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ABSTRACT: 

 

 Native plant communities experience a constant cycle of disturbance and 

recovery, and many disturbance regimes are expected to increase in frequency and 

severity with global change. Altered disturbance regimes can lead to drastic changes in 

plant community structure and shifts to alternate states. Ecosystem restoration plays a 

key role in attempting to return those communities to the appropriate successional 

trajectory. The Great Basin ecoregion of North America has experienced increasing 

frequency and size of wildfires coupled with increasing non-native annual grass 

establishment and widespread domestic livestock grazing. Native bunchgrasses are 

commonly seeded as restoration treatments after wildfire to stabilize soils and limit 

annual grass establishment; however, seedings often fail. Appropriate post-fire livestock 

management plays an essential role in increasing long-term restoration treatment 

efficacy. 

My first chapter examined changing post-fire plant community dynamics over 

time in the absence of disturbance over two years on two seeded Wyoming big 

sagebrush sites. Plant community dynamics examined included community composition 

by functional group, bunchgrass spatial relationships, and factors affecting seedling 

bunchgrass growth and survival. Seeded functional groups increased with time, 

suggesting seedings were effective at altering plant community composition. 

Bunchgrass spatial relationships initially reflected artificial structure associated with drill 

seeding; however, spatial patterns shifted over time to reflect plant-plant interactions 
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occurring. Bunchgrass seedling growth and survival were negatively affected by 

increasing neighbor density, and species differed in their responses in year one but not 

in year two. 

My second chapter examined the interaction between post-fire plant community 

structure and timing of initial post fire defoliation over two years on the same sites. We 

altered plant community structure using removal treatments, and implemented 

defoliation treatments starting in the first fall after fire. Seedling removal delayed 

senescence and decreased bunchgrass cover and density, while adult removal did not 

have consistent effects. Spring defoliation shortened senescence, and decreased 

inflorescence production, leaf production, stem length, and total bunchgrass foliar 

cover. Fall defoliation exhibited mixed effects; however, fall year-two defoliation 

exhibited fewer negative effects as compared to fall year-one. Seedling removal and 

spring defoliation interacted to produce the most negative effects, suggesting that 

defoliating when seedling density is low may be unwise. 

 General management recommendations include: 1) promoting bunchgrass 

seedling growing conditions the first year after fire, 2) avoiding spring defoliation all 

together and delaying fall defoliation until at least the second year after. If initial 

seedling density is low, delaying livestock further or implement additional restoration 

treatments. We acknowledge intrinsic differences across sites, and the need for 

informed and broad management recommendations; however, a site-specific approach 

is recommended rather than a one-size-fits-all strategy. Lastly, a conservative approach 
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to reintroducing livestock is appropriate when one is uncertain about possible negative 

effects on restored species. 
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GENERAL INTRODUCTION 

 Native plant communities experience a constant cycle of disturbance and 

recovery, and many disturbance regimes are expected to increase in frequency and 

severity with global change (Spracklen et al. 2009). Altered disturbance regimes can lead 

to drastic changes in plant community structure and composition and possible shifts to 

alternate dominant species. Ecosystem restoration plays a key role in attempting to 

return those communities to the correct successional trajectory after disturbance and 

reestablishing communities resilient to future disturbances. Additionally, appropriate 

post-disturbance management is essential to increase the efficacy of these restoration 

treatments by allowing seeded species to establish and limit the establishment of non-

native species. 

 The Great Basin ecoregion of North America has experienced drastic shifts in 

wildfire frequency and size. This shift coupled with increasing presence of non-native 

annual grasses has created a grass-fire feedback loop, leading to the loss of native 

sagebrush steppe communities and further increasing fire and annual grass invasion. 

The most common post-fire restoration technique in this region is to plant native 

perennial bunchgrasses to thereby stabilize soils and compete with non-native grasses; 

however, seedling establishment and long-term treatment efficacy is highly variable. 

Additionally, many of these areas are active rangelands, and land managers must decide 

how long to postpone livestock grazing after fire and restoration. The standard duration 

of livestock rest is two growing seasons or until specified management objectives are 

met; however, there is debate in the current literature about the most appropriate 
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grazing strategy and management objective. Varying post-fire restoration treatment 

efficacy and post-fire livestock management approaches allow for much uncertainty 

when providing management recommendations. 

 This thesis asks two main research questions: 1) what are the plant community 

dynamics of post-fire seeded sagebrush shrublands in the absence of domestic livestock 

grazing, and 2) how do post-fire plant community structure and timing of post-fire 

defoliation interact. My first question informs the second by examining plant 

interactions in the absence of additional disturbance; thereby contextualizing results 

observed when defoliation is implemented. I utilize field experiments on two Wyoming 

big sagebrush sites in the northwestern Great Basin, and focus primarily on the 

dynamics of planted perennial bunchgrass seedlings, as this functional group is the most 

frequently seeded in this system.  
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CHAPTER ONE: Community and spatial dynamics of seeded Artemisia tridentata ssp. 

wyomingensis shrublands two years after wildfire 

 

Abstract 

 Restoration ecology provides an avenue for restoring ecosystem resistance and 

resilience after landscape level disturbances; however, restoration treatments often fail 

due to multiple factors. Understanding how restoration treatments affect plant 

community composition and structure can shed light on factors determining short- and 

long-term treatment success. We assessed the effects of wildfire and seeding on 

community characteristics (foliar cover, species diversity, species richness), within a 

functional group (spatial patterns of seedling and adult perennial bunchgrasses), and at 

the individual level (bunchgrass seedling growth and survival). Sites were located in two 

historic Artemisia tridentata ssp. wyomingensis (Wyoming big sagebrush) communities 

in the northwestern Great Basin ecoregion of western North America, both of which 

burned and were drill seeded in 2014. Total foliar cover differed by site, year, and 

functional group; however, only perennial grasses, annual forbs and perennial forbs 

increased between years. Both sites exceeded the recommended 20% perennial 

bunchgrass foliar cover benchmark for reintroduction by the end of the second growing 

season. Species diversity and richness increased with time on both sites and richness 

differed by site. Spatial patterns reflected direct competitive interactions among 

seedlings, as well as between seedlings and adult bunchgrasses. Seedling bunchgrass 
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year-one growth and probability of survival to year-two differed by species and was 

negatively correlated with increasing neighbor density. Year-two seedling size did not 

differ by species but was positively correlated with year-one size and was mediated by 

increasing neighbor density. Our study suggests that post-fire seeding can reestablish 

desired species and increase species diversity and richness within two years after fire. 

We observed changes in bunchgrass spatial relationships over time, with seedlings 

becoming more dispersed from one another and adult bunchgrasses exhibiting 

dispersive effects on seedlings. Additionally, surrounding neighbor density was the 

dominant factor limiting bunchgrass seedling growth and survival in the first two years; 

however, grass species differed in sensitivity to neighbor density. This aspect of density 

dependence should be accounted for when selecting potential restoration species and 

monitoring treatments over time. 

 

Keywords 

Fire; spatial mapping; spatial point pattern analysis; seeding; sagebrush steppe; 

perennial bunchgrass; Great Basin; restoration. 

 

Introduction: 

Plant communities experience a cycle of repeated disturbance and ecosystem 

recovery, which results in changes in community composition and structure over time as 

successional processes occur. Availability of critical ecosystem services, such as wildlife 
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habitat, watershed health, and livestock forage, shift along with changing plant 

community composition (Loreau et al. 2001). Global climate change is forecasted to 

increase frequency and severity of large-scale disturbances, including wildfire (Spracklen 

et al. 2009), which may threaten the integrity of these critical processes. Resilient 

ecosystems have the ability to recover to pre-disturbance community structure and 

function, with higher levels of resilience denoting a faster return (Holling 1973). 

Therefore, maintaining and restoring resilient plant communities may provide an 

approach to coping with changing disturbance regimes and adapting to future climate 

scenarios (Holling 1986, Chambers et al. 2014). 

Predicting plant community responses to disturbance is not as easy as summing 

up individual plant responses. Plant-plant interactions can be competitive, where plants 

are negatively affected, or facilitative, where plants are positively affected by the 

presence of other plants (Callaway and Walker 1997). Competition with adult plants can 

have negative effects on seedling emergence, survival, and performance (Aguilera and 

Lauenroth 1993, Callaway and Walker 1997). However, facilitative interactions may 

reduce abiotic stress on seedlings and increase survival in systems with harsh abiotic 

conditions, such as semi-arid shrublands (Bertness & Callaway 1994). Additionally, plant-

plant interactions may change over time, with initial facilitative interactions shifting to 

competitive interactions (Bertness and Callaway 1994). These interactions affect plants’ 

access to essential resources and therefore their ability to grow and survive; individual 

plant survival and reproduction over time cascades to affect plant community 

composition and structure (Brooker 2006). 
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Disturbance severity, presence of non-native species, and subsequent 

restoration treatments can alter post-disturbance community dynamics and 

successional trajectories (Bates et al. 2009, Bates and Davies 2014). For example, higher 

wildfire burn severity can lead to more frequent plant mortality (Boyd and Davies 2010), 

non-native annual species may out compete native perennial species and become 

dominant in the community (Balch et al. 2013), and restoration treatments may plant 

novel species to compete with those non-native annuals (Hobbs et al. 2009). 

Disturbance and non-natives may shift communities to degraded states with altered 

ecosystem structure and function (Hobbs et al 2009), which may directly affect 

restoration success (Cortina et al. 2006). Long-term seedling survival may vary by 

bunchgrass species and depend on annual weather, neighbor community, and 

disturbance frequency and intensity (Salihi and Norton 1987, Lauenroth et al. 1997, 

Bates et al. 2009, Mazzola et al. 2012, Bates and Davies 2014, Boyd and Lemos 2015). 

Post-fire management is essential to successful ecosystem restoration and utilizing 

established benchmarks for ecosystem recovery will facilitate success (Knutson et al. 

2014). Additionally, assessing spatial patterns of vegetative communities can help to 

determine the effects of disturbance and competition on community structure (Rayburn 

and Monaco 2009). 

The sagebrush steppe ecosystem of western North America has been heavily 

affected by the proliferation of non-native species and increasing wildfire (Billings 1994, 

Westerling et al. 2006, Miller et al. 2009, Balch et al. 2013). Wildfire, livestock grazing, 

and restoration treatments can all alter post-fire plant community composition and 
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structure and post-fire subsequent successional trajectories in this ecosystem (Bates et 

al. 2009, Bates and Davies 2014). Post-fire restoration treatments focus on 

reestablishing native perennial bunchgrasses to stabilize soils and prevent non-native 

species establishment (Pyke et al. 2013). This approach aims to bolster ecosystem 

resilience by attempting to direct the successional trajectory back towards pre-

disturbance community structure rather than allowing it to convert to a degraded state 

(Palmer et al. 1997). Seeding with rangeland drills is common post-fire in the sagebrush 

steppe. Many seedings unfortunately fail due to low initial seedling emergence (James 

et al. 2011); however, once seedlings emerge, survival is typically high (James et al. 

2012).  

Examining plant community structure and plant-plant interactions can help to 

understand potential barriers to restoration success. Wildfire causes variable plant 

mortality, which may alter surviving bunchgrass density. Drill seeding treatments create 

significant soil disturbance and plant seeds in regularly spaced rows, which initially 

creates high densities and regular spacing of seedlings (Munkholm et al. 2003). 

Subsequent competitive interactions between planted seedlings and surviving adult 

plants will structure the plant community over time (Aguilera and Lauenroth 1993). 

Finally, the reintroduction of livestock grazing several years after fire is expected to 

further alter community structure via increased disturbance, including herbivory and 

trampling. Examining spatial relationships between seedling bunchgrasses and 

neighboring plants and factors that affect these patterns may contribute to 
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understanding restoration treatment success or failure in A. tridentata ssp. 

wyomingensis ecosystems. 

