 150 m of elevation 
change (6 sites/transect). Once the target elevation w as reached, 
the cen ter of each sam ple site was located using a random  bearing 
and direction. Transects w ere located system atically every kilo
m eter and tended  w est bu t due to the  extrem ely rugged terrain on 
eastern  slopes of the Sierra Nevada, routes w ere generally selected 
based on feasibility. Each site was sam pled th ree  tim es a year for

http://www.fs.fed.us/r5/rsl/projects/classification/
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tw o years to  record early, mid and peak green biomass. Vegetation 
sam pling began in m id-February and lasted an average of 20 days 
w ith  an average of 21 days in betw een sam pling bouts. For 
simplicity, w e refer to  these sam pling rounds as March, April and 
May. Sites w ere added as snow m elt and tim e allowed each m onth 
so th a t in the first year there  w ere 21, 48 and 51 sites sam pled per 
m onth, respectively, and in the second year there  w ere 51, 69 and 
69 sites sam pled each m onth, respectively. Eighteen sites w ere 
added in the second year based on a proportional allocation of 
effort from the variance w ith in  stra ta  m easured in th e  first year 
(Krebs, 1989).

Each sam ple site consisted o f eight, 1-m^ plots laid ou t in a cross 
form ation w ith  each plot 5 m  or 10 m aw ay from the center point 
w ith  or perpendicular to the fall line. The corners of plots w ere 
m arked w ith  nails so they  could be relocated and photos w ere 
taken  of every plot at every site visit. At each site w e recorded the 
elevation, slope and aspect. W ithin each plot w e used non
destructive double-sam pling in each plot to  repeatedly estim ate 
herbaceous biom ass by genus in each plot through tim e (Bonham, 
1989). For each genus w ith in  a plot w e visually estim ated the 
percentage of new  grow th and the percentage flowering. Ratio 
estim ators w ere calculated for each observer (n =  3), year and 
vegetation class (i.e., grass, forb, and sub-shrub) to convert field 
estim ates to  w et weights. W e defined sub-shrubs as small statured 
w oody piants (e.g. Keckiella sp.. Phlox spp., Monardella sp., Galium 
sp., Linanthus spp.) th a t w ere inappropriate to lum p w ith  biomass 
estim ation of larger shrubs. After using sub-shrub specific ratio 
estim ators to convert sub-shrub estim ates to dry weights, sub
shrub biom ass was included into the forb category. Conversion 
rates (slope of th e  ratio estim ator) varied from 0.83 to 0.93. Nearby 
plots w ere clipped to build forage-class specific regression equa
tions to convert w et estim ates to dry w eights; conversion rates 
from w et to dry ranged from 0.79 to 0.92. Samples w ere dried at 
100 °C to a constant weight. Missing biom ass estim ates com prised 
<1% of all data  and <3% of data  w ith in  any given forage class and 
w ere estim ated w ith  species-specific m ultiple linear regressions 
based on percent cover and percent new  and confirm ed w ith  field 
photos of each plot.

W e used the com parative yield m ethod (Haydock and Shaw, 
1975) to  obtain a coarse estim ate of total dry shrub biom ass (sensu 
M arshal e t al., 2005). W e dried sam ples from 24 clipped plots (6 of 
each biom ass category) at 100 °C to a constant w eight to develop 
a regression m odei th a t w ould convert categorical values into esti
m ates of d ry  grams. The initial relationship betw een biom ass cate
gory and gram s of d ry  green biom ass was unexpectedly w eak 
(R^ =  0.04). We uncovered an inverse relationship betw een  biomass 
category and dry  green biom ass for bush lupine in w hich larger bush 
lupine actually had low er am ounts o f dry green biom ass because of 
p lant architecture. Therefore, w e rem oved lupine from our statistical 
analysis because it was rare (<3% cover) w ith in  the study area and 
this greatly im proved our m odei fit (R^ =  0.40).

W e tested  th e  hypothesis th a t green forage biom ass was initiaiiy 
low er in burned areas, and th en  rebounded w ith in  tw o years, by 
developing a set of linear mixed m odeis from ground biom ass 
estim ates using Stata 10.0 (StataCorp, 2007). W e used univariate 
analysis to  identify significant predicator variables including burn 
severity, landcover type (shrub, forest, herbaceous), elevation, 
slope, aspect and tim e (i.e., year, Julian date, m onth) variables. 
Aspect w as transform ed into a continuous variable using a m odi
fied version of Cushman and W allin’s (2002) m ethod by taking 
-cos(aspec t +  35). W hile southw est aspects are usually the 
w arm est, w ith in  our study area, southeast is th e  m ost sunny and 
exposed aspect. By adding 35, southeast aspects represented 
a value of 1 and northw est aspects w ere represented  by -1 . Aii 
significant, uncorrelated variables w ere en tered  into a full biomass

