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Name: HEATH DERETZ STARNS   
 
Date of Degree: DECEMBER, 2017 
  
Title of Study: RESTORATION OF PYRIC HERBIVORY IMPACTS FUELS 
MANAGEMENT AND PRAIRIE-CHICKEN CONSERVATION IN THE GREAT 
PLAINS 
 
Major Field: NATURAL RESOURCES ECOLOGY AND MANAGEMENT 
 
Abstract: Pyric herbivory is an ecological disturbance created when fire and grazing 
interact. Fire suppression policies in place since the early 19th century have facilitated a 
transition of some grasslands into shrub-dominated woodlands, changing the fuel 
structure and causing a recent increase in wildfire occurrence. We evaluated the effects of 
time since fire and pyric herbivory on fuel accumulation at four sites representing four 
Great Plains ecosystems. Time since fire was a significant predictor of fuel accumulation, 
an effect mediated by pyric herbivory. Time since fire and pyric herbivory similarly 
affected fire behavior and suppression capabilities. Pyric herbivory extended the 
effectiveness of fuels reduction past that of fire-only treatments, and is a viable fuels 
management strategy for the southern Great Plains. 
 

Concomitant with the transition of grasslands into woodlands was a decline in 
grassland-obligate bird populations. The Tympanuchus genus is of particular interest, 
with three of the four extant sub(species) ranging from vulnerable to endangered. We 
measured vegetation characteristics relevant to habitat requirements of lesser (T. 
pallidicinctus), greater (T. cupido), and Attwater’s (T. cupido attwateri) prairie-chickens 
to assess the impacts of pyric herbivory on prairie-chicken habitat. Pyric herbivory and 
fire-only treatments maintained grass cover and vegetation height within the range of 
values recommended for prairie-chickens. Pyric herbivory increased availability of forbs 
and bare ground, both critical for prairie-chicken brood survival. Our results indicate 
pyric herbivory is compatible with prairie-chicken conservation, enhancing some key 
habitat characteristics. 

 
Management of habitat for the benefit of endangered species requires an 

understanding of the ecology of the target species. This understanding should be 
accompanied by periodic assessment of effectiveness of management practices. We 
obtained archived location data for nesting and brood-rearing Attwater’s prairie-chickens 
for a six-year period in order to evaluate the impacts of pyric herbivory on resource 
selection on the Attwater’s Prairie-Chicken NWR. We found that time since fire and 
distance to lek were primary factors in nest site selection. Selection of brood-rearing 
areas was determined by time since fire and distance to nest, leks, trees, and acclimation 
pens. Pyric herbivory should be continued as a habitat management strategy for the 
critically endangered Attwater’s prairie-chicken. 

  
 



vi 
 

TABLE OF CONTENTS 
 

Chapter          Page 
 
I. RESTORATION OF PYRIC HERBIVORY FOR FUELS MANAGEMENT ON 
RANGELANDS ............................................................................................................1 
 
 Introduction ..............................................................................................................2 
 Study Sites and Methods ..........................................................................................6 
 Results ....................................................................................................................10 
 Discussion ..............................................................................................................12 
 Management Implications ......................................................................................18 
 Literature Cited ......................................................................................................20 
  
 
 
II. EFFECTS OF PYRIC HERBIVORY ON PRAIRIE-CHICKEN HABITAT ........36 
  
 Introduction ............................................................................................................37 
 Study Sites and Methods ........................................................................................42 
 Results ....................................................................................................................45 
 Discussion ..............................................................................................................47 
 Management Implications ......................................................................................51 
 Literature Cited ......................................................................................................52 
  
 
 
III. IMPACTS OF PYRIC HERBIVORY ON NESTING AND BROOD-REARING 
SITE SELECTION BY ATTWATER’S PRAIRIE-CHICKENS  ..............................68 
 Introduction ............................................................................................................69 
 Study Site and Methods .........................................................................................72 
 Results ....................................................................................................................77 
 Discussion ..............................................................................................................79 
 Management Implications ......................................................................................82 
 Literature Cited ......................................................................................................83 



vii 
 

 
 
 

LIST OF TABLES 

 

 

Chapter I          Page 
 
   1.................................................................................................................................27 
 2.................................................................................................................................28 
  
 
Chapter II Page 
  
 1.................................................................................................................................. 56 
 2.................................................................................................................................. 57 
 3.................................................................................................................................. 58 
 
Chapter III Page 
 
 1.................................................................................................................................. 87 
 2.................................................................................................................................. 88 
  
 
 

 



viii 
 

LIST OF FIGURES 

 

Chapter I          Page 
 
   1.................................................................................................................................30 
 2.................................................................................................................................31 
 3.................................................................................................................................32 
 4.................................................................................................................................33 
 5.................................................................................................................................34 
 6.................................................................................................................................35 
  
Chapter II Page 
  
 1.................................................................................................................................60 
 2.................................................................................................................................61 
 3.................................................................................................................................62 
 4.................................................................................................................................63 
 5.................................................................................................................................64 
 6.................................................................................................................................65 
 7.................................................................................................................................66 
 8.................................................................................................................................67 
 
Chapter III Page 
 
 1.................................................................................................................................. 90 
 2.................................................................................................................................. 91 
 3.................................................................................................................................. 92 
 4.................................................................................................................................. 93 
 5.................................................................................................................................. 94 
 6.................................................................................................................................. 95 
 7.................................................................................................................................. 96 
 

 



1 
 

CHAPTER I 
 

 

RESTORATION OF PYRIC HERBIVORY FOR FUELS MANAGEMENT ON 

RANGELANDS 

 

ABSTRACT 

 Prior to European settlement, the processes of fire and grazing interacted across the 

North American Great Plains to create a unique disturbance regime known as pyric 

herbivory. Large herbivores preferentially grazed in recently burned patches of high-quality 

vegetative regrowth, reducing the rate of biomass accumulation and limiting the potential for 

fires to occur. In the early 19th century fire and grazing were decoupled in the region as a 

result of fire suppression policies and intense grazing pressure by livestock. In many places, 

this alteration of the historic fire regime led to a transition from grasslands to woodlands over 

time, resulting in simplification and loss of grasslands. The change also resulted in a change 

in fuel structure and an increase in wildfire activity over the past three decades. Recent 

changes in fire management include fuels reduction through the use of prescribed fire. 

However, the rapid rate of biomass accumulation due to high annual rainfall and long 

growing seasons in the southern Great Plains reduces the effectiveness of prescribed fire 

alone as a fuels reduction treatment. Our general objective was to evaluate the utility of pyric 

herbivory as a fuels reduction strategy compared to fire-only treatments. Specifically, we 

sought to assess the effect of time since fire and pyric herbivory on rangeland fuel 

accumulation; evaluate the effect of pyric herbivory on fire behavior characteristics and 
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suppression capabilities; determine whether pyric herbivory increases the length of time 

standard wildland firefighting techniques are effective compared to fire-only treatments; and 

assess the viability of pyric herbivory as a fuels reduction strategy for the southern Great 

Plains. To do this, we developed a large-scale experiment comparing pyric herbivory to fire-

only treatments at four sites representing multiple ecosystems across the southern Great 

Plains. Using fuels data collected from each site, we simulated fire behavior to compare 

changes in fire suppression capability for pyric herbivory versus fire alone. We found that 

time since fire was the primary predictor of rate of accumulation of biomass and 1-hour fuels 

across all sites, and that pyric herbivory reduced these rates. Time since fire was also a 

significant predictor of flame lengths and rates of spread. Pyric herbivory was a significant 

predictor of simulated flame lengths at wind speeds of 40 km per h, but was less important at 

low (16 km per h) wind speeds combined with fuel moisture above 20%. Our results indicate 

pyric herbivory is more effective than prescribed fire alone as a fuels reduction treatment in 

the southern Great Plains, and extends the length of time fire suppression techniques remain 

effective, although differences in stocking rate and grazing intensity will alter the strength of 

this effect. 

INTRODUCTION 

Fire and grazing have occurred on every vegetated continent for millions of years and 

are primary factors that influence most aspects of the dominant ecosystems of the world 

(Bond and Keeley 2005, Bowman 2005, Archibald et al. 2013). Prior to human settlement, 

the interaction between fire and grazing in the North American Great Plains created a shifting 

mosaic of vegetation types, including vegetation that varied in amount and type of grazing 

and varied in the frequency and intensity of fire resulting in an interaction that was critical to 
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landscape structure and function (Fuhlendorf et al. 2009). When European explorers first 

encountered the Great Plains, they reported the indigenous peoples frequently used fire to 

attract game animals and to maintain more open landscapes , as well as many other reasons 

(Pyne 2010). In a few local regions, European settlers adopted the practice of burning 

grasslands and woodlands in order to increase domestic livestock forage and prevent woody 

plant encroachment (Cook 1908, Stewart 1951) but for most North American rangelands fire 

suppression (intentional and unintentional) became the norm.  

Management of North American rangelands during the late nineteenth and early 

twentieth centuries centered on practices which encouraged fire prevention and suppression. 

As grazing pressure from domestic livestock increased, fine fuels decreased, limiting the 

frequency and/or intensity of fires (Briggs et al. 2005, Van Auken 2009) Moreover, as 

permanent settlement increased, fires became less acceptable and suppression efforts 

increased. The following decades of fire suppression, coupled with heavy and uniform 

grazing, in addition to a host of other environmental and anthropogenic factors, contributed 

to extensive transformation of grasslands into shrublands and woodlands (Archer et al. 2017). 

This transition, primarily caused by the decoupling of the processes of fire and grazing 

(Fuhlendorf et al. 2009), caused shifts in fuel structure and gave rise to accumulations of 

fuels sufficient to support large, catastrophic wildfires. 

Since 1985, wildfire activity in the Great Plains has increased, both in number of fires 

and in total area burned (Donovan et al. 2017). Over the past 15 years alone (2002-2016), 

such wildfires have burned more than 41 million hectares in the southern Great Plains (NIFC 

2017). This increasing occurrence of wildfires and associated costs of damage and 

suppression emphasizes the need for development and implementation of effective fuels 



4 
 

management techniques. Fuels reduction treatments are aimed at reducing wildland fire 

intensity, which has direct implications on the success of standard wildland fire-fighting 

techniques (NWCG 2014). These techniques include heavy equipment as well as aerial 

methods, and become ineffective when flame lengths reach more than 3.4 meters. Lower 

critical thresholds of effectiveness are also recognized – at 1.2 m flame lengths, hand tool 

become ineffective; at 2.4 m flame lengths, control efforts at the head of the fire become 

ineffective (NWCG 2014). In areas where fuels reduction treatment have been implemented, 

prescribed fire has been used more than other treatments, and federal agencies indicate that 

prescribed fire will be a dominant fuels management option in this region (USDI-BLM 

2014). After burning (by wildfire or prescribed fire), it is often the policy of agency 

managers to remove grazing animals for a period of time to allow recovery of the vegetative 

community (Fuhlendorf et al. 2012). However, recent research has demonstrated that this 

approach may not be warranted (Gates et al. 2017). Moreover, due to the rapid recovery of 

herbaceous biomass in the southern Great Plains, deferral of grazing after fire likely limits 

the utility of prescribed fire as a fuels reduction treatment unless annual treatment of large 

areas is performed. However, such treatment frequency tends to reduce heterogeneity 

inherent in this region, with an added consequence of reducing biodiversity (Fuhlendorf et al. 

2006, Fuhlendorf et al. 2017a).  

An alternative rangeland management paradigm that promotes the interaction of fire 

and grazing, pyric herbivory, has recently been introduced as a method of maintaining or 

restoring heterogeneity (Fuhlendorf and Engle 2001). Pyric herbivory allows for an 

interaction to occur between the processes of fire and grazing, which creates a shifting 

mosaic across a landscape, with portions of the landscape differing in plant composition and 
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structure as a result of differences in time since fire (Fuhlendorf and Engle 2001, Fuhlendorf 

et al. 2009). Large herbivores preferentially forage in the most recently burned areas on a 

landscape when fences are removed and such selection is allowed (Allred et al. 2011, Allred 

et al. 2013). Intense herbivory maintains these patches in a state of short vegetative regrowth, 

thus limiting the accumulation of biomass and fine dead material necessary to fuel a fire. 

Surrounding areas of greater time since fire are only sparsely grazed, allowing accumulation 

of fuels for subsequent fires. The pyric herbivory process has been suggested as analogous to 

the interaction that occurred between fire and grazing prior to European settlement 

(Fuhlendorf and Engle 2001, 2004, Fuhlendorf et al. 2009, Allred et al. 2011, Fuhlendorf et 

al. 2017b). Furthermore, it has been shown to maintain or improve biodiversity of vegetation 

(Collins and Smith 2006, Collins and Calabrese 2012), invertebrates (Cook and Holt 2006, 

Engle et al. 2008), and a host of vertebrate assemblages (Danley et al. 2004, Coppedge et al. 

2008, Fuhlendorf et al. 2010, Larson 2014, Green et al. 2015). Still others have assessed the 

benefits to livestock production (Limb et al. 2011, Polito 2012, Allred et al. 2014, Scasta et 

al. 2015).  

Our general goal was to determine how the restoration of complex fire-grazing 

interactions, which can maintain grazing productivity and biodiversity (Fuhlendorf et al. 

