
 

The Thesis committee for Kevin Francis Doyle 

Certifies that this is the approved version of the following thesis: 

 

 

The Joint Effects of Fire and Herbivory on Hardwood 

Regeneration on the Eastern Edwards Plateau 

 

 

 

APPROVED BY 

SUPERVISING COMMITTEE: 

 

 

Supervisor: ________________________________________ 

Norma Fowler 

 

________________________________________ 

     Lawrence Gilbert 



 

The Joint Effects of Fire and Herbivory on Hardwood 

Regeneration on the Eastern Edwards Plateau 

 

By 

 

Kevin Francis Doyle, B.A. 

 

Thesis 

 

Presented to the Faculty of the Graduate School 

of the University of Texas at Austin 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

Master of Arts 

 

The University of Texas at Austin 

May 2012 

 

 

 

 



 

ACKNOWLEDGEMENTS 

 

I gratefully acknowledge Texas Parks and Wildlife Department, the City of Austin, the 

Shield Ranch and the Balcones Canyonlands National Wildlife Refuge for granting me 

access to their properties and making this study possible. Specifically, I am indebted to 

Dale Prochaska, Donnie Frels and Justin Foster for their guidance and accommodations 

at Kerr Wildlife Management Area, Matt McCaw and Kevin Thuesen for their insight at 

Tabor Water Quality Protection Land, Lisa O‘Donnell and Kelly Nesvacil for their 

perspective and help at Vireo Preserve and other City of Austin sites, Terri Siegenthaller 

for her guidance at the Shield Ranch and Chuck Sexton and Carl Schwope for the 

guidance and information on management history they provided me at the Balcones 

Canyonlands National Wildlife Refuge. I would like to thank my field assistants, 

including Heather Rowan, Rebecca Lin, Novica Nakov, Travis Bartholomew and Patricia 

Brignoni for enduring the often extreme conditions of a central Texas field season. My 

labmates Christina Andruk, Ana Gonzalez, Gabe DeJong, Emily Boot, Karen Alofs and 

Leslie Lilly deserve special recognition for their insight and encouragement; the list of 

ways each of these people positively impacted my time at UT would be longer than the 

text of this thesis. Finally, I would like to thank Norma Fowler for her wisdom which 

prevented me from pitfalls, her encouragement which gave me the confidence to push 

this study forward and her patience when I struggled to do so. Thank you.  

 

 

 

 

 

 

  

iii 



 

The Joint Effects of Fire and Herbivory on Hardwood 

Regeneration on the Eastern Edwards Plateau 

 

By 

 

Kevin Francis Doyle, MA 

The University of Texas at Austin, 2012 

SUPERVISOR: Norma Fowler 

The failure of regeneration of oak (Quercus spp.) and other hardwood species has 

been noted throughout eastern North America as well as on the eastern Edwards Plateau 

of central Texas. Previous research has suggested that two factors—prolonged periods of 

fire suppression and high densities of white-tailed deer—may be particularly influential 

in preventing seedlings of certain species from reaching the adult size class. It is also 

possible that these two factors interact, and the success of reintroducing fire to promote 

hardwood regeneration may depend on local deer density. This study, composed of 

observational and experimental components, first compared browsing frequency on 

woody plants in burned and unburned plots at six sites in central Texas. We found that 

although fire history did not affect browsing frequency, browsing frequency varied 

significantly among sites (likely due to differences in local deer densities) and among 

species. In our experimental study, we used cages to protect woody plants from deer 

herbivory in burned and unburned areas and compared growth after one year to plants of 

similar size and species that were exposed to herbivory. Plants in burned areas were 

significantly more likely to increase in height than plants in unburned areas. Similarly, 

plants protected from herbivory were more likely to increase in height after one year than 
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plants that were browsed. There were no significant differences in the amount of growth 

woody plants in burned and unburned areas or plants that were caged or uncaged put on 

during one year. This is likely due to the extreme hot and dry weather that occurred 

across central Texas during the course of this study. These results support previous 

research showing that deer are currently limiting hardwood growth of multiple species on 

the eastern Edwards Plateau. Further, although it appears that fire can be used to 

stimulate hardwood growth (particularly during a non-drought year) successful hardwood 

regeneration is unlikely at current deer densities.  
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INTRODUCTION

Oaks (Quercus spp.) have covered large portions of eastern North America for the last 

10,000 years (Abrams 1992, Crow 1988, Delcourt and Delcourt 1997, Delcourt et al 

1998, Webb et al 1993). However, the last 80 years have seen failures of oak regeneration 