In a field experiment, we examined changes in plant individuals and communities 

over time after wildfire and post-fire drill seeding. We expected foliar cover, species 

diversity, species richness, and the presence of seeded species to increase over time. 

We predicted initial spatial patterns to reflect the spatial structure associated with drill 

seeding, including high seedling density within regularly spaced drill furrows; however, 

these patterns would decrease over time as community interactions play out. Lastly, we 

expected seedling growth and survival to be negatively affected by higher density and 

foliar cover of neighboring plants due to increased competition for limited soil 

resources. These dynamics may help inform future post-fire restoration actions by 

allowing managers to forecast potential community composition and structure based on 

initial post-fire seedling emergence. 

 

Materials and Methods 

Study Areas 

We examined changes in community composition and spatial relationships over 

the first two years after fire on two A. tridentata ssp. wyomingensis communities that 

burned in summer 2014 in the northwestern Great Basin. The Coleman fire (Lat/Long: 

41.811614, -119.726065) was ignited by lightning on July 1, 2014. Site elevation was 

1350m, had gravely loam soils, and received 270mm of annual precipitation (NRCS 
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2017). The Saddle Draw fire (Lat/Long: 43.359154, -118.017108) was ignited by lightning 

on July 13, 2014. Site elevation was 1350m, on clayey soils, and receives 280mm of 

annual precipitation (OSWRB 1969). Combined winter and spring precipitation for both 

2015 and 2016 was at or above the 30-year normal on both sites (Fig. 1). A mix of native 

forbs and perennial grasses was drill seeded between October 2014 and March 2015 on 

both sites (Table 1). Both sites had moderate levels of permitted livestock use utilizing a 

spring/fall rotation schedule prior to the fires occurring.  

 

Field Vegetation Mapping 

 We examined community dynamics and spatial patterns of seedling 

establishment on 12-1 m2 plots at each field site. These plots were fenced in May 2015 

to prevent future grazing disturbance and were not manipulated over the course of the 

study. We mapped basal and foliar cover of all plants to ± 1cm accuracy on all plots in 

mid-July of 2015 and 2015 using a 1 m2 quadrat with a 1 dm2 grid to map (Hill 1920). All 

plants were identified to species, if possible. Three deep-rooted, perennial bunchgrass 

species were seeded, including Elymus elymoides (bottlebrush squirreltail), Elymus 

lanceolatus (thickspike wheatgrass), and Pseudoroegneria spicata (bluebunch 

wheatgrass). Additionally, seedlings that we could not identify at the time of mapping 

due to extremely small stature were recorded as unknown. Maps were scanned and 

digitized using ESRI ArcGIS software.  
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Community Composition and Species Diversity 

 Percent foliar cover by species was calculated for each plot during each sampling 

year. We grouped species into four major functional groups: 1) annual forbs, 2) annual 

grasses, 3) perennial forbs, and 4) perennial grasses. Shrubs were present in low 

densities within burned areas; however, no shrubs or trees occurred in mapped plots 

during the sampling period. We calculated foliar cover for each functional group 

present; if canopies within the same functional group overlapped in space, they were 

only counted once. Species diversity was calculated using the Shannon-Weiner index (H) 

with species richness calculated using rarefaction species curves for each plot (Shannon 

and Weaver 1949, Heck et al. 1975). Diversity and richness were calculated using the 

diversity and rarefy functions in the vegan package in R statistical software (Oksanen et 

al. 2016, R Core Team 2017).  

We examined changing community composition as a function of time (year) 

using linear mixed models. Foliar cover was modeled as function of functional group, 

site, and year with all possible interactions. Species diversity and richness were modeled 

as functions of site and year with a site-by-year interaction, and individual plot was 

coded as the random effect in all models. Foliar cover data were log-transformed to 

account for skewness; diversity and richness did not require transformation. Mixed 

models were fit using the lmer function in the lme4 package in R (Pinheiro and Bates 

2000, Bates et al. 2015). We utilized the maximum likelihood approach for fitting 

models, which involves reducing possible model parameters to minimize the Akiake 

Information Criterion (AIC) goodness-of-fit metric (Bates et al 2015). We compared 
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models and tested for fixed effect significance using type-III analysis of variance 

(ANOVA) (Baayen et al. 2008). We tested for treatment level differences using least 

squares means comparisons with the lsmeans and difflsmeans functions in the lmerTest 

package in R (Kuznetsova et al. 2016).  

  

Spatial Patterns of Seedling Establishment 

 We assessed spatial relationships of establishing perennial bunchgrasses using 

spatial point pattern analysis. The Ripley’s K function examines spatial relationships 

across a specified range of distances by measuring the lag distance (r) from each 

individual to every other individual in the sampling area (Ripley 1976). These distances 

are summed and compared to a theoretical curve to test for spatial association 

(clustering), complete spatial randomness (no spatial pattern), or spatial dispersion 

(regularity). The Ripley’s K1 function examines the spatial pattern of a single plant 

species or group, while the Ripley’s K1,2 examines the effect of one species or group on 

the spatial pattern of another species or group (Ripley 1977). We used Ripley’s K1 to 

examine the spatial relationship of planted perennial bunchgrass seedlings only and 

Ripley’s K1,2 to examine the effect of surviving adult bunchgrasses on seedling 

bunchgrass spatial patterns. Inference decreases after distances surpass half the 

shortest distance of the sampling window (Hasse 1995); therefore, we set our maximum 

r at 50cm for our 1 m2 sampling plots.  
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We extracted the spatial location of all adult and seedling bunchgrasses from 

plot maps using ArcGIS software. We simulated 99 runs of each model fit using Ripley’s 

isotropic edge-correction to test the observed pattern against a 95% confidence 

envelope in R programming software (Ripley 1976, Hasse 1995). This edge-correction 

method weights individuals closer to the outside of the sampling window to account for 

edge effects and is the recommended correction method for isotropic point patterns 

with rectangular sampling windows (Haase 1995, Baddeley 1999). Ripley’s K outputs are 

visually interpreted with no way to statistically compare patterns across sampled plots. 

Therefore, we summarized point patterns across all plots within each year to show the 

percentage of plots demonstrating spatial pattern for all given lag distances. We then 

visually compared summarized patterns across years to determine changes in seedling 

spatial relationships over time. We used the Kest, Lest, Kcross, Lcross, and envelope 

functions in the spatstat package in R (Baddeley et al. 2015).  

 

Neighborhood Effects on Seedling Growth and Survival 

 We examined the effect of plant neighborhood on 1) end-of-season seedling size 

in year-one and two and 2) on the probability of seedling survival from year-one to two 

using mixed models. Seedling survival was determined by comparing mapped plots for 

both years; seedlings present in year-two in the same geographic location as year-one 

were considered to have survived. We calculated foliar cover extent for each seedling 

for both sampling years. We also calculated total foliar cover and plant density for all 
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plants within both a 10 and 20cm radius of each seedling to quantify surrounding plant 

neighborhood for each year. We calculated values for both radii as plant-plant 

interactions may occur at various distances based on existing community structure 

(Callaway and Walker 1997).  

We analyzed plant neighborhood effects on seedling growth and survival using 

mixed model regression (Van Dongen et al. 2004). We utilized linear mixed effects 

models and linear regression to analyze end-of-season size (Pinheiro & Bates 2000), 

while seedling survival required using generalized linear mixed models and logistic 

regression to account for the binomial response of survival or mortality (McCulloch and 

Neuhaus 2001, Bolker et al. 2009). Bunchgrass species was included as a fixed effect in 

all models to test for interspecific differences; however, if species did not differ then 

that effect was dropped from the final model. Possible other fixed effects included 

neighbor density and foliar cover within either 10 or 20cm of the target seedling. We 

sampled both distances to account for potential spatial variation in interactions 

between individuals; consequently, only one distance was used in the final model. We 

also used year-one end-of-season plant size as a predictor for year-two end-of-season 

plant size. Plot was coded as the random effect in all models to account for variance in 

plant community structure across plots. Plant size data were tested for normality and 

log-transformed to account for skew. Mixed models were fit using the maximum 

likelihood approach with the lmer and glmer functions in the lme4 package in R 

(Pinheiro and Bates 2000, Bates et al. 2015). We tested for regression fit in mixed 

models using both marginal and conditional R2 values with the sem.model.fits function 
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in the piecewiseSEM package in R (Lefcheck 2015). Marginal R2 describes the proportion 

of variance explained by only the fixed effects, while conditional R2 describes the 

proportion explained by fixed and random effects combined (Nakagawa and Schielzeth 

2013, Johnson 2014). We selected final models that provided the highest marginal and 

conditional R2 values for each response variable. 

 

Results 

Community Composition and Species Diversity 

 Foliar cover significantly differed by functional group, site, year, and all 

interactions (Table 2). Total foliar cover significantly increased from year-one to two on 

both sites; however, total foliar cover at the Coleman fire was significantly higher than 

at the Saddle Draw fire in year-two (Fig. 2). Perennial bunchgrass cover significantly 

increased at both sites over time; annual and perennial forb cover increased over time 

on the Coleman fire (Fig. 2). Annual grass cover did not significantly increase over time 

at either site (Fig. 2). The difference in total foliar cover between sites in year-two is 

explained by the significantly higher annual forb cover at the Coleman fire (Fig. 2). 

Species diversity differed by year only, while species richness differed by site and 

year (Table 3). Diversity and richness increased significantly from year-one to year-two 

at both fires (Fig. 3A & B). The Coleman fire exhibited higher species richness than the 

Saddle Draw fire in both years (Fig. 3B).  
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Spatial Patterns of Seedling Establishment 

Seedlings exhibited high levels of spatial attraction in year-one with two defined 

peaks; however, that pattern became muted and peaks shifted in year-two (Fig. 4A). 

Approximately 80% and 40% of plots exhibited spatial attraction at 8cm and 40cm, 

respectively, in year-one. These distances represent clusters of seedlings within the 

same furrow and of seedlings spacing across adjacent drill furrows, respectively. This 

pattern shifted to approximately 30 and 20% of plots exhibiting spatial attraction at 

17cm and 40cm, respectively, in year-two. This shift from 8cm to 17cm represents a loss 

of clustered seedlings within the same furrow resulting in larger observed lag distances. 

The 40cm peak decreased in magnitude but did not shift lag distances in year-two, 

which represents a decrease in ability to detect seedlings across drill furrows. 

Adult bunchgrasses exhibited mixed attractive and dispersive effects on 

seedlings in year-one; however, the dispersive effect on seedlings became more 

pronounced by year-two (Fig. 4B). Approximately 20% of plots exhibited both attractive 

and dispersive effects of adults on seedlings at various lag distances in year-one, 

showing no consistent spatial pattern. This represents the combined natural and 

artificial structure of seeded communities. Adult location is a function of pre-fire 

community structure while seedlings location is a function of regularly spaced drill 

furrows. Dispersive patterns became more pronounced in year-two with approximately 

25% of plots exhibiting spatial dispersion with peaks at 14, 30 and 40cm. This shift 

represents seedling mortality over the first two years, with the closest 14cm distance 

likely due to competitive interactions between adults and seedlings.  
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Neighborhood Effects on Seedling Growth and Survival 

 Year-one end-of-season seedling size differed by species and was negatively 

correlated with increasing neighbor density within 10cm with these variables explaining 

22% of the variance in year-one seedling size (Table 4). All species exhibited decreased 

growth in response to increasing neighbor density with unidentified seedlings exhibiting 

significantly lower end-of-season sizes but Elymus elymoides, E. lanceolatus, and P. 

spicata not differing from one another (Fig 5). Unidentified seedlings exhibited small 

size across all neighbor densities, which was the main reason that we were unable to 

accurately identify them.  

 Seedling survival to year-two differed by species in relation to year-one neighbor 

density within 10cm (Table 5). Neighbor density explained 46% of the variance in 

survival, and the top fitting GLMM model had a scale parameter of 0.9788, suggesting 

the model was not over dispersed (Bolker et al. 2009). Elymus lanceolatus exhibited high 

survival and little sensitivity to increased neighbor density, while E. elymoides and P. 

spicata exhibited sharply negative responses to increased neighbor density (Fig. 6). 