2009), can also be useful as a fuels management approach. We developed a unique, large-

scale experiment capable of comparing prescribed fire treatments without grazing to those 

where grazing is allowed to interact through pyric herbivory across four sites throughout the 

southern Great Plains. Our objectives were to (1) determine how time since fire and the fire-

grazing interaction affect rangeland fuel accumulation in pyric herbivory vs fire-only 

treatments; (2) evaluate the effect of pyric herbivory on fire behavior characteristics that 
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impact suppression capabilities; and (3) determine whether pyric herbivory increases the 

length of time standard wildland firefighting techniques are effective compared to fire-only 

treatments  

STUDY SITES AND METHODS 

Study Sites and Design 

Our study was conducted at four sites across the southern Great Plains (Table 1). All 

sites were managed using fire to promote spatial and temporal heterogeneity across the 

landscape (Fuhlendorf and Engle 2001). Our sites were chosen due to their locations within 

the region, presence of primarily native vegetation, and the use of pyric herbivory. Burns 

were planned and executed by management personnel at each site according to each 

location’s unique management goals. Burns performed in both treatments occurred in 

dormant and growing seasons. In pyric herbivory treatments, grazers were allowed free 

access to areas with varying times since fire. All sites included patches of fire-only and pyric 

herbivory treatments, except for the Aransas National Wildlife Refuge, which was entirely 

fire-only. Sites were situated across an east-west precipitation gradient as well as a north-

south climate gradient from temperate to sub-tropical. Our study region consists primarily of 

vegetation that likely co-evolved with fire and grazing since the end of the last glacial period 

(Fuhlendorf and Engle 2001, Anderson 2006). Vegetation ranges from tallgrass prairie in the 

east to mixed-grass and mixed-grass shrub vegetation further west. Climate ranges from 

humid subtropical in the southernmost portion to temperate in the northernmost portion of 

the region, and from mesic, highly productive systems in the east to semi-arid in the west. 



7 
 

Historically, the southern Great Plains most likely had a mean fire return interval of about 0-

6 years (Guyette et al. 2012). 

Sampling was performed from June 2014 through August 2016, at post-fire intervals 

between 0 and 43 months since fire (MSF), recorded as a continuous variable. Transects were 

randomly placed in both pyric herbivory and fire-only patches, with an attempt to focus on 

patches with a similar time since fire at each study site. In the event that a patch was burned 

after it was sampled, we continued sampling transects within the patch, recording months 

since the most recent fire. This allowed us to create a chronosequence of the vegetative and 

fire behavior response. To ensure that data collected were relevant to the study objectives, 

sampling was limited to patches comprised of native vegetation. Eight transects were 

randomly placed in each patch within each study site. In an effort to avoid differences caused 

by variability in fire intensity resulting from differences between headfires, backfires, and 

flank-fires, transects were greater than 50 meters from patch perimeters, roads, or natural fire 

breaks. Vegetation measurements were recorded at 5 meter intervals in 0.25 m2 plots along 

each transect to quantify fuel properties within each patch. Fuels measurements included 

aboveground biomass (fuel load), fuel bed depth, percent cover of 1-hour, 10-hour, and 100-

hour fuels, litter, and bare ground. To measure fuel loads, vegetation along each transect was 

clipped and oven-dried at 45°C to a stable weight. To avoid artificially altering future 

vegetation measurements along transects, clippings were taken from five 0.25 m2 plots 

parallel to each transect at a distance of 10 meters away. 

Fire simulations 
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To evaluate the potential for pyric herbivory to alter the relationship between time 

since fire and fire behavior characteristics, as well as extend the time period in which 

standard wildland fire-fighting techniques are effective for fire suppression compared to fire-

only treatments, we used fuels data to simulate fire behavior in the BehavePlus 5.0 fire 

modeling software program (Heinsch and Andrews 2010). BehavePlus allows users to model 

fire behavior characteristics resulting from user-defined fuel and environmental parameters. 

Surface fire behavior characteristics (flame length, rate of spread, fireline intensity) are 

calculated by the SURFACE module in BehavePlus using Rothermel’s (Rothermel 1972) fire 

spread model. The SURFACE module allows users to select from 53 distinct fuel models 

representing different vegetation types (Scott and Burgan 2005). Users can also customize 

fuel models to reflect site-specific fuels characteristics.  

Following the approach of Twidwell et al. (Twidwell et al. 2016), we customized 

dynamic fuels models to simulate fire behavior in BehavePlus. Dynamic fuel models 

characterize predictable changes in fuel properties as a result of changes in environmental 

conditions. To develop these fuel models in BehavePlus, a fuel model which most closely 

represented each study site was selected and modified according to measurements taken 

during field data collection. Fuels data from field measurements were used to refine these 

models in order to determine the impacts of changes in fuels over time as a result of the 

experimental treatments (Scott and Burgan 2005). In order to successfully capture the range 

of variation inherent in rangelands of the southern Great Plains, we simulated scenarios for 

each transect sampled at each study site, a total of 638 transects. For each transect, two wind 

speeds were used, representing prescribed fire and wildfire conditions. Seven moisture values 

were simulated (5-35%), each at two wind speeds (16 and 40 km/h), for a total of 8932 
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simulations. Inputs for surface area/volume ratio and fuel heat content used the pre-defined 

values for the fuel model. Flame length and rate of spread output were compiled, and 

temporal changes in fire behavior characteristics for pyric herbivory and fire-only treatments 

were analyzed.  

Analyses 

Due to the unbalanced nature of our data, we developed a linear mixed effects model 

fit by restricted maximum likelihood (REML) using the lme4 package in the R environment 

for statistical computing to test for differences in biomass as a result of time since fire (Bates 

et al. 2013, R Core Team 2016). We chose this method rather than traditional ANOVA or 

MANOVA because of its ability to evaluate multi-level nested designs and imbalanced data. 

An added benefit of linear mixed effects models is the ability to make inferences for sites not 

included in the original data (Bolker et al. 2009). To correct for differences in scale across 

variables, we square-root transformed biomass values for analysis (Zuur et al. 2009). 

Explanatory variables of interest included number of months since fire, presence/absence of 

grazing, and the interaction between fire and grazing. To account for spatial autocorrelation 

within sites, as well as control for unique site characteristics that were beyond the scope of 

our study, we included site as a nested random variable with a structure 

(1|Site/Patch/Transect/Sample) (Bolker et al. 2009). Collection year was included as a 

crossed random variable (1|Collect.Year) to account for differences in large-scale weather 

patterns across years. We also used linear mixed effects models to obtain coefficients of 

variation for treatment effects on BehavePlus simulation output due to the capability of these 

models to include the nested variance structure of our data. Because biomass and other 

variables we measured were input directly into our custom fuel models, which treat these as 
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drivers of fire simulations, we did not treat them as predictors of BehavePlus output (flame 

lengths and spread rates). Therefore, these models included time since fire, presence/absence 

of grazing, the fire-grazing interaction, and the random terms from the biomass models, with 

sample dropped because BehavePlus simulations were run using transect-level means of fuel 

samples.  

RESULTS 

Time since fire was the primary predictor of biomass and 1-hour fuel loads across all 

study sites and when grazing interacts with patch fires the fuels management lasted longer 

than when grazing was excluded. Time since fire (MSF) was a significant predictor of 

biomass, which increased with MSF (Table 2; β = 2.19, σ = 0.088, p < 0.001). The fire-

grazing interaction was also a significant predictor of biomass (β = -0.51, σ = 0.106, p < 

0.001), suggesting that the fire-grazing interaction extended the influence of fire alone. 

Biomass was higher and accumulated more rapidly in fire-only than in pyric herbivory 

patches (Figure 2). Time since fire was also a significant predictor of percent cover of 1-hour 

fuel (β = 0.110, σ = 0.013, p < 0.001), which was greater in fire-only than pyric herbivory 

patches beginning six months after fire (Figure 3). Additionally, the fire-grazing interaction 

significantly predicted percent cover of 1-hour fuels (β = -0.131, σ = 0.019, p < 0.001).  

Following a trend similar to that of biomass and 1-hr fuels, flame lengths simulated 

by our dynamic fuel models differed between treatments. Time since fire was a significant 

predictor of flame length output for all simulated weather conditions (Table 2). The fire-

grazing interaction was a significant predictor of flame length across all fuel moistures at 

high (40 km per h) wind speeds, but was not significant at fuel moistures ≥ 20% at the lower 
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wind speed (16 km per h). When simulating extreme weather conditions (wind speed=40 km 

per h, 5% fuel moisture), flame lengths in pyric herbivory treatments did not cross the 3.4 m 

threshold until approximately 8-9 months post-fire, compared to 3-4 months for fire-only 

(Figure 4A). Under slightly less extreme weather conditions (wind speed=16 km per h, and 

5% fuel moisture), patches managed with pyric herbivory maintained simulated flame 

lengths below 3.4 m for approximately 18 months compared to 6 months for fire-only 

treatments (Figure 4B).  

In both scenarios, simulated flame lengths in patches managed with pyric herbivory 

remained lower than in fire-only patches, not becoming similar until after 36 months post-

fire. An even more drastic decrease in flame lengths occurred as a result of a shift in fire 

weather conditions typical of diurnal shifts in wind speed and moisture (reduction in wind 

speed from 40 km per h to 16 km per h paired with an increase in fuel moisture from 5% to 

10%). reduced flame lengths considerably, keeping flame lengths in pyric herbivory 

treatments below the 3.4 m threshold until 35 months post-fire. Moreover, this benefit was 

most prominent in the pyric herbivory treatments, as flame lengths in fire-only treatments 

rose above 3.4 m at 8 months post-fire (Figure 5). Overall, flame lengths in pyric herbivory 

treatments were consistently lower than in fire-only treatments. Pyric herbivory also had an 

effect on how flame lengths responded to simulated changes in weather conditions. In high 

wind speed (40 km per h) – (5%) fuel moisture simulations, 58% of pyric herbivory 

simulations and 79% of fire-only simulations yielded flame lengths greater than 3.4 m. In 

low wind speed (16 km per h) – 10% fuel moisture simulations, the number of flame lengths 

above 3.4 m were reduced to 20% and 55%, respectively (Figure 6).  
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As with flame lengths, time since fire was a significant predictor of fire spread rates 

for all simulations (Table 2). In contrast, the fire-grazing interaction was only significant for 

two of the fuels moisture scenarios, both at the high wind speed. Simulated rates of spread 

also differed between treatments, and overall were lower in pyric herbivory than in fire-only 

treatments (Figure 7). Spread rates in fire-only treatments reached 3 meters per second 

approximately 6-8 months following fire in our most extreme simulated weather conditions. 

In stark contrast, patches managed using pyric herbivory did not reach 3 m/s spread rates 

until approximately 36 months post-fire under the same conditions. These results also 

underscore the importance of weather conditions on fire behavior, and that large, fast-moving 

fires may be expected in any conditions during extreme fire weather events. Also similar to 

the flame length simulations, slight changes in weather conditions resulted in greater changes 

in rates of spread for pyric herbivory than fire-only patches. For instance, an increase in fuel 

moisture from 5% to 10% with high wind speed resulted in fire-only patches reaching 3 m/s 

at approximately 10 months (Figure 7B). However, pyric herbivory patches did not reach this 

spread rate within the time frame we sampled (up to 43 months).  

DISCUSSION 

Long-term alteration and decoupling of historic fire and grazing regimes has 

significantly impacted ecosystem structure and function of most rangelands of the world 

(Fuhlendorf and Engle 2001, Briggs et al. 2005, Archibald et al. 2013, Archer et al. 2017). 

Our study examined how the restoration of pyric herbivory to Great Plains rangelands affects 

wildfire behavior. We demonstrated that pyric herbivory extends the amount of time 

wildland firefighting techniques remain effective when compared to fire-only treatments. 

Restoring these processes to landscapes managed for conservation and agriculture would 
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require adoption of an alternative paradigm (Becerra et al. 2017) that promotes an 

understanding of heterogeneity on complex landscapes but can maintain or enhance 

agricultural production and biodiversity. Our study demonstrates that restoration of the 

complex interaction between fire and grazing benefits fuels management objectives in 

addition to the biodiversity and livestock production benefits previously discussed. We re-

emphasize the importance of the fire-grazing interaction in determining grass biomass (Van 

Langevelde et al. 2003), and highlight the importance of time since fire on biomass 

accumulation. Our data address a knowledge gap in the primary literature, specifically that 

few fire studies consider how time since fire affects the systems being studied and even 

fewer look at the impacts of grazing on observed relationships (Fuhlendorf et al. 2011, Limb 

et al. 2016).   

Our results demonstrate that fuel loads in the southern Great Plains increase with 

increasing time since fire and the rate of that increase is mediated by grazing. These findings 

are consistent with findings that time since fire was a determinant of fuel loads in African 

savannas, and that increasing time since fire increased fire risk, which was related to biomass 

(Govender et al. 2006, Fernandes et al. 2012). In our fire simulations, pyric herbivory 

treatments consistently produced lower flame lengths and rates of spread than fire-only 

treatments. Rates of spread increased rapidly during the first 12 months post-fire along the 

same pattern as biomass and flame lengths, regardless of simulated weather conditions. The 

similar rate of increase of 1-hour fuels in pyric herbivory and fire-only patches during the 

first six months post-fire is probably the result of seasonality of fires at our study sites. Most 

of the patches we sampled (33 of 40) were burned during the dormant season. Therefore, the 

percent cover of 1-hour fuels in both treatments could be expected to be similar for the first 
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growing season following fire, with treatment effects apparent after the onset of the first 

dormancy period following fire. As such, fuels management efforts on rangelands in our 

study region should focus on a shift from fire suppression to fire management that attempts 

to restore the fire-grazing interaction to manage fuels.  

Our results also indicate pyric herbivory regulates the rate of accumulation of 

biomass and 1-hour fuels compared to fire-only treatments. This reduced rate of 

accumulation benefits fuels management objectives by extending the amount of time 

standard wildland firefighting techniques remain effective. The importance of the fire-

grazing interaction is highlighted by the effect of the interaction in determining rate of fuel 

accumulation. In areas where pyric herbivory was used, simulated fire behavior was such that 

standard techniques remained effective for at least six months longer than fire-only 

treatments and up to 36 months, depending on weather conditions. The differences we found 

between treatments varied with simulated wind and fuel moisture conditions. The fire 

behavior characteristics produced by our most extreme wind and fuel moisture conditions 

illustrate that uncontrollable fires should be expected to occur during periods of extreme fire 

weather, regardless of treatments. However, slight changes in weather conditions can 

significantly improve effectiveness of suppression efforts in areas treated using pyric 

herbivory. Similar interactions between weather and time since fire were reported in a study 

of fuel treatment effects on wildfire severity, where fuels reduction treatments showed the 

greatest benefit in evening and overnight (Tolhurst and McCarthy 2016).  

Fuels reduction burning (fire-only) has been suggested as an effective method to 

reduce the occurrence of wildfires (Butry 2009, North et al. 2012, Ager et al. 2014). 