m odei for each vegetation com ponent; grass, forb, shrub and total 
biomass. W e used backw ards m anual stepw ise regression to 
rem ove insignificant variables until all variables m aintained in the 
biom ass m odel w ere significant (Hosm er and Lemeshow, 2000). 
Variables w ere screened for coiiinearity and bioiogicaiiy relevant 
interactions and non-linear relationships (through the use of 
quadratics, X +  X^) w ere investigated and top m odels w ere selected 
based on Akaiki’s inform ation Criterion (AiC; fiosm er and 
Lemeshow, 2000). The predictive capacity of top m odels was esti
m ated w ith  a m anual calculation of th e  coefficient o f determ ination  
by regressing observed to expected values (hereafter referred to as 
w ith in-sam ple R^; Clark, 2007).

To determ ine if the NDVi can be appropriately in terpre ted  as 
aboveground green forage biom ass following fire on w in ter ranges 
of Sierra bighorn, w e correlated our ground estim ates of green 
biom ass w ith  the NDVi. We evaluated th e  NDVi data  from M oderate 
Resolution imaging Spectroradiom eter (MODiS) aboard NASA’s 
Terra and Aqua satellites and also values derived from Landsat- 
Them atic M apper (TM). Although both  th e  MODiS and TM 
im agery was acquired every 16 days, som e images had to be 
rem oved due to obvious cloud interference. This resulted in higher 
tem poral resolution w ith  the available MODiS data (14 im ages at 
250 m^ range) w hile th e  TM data  had a reduced tem poral resolution 
bu t higher spatial resolution (6 im ages at 30 m^ range). The dates of 
MODiS im agery used in this analysis w ere; 2/2/08, 2/18/08, 3/5/08, 
3 /21/08,4/6 /08,4 /22/08, 5/8/08, 5 /21 /08 ,2 /18 /09 ,3 /6 /09 ,4 /7 /09 ,4 / 
23 /09,5/9 /09,5 /22/09. The dates ofTM im agery used in this analysis 
were; 2/16/08, 6/7/08, 2/18/09, 4/23/09, 5/9/09, 5/25/09. We 
excluded areas w ith  forest landcover class because NDVi in forest 
regions likely represen t tree  biom ass and not forage avaiiabiiity and 
in general it is recom m ended to  integrate landcover type inform a
tion to  derive biom ass estim ates from NDVi (H uete e t al., 2002).

3.2. Forage quality

We m easured tw o com ponents o f forage quality; digestibility 
via in vitro dry  m atter digestibility (iVDMD) and crude protein (Van 
Soest, 1994). iVDMD was estim ated using rum en fluid from 
dom estic sheep following m ethods of Tilley and Terry (1963). 
Samples of 8 forage species w ere collected up to 3 tim es throughout 
th e  grow ing season from tw o different elevations (low elevation 
was 1700 m and high elevation was 2300 m) w ith in  burned and 
unburned  areas. Each plan t sam ple was a com posite of new  green 
grow th from ~ 5  plants, as availability allowed. Samples w ere 
intended to mimic foraging bites and therefore included both 
leaves and stem s clipped to a d iam eter ( ~  <2 mm ) th a t mimicked 
observed foraging. W e also included 3 sam ples of old grow th 
Achnatherum  spp., a dom inant forage species (Schroeder e t ai., 
2010), to quantify the  m agnitude o f difference betw een  old and 
new  grow th. Samples w ere dried a t 60 °C for 24 h and analyzed for 
IVDMD and crude protein at the Wildlife H abitat N utrition Labo
ratory at W ashington State University in Pullman, W ashington. We 
used a sim ple ANOVA to test for differences betw een  crude protein 
and iVDMD betw een burned and unburned sites. To further 
quantify how  m uch forage quality w as driven by elevation, m onth, 
year since burning and interactions of these variables, w e also 
developed a linear mixed m odel w ith  species as the mixed-effect 
(N  =  124, genera N  =  8). Our m odel building and fitting tech
niques w ere sim ilar to  those outlined above for biomass.

To m easure potential phenoiogicai differences caused by the 
burn, w e docum ented the percent flowering of four target genera; 
Purshia spp., Dichelostemma spp., Achnatherum  spp., and Mentzeilia 
spp. at each of th e  vegetation sites in May in 2008 and 2009. These 
species w ere selected because they  w ere com m on throughout the 
study area and w e had informally observed Sierra bighorn foraging
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Table 1
Coefficients for top predictive forage m odels of total new  grow th dry biomass (green) for the w in ter ranges of Sierra bighorn during 2008 and 2009.