(defined as seedlings not reaching adult size) within this region (Abrams 2003, Gammon 

et al 1960, Lorimer 1984, Shumway et al 2001). In central Texas, a failure of Texas oak 

(Quercus buckleyi) regeneration has occurred in many, though not all, eastern Edwards 

Plateau oak-juniper woodlands (L. O‘Donnell pers. comm., Russell and Fowler 1999, 

2002). Regeneration failure has also been observed in other hardwood species in these 

woodlands, although little research has been done to quantify this. Without successful 

regeneration, the composition of the canopy and understory will eventually change, in 

central Texas and wherever regeneration failure is occurring, with potentially profound 

impacts on other plants, animals, and ecosystem functions (Fralish 2004, Hunter et al 

2001, Nowacki and Abrams 2008, Rooney and Waller 2003). 

Recent research in eastern North America has suggested that fire suppression may be a 

cause of oak regeneration failure (Abrams 1992, Brose et al 2001, Nowacki and Abrams 

2008, Lorimer 1993, Shumway et al 2001). Many oaks and some other hardwood species 

resprout quickly and grow rapidly in response to fire and have thick bark which protects 

them to some extent from fire damage. These traits allow such fire-tolerant species to 

flourish under the relatively open canopies created by high fire frequencies (Cutter and 

Guyette 1994, Delcourt and Delcourt 1997, Delcourt et al 1998, Shumway et al 2001). As 

fire frequency decreases (as it did over the 20
th
 century), the woodland canopy closes, 

reducing light levels in the understory and increasing competition from shade-tolerant 

species such as red maple (Acer rubrum). Densities of red maple in all size classes have 

increased recently across the eastern United States, implying that fire-tolerant trees are 

being replaced by shade-tolerant species (Fei and Steiner 2007, Lorimer 1984). Nowacki 

and Abrams (2008) referred to this process as ―mesophication‖ where prolonged periods 

of fire suppression allow shade-tolerant species to replace fire-tolerant species. In 
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response to the likely role of fire suppression in oak regeneration failure, forest managers 

in eastern North America have begun using prescribed fire to remove saplings of fire-

intolerant species, open the canopy and encourage oak regeneration (Brose et al 2001, 

Huddle and Pallardy 1999, Sekura et al 2005).   

The role of fire in oak-juniper woodlands of the eastern Edwards Plateau is unclear.  

These woodlands occur in a landscape that was historically a mosaic of woodlands and 

savannas (Bray 1904, Diamond 1997, Foster 1917, Palmer 1920, Van Auken 1993), and 

that now includes extensive developed areas. Fire is believed to have been frequent 

enough to have maintained savannas and areas of open shrubby vegetation in the region, 

but its former role in woodlands, if any, is not known (Amos and Gehlbach 1988, Bray 

1904, Diamond 1997, Smeins 1980). Fire has been actively suppressed in this region for 

approximately 100 years (Amos and Gehlbach 1988, Bray 1904, Foster 1917) although 

wildfires, which are uncommon and vigorously fought, do occasionally burn into 

woodlands. Prescribed fires are just beginning to be tested as a management tool in oak-

juniper woodlands and therefore very little is known about their effects on woodlands in 

this region (but see Reemts and Hansen 2008). 

White-tailed deer (Odocoileus virginianus) may contribute to, or possibly account for, 

failure of hardwood regeneration wherever their densities are high (Cote et al 2004, 

Harlow and Downing 1970, Tilghman 1989, Rossell 2005, Russell et al 2001). Waller 

and Alverson (1997) reviewed the impacts of this ungulate herbivore and labeled it a 

keystone species because of its direct and indirect effects on woody and herbaceous 

plants. Further, deer browse selectively and therefore certain species may be more 

vulnerable to regeneration failure than others. Similar to the effects of fire suppression, 

heavy browsing of preferred species may result in changes in plant community 

composition from a community dominated by species preferred by deer to one dominated 

by non-preferred species (De la Cretaz and Kelty 2002, Stromayer and Warren 1997).  
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In central Texas, Russell and Fowler (1999) reported that almost all adult Plateau live oak 

(Quercus fusiformis) and Texas oak individuals had established during a period of low 

deer densities in the first half of the 20
th
 century. Further, these authors found that 

seedlings of Texas oak, a very palatable species (Armstrong et al 1991, Hunter 1983, 

Mostyn 2001, NRCS 1994, Poor 2000) were failing to survive long enough to enter the 

adult size classes, and that deer had a significant effect on their survival and growth rates 

(Russell and Fowler 2004). They therefore predicted that the existing adult oaks would 

not be replaced unless deer densities declined. Meanwhile, Ashe juniper (Juniperus 

ashei), an evergreen species not preferred by deer, may be increasing in oak-juniper 

woodlands (Van Auken 1993, C. Andruk pers. obs.). Because very few species grow 

underneath dense stands of juniper it is possible that heavy browsing in the oak-juniper 

woodlands of the eastern Edwards Plateau may lead to stands dominated by Ashe juniper 

with very few hardwood species present.  