However, much of the current literature regarding effectiveness of fuel treatments was 
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focused on forested systems. A review of fuel treatment effectiveness in the western US 

found that forest fuel treatments (thin/burn) reduced fire severity and tree mortality when 

subsequent wildfires occurred in a treated area, and reported anecdotal evidence that 

treatments reduced property losses (Kalies and Kent 2016). However, forest fuel treatments 

that focus on reduction of woody materials, such as mastication (Glitzenstein et al. 2006), 

thinning (Stevens et al. 2014), and thinning + burning (Shive et al. 2013), offer little potential 

benefit for management of fine fuels found in the grasslands of the southern Great Plains. 

Annual burning reduces fuels, but also leads to simplification of grasslands (Fuhlendorf et al. 

2006). “Pyrodiversity,” a fuels management practice which aims to promote heterogeneity by 

burning patches within a landscape, seeks to mimic pre-settlement fire regimes and increase 

biodiversity but often without consideration of grazers (Martin and Sapsis 1992). In a recent 

modelling exercise, pyrodiversity was a more effective fuels reduction treatment than large-

scale prescribed fire alone (Duncan et al. 2015).   

Despite the differences among our study sites, the relationship we observed between 

biomass and time since fire was consistent across all sites, generally increasing with time 

since fire. Similarly, percent cover of 1-hour fuels (senescent grasses) generally increased as 

time since fire increased, a relationship that also held true across all sites. Furthermore, the 

relationships we observed between time since fire, the fire-grazing interaction, and fire 

behavior characteristics were similar for all sites. Due to the differences between study sites 

and their geographic locations near the outer limits of the southern Great Plains, the variance 

components output of our statistical analyses demonstrates that the importance of time since 

fire and the fire-grazing interaction can both be generalized across the southern Great Plains. 

That the majority of the random variance components resulted within sites rather than 
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between sites supports the applicability of pyric herbivory to other sites within the Great 

Plains.  

It should be asserted that differences in the application of fire or grazing could change 

the effect size of the fire-grazing interaction, thereby altering the magnitude of differences 

observed. For example, increased grazing pressure could further reduce fire behavior, but 

would also likely reduce the benefits to biodiversity (Fuhlendorf et al. 2009). It is also 

important to note that the dynamic fuel models we used convert live green vegetation to 

available fuels as a function of grass curing scenarios built into the software (Scott and 

Burgan 2005). However, these models assume homogeneity and continuity of fuels, which 

may lead to an over-estimation of rates of spread (Parsons et al. 2011). While we did not 

directly evaluate probability of ignition, our fuels models may have overestimated this 

probability – while our data indicate that the rangelands in the southern Great Plains are 

capable of producing large amounts of fuels in the absence of grazing pressure, weather 

conducive to high biomass accumulation would be counter to such grass curing. Also, due to 

the heterogeneous nature of the burns at our sites, some transects may have measured 

herbaceous vegetation that doesn’t burn due to lack of fuel continuity or properties of the 

vegetation itself. Because information regarding such vegetation properties is lacking in the 

primary literature, knowledge of such vegetation properties would require first-hand 

experience executing the fires, which was not feasible in our study.  

The importance of interactive ecological disturbances and their impacts on landscape 

pattern has been reported in a number of ecosystems. Some such interactions have been 

suggested as analogues to historic fire regimes in the presence of fire suppression, such as 

defoliation of jack pine (Pinus banksiana) stands by jack pine budworms (Choristoneura 
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pinus pinus), a process which is frequently followed by salvage logging (Radeloff et al. 

2000). The interaction between these disturbances was determined to significantly alter 

landscape patterns in the Pine Barrens region of Wisconsin, potentially mimicking (but at a 

smaller scale) pre-settlement interactions between jack pine budworm defoliation and fire 

(Radeloff et al. 2000). Other interactions between disturbances have been reported to directly 

influence fire occurrence or behavior. Interactions among biotic and abiotic factors can also 

be determinants of wildfire occurrence, behavior, and severity. Climate and anthropogenic 

fire suppression in western US ponderosa pine (Pinus ponderosa) forests have led to 

increases in the occurrence of stand-replacing, high-severity fires (Schoennagel et al. 2004). 

Fire and grazing are ecological disturbances which have affected rangelands worldwide for 

millennia (Archibald et al. 2005, Bond and Keeley 2005, Bowman 2005, Bowman et al. 

2009, Bond and Zaloumis 2016). The origins of African grasslands, and fire in those 

grasslands, are estimated to pre-date humans, suggesting that Africa was dominated by 

grasslands at the end of the most recent glacial period (Bond and Zaloumis 2016). In North 

America, however, Great Plains grasslands are proposed to be the result of early 

anthropogenic burning (Anderson 2006), which interacted with herbivory by bison and other 

grazing mammals (Fuhlendorf and Engle 2001). Regardless of their origin, grasslands 

worldwide require fire in order to prevent encroachment by woody plants (Van Langevelde 

et al. 2003, Briggs et al. 2005, Twidwell et al. 2012, Twidwell et al. 2013a, Twidwell et al. 

2014). 

In addition to the fuel management objectives accomplished by pyric herbivory, 

others have attributed numerous ecological benefits to the fire-grazing interaction. Due to the 

effects of fire on predator-prey interactions, pyric herbivory has recently been suggested for 



18 
 

inclusion in studies of food webs and trophic interactions (Bowman et al. 2016). Pyric 

herbivory has been reported to impact abundance of grasshoppers and other invertebrates 

(Engle et al. 2008), which provide critical forage for a number of grassland-obligate birds, 

including prairie-chickens (Hagen et al. 2005). Heterogeneity induced by pyric herbivory or 

pyrodiversity is credited with increasing diversity of North American grassland birds by 

providing patches of vegetation suitable to habitat specialists (Powell 2006, 2008, Hovick et 

al. 2014), as well as birds in Africa (Skowno and Bond 2003, Little et al. 2013) and Australia 

(Kelly et al. 2017b). Similar responses of mammal diversity have been reported in Africa 

(Green et al. 2015), Australia (Radford et al. 2015), and North America (Fuhlendorf et al. 

2010, Ricketts and Sandercock 2016).  

MANAGEMENT IMPLICATIONS 

It is clear from our data that pyric herbivory significantly benefits fuel management 

goals by extending the effects of fuels reduction beyond those of fire alone. These results 

indicate that management through pyric herbivory would increase the amount of time in 

which standard wildland fire-fighting techniques would remain effective at some level (e.g. 

handline, heavy equipment). In order to achieve the maximum benefit for fire management 

goals, managers should incorporate pyric herbivory at spatial and temporal patterns most 

suitable to their needs, depending on landscape features. Successful implementation of pyric 

herbivory, particularly with respect to wildland urban interfaces, could reduce the number of 

structures, livestock, and human lives lost as a result of catastrophic wildfires. Considering 

the high percentage of privately owned land in some states of the southern Great Plains, e.g. 

~97.5% in Texas, ~95% in Oklahoma; (USDI-BLM 2016), public perception is likely to be 

even more critical for acceptance of prescribed fire than in western states. In these private-
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land states, grassroots organizations such as prescribed fire cooperatives may help improve 

social acceptability (Twidwell et al. 2013b). Additionally, complex interactions between 

pyric herbivory and other biotic and abiotic factors, such as drought (Allred et al. 2014, 

Scasta et al. 2015), climate change (Bond and Parr 2010), ecological thresholds (Twidwell et 

al. 2013a), and treatment pattern and scale (Fuhlendorf et al. 2017b, Kelly et al. 2017a), must 

be understood and considered when planning management objectives.  

Fire managers and future researchers can use our results in combination with 

geographic information systems or remote sensing technology to understand how pyric 

herbivory can be applied across the southern Great Plains in order to decrease the size or 

occurrence of catastrophic wildfires. Incorporating pyric herbivory into pyrodiverse fuels 

management treatments will increase their utility by extending the amount of time treatments 

remain effective at preventing ignitions or reducing fire behavior characteristics. 

Additionally, managers can compare our data with fuels data specific to other sites of interest 

to identify priority areas to implement pyric herbivory where current management techniques 

fail to maintain fuels at levels below which fire suppression tactics can be carried out safely 

and successfully. Finally, assuming readily accessible management records, wildfire 

responders may be able to improve personnel safety by prioritizing resources to areas most 

recently treated with pyric herbivory.  
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Table 1. Summary description of study sites, climate, precipitation, and plant communities 
represented. 
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Table 2. Beta coefficients, standard errors, and significance levels for fixed effects of the 
fire-grazing interaction and the main effects of time since fire (MSF) and grazing 
(presence/absence). Shaded boxes indicate non-significant results. FMC- dead fuel moisture 
content 

 

  

Wind   
(km per 

h)

FMC 
(%)

β σ p β σ p β σ p
5 -0.097 0.035 <0.01 0.406 0.024 <0.001 -2.166 1.325 0.11

10 -0.085 0.029 <0.01 0.333 0.021 <0.001 -1.723 1.090 0.12
15 -0.080 0.026 <0.01 0.030 0.018 <0.001 -1.466 0.969 0.13
20 -0.077 0.024 <0.01 0.276 0.017 <0.001 -1.344 0.903 0.15
25 -0.072 0.023 <0.01 0.253 0.016 <0.001 -1.233 0.836 0.15
30 -0.073 0.020 <0.001 0.219 0.014 <0.001 -0.825 0.725 0.26
35 -0.064 0.013 <0.001 0.150 0.009 <0.001 -0.273 0.490 0.58

5 -0.039 0.017 <0.05 0.196 0.013 <0.001 -1.064 0.657 <0.05
10 -0.029 0.014 <0.05 0.160 0.011 <0.001 -0.914 0.543 0.1
15 -0.026 0.013 <0.05 0.142 0.009 <0.001 -0.821 0.483 0.1
20 -0.011 0.015 0.06 0.132 0.009 <0.001 -0.800 0.452 0.09
25 -0.020 0.011 0.08 0.121 0.008 <0.001 -0.750 0.423 0.08
30 -0.016 0.010 0.11 0.102 0.007 <0.001 -0.658 0.365 0.08
35 -0.010 0.007 0.15 0.073 0.005 <0.001 -0.522 0.271 0.06

5 -0.006 0.020 0.78 0.147 0.016 <0.001 -1.868 0.641 <0.01
10 -0.013 0.016 0.43 0.118 0.012 <0.001 -1.371 0.502 <0.05
15 -0.014 0.013 0.29 0.099 0.010 <0.001 -1.098 0.414 <0.05
20 -0.014 0.012 0.24 0.088 0.008 <0.001 -0.953 0.367 <0.05
25 -0.011 0.010 0.28 0.073 0.007 <0.001 -0.802 0.309 <0.05
30 -0.019 0.008 <0.05 0.062 0.006 <0.001 -0.489 0.244 0.052
35 -0.018 0.004 <0.001 0.038 0.003 <0.001 -0.124 0.135 0.36

5 0.002 0.006 0.76 0.023 0.004 <0.001 -0.301 0.148 <0.05
10 0.005 0.004 0.21 0.019 0.003 <0.001 -0.337 0.110 <0.01
15 0.004 0.003 0.2 0.016 0.002 <0.001 -0.286 0.090 <0.01
20 0.004 0.003 0.19 0.014 0.002 <0.001 -0.258 0.079 <0.01
25 0.004 0.003 0.11 0.012 0.002 <0.001 -0.240 0.073 <0.01
30 0.003 0.002 0.23 0.011 0.002 <0.001 -0.189 0.060 <0.01
35 0.002 0.001 0.13 0.008 0.001 <0.001 -0.151 0.043 <0.01

Main effects     
(MSF)

Main effects 
(Grazing)

Interaction effects 
(MSF*Grazing)

40

16

Flame 
Length

40

16

Rate of 
Spread
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FIGURES. 

Figure 1. Mean aboveground biomass (kg per ha) with increasing months since fire across 
sites for pyric herbivory (black) and fire-only (orange) treatments. Shaded areas indicate 95% 
confidence intervals. 

Figure 2. Mean coverage of 1-hour fuels (%) with increasing months since fire across sites 
for pyric herbivory (black) and fire-only (orange) treatments. Shaded areas indicate 95% 
confidence intervals. 

Figure 3. Mean simulated flame length (m) with increasing months since fire across sites for 
pyric herbivory (black) and fire-only (orange) treatments. Shaded areas indicate 95% 
confidence intervals. The green horizontal line indicates the maximum threshold (1.4 m) at 
which hand tools are effective for fighting wildland fires. The blue horizontal line indicates 
flame length at which aerial and heavy equipment effectiveness diminishes (2.4 m). The red 
horizontal line indicates the threshold at which standard wildland firefighting techniques 
become ineffective (3.4 m). Panel A simulated using high (40 km per h) wind speed and 5% 
fuel moisture. Panel B simulated using low (16 km per h) wind speed and 5% fuel moisture. 

Figure 4. Mean simulated flame length (m) with increasing months since fire across sites for 
pyric herbivory (black) and fire-only (orange) treatments in high (40 km per h) wind – 5% 
fuel moisture (Panel A) and low (16 km per h) wind – 10% fuel moisture (Panel B). Shaded 
areas indicate 95% confidence intervals. The green horizontal line indicates the maximum 
threshold (1.4 m) at which hand tools are effective for fighting wildland fires. The blue 
horizontal line indicates flame length at which aerial and heavy equipment effectiveness 
diminishes (2.4 m). The red horizontal line indicates the threshold at which standard wildland 
firefighting techniques become ineffective (3.4 m). Changes in simulated weather conditions 
reflect typical changes associated with nightfall in the southern Great Plains. 

Figure 5. Percentages of fire simulations within each threshold associated with effectiveness 
of wildland firefighting techniques for pyric herbivory (Grazed) and fire-only (Ungrazed) 
treatments. Weather conditions simulated were wind speeds 16 km per h (Low) and 40 km 
per h (High), and fuel moistures from 5% to 35%. 