Unidentified seedlings exhibited generally low survival across all neighbor densities (Fig. 

6). 

 Year-two end-of-season seedling size was positively correlated with year-one 

end-of-season seedling size and displayed an interaction between year-one size and 

year-two neighbor density within 10cm (Table 6). Year-two size did not vary by species 
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and was therefore not included in the final model. The top fitting model explained 15% 

of the variance in year-two size. Year-two size increased with year-one size when year-

two neighbor densities were low (0-5); however, high neighbor density (>10) led to 

decreasing year-two size despite larger year-one sizes (Fig. 7).  

 

Discussion 

 We found that total foliar cover, perennial bunchgrass foliar cover, species 

diversity, and species richness all increased with time, which supports restoration goals 

of reestablishing a diverse and functional plant community. Post-fire seed mixes often 

include seed from multiple functional groups with the goal of reestablishing diverse 

communities to support wildlife and livestock forage. Mean perennial bunchgrass foliar 

cover at both sites exceeded the 20% recommended benchmark for reintroduction of 

livestock grazing by the end of the second growing season. This suggests that two 

growing seasons may be suitable in some situations to reestablish a robust native 

perennial bunchgrasses community on a post-fire seeding with good initial seedling 

emergence. Perennial forbs remained a minor component of the community through 

the second year after fire, despite several perennial forb species being included in the 

seed mix for each site.   

 Site differences emphasize geographic variation across post-fire restoration 

treatments within the same dominant plant community. Total foliar cover did not differ 

across sites in year-one; however the Coleman fire expressed higher total foliar cover in 
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year-two. Species diversity across sites did not differ while the Coleman fire expressed 

higher species richness across both years. The only functional group that differed 

between sites was annual forb cover on the Coleman fire in year-two with Descurainia 

pinnata, Lepidium perfoliatum, and L. lasiocarpum all readily present. These species 

often colonize burned areas in sagebrush steppe and can lead to the exclusion of 

restoration species; however, we still observed suitable establishment of planted 

species. It is common that annual grass cover is low the first year and expands the 

second year after fire due to increased resource availability (Young and Evans 1978, 

Condon et al. 2011); however, annual grass cover did not increase significantly across 

years despite Bromus tectorum (cheatgrass) being present on both sites. Additionally, 

direct competition with annual forbs and perennial grasses at the Coleman fire may 

have limited growth for perennial forbs in the second year. Species selection for seed 

mixes and potential additional restoration actions need to account for this variability in 

community composition across sites. 

 Spatial relationships among seedlings only were pronounced in year-one but 

decreased over time as seedling mortality occurred. Seedling clusters within drill 

furrows and spacing across drill furrows were easily detectable during the first year. 

Within-furrow clustering shifted to larger lag distances with less magnitude in year-two, 

suggesting that seedling competitive interactions have an effect in structuring the 

community at small spatial scales. This shift was expected as direct competition for 

limited light and soil resources is intense within densely crowded drill furrows. The 

attractive peaks at 9 and 17cm for year-one and two, respectively, suggests that these 
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are the distances below which seedling direct competitive interactions are occurring. 

Bunchgrasses require more resources as they grow in size; therefore, the radius around 

each adult where competitive interactions occur should also increase with the size of 

the plant (Aguilera and Lauenroth 1993). Overcrowding is caused by high seeding rates 

and high levels of seedling emergence, suggesting that lower seeding rates for perennial 

bunchgrasses in this situation may reduce within furrow competition and subsequent 

seeding mortality. Examining seedling density in the context of variable seeding rates 

may ultimately achieve the same final seedling density with less seed required. 

Additionally, local adaptation can increase seedling emergence, growth, survival, and 

reproduction rates across variable precipitation regimes (Joshi et al 2001, Hufford et al. 

2008, Rice and Knapp 2008), so using utilizing locally collected seed may further reduce 

the amount of seed required. 

Adult bunchgrass effects on seedlings displayed both attractive and dispersive 

patterns in year-one but shifted to a more pronounced dispersive pattern in year-two. 

The initial mixed spatial pattern reflects the artificial community structure associated 

with post-fire restoration treatments. Drill seeding treatments plant bunchgrass 

seedlings in regularly spaced furrows, while adults are located based on pre-fire 

community structure with some mortality due to fire. The dispersive pattern displayed 

in year-two due is a result of direct competitive interactions between adult and seedling 

bunchgrasses leading to seedling mortality. The dispersive peak for seedlings within 

15cm of adults in year-two suggests that direct competitive interactions leading to 

seedling mortality occurred within this radius. As with seedlings, the radius around each 
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adult where competitive interactions occur should also increase with the size of the 

plant (Aguilera and Lauenroth 1993); however, seedlings will also become more 

competitive with adults as they grow, and interactions may lead to less frequent 

seedling mortality. Similar to seedling overcrowding within drill furrows, high densities 

of adults may lead to high levels of mortality in seedlings. Seeding rates are often high 

to account for potential variation in adult bunchgrass mortality due to fire; however, 

reducing seeding rates may be appropriate if adult survival is expected to be high. We 

expect the move towards a more dispersive spatial pattern between adult and seedling 

bunchgrasses to continue over time, as Rayburn and Monaco (2009) observed a similar 

shift towards regular spacing in mature bunchgrasses in the absence of disturbance.   

We found that neighbor density was the dominant factor that predicted year-

one end-of-season seedling size and probability of survival to year-two. Year-one end-

of-season was the strongest predictor for year-two end-of-season size; however, 

neighbor density mediated year-two growth, with increasing neighbor density leading to 

smaller year-two seedling size. Species differed in year-one end-of-season size, with all 

three seeded species exhibited similar response to increasing neighbor density and 

unidentified seedling exhibiting significantly smaller sizes. This negative response to 

increasing neighbor density across species suggests that crowding might increase direct 

competition for resources and results in less year-one growth. Species also differed in 

probability of survival to year-two, with E. elymoides and P. spicata having a very similar 

negative response to increasing neighbor density. This is contrasted with E. lanceolatus, 

where increased neighbor density displayed virtually no effect on survival, and 
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unidentified seedlings which had low survival rates overall. Seedling survival is critical to 

successful restoration; therefore, utilizing species that do not exhibit density 

dependence may be more appropriate. Species did not differ in year-two end-of-season 

size, with growth strongly influenced by year-one size but mediated by increasing 

neighbor density. Larger seedlings in year-one produced larger seedlings in year-two, 

suggesting that year-one end-of-season size may be critical to achieving a robust 

bunchgrass community two year after fire.  

Intraspecific differences in seedling growth and survival are important 

considerations when selecting and applying restoration materials. Planting the same 

species that were present prior to the fire occurring will restore pre-fire ecological 

structure and function, but those species also need to be competitive with non-native 

species. Elymus elymoides and P. spicata were present on both sites prior to fire and are 

therefore appropriate to use; however, the negative effect of increasing neighbor 

density on the probability of these species’ survival to year-two may present a challenge 

when sites become heavily invaded. Elymus lanceolatus was not present on either site 

prior to fire; yet, it was more tolerant to neighbor density for across-season survival, 

suggesting the potential competitive ability to allocate more resources to root 

production and survive overcrowding (Rowe and Leger 2011). Additionally, seed sourced 

from locally-adapted populations can increase bunchgrass seedling emergence, growth, 

survival, and reproduction rates across variable precipitation regimes (Joshi et al 2001, 

Hufford et al. 2008, Rice and Knapp 2008). Seeding rates are often high in pounds of 

pure live seed per acre, with the rationale that more seed may lead to higher density of 
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established bunchgrasses in the context of uncertain future weather. However, 

increased seeding rates do not always lead to increased bunchgrass density 

(Launchbaugh and Owensby 1969). Therefore, utilizing locally-adapted native seed in 

future restoration treatments may require less seed to achieve the same desired 

community structure and function. 

 

Conclusion 

 Post-fire restoration on our field sites appears to have been effective in restoring 

community diversity and structure after the first two growing seasons. Perennial 

bunchgrass foliar cover increased and surpassed the 20% foliar cover benchmark for 

livestock reintroduction by the end of the second growing season. Despite this, we do 

not yet know how resilient these seedlings are to grazing. We recommend a 

conservative approach to reintroducing livestock on seeded sites as to not inadvertently 

cause seeding failure. Additionally, assessing year-one end-of-season seedling size and 

plant community density may provide managers a tool to assess potential bunchgrass 

growth into year-two and whether suitable forage will be available to reintroducing 

livestock that year. If year-one growth is slow, any potential disturbance should be 

avoided. Overall, species diversity and richness increased without non-native annual 

grasses dominating either site. Non-native annual forbs were highly present on the 

Coleman fire, which appears to have suppressed seeded perennial forb cover but had no 

effect on perennial bunchgrass cover. Sites with higher non-native annual cover likely 
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warrant a different approach to post-fire management and additional restoration 

actions should be considered, if necessary. 

Spatial analysis demonstrated that competitive interactions affected the location 

of establishing seedlings. High densities of seedlings within drill furrows led to seedling 

mortality and an increase in within furrow spacing by year-two. Adult-seedling 

interactions also led to seedling mortality within a specified radius of influence. 

Individual seedling growth and survival was most impacted by neighbor density; 

however, responses differed by species. Overcrowding led to more direct competition 

for resources and subsequently lower end-of-season seedling size and generally lower 

probability of survival. The eventual reintroduction of livestock grazing and other future 

management decisions will likely change community and spatial dynamics on these 

sites. Therefore, longer-term observation will be required to determine continued 

change in community composition and spatial structure.  Bunchgrass species exhibited 

differences in response to increasing neighbor density in the first year after fire. Elymus 

elymoides and P. spicata exhibited larger end of season sizes, with E. lanceolatus 

exhibiting higher probability of survival to year-two. Interspecific differences 

disappeared by the second year, with year-one end-of-season size positively affecting 

and increasing neighbor density negatively affecting year-two seedling size. These 

differences warrant consideration when selecting and applying potential restoration 

materials in order to achieve the desired restoration outcome. 

  Our results must be considered in the context of above average cumulative 

winter and spring precipitation for both years one and two. This pattern allowed for 
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longer growing seasons due to sustained soil moisture, which may have contributed to 

higher initial seedling establishment, larger end-of-season size, and higher probability of 

survival. Seeding failure is often attributed to lack of suitable winter precipitation; 

however, seedlings must also be able to withstand potential short growing seasons and 

intense competition with non-natives. Therefore, future restoration materials testing 

should examine seedling emergence, growth, and survival in the context of variable 

precipitation regimes and pre-existing cover of non-natives. 

Post-fire restoration seeding treatments in A. tridentata ssp. wyomingensis 

communities are implemented with the goals of increasing ecosystem resistance and 

resilience by reestablishing preferred species and limiting non-native annual grass 

invasion. This goal appears to have been achieved on both of our research sites, 

supporting the ability to achieve the goal of native species restoration in this system 

within two years after wildfire. By assessing dynamics at variable scales, we were able to 

examine factors affecting individual seedlings and scale that upward to explain post-fire 

community trends. We acknowledge the large amount of variability in pre-fire plant 

communities, soil, annual weather patterns, non-native species pressure, and land 

management approaches across the region; therefore, careful consideration should be 

taken when planning and implementing restoration actions. Successful restoration 

implementation will lead to the ability of these systems to better handle inevitable 

future disturbance and forecasted climate change in the region (Dalgleish et al. 2011).  
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Tables 

Table 2. Seeded native species mixes. Species with * represent locally collected accessions. 

Seeding rates were not available. 