These two factors (fire and deer) may interact and affect hardwood regeneration 

differently at different fire intensities or deer densities (Collins and Carson 2003). Fire 

may promote browsing by increasing forage production, accessibility and quality 

(Carlson et al 1993, Halls 1973, Rieske 2002, Stark and Steele 1977). Bailey and 

Whitham (2002) found that although fire increased the number of aspen (Populus 

tremuloides) resprouts in northern Arizona, preferential browsing of individuals in 

burned areas negated the positive effects of fire. Thus fire may promote regeneration of 

palatable species only if local herbivore densities are low, and high deer densities might 

actually decrease regeneration likelihood after fire. However, other researchers have 

found no significant differences in browsing intensity in burned and unburned areas 

(Adams and Rieske 2001, Throop and Fay 1999).  

The immediate goal of this study was to determine whether the factors that are thought to 

affect hardwood regeneration in eastern North America, fire suppression and deer 

herbivory, affect hardwood regeneration on the eastern Edwards Plateau of central Texas. 

The larger goals were to increase our understanding of factors affecting the composition 
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of these woodlands, to help predict their future composition, and to provide information 

for managers attempting to maintain hardwood diversity in Edwards Plateau woodlands. 

The study consisted of two parts. First, in an observational study deer browsing on woody 

plants in burned plots was compared with browsing in control (unburned) plots. We 

hypothesized that browsing intensity would be greater in burned areas. We also compared 

browsing among individual species to understand which species are most affected by 

current levels of browsing. Second, we used a deer exclosure experiment to measure the 

effects of fire history, deer herbivory and their interaction on woody plant height growth. 

We hypothesized that browsing would negatively affect growth rates and burning would 

positively affect growth rates. The observational study and the deer exclosure experiment 

complement each other. Although the observational study was conducted in the summer 

and therefore only reflects browsing during less than half the growing season, the deer 

exclosure experiment provides a context for these results by showing the effects of 

browsing on plant growth over a full year. Similarly, although the deer exclosure 

experiment provides information on the effects of fire and browsing on plant growth, the 

observational study is necessary for us to understand how these variables affect 

individual plant species differently and to predict changes in the hardwood composition 

of these woodlands.  
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Figure 1. Location of study sites. Both East Canyon and Long Canyon are represented by 

the lone triangle on the map because they are both located in the Balcones Canyonlands 

National Wildlife Refuge.   
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METHODS 

Study Region 

The Edwards Plateau covers 93,240 square kilometers in central Texas (Figure 1). All 

sites used for this study were on the eastern portion of the Plateau, in the region of Texas 

known as the Hill Country. Annual precipitation is approximately 75 cm, and the 

growing season is 230-270 days (Larkin and Bomar 1983).   

Soils overlie limestone (occasionally dolomite or marl) and tend to be very shallow (0-30 

cm) and rocky on slopes and mesa tops and somewhat deeper in valleys (Riskind and 

Diamond 1988). Woodlands are co-dominated by deciduous species, including Texas 

oak, hackberry (Celtis laevigata var. reticulata), black cherry (Prunus serotina) and 

Texas ash (Fraxinus texensis), and Ashe juniper. They support a diverse woody 

understory that includes possumhaw (Ilex decidua), persimmon (Diospyros texana), gum 

bumelia (Sideroxylon lanuginosum), Lindheimer‘s silktassel (Garrya ovata), and elbow 

bush (Forestiera pubescens), among others. The oak-juniper woodlands of the eastern 

and southeastern Edwards Plateau provide important habitat for plants and animals in an 

increasingly urbanized landscape. Among other species, the federally endangered golden-

cheeked warbler (Setophaga chrysoparia) utilizes these woodlands for habitat (Magness 

et al 2006, USFWS 1992). 

Sites 

The six sites used in this study were a mix of private, city, state and federal lands. Shield 

Ranch was a privately owned working ranch located in western Travis County. Tabor and 

Vireo Preserve were owned and managed by the City of Austin and were located in south 

and west Austin respectively. Kerr Wildlife Management Area (Kerr WMA), 

approximately 185 kilometers southwest of Austin in Hunt, Texas, was owned and 

managed by the Texas Parks and Wildlife Department. East Canyon and Long Canyon 
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were located in the Balcones Canyonlands National Wildlife Refuge approximately 65 

kilometers northwest of Austin.  