Figure 6. Simulated rate of spread for pyric herbivory (black) and fire-only (orange) 
treatments. Panel A simulated using wind speed = 40 km per h and 5% fuel moisture, B 
simulated using wind speed = 40 km per h and 10% fuel moisture. Shaded area indicates 
95% confidence intervals. 
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CHAPTER II 
 

 

EFFECTS OF PYRIC HERBIVORY ON PRAIRIE-CHICKEN HABITAT 

 

ABSTRACT 

The reduction and simplification of grasslands has led to the decline of numerous 

species of grassland fauna, particularly grassland-obligate birds. Prairie-chickens 

(Tympanuchus spp.) have been identified as a potential umbrella species for grassland 

conservation due to their requirements for diverse vegetation structure. Pyric herbivory 

has been suggested as a land management strategy for enhancing prairie-chicken habitat, 

thereby benefitting other species as well. We assessed differences in vegetation structure 

created by pyric herbivory compared to fire-only treatments to determine whether pyric 

herbivory increased habitat heterogeneity, spatially or temporally. Our study was 

performed at four sites in the southern Great Plains, all within the current or historic 

distribution of either lesser, greater, or Attwater’s prairie-chickens. Because these species 

occur in different ecoregions, we focused on general rather than fine-scale vegetative 

characteristics. Key vegetative characteristics of grass cover and vegetation height in
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pyric herbivory and fire-only treatments were within the recommended range of values 

for prairie-chickens. However, patches managed via pyric herbivory provided 

approximately 5% more forb cover than fire-only treatments for almost 30 months post-

fire. Additionally, pyric herbivory extended the length of time bare ground was present 

after fires, potentially extending the utility of patches for prairie-chicken broods. Pyric 

herbivory also reduced vegetation height and biomass, with mean vegetation height in 

pyric herbivory treatments lagging behind fire-only treatments by approximately 15 

months. Canopy cover in fire-only treatments exceeded levels recommended for prairie-

chicken broods within 12 months post-fire. However, canopy cover in pyric herbivory 

treatments never exceeded the maximum recommended levels. Overall, pyric herbivory 

improved vegetative characteristics critical to the reproductive stages of prairie-chickens. 

Our results indicate pyric herbivory is a viable rangeland management strategy for 

conservation of prairie-chickens across the southern Great Plains.  

 

INTRODUCTION 

 Over the past century, rangelands (grasslands, shrublands, and savannas) have 

declined worldwide, primarily caused by anthropogenic land use change (Hoekstra et al. 

2005). Rangeland fragmentation is a result of many factors, including urbanization, 

conversion to croplands, and energy development (Brennan and Kuvlesky 2005). 

Furthermore, in the Great Plains of North America, traditional rangeland management 

practices, which encouraged uniform grazing distributions and homogeneous landscapes, 

have also been credited with exacerbating this decline (Fuhlendorf and Engle 2001, 

Briske et al. 2003). Departure from historical fire regimes – resulting in increases and 
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decreases of fire frequencies, as well as decoupling of historical interactions, contributed 

to this simplification (Fuhlendorf and Engle 2001, Briggs et al. 2005). In portions of the 

Great Plains where fire suppression occurred, woody plants encroached upon the prairie 

(Briggs et al. 2005). In portions where fire frequency increased (large-scale annual 

burning in Flint Hills of Kansas), structural and compositional vegetation characteristics 

became simplified, with a net result of lower biodiversity (Collins 1992, Fuhlendorf and 

Engle 2001, 2004). Areas where fire frequency decreased were  invaded by woody 

species, (Collins 1992, Samson and Knopf 1994, Fuhlendorf and Engle 2001, 2004, 

Briggs et al. 2005). Consequently, alteration in this region have resulted in decreases in 

several grassland species (Brennan and Kuvlesky Jr 2005, Horncastle et al. 2005). 

Grassland birds are of particular interest, their numbers precipitously falling in response 

to the reduction in available habitat (Sauer et al. 2013). While some grassland birds 

require vegetation that has been recently disturbed, others select for long-undisturbed 

vegetation (Hovick et al. 2014). Therefore, evidence suggests a wide range of vegetation 

structure is essential for conservation of this suite of birds  (Fuhlendorf et al. 2006, 

Rahmig et al. 2009, McNew et al. 2015).  

Prairie-chickens (Tympanuchus spp.) have been identified as indicator species for 

rangeland conservation (Poiani et al. 2001, Rahmig et al. 2009, McNew et al. 2015) 

because they require heterogeneous landscapes comprised of multiple types of vegetation 

structure in order to carry out the distinct stages of their life history (Svedarsky et al. 

2003, Hagen et al. 2004, USFWS 2010). Furthermore, of the five Tympanuchus species 

and subspecies, only one (T. phasianellus) is currently considered a species of “least 

concern” according to the International Union for conservation of Nature and Natural 
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Resources (IUCN 2017). Of the others, one (T. c. cupido) is extinct, one (T. c. attwateri) 

is critically endangered, and two (T. pallidicinctus and T. c. pinnatus) are considered 

“vulnerable.” The historic distribution of prairie-chickens spanned much of the southern 

Great Plains. Currently, lesser prairie-chickens (Tympanuchus pallidicinctus) inhabit 

landscapes characterized by communities of mixed grasses and shrubs characteristic of 

the western Great Plains (Harrell and Fuhlendorf 2002, Johnson et al. 2004, Bell et al. 

2010), whereas greater prairie-chickens (T. cupido pinnatus) primarily inhabit tallgrass 

prairie in the eastern part of the region, although some overlap of the two has occurred in 

western Kansas (Bain and Farley 2002). Attwater’s prairie-chickens (T. c. attwateri) are a 

critically endangered sub-species of the greater prairie-chicken originally found in coastal 

prairies of Texas and Louisiana, but are now restricted primarily to the Attwater’s Prairie-

Chicken National Wildlife Refuge (USFWS 2010).  

In general, prairie-chickens require bare ground or short vegetation to carry out 

their mating display, known as lekking (Hagen et al. 2005b, USFWS 2010, Hovick et al. 

2015b). For nesting cover, lesser prairie-chickens in mixed-grass/shrub communities 

select sites in low-growing shrubs (Johnson et al. 2004) such as shinnery oak (Quercus 

havardii) or sand sagebrush (Artemisia filifolia). In mixed-grass prairies without shrubs, 

lesser prairie-chickens often nest in areas of high grass cover from previous years of 

growth (Lautenbach 2017), similar to nesting cover of  greater and Attwater’s prairie-

chicken (USFWS 2010, Hovick et al. 2015c, Fuhlendorf et al. 2017). Prairie-chickens 

also exhibit a general avoidance of trees (Fuhlendorf et al. 2002, Hovick et al. 2015c, 

Fuhlendorf et al. 2017), with an exponential decrease in probability of use by lesser 

prairie-chickens as density of trees per hectare increases (Lautenbach et al. 2017). 
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Similarly, assessments of greater prairie-chicken habitat use revealed distance to nearest 

tree as one of the most influential factors in determining nest location (Hovick et al. 

2015c). Moreover, grassland structure and composition must span multiple years to 

achieve the diversity of vegetation structure required by prairie-chickens to carry out their 

various life stages (Hagen et al. 2004, USFWS 2010, Fuhlendorf et al. 2017).  

Recommendations for prairie-chicken conservation include practices that promote 

heterogeneity across the landscape and limit woody plants (Hagen et al. 2004, Fuhlendorf 

et al. 2017). Research demonstrates that when spatial and temporal heterogeneity occur 

simultaneously, a “shifting mosaic” occurs, which is often a net benefit for biological 

diversity (Fuhlendorf et al. 2006, Engle et al. 2008, Powell 2008, Fuhlendorf et al. 2009, 

Hovick et al. 2014). This shifting mosaic can occur at multiple spatial scales (Fuhlendorf 

et al. 2017), and can result from differential application of one or several management 

practices. For example, the use of prescribed fire can be used to limit woody plants but 

also promote heterogeneity, commonly referred to as “pyrodiversity” (Martin and Sapsis 

1992). Pyrodiversity provides variable vegetation structure as a result of variation in fire 

regimes – fires occurring in different seasons and at different frequencies, intensities, and 

sizes across a landscape (Martin and Sapsis 1992). However, pyrodiversity often ignores 

the effects of grazing. A heterogeneous vegetation mosaic can also be achieved by 

restoration of the complex spatial and temporal interaction between fire and herbivory 

(Fuhlendorf and Engle 2001, 2004). This interaction, termed pyric herbivory (Fuhlendorf 

et al. 2009), occurs as a result of free-roaming herbivores preferentially foraging on the 

most recently burned patches within a landscape (Allred et al. 2011). Patches with greater 

time since fire are largely ignored by grazers, which allows for biomass accumulation 
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that will in turn fuel future fires (Allred et al. 2011). Landscape heterogeneity promoted 

by pyric herbivory has been shown to increase songbird diversity or otherwise change 

community composition (Powell 2008, Hovick et al. 2014). Moreover, herpetofaunal 

diversity has been shown to increase within pyric herbivory treatments versus traditional 

management (Wilgers and Horne 2006). Pyric herbivory can also improve abundance and 

diversity of invertebrates, which are an important food source for prairie-chickens (Hagen 

et al. 2005b)..  

The continued downward population trends and conservation status of species 

within the Tympanuchus genus suggest that broadscale land use practices may be 

contributing to these declines (Fuhlendorf et al. 2017). The presence of three species of 

varying levels of concern in the southern Great Plains offers an opportunity to investigate 

generalized patterns affecting their conservation across multiple ecosystems within the 

region. Considering the wide range of vegetation structure required by prairie-chickens 

(Table 1) and their status as indicator species for grassland conservation, we sought to 

evaluate the potential for pyric herbivory to create a shifting mosaic of vegetation 

containing suitable lekking, nesting, and brooding cover at all times across rangelands in 

the southern Great Plains. Our specific objectives were to (1) evaluate the impacts of time 

since fire and pyric herbivory on plant functional group composition; (2) examine 

impacts of time since fire and pyric herbivory on vegetation structure; (3) determine 

whether pyric herbivory provides a vegetative structure that offers the structure and 

composition necessary for prairie-chickens to complete their various life stages; (4) 

determine whether pyric herbivory affects invertebrate diversity or biomass compared to 

fire-only (pyrodiversity) treatments. To assess the shifting mosaic both spatially and 
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temporally, we developed a large-scale experiment on sites within the historical 

distributions of lesser, greater, and Attwater’s prairie-chickens across the diverse 

ecoregions of the southern Great Plains. 

STUDY SITES AND METHODS 

 Our study was conducted at four sites across the southern Great Plains and within 

the current or historical distribution of the lesser, greater, or Attwater’s prairie-chicken: 

Aransas National Wildlife Refuge (NWR), Attwater’s Prairie-chicken NWR, the 

Tallgrass Prairie Preserve, and Packsaddle Wildlife Management Area (Table 2). Each 

site is managed using fire to promote heterogeneity (e.g. pyrodiversity), and pyric 

herbivory is a prominent part of the management strategy at three sites. One site, the 

Aransas National Wildlife Refuge, was entirely ungrazed by domestic herbivores. Burns 

were planned and executed by personnel at each site according to site-specific 

management goals, but generally intended to mimic the timing and intensity of the pre-

settlement fire regime. Because the goal is to promote heterogeneity, fires are allowed to 

be heterogeneous within and between patches. This results in some patches burning 

incompletely as a result of fuel conditions and fire behavior, which further contribute to 

heterogeneity. 

Our study sites are comprised primarily of vegetation native to their ecoregion, 

and represent four of the vegetation types characteristic of the southern Great Plains. 

Other decision factors included dominance of native vegetation and current fire 

management regimes. Sites are located across a precipitation gradient from semi-arid at 

the westernmost site to wet and highly productive in the east. Climates vary across sites 

from temperate at the northernmost site to humid subtropical at the southernmost. Other 
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differences between our study sites include ownership (e.g. federal, state), soils, length of 

time under current management, and scale of treatment. Such differences are common 

across the large geographic region of the southern Great Plains. 

Vegetation Sampling 

Vegetation samples were collected from June 2014 through August 2016. 

Transects were randomly placed in both pyric herbivory and fire-only patches with an 

attempt to focus on patches with similar time since fire at each study site. In the event 

that a patch was burned after it was sampled, we continued sampling transects within the 

patch, recording months since the most recent fire. This allowed us to create a 

chronosequence of the vegetative response. Because of the high fire frequency at all sites, 

relatively few patches reach 48 months post-fire. Therefore, we focused our sampling on 

patches with less than 48 months post-fire. In the event that a patch was burned during 

the course of the study, transects within the patch continued to be sampled, with months 

since fire reset corresponding to the most recent fire. To ensure that data collected were 

relevant to the study objectives, sampling was limited to burn patches comprised of 

native or restored prairies. Eight transects were randomly placed in each patch. In an 

effort to avoid vegetation differences caused by variability in fire intensity between 

headfires, backfires, and flank-fires (Bidwell et al. 1990), transects were greater than 50 

meters from patch perimeters, roads, or natural fire breaks. 

Vegetation measurements were recorded at 5 meter intervals (excluding 0) in 0.25 

m2 plots along each transect to quantify habitat characteristics within each patch. Percent 

cover of functional groups (grass, shrub, forb) was recorded within each plot using the 

Daubenmire method (Daubenmire 1968). To avoid artificially altering future vegetation 
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measurements along transects, clippings were taken from five 0.25 m2 plots were clipped 

parallel to each transect at a distance of 10 meters away. Vegetation variables measured 

were aboveground biomass, mean height of woody and herbaceous vegetation, height of 

tallest woody and herbaceous vegetation, percent cover of grasses, forbs, shrubs, bare 

ground, and litter. Vegetation height was measured using a wooden dowel rod 12mm in 

diameter and 122 cm in length, painted white and marked at 1 cm increments. Using this 

rod, we also recorded the highest point at which live and dead/dormant vegetation 

touched the pole at 4 random locations within each sample plot (Bell et al. 2010). 

Along each transect, invertebrate samples at each site were collected following 

the sweep net method by taking 25 sweeps along each transect (25 sweeps x 8 transects 

per bur unit = 200 sweeps per burn unit) (Doxon et al. 2011). Invertebrates were 

immediately stored in coolers, then frozen until they could be dried, sorted, and counted. 