Coleman Fire (northwest Nevada) Saddle Draw Fire (southeast Oregon) 

Perennial Bunchgrasses: Perennial Bunchgrasses: 

Elymus elymoides (bottlebrush squirreltail) Pseudoroegneria  spicata (bluebunch wheatgrass) * 

Elymus lanceolatus (thickspike wheatgrass ) Elymus elymoides (bottlebrush squirreltail) * 

Poa canbyi (Canby’s bluegrass) Leymus cinereus (basin wildrye) 

Pseudoroegneria spicata (bluebunch wheatgrass) 

 

Poa secunda (Sandberg’s bluegrass) * 

Pseudoroegneria  spicata (bluebunch wheatgrass) * 

 

Perennial Forbs: Perennial Forbs: 

Medicago sativa (Ladak alfalfa) Chaenactis douglasii (Douglas dustymaiden)  

Linum lewisii (Lewis flax) Eriogonum heracleoides (Wyeths buckwheat) 

 Sphaeralcea munroana (Munroes globemallow) 

 

Table 3. ANOVA for foliar cover by functional group, site, and year. Bold values were statically 

significant at α = 0.05 and italicized values were significant at α = 0.10. 

        Foliar Cover 

Effect   df   F   P 

Functional Group  

 

3, 191 

 

40.6 

 

< 0.001 

Site 

 

1, 191 

 

12.6 

 

< 0.001 

Year 

 

1, 191 

 

89.8 

 

< 0.001 

Site x Year 

 

1, 191 

 

2.5 

 

0.056 

Functional Group x Site 

 

3, 191 

 

11.8 

 

< 0.001 

Functional Group x Year 

 

3, 191 

 

11.0 

 

0.001 

Functional Group  x Site x Year   3, 191   2.3   0.077 
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Table 4. ANOVA for species diversity (Shannon’s H), and species richness by site and year. Bold 

values were statically significant at α = 0.05. 

   

Species Diversity 

 

Species Richness 

Effect df   F   P   F   P 

Site 1, 24 

 

1.4 

 

0.253 

 

9.8 

 

0.004 

Year 1, 24 

 

30.1 

 

< 0.001 

 

44.7 

 

< 0.001 

Site x Year 1, 24 

 

0.9 

 

0.894 

 

0.6 

 

0.445 

Table 4. Regression results for year one end-of-season seedling size. Values represent coefficient 

estimates with standard error in parentheses. Bold values were statically significant at α = 0.05 

and italicized values were significant at α = 0.10. 

 
Estimate (SE) 

Intercept -7.25 (0.31) 

Species: Elymus elymoides -0.38 (0.33) 

Species: Pseudoregnaria spicata 0.12 (0.220 

Species: Unknown -1.09 (0.24) 

Neighbor Density w/in 10cm -0.20 (0.05) 

 
 

Conditional R2 0.436 

Marginal R2 0.120 
 

Table 5. Regression results for seedling survival to year two. Values represent coefficient 

estimates with standard error in parentheses. Bold values were statistically significant at α = 

0.05 and italicized values were significant at α = 0.10. 

 
Estimate (SE) 

Intercept 0.31 (0.47) 

Species: Elymus elymoides -0.38 (0.33) 

Species: Pseudoregnaria spicata 0.12 (0.220 

Species: Unknown -1.09 (0.24) 

Neighbor Density w/in 10cm -0.20 (0.05) 

 
 

Marginal R2 0.621 

Conditional R2 0.507 
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Table 6. Regression results for year two seedling end-of-season size. Values represent coefficient 

estimates with standard error in parentheses. Bold values were statistically significant at α = 

0.05 and italicized values were significant at α = 0.10. 

 
Estimate (SE) 

Intercept 0.007 (0.003) 

Year One Plant Size 2.91 (0.64) 

Year Two Neighbor Density -0.00001  (0.0004) 

Plant Size x Neighbor Density -.35 (0.20) 

 
 

Conditional R2 0.291 

Marginal R2 0.150 
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Figures 

 Figure 1. Precipitation for the Coleman (NV) and Saddle Draw (OR) fires (PRISM 2004). Seasons 

are winter (December of prior year – February), spring (March – May), summer (June – August), 

and fall (September – November). 
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Figure 2. Mean foliar cover by functional group, site, and year. All functional groups summed 

represent total foliar cover. Letters represent statistically significantly different groups for total 

foliar cover among years and sites, * represent significant differences for a particular functional 

group within site across years for a particular functional group within site, and † represent 

significant differences for a particular functional group across sites within year. All comparisons 

are statistically significant at α = 0.05. Symbols are only shown on the group with a higher mean 

but represent the appropriately paired group. 
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Figure 3. A) Shannon’s diversity and B) species richness by site and year. Points represent fitted 

model estimates with standard errors. 

 

 A  B 
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Figure 4. Percentage of plots exhibiting spatial patterns by lag distance in year one and year two 

for A) seedling bunchgrasses only, and B) adult effects on seedlings. Positive values signify 

spatial aggregation, negative values signify spatial dispersion for any given lag distance, and 

values of 0 signify complete spatial randomness for a given lag distance. If both positive and 

negative values are exhibited at a particular lag distance, the combination represents a ratio of 

spatial aggregation to dispersion for that lag distance. 

  

 A 

 B 
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Figure 5. Year one end-of-season seedling size in percent cover by species as a function of 

neighborhood density within 10cm of seedling. Points represent fitted model estimates and error 

bars represent 95% confidence intervals. 
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Figure 6. Probability of seedling survival from year one to year two by species as a function of 

neighborhood density within 10cm of seedling. Points represent fitted model estimates and error 

bars represent 95% confidence intervals. 
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 Figure 7. Year two end-of-season seedling size by species as a function of year one end-of-

season size and year two neighbor density within 10cm. Points represent fitted model estimates 

and error bars represent 95% confidence intervals. 
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CHAPTER TWO: Effects of neighboring plants and defoliation on perennial bunchgrass 

seedlings after fire in sagebrush communities. 

 

Abstract 

Native perennial bunchgrass species are often seeded after wildfire in the Great 

Basin to stabilize soils and resist invasive species establishment. Domestic livestock 

grazing is typically postponed for two growing-seasons to allow for seedling 

establishment. Seeding failures may occur due to unsuitable abiotic conditions or 

inappropriate post-fire grazing management leading to seedling mortality. We explored 

how neighboring plant communities and post-fire defoliation affected the efficacy of 

post-fire seeding treatments in Artemisia tridentata ssp. wyomingensis communities. 

We implemented plant removal treatments at the beginning of the first growing-season 

to vary the relative density of adult and seedling perennial bunchgrasses. Spring and fall 

defoliation treatments were used to simulate livestock grazing and examine the 

appropriate time to reintroduce livestock after fire. We repeatedly sampled perennial 

seedling tiller timing of senescence, leaf and inflorescence production, and stem length 

during the first three growing-seasons to quantify plant-level responses. We also 

sampled end-of-season perennial bunchgrass plant density and foliar cover for the first 

three years to quantify treatment effects on community structure. Fall and spring 

defoliation within seedling removal hastened senescence following defoliation, while 

spring defoliation decreased leaf production, stem length, and inflorescence production. 



43 
 

 
 

Adult and seedling removal both decreased plant density and foliar cover in the first 

year after fire. Foliar cover with adult removal recovered as compared to neighbor 

removal controls by the second year, while seedling removal cover and density 

remained reduced in through the duration of the study. Seedling mortality did not differ 

by treatment, and none of our treatments reached the recommended benchmark for 

livestock reintroduction of 20% bunchgrass foliar cover after three growing-seasons. Our 

results suggest that post-fire plant community structure affects restoration efficacy, and 

that spring and fall defoliation differ in their effects on seedling perennial bunchgrasses. 

We suggest a conservative approach to reintroducing livestock after wildfire and 

restoration, especially if initial seedling establishment is low or growing-season rainfall is 

below average. Additionally, we suggest assessing livestock reintroduction foliar cover 

benchmarks by site rather than utilizing a regional standard of 20%. 

 

Keywords 

Post-fire; restoration; growth; survival; Great Basin; semi-arid; rangeland; 

neighborhood; defoliation  
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Introduction 

Native ecosystems face constant pressure from shifting natural and 

anthropogenic disturbance regimes, which threaten ecosystem structure and function, 

wildlife habitat, and economic land uses (Bunting 1985, Billings 1994). Restoration 

treatments seek to return disturbed ecosystems to pre-disturbance structure and 

function; however, many barriers present challenges to achieving treatment success. 

Treatment failure is often attributed to high initial disturbance severity, low post-

disturbance precipitation, and high non-native species pressure (Arkle et al. 2014). Once 

initial seedling establishment is determined, the post-restoration disturbance regime 

can affect long-term treatment efficacy. Examining how this disturbance regime 

interacts with restoration treatments may inform decision-making and improve the 

likelihood of success for future restoration treatments. 

Wildfires in North America’s Intermountain West have increased in size and 

frequency in recent decades (NIFC 2014), due to changing climate, historical land use, 

and the proliferation of non-native species (Billings 1994, Westerling et al. 2006, Miller 

et al. 2009, Balch et al. 2013). This pattern is particularly evident in the sagebrush 

steppe ecosystem, where a positive feedback cycle with wildfire and invasive annual 

grasses has led to landscape-level community shifts and habitat degradation across half 

of the ecosystem’s historic extent (Whisenant 1990, Billings 1994, Miller et al. 2011, 

Balch et al. 2013). Artemisia tridentata ssp. wyomingensis (Wyoming big sagebrush) is 

not fire-adapted and native perennial bunchgrasses are often seeded after wildfire to 

stabilize soils and resist invasive species establishment (Pyke et al 2013, Chambers et al 
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2014a, Knutson et al. 2014). Unfortunately, long-term treatment success is variable, and 

seeding treatments may fail due to unsuitable abiotic conditions limiting initial seedling 

establishment or severe post-fire disturbance leading to seedling mortality (Pyke et al. 

2013, Arkle et al. 2014, Knutson et al. 2014). 

Post-fire plant community structure may vary based on pre-fire condition, burn 

severity, and rehabilitation treatment (Taylor & Skinner 2003, Boyd et al. 2015). 

Degraded pre-fire communities may have low perennial bunchgrass density, leading to 

low post-fire bunchgrass density. Increasing burn severity can increase native species 

mortality, leading to variable post-fire plant density (Boyd et al. 2015). Post-fire seeding 

treatments are applied at different times and with variable seeding rates and seeded 

species. Seedling establishment, growth, and survival may be affected by abiotic (soil, 

climate, slope, and aspect) and biotic (neighboring community, soil microbial 

community, and herbivory) factors. Plant-plant interactions have been shown to affect 

seedling establishment by modifying abiotic stressors, such as soil water availability and 

solar radiation exposure (Callaway and Walker 1997). Competition between seedlings 

and surviving adults for limited resources may affect seedling growth and survival 

(Callaway and Walker 1997); in contrast, surviving adults may facilitate seedling 

establishment by ameliorating harsh environmental conditions (Bertness & Callaway 

1994). Variable bunchgrass plant community structure may have implications for post-

fire seeding treatment efficacy (Boyd and Svejcar 2011).  

The concepts of ecosystem resistance and resilience are helpful in understanding 

A. tridentata ssp. wyomingensis community response to wildfire (Chambers et al. 
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2014a). Resistance denotes an ecosystem’s ability to limit invasive species 

establishment (D’Antonio & Thomsen 2004); resilience denotes an ecosystem’s inherent 

ability to recover to pre-disturbance structure and function (Holling 1973). Artemisia 

tridentata ssp. wyomingensis communities have intrinsically low resistance and 

resilience levels and are highly prone to invasion by non-native annual grasses 

(Chambers et al. 2007). Post-fire communities with higher abundance of native 

perennial bunchgrasses can stabilize soils, resist annual grass invasion, and facilitate 

subsequent sagebrush reestablishment faster than sites without this functional group 

(Condon et al. 2013, Pyke et al. 2013, Chambers et al. 2014b). In contrast, degraded 

communities can shift to annual grass dominated systems, which burn as frequently as 

five years on average (Balch et al. 2013). Restoring degraded sagebrush ecosystems is 

therefore important to reestablishing resilient communities across the region.  