Each site contained one area of oak-juniper woodland that had burned recently and a 

similar area of oak-juniper woodland that had not burned recently. Where possible treated 

areas (i.e., burned or unburned areas of woodlands) within a site were paired based on 

aspect, slope and soil. In some sites (Shield Ranch and Tabor) the available oak-juniper 

woodland was too small to pair treated areas. In these two sites, unburned areas were 

chosen based on size and proximity to the burned areas. At one site (Tabor) there was an 

area of oak-juniper woodland that had been thinned but not burned, an area that had been 

thinned and burned and an area that had not been thinned nor burned (Table 1).  In three 

sites (Kerr WMA, Tabor and Vireo Preserve) prescribed fires burned through oak-juniper 

woodlands while in the remaining three sites (East Canyon, Long Canyon and Shield 

Ranch) wildfires burned the oak-juniper woodlands. In four sites (East Canyon, Long 

Canyon, Shield Ranch and Vireo Preserve) the burned and unburned areas were 

contiguous; in the other two sites (Kerr WMA and Tabor) they were approximately 25 m 

to 0.8 km apart. 

Observational study of browsing frequency 

At five of the six sites, data were collected during the summers of 2010 and 2011 (Table 

1).  In the sixth site, Vireo Preserve, data were collected only once, in January 2011, but 

are reported under 2010 in Table 1 because they reflect browsing in 2010.  Aerial photos 

were used to generate random points in each burned and unburned area. A two-meter 

radius plot was centered on each random point. Ten plots were surveyed in each area, that 

is, in each site x treatment combination. The same plots were re-surveyed 12 months later 

in all sites except Vireo Preserve. All individuals less than 150 cm tall of each woody 

species, excluding vines and succulents, present in each plot were assigned to one of 

three height classes (3-10 cm, 11-50 cm and 51-150 cm). Approximately five individuals 

of each species in each height class were sampled. If fewer than five individuals of a 
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given species x height class combination were present in a plot then all of them were 

sampled. If more than five individuals in a given species x height class combination were 

present in a plot then five individuals in that species x height class were randomly 

selected, as follows: The total number of individuals of that species in that height class 

was estimated. This estimate was used to determine a sampling intensity likely to produce 

a sample with at least five individuals of that species in that height class.  For example, if 

in a given plot there were estimated to be 25 possumhaw individuals in the 11-50 cm 

height class, then this species x height class combination was sampled at a 20% sampling 

intensity (25 individuals x 0.2 = 5 individuals).   

Species name and height of each sampled individual were recorded. All twigs with 

current year‘s growth (growth put on during the current year‘s growing season, and 

hereafter called CYG) were recorded for each individual sampled, and the number of 

twigs with CYG that had been browsed were recorded for the same individuals. Deer 

browsing was not differentiated from browsing by other species (e.g., lagomorphs or 

insects).  

Experimental study of plant height growth 

In five of the sites (East Canyon, Kerr WMA, Long Canyon, Shield Ranch and Tabor) a 

deer exclosure experiment was conducted to examine the effects of deer herbivory, fire 

history, and their interaction on woody plant growth. It was conducted in the same plots 

as the observational study. Using data from the observational study, individuals of 12 

pre-chosen species and of similar height were randomly selected to be either caged 

(inside an exclosure, and therefore protected from mammalian herbivory) or left uncaged 

(exposed to all herbivores).  If fewer than two individuals of a given species were 

available in a given site x treatment combination then that species was not included in 

this experiment at that site. At five sites only 10 species were included, and at Tabor only 

five species were included. 
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Table 1.  Information on sites surveyed.  
a 
 Thinned in 2005, burned in 2009. 

b
 Thinned only, in 2008, never burned.  

c
 Deer 

density of the entire tract (~3000 acres) that contained East and Long Canyons. Species per plot are averages across all plots in 

the site. 
d
 Browsing frequencies are predicted values from the GLMMs, and therefore are adjusted for other model terms.