Samples within a burn unit were pooled, sorted to order, and weighed using a digital 

balance to the nearest 0.01g after drying.  

Analysis 

 We first calculated correlations between all vegetation variables to check for 

multicollinearity (Figure 1). Because of high correlation between the heights of tallest 

shrub and mean shrub (r=0.96, p<0.001), height of tallest shrub was dropped from further 

analyses. We then created linear or generalized linear mixed-effects models to test for 

treatment differences in the remaining vegetation variables. Due to the proportional 

nature of vegetation cover variables, we used generalized linear mixed models (glmer) in 

package lme4 of the R environment (Bates et al. 2013, R Core Team 2016). These 

variables were recorded as proportional data between 0 and 1, and we used a binomial 
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distribution with a logit link function to fit models (Bolker et al. 2009). To model 

biomass and height variables, we used linear mixed effects (lmer) models within the same 

package. For each vegetation variable, a priori models were created to assess the effects 

of time since fire (MSF), grazing, and the fire-grazing interaction. To account for spatial 

autocorrelation within sites, as well as control for unique site characteristics that were 

beyond the scope of our study, we included site as a nested random variable with a 

structure (1|Site/Patch/Transect/Sample) (Bolker et al. 2009). Collection year was 

included as a crossed random variable (1|Collect.Year) to account for differences in 

large-scale weather patterns across years.   

RESULTS 

Vegetation characteristics 
  
  Time since fire was a significant predictor of all vegetation cover variables we 

recorded (Table 2). The fire-grazing interaction of pyric herbivory was a significant 

predictor of all cover variables except percent cover of shrubs. Grass cover (%) was 

greater in fire-only treatments beginning approximately 6 months post-fire (Figure 2). 

Both grass cover (%) and biomass increased at a higher rate in fire-only than in pyric 

herbivory treatments. Forbs, a critical component of prairie-chicken diets, had greater 

percent cover in pyric herbivory than fire-only treatments for more than 24 months post-

fire (Figure 3). Percent bare ground was higher in pyric herbivory than fire-only 

treatments between 18 and 30 months post-fire (Figure 4). Bare ground reached a 

minimum of approximately 7% in fire-only treatments, lower than the minimum 

recommendation of 12% for brooding greater prairie-chickens and 36% bare ground used 
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by lesser prairie-chicken broods (Hagen et al. 2013, Anderson et al. 2015). Percent cover 

of litter was similar between treatments for up to 24 months post-fire.  

Time since fire was a significant predictor of all vegetation structure variables we 

measured, with the exception of mean shrub height (p = 0.06). The fire-grazing 

interaction was a significant predictor of all structural variables except mean height of 

dead/dormant vegetation (p = 0.637). Maximum and mean height of herbaceous 

vegetation were lower in pyric herbivory than in fire-only treatments (Figure 5 and 6, 

respectively). Additionally, mean height of both live and dead vegetation were higher in 

fire-only than in pyric herbivory treatments (Figure 7). Our results also revealed 

treatment differences in the relationship between maximum height of herbaceous 

vegetation and percent grass cover. Maximum herbaceous vegetation was taller in fire-

only treatments as percent cover of grasses increased (Figure 8), a relationship consistent 

with the “grazing lawns” produced by pyric herbivory.  Maximum height of herbaceous 

vegetation in pyric herbivory treatments lagged temporally behind fire-only treatments by 

as much as 12 months (Figure 5). Likewise, mean heights of live and dead/dormant 

vegetation in pyric herbivory treatments lagged behind fire-only treatments by up to 15 

months (Figure 7). The maximum height of herbaceous vegetation across sites in our 

study in fire-only areas was approximately 80 cm, compared to approximately 67 cm in 

pyric herbivory treatments (Figure 5).   

We found no significant differences between pyric herbivory and fire-only 

treatments for either invertebrate richness (p = 0.70) or biomass (p = 0.09). Mean number 

of orders  in pyric herbivory treatments was 8.63 and in fire-only treatments 7.79. Mean 
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invertebrate biomass per patch was 4.05 g and 2.81 g for pyric herbivory and fire-only 

treatments, respectively.  

Site variability   

 The random effects coefficients from our models revealed that most of the 

variation due to site characteristics occurred within, rather than across sites (Table 3). For 

maximum height of herbaceous vegetation, 49.7% of the random variation was a function 

of differences at the patch or transect (within-site) level. For mean herbaceous vegetation 

height, 48.2% of the random variation occurred at the within-site level. Similarly, patch-

level variation accounted for 62.7% of the random variation in maximum live vegetation 

height. For mean shrub height, the only variable not affected by time since fire, patch-

level variation accounted for just 12.2%, while residual (unexplained) variation was 

responsible for 64% of the random variation. Residual variation was also considerable for 

maximum dead/dormant vegetation height, the only vegetation structure variable not 

affected by the fire-grazing interaction. Variation due to year ranged from 0.3% for mean 

shrub height to 12% for maximum height of dead/dormant vegetation.  

DISCUSSION 

 Our data suggest that time since fire has significant impacts on vegetation 

community composition and structure, and underscore the need for restoration of pre-

settlement fire regimes across rangelands of the Great Plains. Likewise, the significant 

effects we observed as a result of the fire-grazing interaction highlight the importance of 

complex biotic and abiotic interactions in shaping the landscape in which prairie-

chickens evolved. Our results indicate that time since fire and its interaction with grazing 
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are major drivers of vegetation composition and structure, and have direct implications to 

prairie-chicken habitat.  

Prairie-chickens must have areas with a high percentage (>40%) of bare ground. 

Our data reveal that both fire-only and pyric herbivory treatments offer greater than 40% 

bare ground for up to approximately 6 months post-fire. In addition to bare ground, leks 

have been observed in low-growing vegetation less than 16 cm in height (USFWS 2010). 

The fire-grazing interaction forms “grazing lawns,” areas of very short (10-15 cm) 

vegetative cover resulting from intense grazing pressure by herbivores (Archibald et al. 

2005, Allred et al. 2011). These grazing lawns are maintained until the next patch is 

burned, which then itself becomes a grazing lawn. In a landscape managed extensively by 

pyric herbivory, the presence of grazing lawns offers lekking areas that shift in space and 

time as a result of the fire-grazing interaction (Hovick et al. 2015a).  

Prairie-chicken broods require areas with moderate canopy cover (~25-60%, 20-

30 cm tall) as well as sufficient bare ground to facilitate chick movement. Considering 

these recommendations, our results indicate that patch-burned areas remain below the 

maximum of 60%, whereas fire-only units exceeded 60% canopy cover within 12 

months. Broods of greater prairie-chickens use areas with a high proportion of bare 

ground, but brood survival tends to be a function of forb cover (Matthews et al. 2011). 

Although it is obviously impossible to simultaneously maximize bare ground and forb 

cover, our results suggest that patch-burning increases or extends the length of time both 

are present compared to fire-only treatments. Between 18 and 30 months post-fire, bare 

ground was higher in patch-burned treatments, with forb cover higher until approximately 

30 months as well. The difference in bare ground indicates that pyric herbivory may 
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improve the utility of patches with greater time since fire for prairie-chicken broods 

compared to fire-only treatments. Therefore, our data suggest pyric herbivory can provide 

improved prairie-chicken brooding cover for up to 30 months post-fire. Moreover, insects 

have been shown to be positively correlated with forb cover, and are a crucial food source 

during the first 14 days of a chick’s life (Hagen et al. 2005a). Thus, presence of more 

forbs in patch-burned treatments could provide an additional forage resource by 

increasing invertebrates, despite the lack of significant treatment differences in our study.  

Suitable nesting habitat for prairie-chickens consists of grasslands comprised of 

senescent vegetation 15-67 cm in height, usually from prior years’ growth (USFWS 

2010). Lesser prairie-chicken nests have been reported in cover 48 cm tall, with total 

(grass, forb, and shrub) canopy cover greater than 60% in a sand-sagebrush mixed-grass 

ecosystem (Grisham et al. 2014). In a grassland system, lesser prairie-chickens selected 

sites with ~65% grass cover, ~20% forb cover, and ~10% bare ground (Lautenbach 

2017). Our results indicate that the predominant vegetation types within the southern 

Great Plains with greater than ~12 months post-fire offer greater than 60% total canopy 

cover and ≥ 48 cm grass height in both PBG and fire-only treatments. However, 

Attwater’s prairie-chickens have been reported to select areas of vegetation that averaged 

67 cm in height, which was less than the 85 cm height found at random locations 

(Lockwood et al 2005). Our results indicate that the vegetation structure offered by pyric 

herbivory maintains vegetation heights below that which is avoided by prairie-chickens. 

Moreover, the vegetation structural characteristics we observed are within the range of 

values recommended for providing suitable nesting habitat (Hagen et al. 2004, USFWS 

2010). Despite the finding of higher forb cover in pyric herbivory than fire-only 
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treatments, we found no significant differences in invertebrate richness or biomass 

between treatments. One potential cause of this was that we only sorted invertebrates to 

order, reducing the resolution of the data. It is likely, however, that both treatments 

exhibited higher invertebrate biomass than traditional management, as has been reported 

in comparisons of pyric herbivory to traditional management (Engle et al. 2008). 

While our study directly compared effects of the fire-grazing interaction to sites 

burned with similarly patchy fires without grazing (pyrodiversity), a number of studies 

have reported on the effects of annual burning or annual burning/grazing within the 

southern Great Plains. Percent cover of grasses increases linearly with increasing fire 

frequency, reaching 80% cover in annually burned patches (Collins and Calabrese 2012). 

Although annual burning is credited with a reduction in shrub cover, which could be 

construed as a benefit in tallgrass prairie ecosystems (Towne and Kemp 2003), the 

resultant increase in grass cover is correlated with decreases in forb cover, a necessary 

food source for prairie-chickens (Collins 1992, Coppedge et al. 2008).  Furthermore, 

annual burning with intensive early stocking of cattle reduces height of vegetation below 

the recommended minimum for nesting cover (McNew et al. 2015).  

Despite the differences between our study sites, our results suggest that the 

importance of time since fire, as well as the fire-grazing interaction incorporated by pyric 

herbivory, can reasonably be generalized across the southern Great Plains. Considerable 

variation in random effects at the site level would have indicated that unmeasured site 

differences contributed significantly to our results. However, that the largest source of 

variation due to site factors came from within-site differences illustrates the applicability 

of our results to rangelands of the southern Great Plains. Thus, restoration of pyric 
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herbivory and pre-settlement fire frequencies to rangelands, implemented at a landscape 

scale, stands to offer significant conservation opportunities for prairie-chickens, as well 

as conservation of other grassland species (Hovick et al. 2014). The strength of the effect 

of pyric herbivory should be expected to differ depending upon stocking rate and size of 

management patches relative to the landscape being managed (Fuhlendorf et al. 2009, 

Fuhlendorf et al. 2017).  For instance, our overall results did not reveal sustained 

presence of grazing lawns, a finding which may be the result of site differences in 

patterns of fire implementation. At the APCNWR, burns are executed on numerous 

relatively small plots (20-400 ha), often within a single week of one another. Such a 

pattern, coupled with low-moderate stocking rates, may effectively reduce the intensity of 

grazing to a degree that grazing lawns cannot be achieved. Reduced grazing intensity 

allows for more rapid increases in biomass, reducing the effectiveness of fuels reduction 

treatments as well. 

MANAGEMENT IMPLICATIONS 

 Landscapes in the highly productive southern Great Plains managed for prairie-

chicken conservation should strive to maximize heterogeneity in order to provide suitable 

vegetation structure for lekking, nesting, and brood-rearing behaviors. Time since fire 

and pyric herbivory are significant drivers of vegetation structure, which suggests the 

need to restore pyric herbivory to Great Plains rangelands. The impact of the fire-grazing 

interaction on vegetation structure highlights the importance of interactions in the 

evolutionary history of the Great Plains. Using pyric herbivory as a systemic land 

management strategy across multiple ecoregions can benefit prairie-chicken conservation 

by providing vegetation suitable for lekking, nesting, and brooding habitat within close 
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proximity both spatially and temporally. In addition to benefitting conservation of the 

declining Tympanuchus genus, restoring pyric herbivory to Great Plains landscapes offers 

a net increase of biodiversity. In a landscape where drought and/or local burn restrictions 

could prevent burning in any given year, the temporal increase in availability of 

vegetation suitable for critical life stages may affect prairie-chicken populations 

significantly by providing vegetation types that may not be present in the absence of the 

fire-grazing interaction.  

LITERATURE CITED 

Allred, B. W., S. D. Fuhlendorf, D. M. Engle, and R. D. Elmore. 2011. Ungulate 
preference for burned patches reveals strength of fire-grazing interaction. Ecology 
and Evolution 1:132-144. 

Anderson, W. R., M. G. Cruz, P. M. Fernandes, L. McCaw, J. A. Vega, R. A. Bradstock, 
L. Fogarty, J. Gould, G. McCarthy, J. B. Marsden-Smedley, S. Matthews, G. 
Mattingley, H. G. Pearce, and B. W. van Wilgen. 2015. A generic, empirical-
based model for predicting rate of fire spread in shrublands. International Journal 
of Wildland Fire 24:443-460. 

Archibald, S., W. J. Bond, W. D. Stock, and D. H. K. Fairbanks. 2005. Shaping the 
landscape: Fire-grazer interactions in an African savanna. Ecological Applications 
15:96-109. 

Bain, M. R., and G. H. Farley. 2002. Display by apparent hybrid prairie-chickens in a 
zone of geographic overlap. The Condor 104:683-687. 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2013. lme4: Linear mixed-effects 
models using Eigen and S4. R package version 1.0-5. 

Bell, L. A., S. D. Fuhlendorf, M. A. Patten, D. H. Wolfe, and S. K. Sherrod. 2010. Lesser 
Prairie-Chicken Hen and Brood Habitat Use on Sand Shinnery Oak. Rangeland 
Ecology & Management 63:478-486. 

Bidwell, T. G., D. M. Engle, and P. L. Claypool. 1990. Effects of Spring Headfires and 
Backfires on Tallgrass Prairie. Journal of Range Management 43:209-212. 