Predictor variable Green grass Green forb Green shrub Total green biomass

& P & P & P 0 P

Burn -1 .4 <0.01 -0 .4 0.08 -2 .4 <0.01 -1 .7 <0.01
Burn X Year 1.5 <0.01 1.1 <0.01 1.7 <0.01 1.8 <0.01
Year -0 .2 0.2 0.6 <0.01 -0 .5 <0.01 -0 .2 0.02
M onth -1 .2 0.04 0.9 <0.01 1.3 <0.01 1.0 <0.01

Elevation 0.022 <0.01 -0 .002 <0.01 0.01 0.03 -0 .002 <0.01
Elevation^ -0 .000007 <0.01 -0 .000003 0.02
Elevation x M onth 0.001 <0.01
SE aspect 0.9 <0.01 0.4 0.01 0.5 <0.01

Wald 161 <0.01 534 <0.01 325 <0.01 673 <0.01
W ithin-sam ple 0.15 0.42 0.27 0.5

on them . W e used a generalized linear m odel to test for differences 
In flowering tim e betw een burned and unburned sites. If phenology 
was ahead In the burn  w e w ould expect burn  to be a significant 
predictor variable o f percent flowering.

3.3. Diet composition

We tested  our hypothesis th a t burns Influenced diet quality by 
com paring the diet of the  ‘bu rned’ Mt. Baxter herd (67% of w in ter 
range burned) w ith  th e  ‘unbu rned ’ Sawmill canyon herd (11% of 
w in ter range burned). Fecal sam ples (N  =  38) w ere air dried and 
microhistoiogicai analysis (p lant genus level w ith  25 vlews/sllde 
and 4 slides/sam ple a t th e  Wildlife N utrition Laboratory a t W ash
ington State University In Pullman, W ashington) to determ ine diet 
composition. We used univariate linear regression to quantify the 
differences In forage class com position betw een the Mt. Baxter and 
Sawmill Canyon herds and to Identify significant predictor variables 
to Include In m ultiple linear regression models. All significant 
variables or Interactions w ere Included In top models. Our response 
variable was the percentage of each forage class (I.e., grass, forb and 
shrub) In the diet and th e  predictor variables w ere herd, year, 
m onth, and relevant Interactions. We also tested  for differences In 
consum ption of each p lant genus using Bonferronl’s correction for 
m ultiple comparisons. Angular transform ation did not Improve 
residual d istribution so w e did not transform  the data In order to 
m ake coefficients easier to Interpret. Model fit w as evaluated w ith 
the coefficient o f determ ination.

3.4. Visibility

We m easured horizontal visibility as an Index of predation risk, 
although this Is only one of several possible factors th a t determ ine 
predation risk. Visibility w as m easured a t all 69 vegetation sites 
using the  staff-ball m ethod (Collins and Becker, 2001) a t distances 
of 5 and 15 m. An observer w alked a com plete circle around a tennis 
ball on a 1 m  tall stick held a t th e  center of th e  site, systematically 
stopping and crouching dow n to 1 m  to determ ine w hether the 
target w as visible, obscured by vegetation or obscured by rock. 
Percent cover w as calculated as th e  num ber of locations w here the 
target Is obscured divided by th e  total num ber of locations around 
the circle. We assum ed visibility did not change during the tw o year 
study period because all docum ented vegetation grow th w as <1 m. 
To tes t our hypothesis th a t visibility was higher In burned 
com pared to  unburned sites, w e used a linear regression m odel 
w ith  predictor variables elevation, landcover class, aspect and 
terrain ruggedness. Elevation, landcover class and aspect w ere 
m easured In th e  field. Terrain ruggedness w as calculated from 
u s e s  10 m digital elevation m odels w ith  an extension developed

by Sapplngton e t al. (2005) for use In ArcGlS 9.3 (Environmental 
Systems Research Institute, California).

4. Results

4.1. Forage biomass

Green forage biomass models Indicated tha t forb and grass 
biomass rebounded quickly from burning, while after tw o years shrub 
biomass In burned areas still lagged behind unburned areas. The 
biomass of green forage generally decreased w ith  elevation and 
Increased w ith  m onth, year, and was greater on northern aspects 
while the effects of burn on forage varied by m onth and year (Table 1) 
and burn severity was not significant. The quadratic o f elevation was 
significant In grass and shrub models Indicating green biomass was 
greatest at Interm ediate elevations. Two Interactions w ere signifi
cant: burn X year and elevation x  month. The burn x  year Interaction 
reflected an  Increase In biomass In the second year post-fire In burned 
areas while biomass rem ained steady In unburned areas. At the 
lowest elevations some sites reached the peak of new  grass grow th In 
April Instead of May w hich Is represented by the elevation by m onth 
Interaction. The best performing model was for total green biomass 
(Wald =  673, w ltbln-sam ple =  0.5). Among forage categories, 
the best performing model was new  forb grow th (Wald =  526, 
w ltbln-sam ple =  0.42) followed by new  shrub grow th (Wald 
X^ =  353, w ltbln-sam ple R^ =  0.27) and new  grass grow th (Wald 
X^ =  172, w ltbln-sam ple R^ =  0.15).