Site 
Acres/

deer 

Size of 

control 

area 

(acres) 

Size of 

burned 

area 

(acres) 

Year of 

fire 

Month 

of 

survey 

Browsing 

frequency
d
 

(2010) (%) 

Browsing 

frequency
d
 

(2010) (%) 

No. species 

per plot 

(2010) 

No. species per 

plot 

(2011) 

East 

Canyon 
46

c
 1.31 3.66 2009 August .08 .07 5.95 5.40 

Kerr WMA 11 2.40 6.02 2007 July .21 .42 2.90 2.21 

Long 

Canyon 
46

c
 9.11 12.08 2009 July .10 .16 5.60 4.90 

Shield 

Ranch 
20 0.72 0.39 2007 June .02 .10 8.55 7.55 

Tabor 15 1.27 
3.05

a
 

0.40
b
 

2009
a
 June .11 .15 6.37 6.07 

Vireo 

Preserve 
3.67 13.44 6.59 2010 January .19 NA 5.30 NA 
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There were no more than two cages per plot, to minimize interference with herbivore 

behavior. Whenever possible, each plot had one caged plant and one uncaged plant of the 

same species. However, it was not always possible to achieve this. Also, individual plants 

were often clustered closely within a plot, making it impossible to cage a single plant. In 

these cases, multiple plants were caged and the individual that was to be measured was 

marked. Cages were made of chicken wire and held to the ground with sod staples. 

Control plants (plants exposed to herbivory) were marked with plastic zip-ties.   

Plants were caged in the late summer of 2010 after the first year of the observational 

study had been conducted. Height, total number of twigs with CYG and the number of 

twigs with CYG that had been browsed were recorded for each individual. In the summer 

of 2011 measurements were repeated on each plant.  
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ANALYSIS 

Observational study of browsing frequency 

Species per plot. The average number of species per plot in a given site or treatment 

history was calculated by summing the number of species sampled in a plot and dividing 

by the total number of plots surveyed at that site or treatment history. All size classes 

were pooled for this calculation. The small number of species in many plots made 

statistical inferences difficult and therefore few statistical tests were conducted on these 

data. However, Spearman rank-order correlations were conducted to test relationships 

between the average number of species per plot at a given site and browsing frequency at 

that site (PROC CORR, SAS version 9.2 2008; site browsing frequency values taken 

from Table 1). 

Browsing frequency - all species pooled; Tabor data excluded. To test differences in 

browsing frequency among sites (excluding Tabor) and between fire histories (burned or 

unburned) regardless of species, a generalized linear mixed model (GLMM) was 

constructed for each year separately (PROC GLIMMIX, SAS version 9.2 2008). For 

these analyses all individual woody plants of all species sampled during a given year 

were pooled (Vireo Preserve data from January 2011 was pooled with the 2010 data). 

Site, fire history, woody plant height (a covariate) and their interactions were fixed 

effects while plant and plot were random effects nested within plot and site x fire history, 

respectively. An events/trial-type response variable was used where each twig was a trial 

and each browsed twig an event. The response function was the logit, and a binomial 

distribution was assumed.  The predicted values of browsing frequency in each site 

reported in Table 1 come from these analyses, and are therefore adjusted for height and 

the other model terms. 

Browsing frequency - all species pooled; Tabor data only. Similar GLMMs were used to 

test differences in browsing at Tabor. All woody plants sampled during a given field 



 

 12 

season (2010 or 2011) were pooled. The construction of these models was the same as the 

models described above, with the sole difference that treatment had three levels (burned 

and thinned, thinned only, and control) instead of two levels. 

Browsing frequency – seven common species tested individually; Tabor data excluded. 

Seven species were common enough (i.e., found in multiple sites and in both treatments) 

to be tested individually: Texas oak, persimmon, gum bumelia, blackcherry, hackberry, 

possumhaw, and shin oak. Using these seven species 14 separate GLMMs were 

constructed to test treatment effects on individual species, using data from each year 

separately. These tests were used to determine if, for example, fire history affected 

browsing of some species but not others. The same variables were used in tests of these 

seven common species as were used in the GLMMs of all species pooled.  

Browsing frequency – comparison of 19 common species. Because only seven species 

were abundant enough to test treatment effects individually, it was necessary to construct 

models in which species was the only explanatory variable in order to compare browsing 

frequency among more than the seven most common species. Two GLMMs were 

constructed, using data from 2010 and 2011 respectively. The 19 species which occurred 

on more than ten plots in each year (Table 2) were used for this analysis. The events/trial-

type response variable that was used in the above GLMMs was used here as well and 

species was treated as a fixed effect explanatory variable. Site and treatment were not 

included as terms in these models because many of the 19 species were not found in 

multiple sites or were only found in one treatment at multiple sites. The unbalanced 

design made it impossible to create more complex models. The response function was the 

logit, and a binomial distribution was assumed. Data from all sites including Tabor were 

pooled. The predicted values of each species taken from these GLMMs were then ranked 

from lowest frequency (i.e., least frequently browsed; rank=1) to highest frequency (i.e., 

most frequently browsed; rank=19) and the average rank of the two years was calculated 

to more easily interpret differences in browsing frequency among species (Table 2). 
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Browsing frequency – 19 common species in each site.  Small sample sizes and the 

subsequent unbalanced design of the observational study made including site, species and 

their interaction as explanatory variables in the same GLMM impossible. Therefore, 

separate GLMMs were constructed for each of the 19 most common species in each year 