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H. H. Stevens, 
and J.-S. S. White. 2009. Generalized linear mixed models: a practical guide for 
ecology and evolution. Trends in Ecology & Evolution 24:127-135. 

Brennan, L. A., and W. P. Kuvlesky Jr. 2005. North American grassland birds: an 
unfolding conservation crisis? Journal of Wildlife Management 69:1-13. 

 
Briggs, J. M., A. K. Knapp, J. M. Blair, J. L. Heisler, G. A. Hoch, M. S. Lett, and J. K. 

McCarron. 2005. An ecosystem in transition. Causes and consequences of the 
conversion of mesic grassland to shrubland. BioScience 55:243-254. 



53 
 

Briske, D. D., S. D. Fuhlendorf, and F. E. Smeins. 2003. Vegetation dynamics on 
rangelands: a critique of the current paradigms. Journal of Applied Ecology 
40:601-614. 

Collins, S. L. 1992. Fire Frequency and Community Heterogeneity in Tallgrass Prairie 
Vegetation. Ecology 73:2001-2006. 

Collins, S. L., and L. B. Calabrese. 2012. Effects of fire, grazing and topographic 
variation on vegetation structure in tallgrass prairie. Journal of Vegetation Science 
23:563-575. 

Coppedge, B. R., S. D. Fuhlendorf, W. C. Harrell, and D. M. Engle. 2008. Avian 
community response to vegetation and structural features in grasslands managed 
with fire and grazing. Biological Conservation 141:1196-1203. 

Daubenmire, R. 1968. Ecology of fire in grasslands. Advances in Ecological Research 
5:209-283. 

Doxon, E. D., C. A. Davis, S. D. Fuhlendorf, and S. L. Winter. 2011. Aboveground 
Macroinvertebrate Diversity and Abundance in Sand Sagebrush Prairie Managed 
With the Use of Pyric Herbivory. Rangeland Ecology & Management 64:394-
403. 

Engle, D. M., S. D. Fuhlendorf, A. Roper, and D. M. Leslie. 2008. Invertebrate 
community response to a shifting mosaic of habitat. Rangeland Ecology & 
Management 61:55-62. 

Fuhlendorf, S. D., and D. M. Engle. 2001. Restoring heterogeneity on rangelands: 
Ecosystem management based on evolutionary grazing patterns. BioScience 
51:625-632. 

Fuhlendorf, S. D., and D. M. Engle. 2004. Application of the fire-grazing interaction to 
restore a shifting mosaic on tallgrass prairie. Journal of Applied Ecology 41:604-
614. 

Fuhlendorf, S. D., D. M. Engle, J. Kerby, and R. Hamilton. 2009. Pyric Herbivory: 
Rewilding Landscapes through the Recoupling of Fire and Grazing. Conservation 
Biology 23:588-598. 

Fuhlendorf, S. D., W. C. Harrell, D. M. Engle, R. G. Hamilton, C. A. Davis, and D. M. 
Leslie. 2006. Should heterogeneity be the basis for conservation? Grassland bird 
response to fire and grazing. Ecological Applications 16:1706-1716. 

Fuhlendorf, S. D., T. J. Hovick, R. D. Elmore, A. M. Tanner, D. M. Engle, and C. A. 
Davis. 2017. A Hierarchical Perspective to Woody Plant Encroachment for 
Conservation of Prairie-Chickens. Rangeland Ecology & Management 70:9-14. 

Fuhlendorf, S. D., A. J. W. Woodward, D. M. Leslie, and J. S. Shackford. 2002. Multi-
scale effects of habitat loss and fragmentation on lesser prairie-chicken 
populations of the US Southern Great Plains. Landscape Ecology 17:617-628. 

Grisham, B. A., P. K. Borsdorf, C. W. Boal, and K. K. Boydston. 2014. Nesting ecology 
and nest survival of lesser prairie-chickens on the Southern High Plains of Texas. 
Journal of Wildlife Management 78:857-866. 

Hagen, C. A., B. A. Grisham, C. W. Boal, and D. A. Haukos. 2013. A Meta-Analysis of 
Lesser Prairie-Chicken Nesting and Brood-Rearing Habitats: Implications for 
Habitat Management. Wildlife Society Bulletin 37:750-758. 



54 
 

Hagen, C. A., B. E. Jamison, K. M. Giesen, and T. Z. Riley. 2004. Guidelines for 
managing lesser prairie-chicken populations and their habitats. Wildlife Society 
Bulletin 32:69-82. 

Hagen, C. A., J. C. Pitman, B. K. Sandercock, R. J. Robel, and R. D. Applegate. 2005a. 
Age-specific variation in apparent survival rates of male Lesser Prairie-Chickens. 
Condor 107:78-86. 

Hagen, C. A., G. C. Salter, J. C. Pitman, R. J. Robel, and R. D. Applegate. 2005b. Lesser 
prairie-chicken brood habitat in sand sagebrush: invertebrate biomass and 
vegetation. Wildlife Society Bulletin 33:1080-1091. 

Harrell, W. C., and S. D. Fuhlendorf. 2002. Evaluation of habitat structural measures in a 
shrubland community. Journal of Range Management 55:488-493. 

Hoekstra, J. M., T. M. Boucher, T. H. Ricketts, and C. Roberts. 2005. Confronting a 
biome crisis: global disparities of habitat loss and protection. Ecology Letters 
8:23-29. 

Horncastle, V. J., E. C. Hellgren, P. M. Mayer, A. C. Ganguli, D. M. Engle, and D. M. 
Leslie. 2005. Implications of invasion by Juniperus virginiana on small mammals 
in the southern Great Plains. Journal of Mammalogy 86:1144-1155. 

Hovick, T. J., B. W. Allred, R. D. Elmore, S. D. Fuhlendorf, R. G. Hamilton, and A. 
Breland. 2015a. Dynamic Disturbance Processes Create Dynamic Lek Site 
Selection in a Prairie Grouse. Plos One 10:14. 

Hovick, T. J., D. K. Dahlgren, M. Papes, R. D. Elmore, and J. C. Pitman. 2015b. 
Predicting Greater Prairie-Chicken Lek Site Suitability to Inform Conservation 
Actions. Plos One 10:11. 

Hovick, T. J., R. D. Elmore, and S. D. Fuhlendorf. 2014. Structural heterogeneity 
increases diversity of non-breeding grassland birds. Ecosphere 5:13. 

Hovick, T. J., R. D. Elmore, S. D. Fuhlendorf, and D. K. Dahlgren. 2015c. Weather 
Constrains the Influence of Fire and Grazing on Nesting Greater Prairie-Chickens. 
Rangeland Ecology & Management 68:186-193. 

Johnson, K., B. H. Smith, G. Sadoti, T. B. Neville, and P. Neville. 2004. Habitat use and 
nest site selection by nesting lesser prairie-chickens in southeastern New Mexico. 
Southwestern Naturalist 49:334-343. 

Kelly, L. T., L. Brotons, and M. A. McCarthy. 2017. Putting pyrodiversity to work for 
animal conservation. Conservation Biology. 

Lautenbach, J. 2017. The role of fire, microclimate, and vegetation in lesser prairie-
chicken habitat selection. Kansas State University. 

Lautenbach, J. M., R. T. Plumb, S. G. Robinson, C. A. Hagen, D. A. Haukos, and J. C. 
Pitman. 2017. Lesser Prairie-Chicken Avoidance of Trees in a Grassland 
Landscape. Rangeland Ecology & Management 70:78-86. 

Limb, R. F., S. D. Fuhlendorf, D. M. Engle, and R. F. Miller. 2016. Synthesis Paper: 
Assessment of Research on Rangeland Fire as a Management Practice. Rangeland 
Ecology & Management 69:415-422. 

Martin, R. E., and D. B. Sapsis. 1992. Fires as agents of biodiversity: pyrodiversity 
promotes biodiversity.in Proceedings of the conference on biodiversity of 
northwest California ecosystems. Cooperative Extension, University of 
California, Berkeley. 



55 
 

Matthews, T. W., A. J. Tyre, J. S. Taylor, J. J. Lusk, and L. A. Powell. 2011. Habitat 
selection and brood survival of greater prairie-chickens. Ecology, conservation, 
and management of grouse. University of California Press, Berkeley, USA:179-
194. 

McNew, L. B., V. L. Winder, J. C. Pitman, and B. K. Sandercock. 2015. Alternative 
Rangeland Management Strategies and the Nesting Ecology of Greater Prairie-
Chickens. Rangeland Ecology & Management 68:298-304. 

Poiani, K. A., M. D. Merrill, and K. A. Chapman. 2001. Identifying conservation-priority 
areas in a fragmented minnesota landscape based on the umbrella species concept 
and selection of large patches of natural vegetation. Conservation Biology 
15:513-522. 

Powell, A. 2008. Responses of breeding birds in tallgrass prairie to fire and cattle 
grazing. Journal of Field Ornithology 79:41-52. 

R Core Team. 2016. R: A language and environment for statistical computing.in R. F. f. 
S. Computing, editor., Vienna, Austria. 

Rahmig, C. J., W. E. Jensen, and K. A. With. 2009. Grassland Bird Responses to Land 
Management in the Largest Remaining Tallgrass Prairie. Conservation Biology 
23:420-432. 

Samson, F., and F. Knopf. 1994. Prairie Conservation in North-America. BioScience 
44:418-421. 

Sauer, J. R., W. A. Link, J. E. Fallon, K. L. Pardieck, and D. J. Ziolkowski Jr. 2013. The 
North American breeding bird survey 1966-2011: summary analysis and species 
accounts. North American Fauna 79:1-32. 

Svedarsky, W., J. Toepfer, R. Westemeier, and R. Robel. 2003. Effects of management 
practices on grassland birds: greater prairie-chicken. US Geological Survey, 
Northern Prairie Wildlife Research Center. 

Towne, E. G., and K. E. Kemp. 2003. Vegetation dynamics from annually burning 
tallgrass prairie in different seasons. Journal of Range Management 56:185-192. 

USFWS. 2010. Attwater's Prairie-Chicken Recovery Plan, Second Revision.in U. F. W. 
Service and D. o. Interior, editors. Attwater's Prairie-Chicken Recovery Plan, 
Second Revision. 

Wilgers, D. J., and E. A. Horne. 2006. Effects of different burn regimes on tallgrass 
prairie herpetofaunal species diversity and community composition in the Flint 
Hills, Kansas. Journal of Herpetology 40:73-84. 



56 
 

 

TABLES 

Table 1. Summary of habitat requirements for Attwater’s (ATPC), greater (GRPC), and lesser (LEPC) prairie-chickens and plant 
communities in which each is found.  

 

  

Species Plant community Habitat type
Grass cover 

(%)
Forb cover 

(%)
Shrub cover 

(%)
Bare Ground 

(%)
Litter cover 

(%)
Grass 
Height

Shrub 
Height

Source

Lekking ≤ 16 NS
Nesting > 25 > 5 < 5 16.5 23 - 67.3 NS
Brooding > 25 > 5 < 5 10.1 - 50.8 NS
Lekking NS <10 NS
Nesting > 25 > 5 NS 26 - 50 NS
Brooding > 25 > 5 NS 12 25-100 NS
Lekking 41 17.1 < 10
Nesting 8.9 - 16.7 .84 - 3.1 16.7-25.4 16.0 - 25.8 26.7 - 65.7 28.2 - 44.5 28.1 - 39.4
Total Nesting 26.4 - 45.1
Brooding 10.6 - 19.8 1.7 - 5.5 14.6 - 25.8 28.8 - 43.4 32 - 44.5 18.8 - 29.3 23.1 - 34.6
Total Brooding 26.9 - 51.1
Lekking
Nesting 11.3 - 62.8 1.2 - 13.1 2.1 - 28.3 14.8 - 62 nd 21 - 34.4 36.2 - 49.3
Total Nesting 14.6 - 104.2
Brooding 7 - 19.3 8 - 20.7 5 - 11.4 nd nd nd nd
Total Brooding 20 - 51.5
Lekking
Nesting 65 20 20 <10 15 - 25
Brooding 10

Mixed-grass 
prairie

ATPC

GRPC

LEPC

USFWS 
2010

Hagen et al. 
2013

Gulf coastal 
prairie

Tallgrass prairie

Sand shinnery

Sand sagebrush

Lautenbach 
2017
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Table 2. Beta coefficients, standard errors, and significance levels for fixed effects of the fire-grazing interaction and the main effects 
of time since fire (MSF) and grazing. Shaded boxes indicate non-significant results. 

  Fixed effects 

  
Interaction effects 
(MSF*Grazing) Main effects (MSF) Main effects (Grazing) 

Response β σ p β σ p β σ p 
Grass cover (%) 0.033 0.016 <0.05 0.113 0.011 <0.001 -0.970 0.653 0.14
Forb Cover (%) -0.035 0.012 <0.01 0.031 0.008 <0.001 0.911 0.239 <0.001 
Shrub cover (%) 0.013 0.023 0.57 0.042 0.015 <0.01 0.013 0.023 0.16
Bare ground (%) 0.003 0.018 0.85 -0.149 0.018 <0.001 0.437 0.519 0.4
Litter (%) 0.060 0.020 <0.001 0.029 0.013 <0.05 -1.267 0.472 <0.01 
Tall Herbaceous (cm) 1.067 0.157 <0.001 1.690 0.131 <0.001 -35.644 9.333 <0.001 
Mean Herbaceous 
(cm) 0.523 0.097 <0.001 1.054 0.082 <0.001 -19.104 5.650 <0.01 
Mean Shrub (cm) 0.184 0.092 <0.05 -0.126 0.068 0.060 -6.115 2.994 0.051
Max Live (cm) 0.223 0.088 <0.05 1.586 0.076 <0.05 -16.426 6.970 <0.05 
Max Dead (cm) -0.036 0.077 0.637 1.027 0.062 <0.001 -7.712 2.947 <0.05 
Invert Biomass (g) 0.132 0.076 0.088 -0.041 0.053 0.448 -2.56 1.494 0.094
Invert Richness 
(orders) 0.073 0.058 0.213 -0.072 0.038 0.064 -0.428 1.139 0.709
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Table 3. Random effects variance σ2 and percent of total variance for random effects at multiple levels within and across sites as well 
as year.  