Mixed m odels for forage biom ass w ere simplified to  a general
ized linear form at to  enable prediction and dem onstrate  post-fire 
forage trends (Figs. 2 and 3). These predictions clearly dem on
strate the difference In com m unity com position betw een  burned 
and unburned  areas. Forbs m ade up m ost of the green biom ass In 
burned areas, w hile shrubs m ade up m ost of th e  green grow th In 
unburned areas. Total green biomass, com bining all forage cate
gories, w as equivalent In burned and unburned areas by th e  second 
year post-fire. The tw o non-native genera p resent — Bromus spp. 
(cheat grass and red brom e) and Erodium sp. (filaree) show ed no 
difference In abundance betw een burned and unburned sam ple 
sites (P =  0.23 for Bromus spp.; P =  0.13 for Erodium sp.). W e applied 
predictive m odels to the specific landscapes o f the Mt. Baxter and 
Sawmill Canyon w in ter ranges to  determ ine the total peak green 
biom ass of each herd (Table 2). After adjusting for size differences 
betw een w in ter ranges, w e determ ined  th a t the Sawmill Canyon 
w in ter range bad m ore green biom ass In the first year post-w lldfire 
bu t by the second year th e  Mt. Baxter w in ter range provided m ore 
green biom ass per square m eter (Table 2).

The higher spatial resolution TM NDVI (30 m^) was tw ice as 
strongly correlated w ith  ground estim ates of total green biomass
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Fig. 2. Forb biomass predictions for Sierra bighorn w inter ranges in 2008 (a) and 2009 (b).

(R^ =  0.21) com pared to MODIS NDVI (250 m^; = 0.10) despite
having less tem poral resolution than  the MODiS data, w hen 
forested areas w ere excluded. MODIS and TM NDVi values w ere 
also correlated (R^ =  0.31) to each other.

4.2. Forage quality

Crude protein was 3% higher in piants from burned than  
unburned  sites (N =  144, P =  0.008), in contrast to IVDMD w hich

did not differ betw een burned and unburned  sites (N =  144, 
P =  0.65). Across forage ciasses, crude protein decreased w ith 
m onth  and increased w ith  elevation and year (Table 3). An inter
action betw een elevation and burn  was significant in a linear mixed 
m odei o f crude protein w ith  species as the  random  effect and 
predictor variables elevation, burn  status, m onth  and year (Fig. 4). 
W ithin the burn, crude protein levels increased w ith  elevation 
w hile there w as no effect of elevation outside th e  burn. In contrast, 
none of our predictor variables had significant relationships w ith
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Fig. 3. Model predictions of green (new growth) biomass of each forage class in burned and unburned Sierra bighorn w inter ranges for two years following a summer wildfire in 
2007. To demonstrate the differences in vegetation, elevation and aspect are held constant a t the mean values within the study area.

IVDMD. Our data  did provide support for th e  general predictions of 
Van Soest (1994); forbs had the greatest crude protein and IVDMD 
followed by grasses and th en  shrubs (Table 4). W ith a small sub- 
sam pie w e found old grow th Achnatherum  spp. had th ree tim es 
iess crude protein than  new  grow th and a ~20% reduction in 
IVDMD (Table 4) w hich supports our focus on green grow th.

Furtherm ore, w e found no evidence to suggest the w iidfire induced 
a change in phenoiogy. Burn was an insignificant variable in 
generalized linear m odeis of percent flowering in May across 4 
target genera: Purshia spp., Dichelostemma spp., Achnatherum  spp., 
and Mentzeilia spp. There w as no difference in phenoiogy betw een 
burned and unburned sites.
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Table 2
Biomass model estim ates for peak new  grow th dry biomass of the Mt. Baxter (67% 
burned) and Sawmill Canyon (11% burned) w in ter ranges of Sierra bighorn.

Average g/m^ 2008 Average g/m^ 2009

Baxter Sawmill Baxter Sawmill

Grass 1.3 2.4 2.9 2.5
Forb 3.5 3 22.7 11.7
Shrub 8.6 31.8 4.8 12.8
Total 13.4 37.3 30.3 27.0