Domestic livestock grazing is an important economic land use in the Great Basin, 

and land managers make an effort to reintroduce livestock in a timely manner after 

wildfire. Perennial bunchgrasses require time to recover to pre-fire conditions (Knutson 

et al. 2014), and improper domestic livestock grazing can be detrimental to recovering 

plant communities after fire (Pellant et al. 2004). Effects of livestock grazing on semi-

arid rangelands vary based on frequency, intensity, and seasonality of grazing (Jones 

2000) and can alter plant community composition, ecosystem structure, and plant 

productivity (Fleischner 1994, Bunting et al. 1998, West and Yorks 2002, Roselle et al. 

2010). Growing-season defoliation can decrease bunchgrass growth, recruitment, and 

long-term survival (Olsen and Richards 1988a and 1988b, Zhang and Romo 1995); 
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however, moderate dormant-season grazing may have limited effects (Bates and Davies 

2014, Vermiere et al. 2014). Livestock grazing is typically postponed for two growing 

seasons after wildfire to allow for plant species recovery (BLM 2007); however, there is 

little research addressing the effects of timing of post-fire livestock grazing on seedling 

perennial bunchgrasses planted in post-fire restoration treatments. Bunchgrass 

seedlings are less resilient to grazing as compared to adult bunchgrasses (Bates et al. 

2009), and resuming livestock grazing prematurely may lead to seedling mortality and 

overall seeding failure. Land managers are moving toward using management 

benchmarks for livestock reintroduction (3 perennial bunchgrasses / m2 or 20% 

perennial bunchgrass foliar cover), which may represent ecologically appropriate 

metrics of plant community recovery. However, proper post-fire grazing rest and 

subsequent management are still essential to restore resilient sagebrush ecosystems 

(Pellant et al. 2004, Miller et al. 2011, Chambers et al. 2014a). 

 We examined how varying post-fire plant community structure and timing of 

defoliation affected post-fire seedling perennial bunchgrass growth, reproduction, and 

survival, as well as overall plant community structure. In a field experiment, we applied 

neighbor removal treatments (no, adult, and seedling removal) to manipulate plant 

community structure and simulate potential restoration scenarios. We then applied 

defoliation treatments to simulate domestic livestock grazing (spring and fall) starting 

the first fall after wildfire in burned Artemisia tridentata ssp. wyomingensis 

communities. Seedling senescence, leaf and inflorescence production, stem length, and 

survival addressed plant-level effects, while total perennial bunchgrass foliar cover and 
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density addressed community-level effects of post-fire grazing. We predicted that 1) 

adult removal would increase length of the growing-season, growth, reproduction, and 

survival for seedlings due to reduced competition with mature neighbors, 2) spring 

defoliation would lead to earlier plant senescence and increase seedling mortality due 

to increased resource stress, and 3) delaying defoliation to the second year would 

decrease negative effects on seedlings due to plants having more resource reserves 

available for recovery. 

 

Materials and Methods 

Site Descriptions 

The study was conducted on two A. tridentata ssp. wyomingensis communities 

that burned in summer 2014 in the northwestern portion of the Great Basin. The 

Coleman fire occurred in northwestern Nevada and was ignited by lightning on July 1, 

2014. Site elevation was 1350m, had gravely loam soils, and received 270mm of annual 

precipitation (NRCS 2017). The Bureau of Land Management (BLM) drill seeded a mix of 

native perennial grasses and forbs in November 2014. The Saddle Draw fire occurred in 

southeastern Oregon and was ignited by lightning on July 13, 2014. Site elevation was 

1350m, on clayey soils, and receives 280mm of annual precipitation (OSWRB 1969). The 

BLM drill seeded a mix of native perennial grasses and forbs between October 2014 and 

March 2015. Pre-fire precipitation was below average, while post-fire winter and spring 

precipitation was above the 30-year average on both sites for all three years after fire, 
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while summer precipitation was below average in year-two only (Figure 2). Both sites 

were in good ecological condition and experienced moderate levels of livestock use 

utilizing a rest and differed rotation grazing schedule prior to fire occurring. 

 Pseudoregnaria spicata (bluebunch wheatgrass) and Elymus elymoides 

(bottlebrush squirreltail) were planted at both sites; additionally, Elymus lanceolatus 

(thickspike wheatgrass) was planted on the Coleman fire. All three species are deep-

rooted perennial bunchgrasses, native to sagebrush steppe communities in the Great 

Basin, and are commonly used in post-fire restoration treatments. Elymus elymoides, P. 

spicata, and E. lanceolatus represented the third, sixth, and seventh most commonly 

seeded bunchgrass species respectively in northern Nevada between 2006-2009 (Leger 

and Baughman 2015). These species represented 12, 42, and 11% of sampled plants at 

our sites, respectively. Thirty-five percent of bunchgrass seedlings were unidentifiable to 

species by the second year due to mortality, small stature, and/or lack of seed head 

development. 

 

Vegetation Treatments and Measurements 

We examined potential post-fire restoration scenarios by varying the density of 

adult and seedling bunchgrasses using plant removal treatments. These treatments 

were applied at the start of the first growing-season after fire to emulate potential 

variability in initial seedling establishment. We implemented three treatment levels that 

represent potential post-fire scenarios: 1) no neighbor removal (control) representing 
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variable density of surviving adult and seedling bunchgrasses; 2) adult removal 

representing high adult bunchgrass mortality with variable seedling density; and 3) 

seedling removal representing high adult bunchgrass survival and low initial seedling 

establishment. Adult removal treatments killed all surviving adult bunchgrasses within 

each 1m2 sample plot. Seedling removal killed all but four seedling bunchgrasses with a 

minimum of 10cm spacing to reduce seedling-seedling interactive effects. Treatments 

were implemented by cutting target plant stems below the meristematic root crown, 

thereby killing plants while minimizing soil disturbance. Cut plant biomass was removed 

from the plots to eliminate potential fertilization effects. Six replicates of each neighbor 

removal treatment (macro-plot type) were placed at each study site using a random 

grid-cell method. These plots were 16 m2 in size and surrounded by livestock exclusion 

fencing. 

Four defoliation treatment levels were nested within removal treatments to 

assess the effect of defoliation at various times post-fire on seedling growth with a full 3 

x 4 factorial design. Treatments were: 1) no simulated grazing (control), 2) fall year-one, 

3) spring year-two, and 4) fall year-two defoliation. Defoliation treatments were 

implemented during the boot stage (early-mid May) and after plant senescence (early-

mid October) starting in spring 2016 and fall 2015 and 2016. We used defoliation 

treatments as opposed to actual livestock in order to control for a uniform 50% 

utilization level across all sampled plants. We estimated that 50% utilization was equal 

to defoliating plants at approximately 40% of plant height using a height-weight 

regression. We could not identify many seedlings during the first year so the 40% plant 
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height was applied to all bunchgrasses regardless of species. Cut biomass was removed 

from the plots to eliminate potential fertilization effects. Four defoliation treatment 

subplots representing all treatment levels were randomly placed within each neighbor 

removal macro-plot. Defoliation plots were 1 m2 and had a minimum of 50 cm spacing 

between subplots.  

We used 20-gauge colored wire to mark two tillers on three perennial grass 

seedlings per subplot. New focal tillers were marked at the beginning of each sampling 

season. If a marked seedling died over the course of the study, another seedling was 

marked and sampled unless there were less than three possible focal seedlings within 

the plot. Marked tillers were measured approximately every 14 days from the beginning 

of June through the middle of August in 2015 and 2016, and approximately every 30 

days from the middle of May through middle of September in 2017. We measured 

timing of senescence, leaf and inflorescence production, and stem length for each target 

tiller to quantify within-season plant-level treatment effects. We tracked seedling 

survivorship over three years to quantify across-season plant-level treatment effects. 

Tillers were considered senesced when all current year’s leaves and stems were brown. 

Seedlings were considered dead if above ground biotic material was broken off during 

the growing-season and did not regrow the following year. We also visually estimated 

perennial bunchgrass foliar cover and plant density by age class (adult or seedling) in 

each subplot at peak greenness (mid-July) during each sampling year to examine 

community-level treatment effects. 
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Statistical Analyses 

We grouped data across bunchgrass species to draw generalized conclusions, to 

address difficulties identifying all seedlings to species, and to account for the differing 

percentage of individuals sampled by species across treatment levels. We analyzed the 

timing of individual tiller senescence as a proxy for overall within-season seedling 

senescence. This metric allowed us to compare the percent of actively growing tillers for 

all treatments at regular time steps during the growing-season. The number of sampling 

events in year-one was not suitable to calculate senescence curves; therefore, only year-

two and three senescence data were used. We calculated timing of senescence using 

Kaplan-Meier survival estimates (Kaplan and Meier 1958) and calculated curves to 

quantify the decrease in percent of actively growing tillers throughout the growing-

season. We then compared senescence curves across treatments using log-rank 

comparisons (Harrington and Fleming 1982, Pyke and Thompson 1986). The log-rank 

method compared mid- and endpoints of the Kaplan-Meier senescence curves to 

determine whether those curves were statistically different along a chi-square 

distribution. We compared across removal treatments using no defoliation treatments 

to examine effects of neighbor removal, and we compared defoliation treatments 

within neighbor removal treatment to examine effects of timing of defoliation. We also 

compared across years within treatment to determine interannual difference in 

senescence. We utilized the Surv and survdiff functions in the Survival package in R 

program software to generate and compare senescence curves (Therneau and 

Grambsch 2000, Therneau 2015). 
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We used mixed models to assess treatment effects on leaf and inflorescence 

production, stem length, seedling survival, foliar cover, and plant density. Mixed models 

account for variation associated within each sampling unit (plot) when determining the 

final model (Pinheiro & Bates 2000). Linear mixed models (LMMs) were used to analyze 

leaf production, stem length, foliar cover and plant density (Pinheiro & Bates 2000), and 

generalized linear mixed models (GLMMs) were used to account for the binomial 

response associated with within-season inflorescence production and across-season 

seedling survival (Bolker et al. 2009). We used the lmer and glmer functions in the lme4 

package in the R statistical software for fitting mixed models (Bates et al. 2015, R Core 

Team 2017).  Separate models were fit for each response variable using the maximum 

likelihood approach; this involves minimizing Akiake Information Criterion (AIC) 

goodness-of-fit weights for each possible model. Potential predictor variables for all 

models included neighbor removal treatment, defoliation treatment, age class date, and 

year with all possible interactions included; individual plot was a random effect. Models 

were by fit by dropping out interactions and fixed effects until the lowest AIC values 

were achieved. 

 

Results 

Tiller Senescence, Growth, Reproduction, and Seedling Survival 

 Timing of senescence differed by neighbor removal, defoliation, and year (Table 

1). Seedling removal delayed senescence as compared to no removal in both years two 
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and three; in addition, defoliation treatments differed within the seedling removal 

treatment (Fig. 2). Fall year-one and spring year-two treatments in year-two and spring 

year-two and fall year-two treatments in year-three accelerated senescence as 

compared to no defoliation within seedling removal (Fig. 2). However, these treatments 

did not differ in percent senescence from the same defoliation treatment within no and 

adult removal within either sampling year. Overall, senescence occurred later in year-

three as compared to year-two, despite less overall growing-season precipitation 

occurring at either field site in the third year (Fig. 1). 

 Leaf production differed by defoliation treatment in years two and three. Date 

and the neighbor by defoliation interaction were significant in all three years (Table 2A). 

Leaf production was highest in year-one across treatments and lowest in year-three (Fig. 

3). Neighbor removal did not affect leaf production during the three years. Fall year-one 

defoliation increased leaf production in year-one and year-two, while spring year-two 

defoliation decreased leaf production in year-three (adult and seedling removal) (Fig. 3). 