 

  Variance Components (Random Effects) 
  Transect Patch Site Year Residual 

  σ2 % σ2 % σ2 % σ2 % σ2 %  
Tall Herbaceous 
(cm) 76.050 5.195 728.000 49.734 21.800 1.489 55.830 3.814 582.100 39.767
Mean Herbaceous 
(cm) 21.000 3.584 282.620 48.229 0.000 0.000 59.880 10.218 222.500 37.969
Mean Shrub (cm) 27.003 7.363 44.706 12.191 58.504 15.954 1.089 0.297 235.413 64.195
Max Live (cm) 18.970 2.646 449.290 62.662 0.000 0.000 67.960 9.478 180.790 25.214
Max Dead (cm) 33.980 12.075 63.590 22.598 0.000 0.000 33.520 11.912 150.310 53.415
Invert Biomass 
(g) NA NA 6.732 37.733 2.921 16.372 3.152 17.667 5.036 28.227
Invert Richness 
(orders) NA NA 0.000 0.000 0.134 2.097 1.138 17.749 5.137 80.154
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FIGURES 

 

Figure 1. Correlation matrix for vegetation variables measured at all sites between 2014 
and 2016. GrPct – percent cover of grasses; FPct – percent cover of forbs; SPct – percent 
cover of shrubs; LPct – percent cover of litter; BPct – percent bare ground. Darker colors 
indicate higher correlation. 

 Figure 2. Percent grass cover for fire-only (orange) and pyric herbivory (black) 
treatments at all sites from 2014 to 2016. Shaded area indicates 95% confidence interval. 
Horizontal lines represent the minimum (~23%) and maximum (~65%) grass cover 
reported used for nesting by Tympanuchus spp. 

Figure 3. Percent forb cover for fire-only (orange) and pyric herbivory (black) treatments 
at all sites from 2014 to 2016. Shaded area indicates 95% confidence interval. Horizontal 
line represents minimum cover of forbs (15%) selected by broods from primary literature. 

Figure 4. Percent bare ground for fire-only (orange) and pyric herbivory (black) 
treatments at all sites from 2014 to 2016. Shaded area indicates 95% confidence interval. 
Horizontal line represents the minimum amount of bare ground (12%) reported for areas 
used by prairie-chicken broods. 

Figure 5. Maximum height of herbaceous vegetation in fire-only (orange) and pyric 
herbivory (black) treatments at all sites from 2014 to 2016. Shaded area indicates 95% 
confidence interval. Horizontal line represents tallest mean herbaceous vegetation height 
(67 cm) for prairie-chicken nests, as found in primary literature. 

Figure 6. Mean height of herbaceous vegetation in fire-only (orange) and pyric herbivory 
(black) treatments at all sites from 2014 to 2016. Shaded area indicates 95% confidence 
interval. 

Figure 7. Maximum heights of live and dead vegetation in fire-only (orange) and pyric 
herbivory (black) treatments at all sites from 2014 to 2016. Shaded area indicates 95% 
confidence interval. 

Figure 8. Mean height of herbaceous vegetation with increasing percent cover of grasses 
in fire-only (orange) and pyric herbivory (black) treatments at all sites from 2014 to 
2016. Shaded area indicates 95% confidence interval. 
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CHAPTER III 
 

 

IMPACTS OF PYRIC HERBIVORY ON NESTING AND BROOD-REARING SITE 

SELECTION BY ATTWATER’S PRAIRIE-CHICKENS 

 

ABSTRACT 

Attwater’s prairie-chickens (Tympanuchus cupido attwateri) are among the most 

critically endangered birds in North America, with a wild population of less than 50 

individuals in 2002. We used radio-telemetry data for nesting and brood-rearing 

Attwater’s prairie-chickens for a six-year period (2010-2015) to evaluate the impacts of 

pyric herbivory on resource selection on the Attwater’s Prairie-Chicken NWR. Pyric 

herbivory is the disturbance process that results when the processes of fire and grazing 

are coupled and allowed to interact, and results in a heterogeneous landscape. We 

hypothesized that Attwater’s prairie-chickens would select patches with greater time 

since fire for nesting, and more recently burned patches for brood-rearing. We found that 

the probability of a patch being selected for nesting increased with increasing time since 

fire, but decreased as distance to the nearest lek increased. Probability of selection for 

brood-rearing was higher in patches close to nest sites with less time since fire, but 

greater distance to trees than random sites. Pyric herbivory maintains the diversity of 
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vegetation structure required for nesting and brood-rearing behavior of Attwater’s prairie-

chickens. Thus, we recommend that the use of pyric herbivory be continued as a habitat 

management strategy for this critically endangered species.  

INTRODUCTION 

Grasslands worldwide have declined as a result of anthropogenic activity, with 

more than 50% of the grasslands in North America lost (Hoekstra et al. 2005). 

Consequently, many grassland species are declining and becoming species of concern. 

Grassland birds have been among the most affected fauna, with many species decreasing 

by more than 1.5% per year in recent decades (Brennan and Kuvlesky Jr 2005). 

Grasslands of the North American Great Plains evolved in the presence of, and perhaps 

due to, a regime of frequent disturbances from fire and grazing, (Axelrod 1985, Anderson 

2006), which interacted with one another to create a “shifting mosaic” of vegetation 

communities (Fuhlendorf et al. 2009). The interaction of these processes, termed “pyric 

herbivory,” produces heterogeneous landscapes that increase biodiversity (Fuhlendorf et 

al. 2009, Hovick et al. 2014, Ricketts and Sandercock 2016). The importance of the 

interaction between these processes has only recently been recognized (Fuhlendorf and 

Engle 2001), and has since been suggested as a cornerstone of conservation (Fuhlendorf 

et al. 2006, Fuhlendorf et al. 2017a). 

The Attwater’s prairie-chicken (Tympanuchus cupido attwateri), a subspecies of 

the greater prairie-chicken (T. cupido), is a grassland-obligate bird endemic to coastal 
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prairies in Texas and Louisiana. They require grasslands with high structural diversity to 

provide habitat during their various life history stages (Lehmann 1941, Lehmann and 

Mauermann 1963). Attwater’s prairie-chickens were among the first species protected 

under the Endangered Species Act of 1972 (Morrow et al. 2004). The decline of 

Attwater’s prairie-chickens is largely attributed to loss and fragmentation of the coastal 

prairie vegetation on which they depend (Morrow et al. 1996, Silvy et al. 2004). Similar 

to other Great Plains grasslands, the coastal prairie ecoregion has declined in area due to 

fragmentation, land use practices, fire suppression, and subsequent woody plant 

encroachment (Samson and Knopf 1994, Samson et al. 2004, Briggs et al. 2005). With 

fewer than 50 in wild populations in 2002,  (Morrow et al. 2004), Attwater’s prairie-

chickens are among the most imperiled birds in North America. The majority of the wild 

population inhabits the Attwater’s Prairie-Chicken National Wildlife Refuge (hereafter, 

Refuge), which is managed primarily for the benefit of Attwater’s prairie-chickens 

(USFWS 2010). Since 1995, the Refuge has been a release site for captive-reared 

Attwater’s prairie-chickens in an attempt to supplement the wild population (Lockwood 

et al. 2005a).  

Previous research has indicated that Attwater’s prairie-chickens are limited by 

success of nesting and brood-rearing stages of reproduction (Peterson et al. 1998). 

Attwater’s prairie-chickens have lower rates of nest success and brood survival than the 

conspecific greater prairie-chicken (Peterson and Silvy 1996). Captive-reared Attwater’s 
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prairie-chickens are held in acclimation pens for 14 days prior to release in order to 

increase survival, and exhibit movement patterns similar to those of wild Attwater’s 

prairie-chickens (Lockwood et al. 2005a). Attwater’s prairie-chickens require residual 

biomass from previous years for nesting cover (Horkel 1979, Lutz et al. 1994, Lockwood 

et al. 2005b), similar to the nesting requirements of greater prairie-chickens(Patten et al. 

2007, Hovick et al. 2015). Greater prairie-chickens select for areas with high percentages 

of bare ground and forb cover (Matthews et al. 2011). Survival of Attwater’s prairie-

chicken broods has increased on the Refuge since 2009 as a result of an ongoing program 

to reduce the occurrence of red-imported fire ants (Solenopsis invicta), which negatively 

impact availability of aboveground invertebrates necessary for chick survival (Morrow et 

al. 2015). 

Pyric herbivory is a significant part of the management strategy at the Refuge, and 

has been recommended as a method of providing vegetation suitable for nesting habitat 

(Lockwood et al. 2005b). However, this recommendation was made without specific 

knowledge of how time since fire and pyric herbivory affect nest site and brood-rearing 

patch selection. To address this knowledge gap, we obtained radio-telemetry data from 

nest sites and brood sites to create resource selection functions to determine whether time 

since fire is a factor in selection of nesting and brood-rearing sites.  Our objective was to 

determine how Attwater’s prairie-chickens respond to pyric herbivory when selecting 

nesting and brood-rearing sites. We hypothesized that Attwater’s prairie-chickens would 
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select nest sites with maximum time since fire and within close proximity to lekking 

areas. For selection of brood-rearing areas, we hypothesized that Attwater’s prairie-

chickens would select recently burned patches near nesting sites.  

STUDY SITE AND METHODS 

The Refuge consists of 4,200 ha of coastal prairie near Eagle Lake, Texas, 

approximately 80 km west of Houston. Habitat management focuses on reducing woody 

plant encroachment and providing spatial and temporal heterogeneity of vegetation 

structure. Of the total 4,200 ha, 489 ha are non-contiguous, located 2.75 km east of the 

main body of the refuge and across the Colorado River. The Refuge is a mix of native 

and restored prairie. Native grasses include little bluestem (Schizachyrium scoparium), 

yellow indiangrass (Sorghastrum nutans), gulf coast muhly (Muhlenbergia capillaris), 

and switchgrass (Panicum virgatum). Common forbs are western ragweed (Ambrosia 

psilostachya), annual broomweed (Amphiachyris dracunculoides), Texas croton (Croton 

texensis), and Texas bullnettle (Cnidoscolus texanus). While the dominant management 

practice is patch-burning, chemical and mechanical methods are also used for localized 

control of invasive plant species such as Macartney rose (Rosa bracteata). The Refuge is 

grazed by cattle at moderate stocking rates (0.87 – 1.39 AUM per ha), with some portions 

left ungrazed. Between 800 and 1,200 ha of the refuge are burned each year by USFWS 

personnel. Mean annual precipitation is 89 cm, with a mean growing season length of 251 

days. Topography is generally flat with slopes of 1% - 3%, and dominant soil types of 

deep sand, loamy prairie, and claypan prairie. Acclimation pens for captive-reared APC 
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are constructed of mesh netting and surrounded by predator-deterrent fencing (R. 

Chester, USFWS, pers. comm.). Number of pens varies across years, and pens typically 

remain in place for two years before movement to a new location (R. Chester, USFWS, 

pers. comm.). Captive-reared birds are released from acclimation pens after a period of 

14 days. Captive-reared APC are known to linger near acclimation pens for a short time 

after release (Lockwood et al. 2005a). However, birds were released after the close of the 

nesting period each year, reducing the likelihood of autocorrelation between nest sites 

and acclimation pens.  

Data Collection 

 Beginning in 1997, USFWS personnel trapped and fitted APC females with 

poncho-mounted transmitters with tuned-loop antennas (Telemetry Solutions, Walnut 

Creek, CA; Advanced Telemetry Systems, Isanti, MN) incorporated into the poncho 

(Amstrup 1980, Toepfer and Septon 2003). A limited number of transmitters used whip 

antennas (American Wildlife Enterprises, Monticello, FL) trimmed to 6 cm or less to 

prevent interference with flight (Morrow et al. 2015). Females were located via radio 

telemetry daily beginning in April of each year. Upon nest initiation, nest locations were 

recorded using triangulation, and the locations entered into GIS software. Most nests 

were protected using predator deterrent fences, which likely increased nest success (M. 

Morrow, unpublished data). Hens were located daily to verify they were still incubating 

the nest. From 2010 through 2015 nesting seasons, 132 nests were monitored. Of these, 6 
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were located in patches with time since fire (TSF) ≥ 5 and 2 were off the Refuge. 

Because of the limited number of patches with TSF ≥ 5 and incomplete knowledge 

regarding management practices off the Refuge, these 8 nests were omitted from analysis.  

 APC broods were tracked approximately 10 times during the first two weeks post-

hatch, unless hen movement indicated brood loss earlier than two weeks. Brood locations 

were determined by triangulation or by circling brood hens at a distance of 10-20 m with 

a hand telemetry system and recording locations with a handheld global positioning 

system (GPS) unit. Marking of hens and subsequent monitoring activities were 

authorized by Federal Fish and Wildlife Permit TE051839 and Texas Parks and Wildlife 

Department Scientific Research Permit SRP-0491-384, as part of the ongoing population 

monitoring program.  

 Locations of trees were digitized into GIS software using digital imagery 

collected in June - July 2015, then verified during the summer 2016 sampling period. 

Previously established GIS layers for anthropogenic factors were used to determine 

locations of fences, roads, and acclimation pens. GIS records of fire operations were used 

to determine TSF.  

Analysis 

To evaluate the impacts of pyric herbivory on nest site selection, we determined 

the time since fire (TSF) of each nest location, recorded as an ordinal variable (i.e. 0-12 
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months = TSF 0). Acclimation pens, fences, and roads were considered anthropogenic 

factors, while landscape features included trees and leks. Because trees on the Refuge 

were often associated with the riparian corridors and ponds, we did not include covariates 

for riparian areas. Furthermore, because many of the leks on the Refuge are static and 

associated with the areas immediately surrounding livestock water facilities, water 

facilities were not included as covariates. Although studies have provided evidence that 

greater prairie-chickens tend to nest within 2 km of a lek site (Hovick et al. 2015), our 

preliminary data suggested that Attwater’s prairie-chickens tend to nest less than 1.5 km 

from the nearest lek site. Of the remaining 130 nests, 72% were located within 500 m of 

lek sites, and 94% were within 1500 m of a lek site. Thus, we used a 1.5 km buffer 

around each nest site to represent a realistic available area. Within each buffer, five 

random points were generated, and distance to each parameter of interest was calculated. 