(38 GLMMs total) to provide estimates of browsing frequency for each species in each 

site. These models differ from the models comparing browsing frequency of the 19 most 

common species in that separate GLMMs were constructed for each species in these 

models and therefore species were not directly compared. These models also differ from 

those that include only the seven most common species in that site and plot were the only 

explanatory variables used. Further, species composition varied among the sites used in 

this study and therefore the results of these tests provide valuable information to land 

managers on the status of many hardwood tree and shrub species that could not be 

gleaned from comparing the browsing frequency values of sites alone. The same 

events/trial-type response variable used in the other GLMMs was used in these models 

and data from all sites were included. Site was a fixed effect and plot was a random effect 

nested within site x treatment history. The response function was the logit, and a binomial 

distribution was assumed. The predicted values for each site, adjusted for treatment, from 

these GLMMs are reported in Appendices I and J. 

Experimental study of plant height growth 

Likelihood of growth in height. Differences in the likelihood of a plant increasing in 

height were tested separately from growth rate to determine whether fire history or 

protection from herbivory (or their interaction) affected whether a plant grew regardless 

of how much it grew. Plants were scored as having grown (height2011> height2010) or not 

(height2011≤ height2010), and this binary variable was used as a response variable in a 

GLMM. Site (East Canyon, Kerr WMA, Long Canyon, Shield Ranch), fire history 

(burned or unburned), deer access (caged or not) and their interactions were fixed effects. 

In an unreported preliminary analysis, species was included as a fixed effect in the 

GLMM along with the above explanatory variables but was not significant (P=.4). 
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Therefore the 10 pre-selected experimental species were pooled: Texas ash, redbud 

(Cercis canadensis), gum bumelia, hackberry, persimmon, possumhaw, black cherry, 

Texas oak, Plateau live oak and shin oak (Quercus sinuata). There were 58 plots and 88 

plants in total in the four sites. Because it was not possible to have both a caged and 

uncaged plant in each plot, it was not possible to include plot as a term in the statistical 

analysis.     

Data from Tabor were analyzed separately, in a parallel analysis that differed only in 

having three instead of two levels of treatment (thinned-only, burned-and-thinned, 

control) and in the species analyzed: gum bumelia, persimmon, yaupon, Texas oak, and 

cedar elm.  There were 20 plots and 30 plants in this experiment at Tabor. 

Amount of growth in height. The growth rate of each caged and uncaged individual was 

also calculated.  For descriptive purposes only, relative height growth rate was calculated 

by dividing an individual plant‘s height in 2011 by its height in 2010. Spearman rank-

order correlations using woody plant height in 2010 and 2011 were also conducted to 

illustrate growth rates. All individuals used in the caging experiment (excluding Tabor 

plants) were pooled for this analysis. 

An ANCOVA was used to compare plant heights among sites, and between fire and 

caging histories (PROC GLM SAS version 9.2 2008). Plant height in 2011 was used as a 

response variable. Height in 2010 (a covariate), species, site, fire history, caging history 

and their interactions were used as explanatory variables. Because the model included 

initial (2010) height as a covariate, in effect the analysis compares growth rates. Both 

2010 and 2011 heights were log-transformed before analysis to satisfy the assumptions of 

normality. The same ten species used to test differences in likelihood of growth were 

used to test differences in amount of height growth. 

A separate but similar ANCOVA was used to analyze data from Tabor. Treatments were 

different, as mentioned above and the five species used in likelihood of growth analysis 

at Tabor were used in this analysis as well.  
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RESULTS 

Observational study of browsing frequency 

Species per plot.  Although sample sizes precluded statistical comparisons of the number 

of species per plot among treatments, there was a trend for burned plots to have fewer 

species than control plots (Figure 2). Average number of species per site was negatively 

correlated with site browsing frequency (from Table 1), reaching significance in 2010 

(2010: N=6, rs = -0.83, P = 0.04; 2011: N=5, rs = -0.70, P = 0.19).   