Tiller stem length differed by defoliation treatment and the neighbor by 

defoliation interaction in all three years; date was significant in years two and three 

(Table 2B). Year-one tillers were shorter than in other years, with the tallest tillers 

occurring in year-two (Fig. 4). Fall year-one plots exhibited longer tillers within adult 

removal in year-one; however, the fall year-one defoliation treatment had not yet 

occurred (Fig. 4). Spring year-two defoliation decreased stem length across all three 

neighbor treatments in year-two and in seedling removal only in year-three; fall year-

two defoliation decreased stem length in year-three in seedling removal only (Fig 4). 
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 Inflorescence production differed by defoliation treatment in all three years, as 

well as by date and the neighbor by defoliation interaction (Table 2C). Neighbor removal 

did not affect inflorescence production during the three years. All treatments exhibited 

extremely low inflorescence production and did not differ among treatments in year-

one (Fig. 5). In year-two, inflorescence production was generally much higher, with 

inflorescence production differing by date and peaked between 30-60% of tillers for 

most treatments. Fall year-one defoliation increased inflorescence production within 

adult removal as compared to the respective no defoliation treatments in year-two, 

while spring year-two defoliation decreased inflorescence production within no and 

seedling removal treatments (Fig. 5). In year-three, inflorescence production was lower 

as compared to year-two, most likely due to lower spring precipitation (Fig. 1). Fall year-

one defoliation with no neighbor removal had higher inflorescence production 

compared to no defoliation with no neighbor removal in the third year (Fig. 5). 

Seedling survival only differed by year (Table 3). More seedlings survived from 

year-one to year-two (91.8%) than from year-two to three (86.2%). However, there was 

no significant difference in seedling survival as a function of neighbor removal or 

defoliation (Table 3).  

 

Community Foliar Cover and Plant Density 

  Bunchgrass foliar cover at the subplot level differed by neighbor removal, 

defoliation, age class, and year (Table 4). Seedling removal (mean = 3.54 %) had lower 
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overall foliar cover compared to no removal (5.63 %); spring year-two (4.02 %) and fall 

year-two (4.37 %) had lower cover compared to no defoliation (5.06 %) (Fig. 6A). 

Seedling cover (5.09 %) exceeded adult bunchgrass cover (3.86 %), and year-two 

displayed highest total bunchgrass cover (5.53 %) with year-three (4.56 %) and year-one 

(3.32 %) following (Fig. 6A). Foliar cover displayed significant two-way interactions with 

neighbor by age and neighbor by year, and three-way interactions with neighbor by 

defoliation by age and neighbor by age by year (Table 4). Seedling removal decreased 

seedling-aged cover within no defoliation and spring year-two defoliation, and fall year-

one defoliation reduced seedling-aged cover within no removal (Fig. 6A). Adult removal 

decreased adult-aged cover in year-one only, while seedling removal decreased 

seedling-aged cover in year-two only (Fig 6A). Additionally, seedling-aged cover 

exceeded adult-aged cover across all adult removal treatments in years one and two 

and in no removal treatments in year-three (Fig. 6A). Adult-aged cover in adult removal 

was highest in year-two, and seedling-aged was lowest in year-one for both no and 

adult removal (Fig 6A). Lastly, none of the treatments reached the recommended 

management benchmark of 20% bunchgrass foliar cover by the end of the third 

growing-season after fire. 

 Bunchgrass density differed by neighbor and age class but not by defoliation 

treatment or year (Table 6B). Seedling removal (mean = 5.33 plants/m2) had lower plant 

density compared to no removal (8.65 plants/m2) but not adult removal (7.01 

plants/m2), and overall seedling density (9.39 plants/m2) exceeded overall adult density 

(4.06 plants/m2). Plant density displayed significant two-way interactions with neighbor 
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by defoliation and neighbor by age, and three-way interactions with neighbor by 

defoliation by age and neighbor by age by year (Table 4). Adult removal decreased 

adult-aged density within no defoliation in years one and two, and seedling removal 

decreased seedling-aged density within no and spring year-two defoliation treatments 

in year-one (Fig. 6B). Seedling-aged density exceeded adult-aged density in both no and 

adult removal treatments in both years one and three (Fig. 6B).  

 

Discussion 

 We found that altering plant community structure through neighbor removal 

treatments affected within-season senescence for seedlings and overall perennial 

bunchgrass foliar cover and plant density. Seedling removal lengthened the growing-

season as compared to no removal. Adult removal decreased adult-aged cover and 

density; however, adult-aged cover and density recovered compared to no removal by 

the second or third year after fire. The positive effect of removing seedling neighbors on 

senescence may be due to remaining seedling bunchgrasses having fewer close 

neighbors competing for resources. Seedlings are often tightly clustered within drill 

furrows and face intense competition with neighbors for light, water, and soil nutrients; 

therefore, having a lower density of seedlings may allow them to better utilize soil 

resources and extend their growing-season. In contrast to the negative effects of 

seedling neighbors on senescence, seedling removal reduced total bunchgrass foliar 

cover and density of both seedlings and adults. This suggests that if the initial seedling 
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emergence is low, the potential for perennial bunchgrass recovery as a functional group 

is low. Therefore, if seedling density and overall perennial bunchgrass foliar cover are 

low in the first and second year after fire, an additional seeding treatment may be 

warranted to increase this functional groups’ presence. Neighbor removal treatments 

also altered the relative density of seedling and adult perennial bunchgrasses, thereby 

effectively simulating potential post-fire restoration scenarios. These varying 

competitive scenarios occur regularly on post-fire restoration sites in the Great Basin 

and testing defoliation across the range of potential scenarios may aid restoration 

specialists in forecasting potential restoration outcomes.  

We found that the timing of defoliation affected senescence, inflorescence and 

leaf production, stem length, and total bunchgrass foliar cover. Defoliation decreased 

the length of the growing-season only within seedling removal treatments; fall year-one 

and spring year-two defoliation accelerated senescence in year-two and spring and fall 

year-two defoliation accelerated senescence in year-three. This finding partially 

supports our second hypothesis that growing-season defoliation accelerates senescence 

but only when relative seedling density is low. Seedling removal treatments had lower 

overall foliar cover, which may be a result of lower soil moisture during the growing-

season and subsequently earlier senescence after plants are defoliated. Surprisingly, fall 

defoliation also shortened the following growing-season. Fall defoliation removes 

residual dry matter from plant canopies, which may compound the effects of soil water 

evaporation the following growing-season.  
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Defoliation interacted with neighbor removal to both increase and decrease 

within-season inflorescence production. Fall year-one defoliation increased 

inflorescence production within adult removal in year-two and no removal in year-

three, suggesting a positive effect of removing prior year’s foliage or causing plants to 

allocate more to reproduction because of the initial stress of defoliation. Spring 

defoliation decreased inflorescence production in year-two with all neighbors present 

and virtually eliminated inflorescence production with seedling removal, suggesting that 

growing-season defoliation can have profound negative effects on both senescence and 

reproduction. Fall year-one defoliation increased leaf production within no removal in 

year-two, and spring year-two defoliation decreased leaf production within seedling and 

adult removal in year-three. This suggests potential positive effects of fall defoliation 

and negative effects of spring defoliation on the following year’s leaf growth. Spring 

year-two defoliation decreased stem length across all neighbor treatments in year-two 

and within seedling removal in year-three, suggesting that seedlings cannot readily 

regrow tillers after spring defoliation. Fall year-two defoliation decreased stem length 

within seedling removal in year-three, suggesting some detrimental effects of fall 

defoliation on tiller growth the following season. 

In addition to accelerating senescence and decreasing stem length, leaf and 

inflorescence production, spring defoliation reduced total bunchgrass foliar cover. These 

combined effects further suggest that spring defoliation within the first few years after 

fire may be detrimental to achieving the goal of reestablishing bunchgrasses. Our 
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finding corroborates prior research suggesting that post-fire spring grazing has negative 

effects on adult perennial bunchgrasses after fire (Bates and Davies 2014). 

We predicted that the presence of neighbors and spring defoliation would 

decrease seedling survival; however, seedling survival was not affected by neighbors or 

defoliation but only by year. Low initial seedling emergence is often attributed to a lack 

of suitable winter precipitation (James et al. 2012); however, suitable growing-season 

precipitation may determine seedling survival over the first several years after fire. 

Decreased growing-season (summer) precipitation can decrease bunchgrass growth in 

semi-arid systems (Busso and Richards 1995), which may have lead to decreased 

seedling survival from year-two to three. Additionally, drought stress combined with 

livestock grazing can lead to rapid population declines for bunchgrasses in arid systems 

(Busso and Richards 1995). Therefore, when restoration treatments display good initial 

seedling establishment but subsequent post-fire precipitation is below normal, this 

suggests a conservative approach to reintroducing livestock. 

Our plots were compared against the recommended management benchmark of 

achieving 20% perennial bunchgrass foliar cover prior to reintroducing livestock. None 

of our treatments reached this benchmark within three years after fire, which would 

mean that livestock grazing should still be delayed. However, plant community structure 

at both sites consisted of a high percentage of grass and forb restoration species with 

generally low non-native plant cover. Perennial bunchgrass foliar cover peaked at 

approximately 17% for our no removal, no defoliation treatment and ranged from 

approximately 6-15% across all other treatments. These sites displayed significant 
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seedling emergence and minimal seedling mortality yet still have not reached the 20% 

benchmark by the third growing-season, suggesting that variability in community 

structure across sites may not lead to achieving this benchmark. We suggest assessing 

ecological potential of each site based on plant community structure and presence of 

preferred native and restoration species to determine suitability for livestock 

reintroduction, rather than using a universal bunchgrass foliar cover benchmark.  

 The decision as to when to reintroduce livestock after fire is critical to promoting 

restoration success. Post-fire plant community structure will vary broadly across A. 

tridentata ssp. wyoming communities and this decision must take that variability into 

account. Spring grazing should be avoided especially when seedling and overall 

bunchgrass densities are low. Fall grazing may increase inflorescence production in the 

year following; however, it may also shorten the following growing-season. Defoliation 

did not significantly affect seedling mortality, and the majority of seedlings in our study 

survived to end of the third growing-season after fire. Other restoration treatments may 

experience low initial seedling emergence or high seedling mortality due to lack of 

suitable precipitation or high invasive species pressure. If either of these situations 

occur, implementing additional restoration actions may be appropriate. Delaying 

livestock grazing until after the second growing-season after fire may be appropriate; 

however, if initial seedling establishment is high, grazing within the first two years after 

fire may have fewer negative effects on seedlings. If suitable seedling establishment and 

growth is not observed within the first two growing-seasons, further delay of livestock 

grazing is warranted to allow for community recovery. 
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 Managing disturbance after restoration in arid systems can improve the 

potential success of those treatments. Improper timing or excessive defoliation can 

detrimentally affect growth and survival of planted restoration species, which may in 

turn lead to the subsequent failure of that treatment. If treatment failure becomes a 

concern, additional restoration actions should be considered to limit stressors to 

restoration species. These actions may range from applying herbicide to reduce non-

native species or additional seeding treatments to increase restoration species density. 

Successful restoration of natural ecosystems in the first few years can increase overall 

ecosystem resistance and resilience in the face of potential future disturbances and 

uncertain climate.  



63 
 

 
 

Acknowledgments  

 We would like to thank J. Whitefield, J. Ellis, S. Taylor, and E. Robleto for valuable 

field assistance; D. Pyke and K. Veblen for guidance; A. Smith and C. Dencker for advice 

on data analysis; B. Leger and P. Hurtado for manuscript comments and review; and B. 

Jones and S. Surian from the Bureau of Land Management for their help in approving 

and implementing the project. The project was funded by the Joint Fire Science Program 

(project # 14-1-01-7) and the US Fish and Wildlife Service Science Support Partnership.  



64 
 

 
 

References 

Arkle, R.S., Pilliod, D.S., Hanser, S.E., Brooks, M.L., Chambers, J.C., Grace, J.B., Knutson, 

K.C., Pyke, D.A., Welty, J.L. and Wirth, T.A., 2014. Quantifying restoration 

effectiveness using multi‐scale habitat models: implications for sage‐grouse in the 

Great Basin. Ecosphere, 5(3):1-32. 