Due to an extended severe drought that occurred from 2011 to 2012, little of the Refuge 

was burned during that time period. Because the portion that was burned was not 

contiguous with the main body of the refuge, and was located more than 5 km from the 

nearest nest, we did not include those burns as available habitat in our analyses. 

Therefore, lack of available burned area in 2011-2012 affected the available times since 

fire in subsequent years (i.e. for nests in 2013 there was 0 availability of patches with 

TSF = 1).  
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We used resource selection functions, defined as any function proportional to the 

probability of use by an organism (Manly et al. 2002), to determine selection of nesting 

sites and brood-rearing areas by APC. All analyses were performed in the R computing 

environment (R Core Team 2016). We applied a binomial generalized linear mixed 

model with a logit link function for use versus availability sampling design. We included 

NestID within year to account for the possibility of a hen having more than one nesting 

attempt within a year.  

We evaluated management-driven and anthropogenic parameters identified in the 

primary literature as potential influence on nest selection in gallinaceous birds (Hagen et 

al. 2004, McNew et al. 2012, Hovick et al. 2015). These resulted in six covariates used to 

assess nest site selection, including time since fire, distance to nearest road, distance to 

nearest lek, distance to nearest fence, distance to nearest acclimation pen, and distance to 

nearest tree. For each parameter, we created and compared a univariate model to a null 

model. Parameters from univariate models with greater importance than the null were fit 

to an additive model for analysis (Hovick et al. 2015).  

For analysis of selection of brood-rearing areas, we created a 1500 m buffer 

around each brood observation and generated three random points within each buffer. We 

used the same set of covariates to assess selection of brood-rearing and nest sites, with 

the addition of distance to nest. Each random point was assigned a corresponding Hen ID 

to calculate distances between individual broods and their associated nest, as we assumed 
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these were spatially autocorrelated, at least during the first few days after hatch. Because 

nests and broods were only tracked during the five-day work week and not during 

inclement weather (Morrow et al. 2015), we were unsure of exact hatch dates and thus 

unable to exclude a predetermined number of days post-hatch from analysis to reduce the 

assumed correlation.  

Because we used archived nest site data, vegetation characteristics from random 

points associated with nests in a given year were not available. As such, vegetation 

characteristics collected from nest sites after hatch were not included in our analyses. 

However, time since fire is known to influence vegetation structure and composition in a 

predictable manner (Fuhlendorf and Engle 2004, Allred et al. 2011, McGranahan et al. 

2012). Fire is also reported as a driver of richness and abundance of invertebrates, which 

constitute a critical food source during the first two weeks of brood-rearing and are a 

significant predictor of chick survival (Morrow et al. 2015).  

RESULTS 

Number of nests per year ranged from 13 to 26, with mean number of nests 20.67 

(Table 1). In univariate models, we found that time since fire, distance to lek, and 

distance to acclimation pens were significant predictors of nest site selection. Univariate 

models suggested that nest sites are likely to be located nearer to leks (β = -0.9317, σ = 

0.1582, p < 0.001) and acclimation pens (β = -0.5556, σ = 0.1252, p < 0.001), but tend to 

be located in patches with greater time since fire (β = 0.3232, σ = 0.1107, p < 0.01). 
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However, only time since fire and distance to lek were significant in the multivariate 

model (Table 2). Probability of use decreased exponentially as distance to nearest lek 

increased (Figure 1). The relationship between probability of use and time since fire 

increased nearly linearly (Figure 2).  

We also evaluated the effects of the same set of covariates on selection of brood-

rearing areas across the same years. For analysis of brood use areas, we included an 

additional covariate of distance to nest, as we assumed spatial correlation between nest 

sites and brood observations, at least during the initial days after hatch. Overall, 77 

broods resulted in 449 observations, with number of broods per year ranging from 7 to 

19, and observations ranging from 31 to 112 (Table 1). Mean number of broods per year 

was 12.83, and mean number of observations per year was 74.83 (Table 1). (Table 1). In 

univariate models, we found that time since fire (β = -0.3548, σ = 0.0574, p < 0.001), 

distance to lek (β = -0.9464, σ = 0.0912, p < 0.0 1), distance to acclimation pens (β = -

0.4647, σ = 0.0609, p < 0.001), distance to trees (β = 0.3742, σ = 0.0513, p < 0.001), and 

distance to nest (β = -2.0088, σ = 0.0987, p < 0.001) were significant. When we 

combined these covariates into additive multivariate model, distance to nearest lek and 

distance to nearest acclimation pen lost significance (p = 0.102 and p = 0.082), with other 

covariates remaining significant (Table 2). The probability of an area being used by 

Attwater’s prairie-chicken broods decreased exponentially with increasing distance to 

nest, nearing zero at a distance of 1500 m (Figure 3). Probability of brood use decreased 
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linearly with increasing time since fire (Figure 4). Probability of brood use decreased 

exponentially as distance to nearest lek increased, nearing zero after approximately 2000 

m (Figure 5). Distance to nearest acclimation pen was also a significant predictor of 

selection of areas for brood-rearing (Figure 6). In contrast to nest site selection, our data 

revealed Attwater’s prairie-chicken broods exhibit an avoidance of trees, with probability 

of use increasing with increasing distance to nearest tree (Figure 7). Distance to nest and 

time since fire were the strongest predictors of brood-rearing site selection (Table 2). 

DISCUSSION 

We evaluated the impacts of management (pyric herbivory), landscape features, 

and anthropogenic structures on selection of nest sites and brood-rearing areas of 

Attwater’s prairie-chickens. For nest site selection, time since fire and distance to nearest 

lek were the only significant variables. These effects are similar to those described for the 

conspecific greater prairie-chicken (Hovick et al. 2015), as well as lesser prairie-chickens 

(Lautenbach 2017). Attwater’s prairie-chicken hens tended to nest near active leks, while 

also maximizing time since fire. Distance to nearest lek was a stronger predictor of nest 

site selection than was time since fire. The most probable reason we failed to detect 

avoidance of trees is that we limited our area of interest to the Refuge, which has fewer 

trees than the surrounding landscape due to management practices. Other members of the 

Tympanuchus genus are highly sensitive to woody plant encroachment (Fuhlendorf et al. 

2002) and display a strong avoidance behavior to trees (Hovick et al. 2015, Lautenbach et 
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al. 2017).Sampling at a broader spatial scale would therefore be expected to reveal 

avoidance of trees by this population in the matrix surrounding the refuge (Fuhlendorf et 

al. 2017b) and provides an opportunity for future research inquiry. 

 The most important predictor (aside from distance to nest) of the covariates we 

evaluated for selection of brood-rearing areas was time since fire, indicating Attwater’s 

prairie-chickens select recently burned areas for brood-rearing in greater proportion than 

available. Such behavior is consistent with brooding behavior of greater prairie-chickens, 

which select areas with high percentages of bare ground for brooding (Matthews et al. 

2011). Pyric herbivory increases the presence of bare ground in the months after fire, 

while also increasing availability of forbs, which are positively correlated with brood 

survival (Matthews et al. 2011). Our data revealed an avoidance of trees by Attwater’s 

prairie-chicken hens with broods. This avoidance behavior is consistent with a general 

avoidance of trees observed for greater and lesser prairie-chickens (Hovick et al. 2015, 

Lautenbach et al. 2017). We found no influence of roads or fences on selection of brood-

rearing areas.  

Our findings that Attwater’s prairie-chicken broods use areas near nest sites but 

with lower time since fire underscores the importance of the mosaic of vegetation 

structure created by pyric herbivory. While broods were more likely to be observed in 

areas with lower time since fire, nests were more likely to be found at sites with higher 

time since fire. Therefore, suitable brood-rearing cover must be present within a 
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reasonable travel distance of nesting habitat in order to facilitate brood-rearing activities 

after nests hatch. 

The significance of distance to lek in univariate models but not the multivariate 

model for selection of brood-rearing areas is probably a result of the correlation between 

brood observations and nest sites, combined with the importance of distance to lek in nest 

site selection. Likewise, the weak relationship between brood-rearing areas and 

acclimation pens may be a result of the location of pens, which are generally in the core 

use area of the Refuge. Pens are located near the center of the Refuge because this 

maximizes distance to trees inhabited by avian predators (Lockwood et al. 2005a).  

 Restoration of landscape heterogeneity has been suggested as a basic 

principle of conservation (Fuhlendorf et al. 2006). Pyric herbivory, a primary interaction 

between disturbances that shaped the Great Plains prior to European settlement 

(Fuhlendorf and Engle 2001, 2004, Fuhlendorf et al. 2009), and one of the primary 

drivers of landscape heterogeneity (McGranahan et al. 2012). Pyric herbivory has been 

shown to increase diversity of grassland birds (Hovick et al. 2014, Richardson et al. 

2014), as well as benefit populations of greater and lesser prairie-chickens (McNew et al. 

2012, Hovick et al. 2015). In addition to its conservation benefits, pyric herbivory 

increases livestock production (Limb et al. 2011) and reduces parasites (Polito 2012).  

 The population of Attwater’s prairie-chickens at the Refuge is comprised 

primarily of descendants of the birds that began the captive-breeding program 
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(Hammerly et al. 2016). Evidence suggests that captive-bred grouse have lower post-

release survival and recruitment rates than wild populations (Schroth 1991, Hess et al. 

2005). These differences, however, result from differences in flight characteristics and 

predator avoidance responses (Schroth 1991, Hess et al. 2005). Captive-reared grouse 

reportedly select habitat similar to that selected by wild birds (Schroth 1991, Lockwood 

et al. 2005a). Moreover, the similarities between our results and those from studies of 

other Tympanuchus species (Hovick et al. 2015, Lautenbach 2017, Lautenbach et al. 

2017) suggest that the captive-reared Attwater’s prairie-chickens behave similarly to wild 

prairie-chickens. 

The heterogeneous landscape created by pyric herbivory provides multiple types 

of vegetation structure to meet the diverse habitat needs of Attwater’s prairie-chickens. 

Overall, our results indicate that pyric herbivory is an important factor in selection of 

nesting and brood-rearing areas by Attwater’s prairie-chickens. The absence of fire 

during the drought period of 2011 – 2012 may have impacted selection due to changes in 

grazing intensity. Though we did not directly test nest success or survival, the annual 

variation in numbers of nests and broods observed is consistent with previous evidence 

that annual variation in weather constrains reproduction of prairie-chickens (Fields et al. 

2006, Hovick et al. 2015).  

MANAGEMENT IMPLICATIONS 
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Current management practices are providing the diversity of vegetation structure 

required by Attwater’s prairie-chickens for nesting and brood-rearing activities. Ensuring 

annual occurrence of fires within the core use area (relative to nesting season) may 

benefit Attwater’s prairie-chickens. However, the interaction between weather, 

management actions, and recruitment should be fully investigated. Additionally, future 

research should be done to determine whether nest or brood survival is impacted as a 

result of time spent in patches with different times since fire.   
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TABLES 

Table 1. Number of nests, broods, and brood observations per year from 2010 through 
2015 at the Attwater’s Prairie-Chicken National Wildlife Refuge. 

Year Nests 
# 
Broods 

# Brood 
Observations

2010 23 14 77 
2011 20 8 31 
2012 13 7 52 
2013 16 11 84 
2014 26 19 112 
2015 26 18 93 
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Table 2. Beta coefficients, standard errors, and estimated p-values from additive models 
of nest site and brood-rearing area selection between 2010 and 2015 by Attwater’s 
prairie-chickens at the Attwater’s Prairie-Chicken National Wildlife Refuge. Parameter 
abbreviations: std.lek – standardized distance (m) to nearest lek; std.tsf – standardized 
time since fire; std.pens – standardized distance (m) to nearest acclimation pen; std.nest – 
standardized distance (m) to nest from which the brood hatched; std.tree – standardized 
distance (m) to nearest tree. 

Model Parameter β σ p 

Nest 
std.lek -0.7157 0.1371 <0.001

std.tsf 0.4103 0.1211 <0.001

std.pens -0.1831 0.1364 0.1790

Broods 

std.nest -1.9916 0.1176 <0.001

std.lek -0.1571 0.0960 0.1017

std.tsf -0.4807 0.0773 <0.001
std.pens -0.1880 0.1082 0.0825

std.tree 0.2314 0.0888 <0.01
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FIGURES 

Figure 1. Relationship between distance to nearest lek site and predicted probability of 
patch use as a nesting site by radio-collared Attwater’s prairie-chickens from 2010 
through 2015 at the Attwater’s Prairie-Chicken National Wildlife Refuge. 

Figure 2. Relationship between time since fire and predicted probability of patch use as a 
nesting site by radio-collared Attwater’s prairie-chickens from 2010 through 2015 at the 
Attwater’s Prairie-Chicken National Wildlife Refuge.  

Figure 3. Relationship between predicted probability of an area being used for brood-
rearing behavior by radio-collared Attwater’s prairie-chickens and distance to nest from 
which the brood hatched.  

Figure 4. Relationship between time since fire and predicted probability of patch use as a 
brood-rearing area by radio-collared Attwater’s prairie-chickens from 2010 through 2015 
at the Attwater’s Prairie-Chicken National Wildlife Refuge.  

Figure 5. Relationship between distance to nearest lek site and predicted probability of 
patch use as a brood-rearing area by radio-collared Attwater’s prairie-chickens from 2010 
through 2015 at the Attwater’s Prairie-Chicken National Wildlife Refuge.  

Figure 6. Relationship between time since fire and predicted probability of patch use as a 
brood-rearing area by radio-collared Attwater’s prairie-chickens from 2010 through 2015 
at the Attwater’s Prairie-Chicken National Wildlife Refuge.  

Figure 7. Relationship between distance to nearest tree and predicted probability of patch 
use as a brood-rearing area by radio-collared Attwater’s prairie-chickens from 2010 
through 2015 at the Attwater’s Prairie-Chicken National Wildlife Refuge.  
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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