Browsing frequency - all species pooled; Tabor data excluded. In 2010, the relationship 

between plant height (the covariate) and browsing frequency (the response variable) 

differed significantly among sites (P < 0.0001; Figure 3). This relationship was negative 

at four of the five sites and weakly positive at Shield Ranch. Kerr WMA, Vireo Preserve, 

and Long Canyon did not differ in the relationship between height and browsing 

frequency (i.e., they had equal slopes before back-transformation of the logit function).  

The frequency of browsing (adjusted to average height, etc.) differed significantly among 

sites (P < 0.0001), being higher at Kerr WMA and Vireo Preserve than elsewhere and 

lowest at Shield Ranch. 

In 2011, the relationship between plant height and browsing frequency did not differ 

significantly among sites (i.e., lines of Figure 4 would be parallel without back-

transformation of the logit function; P = 0.09). The frequency of browsing differed 

significantly among sites (P < 0.0001) in 2011. Kerr WMA experienced a significantly 

higher browsing frequency than Long Canyon, East Canyon and Shield Ranch in 2011. 

There was not a significant difference in browsing between burned and unburned plots, or 

a significant interaction between site and fire history, in either year (fire history 2010: P = 

0.61, fire history 2011:  P = 0.19; see Appendices A and B for GLMM tables). 
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Browsing frequency - all species pooled; Tabor data only. At Tabor, browsing differed 

significantly among treatments in 2010 (P = 0.0002) but not in 2011 (P = 0.16). In 2010, 

woody plants in control plots experienced a significantly greater frequency of browsing 

than plants in burned and thinned and plants in thinned-only plots (Figure 5). As in other 

sites, there was a significantly negative relationship between woody plant height and 

browsing in both 2010 and 2011 (P < 0.0001 in each year; Figures 5 and 6). In 2011 only, 

the interaction between treatment and woody plant height was significant (P = 0.0002). 

The relationship between height and browsing frequency was negative in all three 

treatments (Figure 6; see Appendices C and D for GLMM tables). 

Browsing frequency - seven common species tested individually; Tabor data excluded. 

When the seven most common species were analyzed individually using the same 

explanatory variables as the general all-species-pooled model, no species showed a 

significant effect of fire history on browsing in either year (Appendices E and F). In both 

years browsing on individual species varied among sites, although species tended to be 

browsed most frequently at the sites with highest average browsing frequency during that 

year (comparisons of browsing on individual species at each site shown in Appendices I 

and J). There was a significant interaction between site and fire history on browsing 

frequency of possumhaw in 2011 (P = 0.02). This species was browsed more frequently 

in the unburned area at Long Canyon than any other site x fire history combination where 

it was present. Possumhaw and persimmon had significant negative relationships between 

height and browsing in both years (2010: possumhaw P = 0.0014, persimmon P = 0.028; 

2011: possumhaw P < 0.0001, persimmon P = 0.0003). Persimmon had a positive 

relationship between height and browsing at one site (Long Canyon) in 2010 and thus it 

also had a significant interaction between site and height that year. Hackberry had a 

significant relationship between height and browsing in both years although this 

relationship was positive in 2010 (P < 0.0001) and negative in 2011 (P = 0.04). No other 

species had a significant relationship between height and browsing in both years.  
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Browsing frequency – comparison of 19 common species. Thirty-eight woody species less 

than 150 cm tall were recorded during the 2010 field season and thirty-five species in 

2011. In both years the same 19 species were recorded in more than ten plots (Table 2). 

Individual woody species experienced different frequencies of browsing (2010 and 2011: 

P < .0001; Table 2; see Appendices G and H for GLMM tables). Possumhaw and agarita 

were browsed significantly more frequently than any other species. P-values of tests 

among species are not reported because of the uncertainties in the specific rankings of 

species, especially in the intermediate ranks. However, species possessing the highest 

browsing frequencies, possumhaw and agarita, stand out. 

Browsing frequency – 19 common species in each site. Different species were browsed at 

different frequencies in different sites (Appendices I and J), although small sample sizes 

at some sites make it difficult to separate species x site interactions from random 

variation. In general, species tended to be browsed more frequently in sites with higher 

overall browsing frequency values (see Table 1 for site browsing frequencies when all 

species are pooled). 
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Table 2. Information on the 19 most common species (those present in >10 plots in both years, with Tabor data included). 

Browsing frequencies taken from GLMM. Ranking of browsing frequency from least browsed (1) to most browsed (19). 