Balch, J.K., Bradley, B.A., D’Antonio, C.M., and Gomez-Dans, J. 2013. Introduced annual 

grass increases regional fire activity across the arid western USA (1980-2009). Global 

Change Biology 19:173-183.  

Bates, D., Maechler, M., Bolker, B., and Walker, S. 2015. Fitting Linear Mixed-Effects 

Models Using lme4. Journal of Statistical Software, 67(1):1-48. 

Bates, J.D., Rhodes, E.C., Davies, K.W., and Sharp, R. 2009. Postfire Succession in Big 

Sagebrush Steppe with Livestock Grazing. Rangeland Ecology & Management 

62(1):98-110. 

Bates, J.D., and Davies, K.W. 2014. Cattle Grazing and Vegetation Succession on Burned 

Sagebrush Steppe. Rangeland Ecology & Management 67(4):412-422. 

Bertness, M.D. and Callaway, R. 1994. Positive interactions in communities. Trends in 

Ecology & Evolution, 9(5):191-193. 

Billings, W.D. 1994. Ecological impacts of cheatgrass and resultant fire on ecosystems in 

the western Great Basin. Symposium on Ecology, Management, and Restoration of 

lntermountain Annual Rangelands, Boise, ID, May 18-22, 1992. 



65 
 

 
 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H. and 

White, J.S.S. 2009. Generalized linear mixed models: a practical guide for ecology 

and evolution. Trends in Ecology & Evolution, 24(3):127-135. 

Boyd, C.S. and Svejcar, T.J. 2011. The influence of plant removal on succession in 

Wyoming big sagebrush. Journal of Arid Environments, 75(8), pp.734-741. 

Boyd, C.S., Davies, K.W., and Hulet, A. 2015. Predicting fire-based perennial bunchgrass 

mortality in big sagebrush plant communities. International Journal of Wildland Fire, 

24(4):527-533. 

Bureau of Land Management (BLM). 2007. Emergency fire rehabilitation handbook. 

Washington, DC, USA: BLM. 80 p. 

Busso, C.A. and Richards, J.H. 1995. Drought and clipping effects on tiller demography 

and growth of two tussock grasses in Utah. Journal of Arid Environments, 29(2): 239-

251. 

Bruce, L.B., Perryman, B., Conley, K., and McAdoo, K. 2007. Grazing management on 

seeded and unseeded post-fire public rangelands. Professional Animal Scientist 

23:285-290. 

Bunting, S.C. 1985. Fire in sagebrush-grass ecosystems: successional changes. Pages 7-

11 In: Sanders, Ken; Durham, Jack. Rangeland fire effects: a symposium. 

Proceedings of a symposium sponsored by Bureau of Land Management and 

University of Idaho at Boise, Idaho, November 27-29, 1984. Boise, ID: Bureau of 

Land Management. 



66 
 

 
 

Bunting, S.C., Robberecht, R., and Defosse, G.E. 1998. Length and timing of grazing on 

postburn productivity of two bunchgrasses in an Idaho experimental range. 

International Journal of Wildland Fire 8:15-20. 

Calkin, D.E., Gebert, K.M., Jones, G.J., and Neilson, R.P. 2005. Forest service large fire 

area burned and suppression expenditure trends, 1970-2002. Journal of Forestry 

103(4):179-183. 

Callaway, R.M., and Walker, L.R. 1997. Competition and facilitation: a synthetic 

approach to interactions in plant communities. Ecology, 78(7):1958-1965. 

Chambers, J.C., Roundy, B.A., Blank, R.R., Meyer, S.E., Whittaker, A. 2007. What makes 

Great Basin sagebrush ecosystems invasible by Bromus tectorum? Ecological 

Monographs 77:117–45. 

Chambers, J.C., Bradley, B.A., Brown, C.S., D’Antonio, C., Germino, M.J., Grace, J.B., 

Hardegree, S.P., Miller, R.F., and Pyke, D.A. 2014a. Resilience to stress and 

disturbance, and resistance to Bromus tectorum L. invasion in cold desert 

shrublands of western North America. Ecosystems 17:360-375. 

Chambers, J.C., Miller, R.F., Board, D.I., Pyke, D.A., Roundy, B.A., Grace, J.B., Schupp, 

E.W. and Tausch, R.J. 2014b. Resilience and Resistance of Sagebrush Ecosystems: 

Implications for State and Transition Models and Management Treatments. 

Rangeland Ecology & Management 67(5):440-454. 

Condon, L., Weisberg, P.L., and Chambers, J.C. 2011. Abiotic and biotic influences on 

Bromus tectorum invasion and Artemisia tridentata recovery after fire. Inter J 

Wildland Fire 20:1–8. 



67 
 

 
 

Cottam, W.P., and Evans, F.R. 1945. A comparative study of the vegetation of grazed 

and ungrazed canyons in the Wassatch Range, Utah. Ecology, 26:171-181. 

Davies, K.W., Svejcar, T.J., and Bates, J.D. 2009. Interaction of historical and 

nonhistorical disturbances maintains native plant communities. Ecological 

Applications 19(6):1536-1545. 

Davies, K.W., Bates, J.D., Svejcar, T.J., and Boyd, C.S. 2010. Effects of Long-Term 

Livestock Grazing on Fuel Characteristics in Rangelands: An Example from the 

Sagebrush Steppe. Rangeland Ecology & Management 63(6):662-669. 

Davies, K.W., and Bates, J.D. 2010. Vegetation characteristics of mountain and Wyoming 

big sagebrush plant communities in the northern Great Basin. Rangeland Ecology & 

Management, 63(4):461-466. 

Davies, K.W., Vavra, M., Schultz, B.W., and Rimbey, N.R. 2014. Implications of Longer 

Term Grazing Rest in the Sagebrush Steppe. Journal of Rangeland Applications, 1:14-

34. 

D’Antonio CM, Thomsen M. 2004. Ecological resistance in theory and practice. Weed 

Technology 18:1572–1577. 

Fleischner, T.L. 1994. Ecological costs of livestock grazing in western North 

America. Conservation Biology, 8(3):629-644. 

Gardner, J.L. 1950. Effects of thirty years of protection from grazing in desert grassland. 

Ecology, 31:44-50. 

Gebert, K.A., Calkin, D.E., and Yoder, J. 2007. Estimating suppression expenditures for 

individual large wildland fires. Western Journal of Applied Forestry 22(3):188-196. 



68 
 

 
 

Harrington, D.P. and Fleming, T.R. 1982. A class of rank test procedures for censored 

survival data. Biometrika, 69:553-566. 

Holling, C.S. 1973. Resilience and stability of ecological systems. Annual review of 

ecology and systematics, 4(1):1-23. 

James, J.J., Svejcar, T.J. and Rinella, M.J. 2011. Demographic processes limiting seedling 

recruitment in arid grassland restoration. Journal of Applied Ecology, 48(4):961-969. 

James, J.J., Rinella, M.J. and Svejcar, T. 2012. Grass seedling demography and sagebrush 

steppe restoration. Rangeland Ecology & Management, 65(4):409-417. 

Jirik, S. J. and S. C. Bunting. 1994. Post-fire defoliation response of Agropyron spicatum 

and Sitanion hystrix. International Journal of Wildland Fire 4:77-82. 

Jones, A. 2000. Effects of cattle grazing on North American arid ecosystems: a 

quantitative review. Western North American Naturalist 60:155–164. 

Kaplan, E.L. and Meier, P. 1958. Nonparametric estimation from incomplete 

observations. Journal of the American statistical association, 53(282):457-481. 

Knutson, K.C., D.A. Pyke, T.A. Wirth, R.S. Arkle, D.S. Pilliod, M.L. Brooks, J.C. Chambers, 

and J. B. Grace. 2014. Long-term effects of seeding after wildfire on vegetation in 

Great Basin shrubland ecosystems. Journal of Applied Ecology 51:1414-1424. 

Leger, E.A., Baughman, O. 2015. What seeds to plant in the Great Basin? Comparing 

traits prioritized in native plant cultivars and releases with those that promote 

survival in the field. Natural Areas Journal, 35:54-68. 

Mayer, K.E., P. Anderson, J. Chambers, C. Boyd, T. Christiansen, D. Davis, S. Espinosa, D. 

Havlina, M. Ielmini, D. Kemner, L. Kurth, J. Maestas, B. Mealor, T. Milesneck, L. Niell, 



69 
 

 
 

M. Pellant, D. Pyke, J. Tague, and J. Vernon. 2013. Wildfire and Invasive Species in 

the West: Challenges that Hinder Current and Future Management and Protection of 

the Sagebrush-steppe ecosystem – A Gap Report. Western Association of Fish and 

Wildlife Agencies. Unpublished Report. Cheyenne, Wyoming. 

Miller, J.D., Safford, H.D., Crimmins, M. and Thode, A.E., 2009. Quantitative evidence for 

increasing forest fire severity in the Sierra Nevada and southern Cascade Mountains, 

California and Nevada, USA. Ecosystems, 12(1):16-32. 

Miller, R.F., S.T. Knick, D.A. Pyke, C.W. Meinke, S.E. Hanser, M.J. Wisdom and A.L. Hild. 

2011. Characteristics of sagebrush habitats and limitations to long-term 

conservation. Pgs 145-184. IN: Knick, S.T. and J.W. Connelly (eds), Greater Sage-

Grouse: ecology and conservation of a landscape species and its habitats. Studies in 

Avian Biology 38, University of California Press, Berkeley, CA. 

National Interagency Fire Center (NIFC). 2014. Historic Wildland Fire Statistics.  

http://www.nifc.gov/fireInfo/fireInfo_statistics.html. Accessed March 18, 2015. 

US Dept. of Agriculture, Natural Resource Conservation Service (NRCS). 2017. Web Soil 

Survey: Soil map unit #1328, Reywat-Fernpoint Association, Washoe County, 

Nevada. https://websoilsurvey.sc.egov.usda.gov/ 

Olson, B.E. and J.H. Richards. 1988a. Tussock regrowth after grazing: intercalary 

meristem and axillary bud activity of tillers of Agropyron desertorum. Oikos, 374-

382. 

Olson, B.E. and J.H. Richards. 1988b. Annual replacement of the tillers of Agropyron 

desertorum following grazing. Oecologia 76(1):1-6. 

http://www.nifc.gov/fireInfo/fireInfo_statistics.html


70 
 

 
 

Oregon State Water Resources Board (OSWRB), 1969. Oregon’s Long-Range 

Requirements for Water, General Soil Map Report with Irrigable Areas Malheur River 

Drainage Basin, Appendix I-10, Corvallis, OR. 

Pellant, M., Abbey, B., and Karl, S. 2004. Restoring the Great Basin desert, USA: 

integrating science, management, and people. Environmental Monitoring and 

Assessment, 99(1-3):169-179. 

Pilliod, D.S., Welty, J.L., Arkle, R.S. 2015. “Fire, Rain, and Post-Fire Restoration of 

Sagebrush Steppe in the Great Basin,” conference presentation at the annual 

Restoring the West Conference, Logan, UT. https://forestry.usu.edu/videos-

conferences-webinars/conferences/restoring-west-conference-2015/david-pilliod  

Pinheiro, J.C., Bates, D.M. 2000. Mixed-effects models in S and S-PLUS. Springer 

Publishing, New York, New York. 

PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, created 4 

Feb 2004. 

Pyke, D.A., and Thompson, J.N. 1986. Statistical analysis of survival and removal rate 

experiments. Ecology 67:240 245. 

Pyke, D.A., Brooks, M.L., and D'Antonio, C. 2010. Fire as a restoration tool- A decision 

framework for predicting the control or enhancement of plants using fire. 

Restoration Ecology 18:274-284. 