4.3. Diet composition

Based on microhistoiogicai analyses, average Sierra bighorn 
diets consisted m ostly o f grasses (50%), followed by shrubs (38%) 
and forbs (10%, N  =  38). Over the duration  of th e  study, the Mt. 
Baxter herd (67% burned) consum ed 9% m ore forbs (P =  0.03), 13% 
less grass (P =  0.002) and equal am ounts of shrubs (P =  0.3) as the 
Sawmill Canyon herd (11% burned) based on univariate regression 
analysis (N =  38). However, m ultivariate regression m odels show 
th a t forb and shrub consum ption changed w ith  m onth  or year and 
differed betw een  the Mt. Baxter and Sawmill Canyon herds 
(Table 5). The significant burn  by m onth  and burn  by year inter
actions in the forb m odel m eant th a t forb consum ption increased 
w ith  m onth  in the second year w ith in  th e  Mt. Baxter herd bu t 
rem ained unchanged and a t low er values in the Sawmill Canyon 
herd. Shrub consum ption in th e  Mt. Baxter herd decreased w ith 
m onth  w hile shrub consum ption in the Sawmill Canyon herd was 
m ore consistent across m onths. At th e  genus level, w e detected 
differences in d iet com position betw een herds for only tw o genera 
th a t w ere statistically significant after Bonferroni’s correction for 
m ultiple comparisons. The Mt. Baxter herd consum ed 6% less 
Agropyron sp. (P < 0.002) and 6% m ore Cercocarpus sp. (P < 0.002) 
than  the Sawmill Canyon herd. There was also no difference in the 
num ber of genera consum ed betw een  herds (P =  0.31). The only 
non-native genera in the microhistoiogicai analysis was Bromus 
spp. and there  w as no difference in th e  am ount of Bromus spp. in 
fecal pellets from the Mt. Baxter and Sawmill Canyon herds 
(P =  0.32).

4.4. Visibility

Horizontal visibility was 9% greater in burned than  unburned 
sites at 5 m  and 17% greater in burned than  unburned sites a t 15 m 
based on linear m odel predictions (Table 6). Horizontal visibility 
w as also driven by elevation and th e  quadratic of terrain  rugged
ness. The quadratic o f terrain  ruggedness indicates high visibility at 
areas w ith  low ruggedness (e.g. fiat areas) and also high ruggedness 
(e.g. cliffs).

Table 3
Mixed model results for crude protein and IVDMD of forage from Sierra bighorn 
w in ter ranges w ith  genera as a random  effect. Crude protein followed expected 
trends w ith  burn status, elevation, year and m onth  but none of these variables w ere 
significantly correlated w ith  IVDMD.

Predictor variable Crude protein In vitro dry m atter 
digestibility

& P & P
Burn 3.0 (1.05) <0.01 2.7 (1.92) 0.165
Elevation 3.2 (1.06) <0.01 0.4(1.92) 0.854
Year -2 .5  (1.09) <0.01 -1 .2  (1.96) 0.165
M onth -3 .0  (0.75) <0.01 -1 .5  (1.35) 0.265
W ithin-sam ple 0.21 0.0015
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Fig. 4. Interaction between bum  and elevation on cmde protein within forage species 
of Sierra bighorn. Data has been collapsed across months and years and display 
includes 95% confidence intervals. In a mixed model format with species as the 
random effect, this interaction is significant w ith P = 0.02.

5. Discussion

The Seven Oaks wildfire shifted com m unity com position from 
shrubs to forbs w hile total biom ass of green forage was resilient 
and rebounded quickly. In accordance w ith  o ther studies (Sachro 
e t al., 2005), post-w ildfire changes in forage com position w ere 
longer lasting than  changes in overall green biomass. In Wyoming, 
post-w ildfire biom ass rebounded w ith in  1 year a t xeric sites 
(M errill e t al., 1980) bu t took th ree years in shrub dom inated  sites 
(M errill e t al., 1982). Thus, th e  tw o year rebound tim e-fram e we 
docum ented fits w ith  th e  literature as our study site is shrub 
dom inated w ith  lim ited xeric and forest cover.

NDVI is often used as a surrogate for above ground biom ass 
(Pettorelli e t al., 2005), how ever it can be problem atic due to 
canopy interference (H uete e t al., 2002) — specifically in desert 
areas w here soil (Farrar e t al., 1994) and shrub cover (Verlinden and 
Masogo, 1997) can interfere w ith  the relationship betw een  NDVI 
and biomass. This type of interference m ay have caused th e  w eaker 
correlation for both  MODIS (R^ =  0.1) and TM (R^ =  0.21) m easures 
o f NDVI to ground m easures of total green biom ass com pared w ith 
ground based m odel approach (R^ =  0.50). A nother lim itation of 
NDVI is th a t it fails to  capture changes in specific forage categories, 
w hich may be im portant for Sierra bighorn. However, the signifi
cant and positive relationship betw een NDVI and green forage 
availability indicate th a t it m ay be a useful surrogate for green 
forage availability w hen  used outside o f forested areas w hen it is 
unrealistic to build ground-sam pling based models. Ground- 
sam pling based forage models dem and a lot of resources and 
therefore are not a reasonable option for large study areas and also 
not an  option for analyses of past resource selection, in addition, we 
expect th a t the relationship betw een  NDVI and green forage 
availability will im prove as higher resolution im agery becom es 
available.