Pyke, D.A., Wirth, T.A., and Beyers, J.L. 2013. Does seeding after wildfires in rangelands 

reduce erosion or invasive species? Restoration Ecology, 21(4): 415-421. 

https://forestry.usu.edu/videos-conferences-webinars/conferences/restoring-west-conference-2015/david-pilliod
https://forestry.usu.edu/videos-conferences-webinars/conferences/restoring-west-conference-2015/david-pilliod


71 
 

 
 

R Core Team. 2017. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 

http://www.R-project.org/. 

Roselle, L., Seefeldt, S.S.,  and Launchbaugh, K. 2010. Delaying sheep grazing after 

wildfire in sagebrush steppe may not affect vegetation recovery. International 

Journal of Wildland Fire 19:115-122. 

Smith, S.E. 1998. Variation in response to defoliation between populations of Bouteloua 

curtipendula var. caespitosa (Poaceae) with different livestock grazing 

histories. American Journal of Botany 85(9):1266-1272. 

Therneau, T.M. 2015. A Package for Survival Analysis in S. version 2.38. https://CRAN.R-

project.org/package=survival.  

Therneau, T.M. and Grambsch, P.M. 2000. Modeling Survival Data: Extending the Cox 

Model. Springer, New York. ISBN 0-387-98784-3. 

Vavra, M., Parks, C.G., and Wisdom, M. J. 2007. Biodiversity, exotic plant species, and 

herbivory: the good, the bad, and the ungulate. Forest Ecology and Management 

246: 66-72. 

Vermeire, L.T., Crowder, J.L. and Wester, D.B. 2014. Semiarid rangeland is resilient to 

summer fire and postfire grazing utilization. Rangeland Ecology and Management, 

67(1):52-60. 

West, N.E. and Yorks, T.P. 2002. Vegetation responses following wildfire on grazed and 

ungrazed sagebrush semi-desert. Journal of Range Management, 55:171-181.  

https://cran.r-project.org/package=survival
https://cran.r-project.org/package=survival


72 
 

 
 

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., Swetnam, T.W. 2006. Warming and earlier 

spring increase western U.S. forest wildfire activity. Science, 313:940-943. 

Whisenant , S.G. 1990. Changing fire frequencies on Idaho’s Snake River plains: Ogden, 

UT, ecological and management implications. In: E. D. McArthur, E. M. Romney, S. D. 

Smith, and P. T. Tuellar [EDS.]. Proceedings: Symposium on Cheatgrass Invasion, 

Shrub Dieoff, and Other Aspects of Shrub Biology and Management 5–7 April 1989; 

Las Vegas, NV, USA. General Technical Report INT-276. 

Zhang, J. and J.T. Romo. 1995. Impacts of defoliation on tiller production and survival in 

northern wheatgrass. Journal of Range Management, 48(2):115-120. 

  



73 
 

 
 

Tables 

Table 1. Log-rank comparison significance values for treatment-level Kaplan-Meier 

curves. Column and row headings denote vegetation treatment combinations, with the 

upper row denoting neighbor removal and the lower row denoting defoliation 

treatments. Bolded p-values are significantly different at P < 0.05, and italicized p-values 

are significantly different at P < 0.10. 
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Table 2. ANOVA table for leaf production, stem length, and flower production by 

neighbor, defoliation, date, and year. 

A Leaf Production 

 Year One  Year Two  Year Three 

Effect df F P  df F P  df F P 

Neighbor  2 0.15 0.861  2 1.1 0.331  3 0.8  0.710 

Defoliation  3 1.18 0.314  3 5.5 0.001  2 31.7 < 0.001 

Date 2 2.8 0.059  5 117.6 < 0.001  4 31.2 < 0.001 

Neighbor x Defoliation 6 8.4 < 0.001  6 17.2 < 0.001  6 3.3 0.003 

            

B Stem Length 

 Year One  Year Two  Year Three 

Effect df F P  df F P  df F P 

Neighbor  2 0.7 0.514  2 0.1 0.906  3 0.1 0.710 

Defoliation  3 2.4 0.067  3 128.4 < 0.001  2 21.5 < 0.001 

Date 2 0.6 0.560  5 12.8 < 0.001  4 288.8 < 0.001 

Neighbor x Defoliation 6 8.7 < 0.001  6 7.4 < 0.001  6 4.6 < 0.001 

            

C Flower Production 

 Year One  Year Two  Year Three 

Effect df F P  df F P  df F P 

Neighbor  2 0.9 0.324  2 0.6 0.368  3 0.2 0.710 

Defoliation  3 2.1 0.078  3 61.2 < 0.001  2 5.3 < 0.001 

Date 2 4.0 0.011  5 7.1 < 0.001  4 34.6 < 0.001 

Neighbor x Defoliation 6 2.9 0.005  6 13.5 < 0.001  6 2.6 0.013 

Bold values denote significance at P < 0.05 and italicized values denote significance at P 
< 0.10. 
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Table 3. ANOVA table for across-season seedling survival by neighbor, defoliation, and 

year. 

 Seedling Survival 

Effect df F P 

Neighbor  2 0.6 0.473 

Defoliation  3 0.6 0.655 

Year 1 7.2 0.008 

Neighbor x Defoliation 6 1.5 0.159 

Neighbor x Year 2 0.1 0.939 

Defoliation x Year 3 0.2 0.859 

Neighbor x Defoliation x Year 6 1.1 0.322 

Bold values denote significance at P < 0.05 and italicized values denote significance at P 
< 0.10. 
 

 

Table 4. ANOVA table for foliar cover and plant density by neighbor, defoliation, plant 

age class, and year. 

   

Foliar Cover 
 

Plant Density 

Effect df 
 

F P   F P 

Neighbor  2 
 

7.7 0.002 
 

5.2 0.010 
Defoliation  3 

 
3.6 0.013 

 
0.4 0.768 

Age  1 
 

28.9 < 0.001 
 

197.8 < 0.001 
Year 2 

 
31.4 < 0.001 

 
1.7 0.189 

Neighbor x Defoliation 6 
 

1.5 0.174 
 

2.1 0.048 
Neighbor x Age 2 

 
28.1 < 0.001 

 
67.9 < 0.001 

Defoliation x Age 3 
 

0.2 0.896 
 

0.6 0.646 
Neighbor x Year 4 

 
14.6 < 0.001 

 
1.0 0.391 

Defoliation x Year 6 
 

0.9 0.488 
 

0.2 0.987 
Age x Year 2 

 
7.3 0.001 

 
2.8 0.060 

Neighbor x Defoliation x Age 6 
 

3.2 0.003 
 

4.1 < 0.001 

Neighbor x Defoliation x Year 12 
 

0.6 0.818 
 

0.3 0.995 
Neighbor x Age x Year 4 

 
2.5 0.044 

 
4.5 0.001 

Defoliation x Age x Year 6 
 

0.9 0.463 
 

0.1 0.993 
Neighbor x Defoliation x Age x Year 12 

 
0.6 0.816 

 
0.3 0.987 

Bold values denote significance at P < 0.05 and italicized values denote significance at P 

< 0.10. 
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Figures 

 

Figure 1. Precipitation for the Coleman (NV) and Saddle Draw (OR) fires (PRISM 2004). 

Seasons are winter (December of prior year – February), spring (March – May), summer 

(June – August), and fall (September – November).
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 1 

Figure 2. Kaplan-Meier curves showing the percent of seedling tillers actively growing as a 2 

function of neighbor removal, defoliation, year, and date. * represent significant differences for 3 

defoliation treatments as compared to no defoliation within neighbor treatment, and † 4 

represent significant differences for defoliation treatments relative to no neighbor removal with 5 

the same defoliation treatment.  6 
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Figure 3. Number of actively growing leaves per tiller as a function of neighbor, defoliation, 

year, and date. Error bars represent 95% confidence intervals for each sample date. * represent 

significant differences for defoliation treatments as compared to no defoliation within the same 

neighbor treatment, and † represent significant differences for defoliation treatments relative to 

no neighbor removal with the same defoliation treatment. 
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Figure 4. Tiller stem length as a function of neighbor, defoliation, year, and date. Error bars 

represent 95% confidence intervals for each sample date. * represent significant differences for 

defoliation treatments as compared to no defoliation within the same neighbor treatment, and 

† represent significant differences for defoliation treatments relative to no neighbor removal 

with the same defoliation treatment. 



80 
 

 
 

 

Figure 5. Percent of tillers with inflorescences as a function of neighbor, defoliation, year, and 

date. Error bars represent 95% confidence intervals for each sample date. * represent significant 

differences for defoliation treatments as compared to no defoliation within the same neighbor 

treatment, and † represent significant differences for defoliation treatments relative to no 

neighbor removal with the same defoliation treatment. 
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Figure 6. A) Percent foliar cover and B) plant density as a function of treatment type, age class, 

and year. Bars represent model perimeter estimates and error bars represent 95% confidence 

intervals. Column headings denote neighbor removal (upper row) and defoliation (lower row) 

treatments. Dark gray bars represent adult cover and light gray bars represent seedling cover. 

Fig. 6 A has a dashed line at 20% foliar cover to denote the suggested management benchmark 

for reintroduction of livestock grazing after fire. 
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OVERALL SUMMARY AND RECOMENDATIONS  

 This thesis asked and answered questions related to post-fire restoration and livestock 

grazing in Wyoming big sagebrush communities. I first assessed plant community dynamics in 

the absence of additional disturbance, and found that plant community composition changed 

as a function of time, with seeded functional groups increasing on both sites. This suggests that 

seeding treatments can be effective at structuring post-fire plant community structure and 

composition. Secondly, I found that bunchgrass spatial dynamics also changed as a function of 

time. Seedlings exhibited pronounced attractive patterns in year one, but less pronounced 

patterns with a shift in clustering distance by year two. Adults exhibited mixed spatial patterns 

on seedlings in year one, but more pronounced dispersive spatial patterns by year two. These 

shifting relationships will determine the eventual plant community structure of the dominant 

species on our sites. Lastly, we found seedling neighbor density was the dominant factor 

controlling seedling bunchgrass growth and survival in years one and two. Additionally, 

seedlings differed in their responses to neighbor density in year one, but not in year two. This 

suggests that maintaining lower neighbor densities during the first year may be essential for 

adequate seedling growth and survival, and that some species may be more suitable 

restoration options due to density independent survival. 

 Second, I examined the relationship between post-fire plant community structure and 

timing of initial post-fire defoliation. I found that altering plant community structure affected 

seedling senescence, bunchgrass foliar cover, and bunchgrass density. Removing seedlings led 

to delayed senescence and lower total bunchgrass foliar cover and density. Removing adults did 

not appear to have consistent effects on any metric, suggesting that this treatment was not 
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successful at altering plant community structure. Timing of defoliation affected bunchgrass 

seedling senescence, inflorescence and leaf production, stem length, and total bunchgrass foliar 

cover. Spring defoliation generally led to negative affects for bunchgrass growth, while fall 

defoliation exhibited fewer effects. Fall year-two defoliation exhibited fewer negative effects as 

compared to fall year-one, suggesting a slight positive benefit of delaying defoliation to the 

second year. Seedling removal and spring defoliation interacted to produce the most negative 

effects, including virtually eliminating inflorescence production in year two. 

 There are several general management recommendations from the results of these two 

experiments. Promoting bunchgrass seedling growing conditions the first year after fire by 

limiting immediate neighbors may promote seedling growth and survival. Avoiding spring 

defoliation all together and delaying fall defoliation until at least the second year after fire may 

also promote seedling growth. If initial seedling density is low, delaying livestock further or 

implementing additional restoration treatments may be warranted. Additionally, we will be 

tracking these experiments for years to come in the attempt to determine long-term effects of 

our initial experiments. Wildfires will continue to occur in these systems, and management 

decisions will need to be made about the appropriate restoration treatments and post-fire 

management strategy. We acknowledge intrinsic differences across sites, and the need for 

informed and broad management recommendations; however, a site-specific approach is 

recommended rather than a one-size-fits-all strategy. Lastly, a conservative approach to 

reintroducing livestock is appropriate when one is uncertain about possible negative effects on 

restored species. 