Our data  on forage quality provide lim ited support for th e  post
fire nu trien t flush hypothesis (Boerner, 1982). Similar to Hobbs and 
Spowart (1984), w e docum ented a small (3%) increase in crude 
protein w ith in  species a t higher elevations th a t persisted for tw o 
years. Nitrogen from ash w as likely picked up by plants and 
increased the ir protein levels im m ediately after fire w ith  no parallel 
change in phenology or digestibility. W e bad expected a greater 
response because oiigotropbic system s like th e  eastern  Sierra 
Nevada tend  to  have strongly deveioped m echanism s for post-fire 
nu trien t conservation (Boerner, 1982). instead w e found increased 
crude protein occurred only a t higher elevations w hich m ay be 
a result of nu trien t rich ash being blow n aw ay from m ore exposed 
low er elevations or m ay be a result of th e  m ore arid conditions at 
low er elevations, in a study on controlled burns in sem i-arid
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Table 4
Forage quality characteristics on the w inter ranges of Sierra bighorn in 2008 and 
2009.

Table 6
M ulti-variate regression results for horizontal visibility on the w in ter range of Sierra 
bighorn.

Species Crude protein IVDMD Predictor variables 5 m 15 m

Mean SE N Mean SE N & P & P
New Achnatherum  spp. 16 1.3 3 53 2.3 3 Burn 8.6 0.03 17 <0.01
Old Achnatherum  spp. 5 1.1 20 43 11.7 20 Elevation -0 .0 2 <0.01 -0 .0 3 <0.01
Grass 15 7.2 33 55 12.3 33 Terrain ruggedness -1 7 0 0 0.1 -4 8 4 0 <0.01
Forb 20 7.2 36 75 10.6 36 Terrain ruggedness^ 82.300 0.05 170,700 <0.01
Shrub 14 5.1 55 51 12.7 55 Aspect

Adjusted
-3 0
0.38

<0.01 - 5
0.45

<0.01

grasslands in Australia, Bennett e t al. (2003) found N and P 
concentrations w ere greater In burned  grasses com pared to 
unburned grasses for four m onths post burning during w et 
conditions, bu t as th e  conditions got drier, N concentrations 
decreased to the  level In unburned grasses and P concentrations 
decreased below  the level of unburned  grasses. The low er eleva
tions In our study area w ere w arm er and drier, w hich m ay explain 
the lack of difference In crude protein. Alternatively, It Is possible 
th a t the difference In crude protein betw een burned and unburned 
sites was driven by phenology or digestibility. We docum ented no 
change In phenology bu t this could have been an artifact o f our 
m ethodology because w e m easured greenup based on th e  flower
ing date  Instead of th e  date  for sprouting or leafing out. For 
example. In W yoming, Agropyron sp. Initiated grow th earlier, but 
flowered a t the sam e tim e In burned and unburned  sites (Peek 
e t al., 1979). In general w e w ould expect phenology to be earlier 
In burned sites due to Increased solar radiation and therefore we 
w ould expect crude protein to be low er because crude protein 
decreases w ith  p lant age (Van Soest, 1994). In addition w e w ould 
expect digestibility to decrease w ith  p lant age bu t w e found no 
difference In digestibility (m easured as IVDMD) betw een burned 
and unburned sites. For these reasons It appears th e  Increase In 
crude protein was m ost likely driven by a post-fire nu trien t flush.

In addition to direct changes In th e  forage quality o f d iet species, 
diet quality can be Improved by shifting overall diet com position 
and through th e  removal o f low quality forage. The longer term  
shift In forage class com position m ay translate Into Increased 
availability of high quality forage In burns because forbs tend  to 
have a higher forage quality than  shrubs (Table 4), w hich Is further 
supported by the higher level o f forbs In the d iet of Sierra bighorn 
w ith  m ore burned habitat. It Is likely th a t Sierra bighorn will 
respond positively to  changes In forage availability as o ther studies 
have found m ountain sheep diet Is correlated to forage availability 
(W lkeem and Pitt, 1992).

On a sm aller scale, the forage quality w ith in  each bite can be 
affected by the forage grow th pattern. A bite th a t consists of only 
new  grow th will have higher forage quality than  a bite th a t has 
a com bination o f old and new  grow th (W lllms and McLean, 1978). 
Although w e w ere unable to  quantify It, w e did observe tha t

Table 5
M ulti-variate regression results for d iet composition by forage class from micro
histoiogicai analysis of the Mt. Baxter (67% burned, tferd value =  1) and Sawmill 
Canyon (11% burned, Herd Value =  0) herds of Sierra bighorn fecal pellets collected 
on w inter ranges in 2008 and 2009.

Predictor variables Grass Forb Shrub

& P & P & P
Herd -0 .1 0.002 -0 .2 0.05 0.6 0.006
Herd x Year 0.1 0.03
Herd x M onth 0.09 0.04 -0 .2 0.009
Year -0 .0 3 0.6
M onth 0.03 0.3 0.02 0.6
Adjusted 0.22 0.5 0.21

burning m ay have Increased access to  new  grow th, especially In 
perennial bunchgrasses, w hich w e w ould expect w ould further 
Increase forage quality In burned  areas.

The g reater forb availability. Increased crude protein, higher 
forb d iet com position, and Increased access to  new  grow th 
suggest bo ttom -up  nutritional benefits o f fire for Sierra bighorn 
such th a t after tw o years, the  Seven Oaks w ildfire seem s to have 
enhanced the  w in ter range for Sierra bighorn. A lthough IVDMD 
and fecal microhistoiogicai analyses have been  critiqued as 
potentially  biased m ethods, the  streng th  In ou r argum ent comes 
from using m ultiple lines o f evidence. In addition, w e m inim ized 
the potential for bias w ith  careful analyses. Estim ates from 
In vitro d ry  m atte r digestibility (IVDMD) are sensitive to  both  
Inoculum  source and secondary com pounds (Van Soest, 1994). In 
general In vitro m ethods have been recognized to Identify the 
relative rank of digestibility, bu t not th e  true  level of digestibility 
(McDonald e t al., 2005). By using a regression m odel o f d igest
ibility, w e assum ed IVDMD represen ted  th e  relative changes In 
digestibility. In addition, secondary com pounds w hich tend  to  be 
p resen t In both  forbs and shrubs can Influence IVDMD (Van Soest, 
1994). This Is particularly  problem atic w hen  m ixed diets are 
analyzed. However In th is case w e used a mixed m odel approach 
w ith  species as a random  effect so w e w ere Investigating changes 
In digestibility w ith in  species. However our results could still be 
Influenced by differences In secondary com pounds w ith in  
a species be tw een  plants th a t grow  on burned  vs. unburned  plots. 
Diet com position from fecal microhistoiogicai analyses tends to 
overestim ate shrubs In th e  d iet and underestim ate  forbs 
(McDonald e t al., 2005) because w oody structure and secondary 
com pounds Influence digestibility. A lthough fecal m icro
histoiogicai data  my not rep resen t th e  true  abundance of a diet 
Item, If the  bias Is consistent (but see Gill e t al., 1983 for 
a contrary  view), this m ethod  will still appropriately  Identify 
differences In diet com position. W e a ttem p ted  to  collect bite 
count da ta  to corroborate our fecal based d iet estim ates bu t 
found It unfeasible because of the  cautious nature o f Sierra big
horn and th e  rocky terrain  they  Inhabit. In particular. In burned 
areas It w as Impossible to consistently  d ifferentiate foraging on 
new  shrubs from forbs as they  w ere sim ilar In sta ture  and 
therefore w e relied on fecal microhistoiogicai da ta  to quantify 
Sierra b ighorn diet.

The greater visibility In bu rned  areas m ay also have m ade 
them  m ore appealing for Sierra bighorn because visibility Is 
thought to decrease predation  risk (Rlsenhoover and Bailey, 1985). 
In general, Hon (Panthera leo) p redation  success has been 
negatively correlated w ith  visibility. For exam ple. In South Africa, 
sites o f African buffalo (Syncerus coffer) m ortality  from lion 
predation  had low er visibility com pared w ith  o ther sites of 
observed buffalo use (Hay e t al., 2008). U nfortunately w e w ere 
unable to  find any sim ilar studies on m ountain  Hons (Puma con- 
color), bu t It seem s reasonable to  assum e th a t because lions and 
m ountain  lions em ploy a sim ilar sit and w ait p redation  style, they  
w ould also have a sim ilar relationship betw een  attack  success and
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visibility. Increased visibility could ultim ately Increase th e  avail
able foraging hab itat for Sierra bighorn.

The long life span of ungulates, th e  endangered status and low 
population size o f Sierra bighorn, and the  difficulty and expense of 
getting dem ographic data  In addition to the erratic nature of w ild
fires m akes it difficult to Identify th e  dem ographic consequences of 
a wildfire. However, w e th ink  the fire-induced changes In vegetation 
th a t w e docum ented could have a positive Im pact on Sierra bighorn 
populations. W hile several studies have show n th a t m ountain sheep 
use burned areas (Bentz and W oodard, 1988; Riggs and Peek, 1980), 
the  effects o f fire on ungulate dem ography are less established. One 
exception Is from Yellowstone National Park, w here Roclty M ountain 
elk (Cervus elephus) populations Increased slightly for 3—4 years 
after th e  1988 fires (Taper and Gogan, 2002), bu t the m echanism  of 
the  population Increase Is unclear. In our study area, w e found 
w ildfire Increased forage quality by Increasing crude protein at 
higher elevations and also by Increasing the  relative am ount of forbs 
available. The strongest evidence of forage quality affecting ungulate 
vital rates comes from Cook e t al.’s (2004) study on captive elk. Elk 
given diets of low quality suffered decreased calf and fem ale survival 
as well as decreased female and yearling conception rates com pared 
to elk given high quality diets. Similarly, Increased forage availability 
had a positive Im pact on fawn and adult survival In an  experim ental 
study on m ule deer (Odocoileus hemionus; Bishop e t al., 2009). Based 
on these studies th a t link forage w ith  Increased vital rates, the 
Increase In forage quality we observed m ay translate Into a positive 
dem ographic effect for Sierra bighorn.

Our Inferences are lim ited to  the short-term  effects of fire on 
vegetation w ith  th e  w eather conditions o f 2008 and 2009. 
W ehausen (1992) docum ented th a t tem peratu re  and precipitation, 
particularly the date of the first soaking storm, w ere m ajor drivers 
o f Sierra bighorn w in ter forage quality, as Indexed by fecal crude 
protein. In arid regions, p lant grow th and rainfall are closely tied 
(B ennett e t al., 2003) and soaking rain Is Im portant for desert plant 
germ ination (Went, 1949). We w ere unable to  ascertain the date  of 
the  first soaking storm  as the  w eather station data  from Indepen
dence (U.S. National W eather Service, W estern Regional Climate 
Center h ttp ://w rcc.drl.edu/) Is com piled m onthly  bu t expect tha t 
this factor, like overall precipitation and tem perature  was about 
average for th e  region. In desert regions especially, w eather 
conditions can have a strong affect on vegetation (Bennett e t al., 
2003) and also herbivore populations (M arshal e t al., 2005). In 
the  arid Sonoran desert, rainfall was positively correlated w ith 
m ule deer population trends, and th is w as likely caused by the 
positive relationship betw een  rain and forage biom ass (M arshal 
e t al., 2005). The results o f our study w ere strongly affected by 
the  near average w eather conditions of 2008 and 2009.

5.1. M anagement implications

Our results suggest th a t w ith in  tw o years, large natural fires can 
Improve Sierra bighorn sheep w in ter range condition by Increasing 
green forage availability, shifting forage and diet com position to 
Include m ore forbs, and m ay decrease predation risk by Increasing 
visibility. However, further research should be directed a t under
standing prescribed fires, th e  duration  of post-fire com m unity 
com position changes, and effects of fire tim ing on forage 
enhancem ent for Sierra bighorn. Prescribed fires are likely to be 
sm aller In size, affect a reduced proportion of w in ter ranges and be 
low er Intensity and severity because prescribed fires often occur 
during th e  cool season w hile natural wildfires tend to  be in the 
w arm  season. Therefore, w e expect th a t prescribed fires m ay have 
a reduced effect on forage dynam ics com pared to  wildfires. 
However, if a prescribed burn  Is Im plem ented In a w ay th a t mimics 
a natural fire event, it will likely Improve w in ter range conditions

w ith in  tw o years, as w e quantified w ith  th e  Seven Oaks wildfire. 
W ithin burned and unburned  pinon sites w hich are likely to be 
targeted  w ith  prescribed burning, w e found no change In green 
biom ass In the first year following fire (N  =  19, P =  0.37) bu t by the 
second year post-w lldfire there  w as 5 tim es m ore new  grow th In 
burned pinon sites (x =  22 g/m^, N =  11) com pared to unburned 
pinon sites (x =  4 g/m^, N  =  10). However, w e caution against too 
m uch enthusiasm  tow ard burning pinon, and do not consider It 
habitat restoration, bu t m ore specifically habitat enhancem ent. 
W hile there m ay be som e pockets of pinon encroachm ent, the re  Is 
little evidence th a t this process Is ubiquitous throughout th e  Sierra 
Nevada (Latham, 2010).

In addition, th e  benefit of im proving w in ter ranges should be 
com pared to  the relative benefit of o ther m anagem ent actions 
Including disease prevention, p redator control and augm entation 
(Johnson e t al., 2010). Although w e found no difference In non- 
native p lant biom ass betw een  burned and unburned  sites, this 
m ay be a result o f th e  lim ited tim efram e and area sam pled. We 
recom m end continued and m ore targeted  m onitoring of Bromus 
spp. because through th e  Great Basin, Bromus spp. have degraded 
forage conditions (Knapp, 1996) and It has recently been observed 
th a t Bromus spp. are now  abundant In som e burned sections of the 
study area (L. Greene, pers. obs.). In conclusion, w e found no reason 
not to move forward w ith  a prescribed fire program  from a nu tri
tional ecology perspective, bu t w e do recom m end m anagers take 
advantage of planned prescribed fires and Im plem ent a before, 
after, control. Im pact study design th a t Includes bighorn vital rates 
to Identify th e  direct effects of prescribed fire on Sierra bighorn.
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