Browsing frequency values of 19 most common species 

 2010 2011  

Species 

# Plots with 

species 

present in 

2010 (out 

of 130) (%) 

Browsing 

frequency 

in 2010 

Browsing 

frequency 

rank in 

2010 

# Plots 

with 

species 

present in 

2011 (out 

of 110) 

(%) 

Browsing 

frequency 

in 2011 

Browsing 

frequency 

rank in 2011 

Average rank 

of browsing 

frequency 

Agarita (Berberis 

trifoliolata) 
32 (25) .13 13 14 (13) .36 19 16 

Hackberry (Celtis 

laevigata var. reticulata) 
45 (35) .12 10 37 (34) .28 17 13.5 

Bush croton (Croton 

fruticulosus) 
22 (17) .14 14 19 (17) .08 3 8.5 

Texas persimmon 

(Diospyros texana) 
58 (45) .04 4 41 (37) .04 4 4 

Elbow bush (Forestiera 

pubescens) 
22 (17) .12 11 12 (11) .18 15 13 

Carolina buckthorn 

(Frangula caroliniana) 
29 (22) .2 3 26 (24) .06 6 4.5 

Texas ash (Fraxinus 

texensis) 
22 (17) .2 2 21 (19) .00 1 1.5 

Lindheimer‘s silktassel 

(Garrya ovata ssp. 

Lindheimeri) 

31 (24) .11 9 20 (18) .10 9 9 

Possumhaw (Ilex decidua) 33 (25) .23 19 28 (25) .35 18 18.5 

Yaupon (Ilex vomitoria) 26 (20) .12 12 13 (12) .12 11 11.5 
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Table 2. Information on the 19 most common species (those present in >10 plots in both years, with Tabor data included). 

Browsing frequencies taken from GLMM. Ranking of browsing frequency from least browsed (1) to most browsed (19). 

Black cherry (Prunus 

serotina var. eximia) 
26 (20) .05 5 23 (21) .05 5 5 

Texas oak (Quercus 

buckleyi) 
102 (78) .14 15 86 (78) .11 10 12.5 

Plateau live oak (Quercus 

fusiformis) 
49 (38) .08 8 36 (33) .09 8 8 

Shin oak (Quercus 

sinuata) 
33 (25) .15 16 25 (23) .14 12 14 

Evergreen sumac (Rhus 

virens) 
33 (25) .17 17 17 (15) .01 2 9.5 

Gum bumelia (Sideroxylon 

lanuginosum) 
56 (43) .08 7 36 (33) .22 16 11.5 

Cedar elm (Ulmus 

crassifolia) 
29 (22) .21 18 29 (26) .16 14 16 

Rusty blackhaw 

(Viburnum rufidulum) 
16 (12) .07 6 13 (12) .15 13 9.5 

Toothache tree 

(Zanthoxylum hirsutum) 
11 (8) .00 1 11 (10) .06 7 4 
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Figure 2. Average number of species per plot. Averages were calculated by summing the 

number of species in each plot of each treatment and dividing by the number of plots in 

that treatment 20. Black bars denote 2010 averages; gray bars denote 2011 averages. 

Standard errors included. Vireo Preserve was only sampled in January 2011 and is only 

included in the 2010 analysis.  
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Figure 3. Effect of woody plant height on browsing in 2010. Tabor data not included. The 

probability of browsing differed significantly among sites. There was a significant 

relationship between browsing frequency and plant height (P<.0001). This relationship 

varied by site (site x ht interaction significant. P<.0001). 
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Figure 4. Effect of woody plant height on browsing in 2011. Tabor data not included. 

Although there was an effect of height on browsing (P < .0001), this effect did not differ 

by site (site x height interaction not significant; P = .09). 
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Figure 5. Effect of woody plant height on browsing at Tabor in 2010. Browsing differed 

significantly among treatment histories (P = .0002). There was a significant negative 

relationship between browsing and plant height at Tabor in 2010 (P < .0001). This 

relationship did not vary by treatment history (treatment history x height interaction not 

significant; P = .78). 
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Figure 6. Effect of woody plant height on browsing at Tabor in 2011. Browsing did not 

differ significantly among treatments (P = .16). There was a significant negative 

relationship between browsing and plant height at Tabor in 2010 (P < .0001). This 

relationship varied among treatment histories (treatment history x height interaction 

significant, P = .0002). 
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Experimental Study of plant height growth 

Likelihood of growth in height. At the four sites used in the deer exclosure experiment 

with only burned and unburned plots (East Canyon, Kerr WMA, Long Canyon and 

Shield Ranch), plants in burned plots were significantly more likely to increase in height 

between 2010 and 2011 than plants in unburned plots (P = 0.008; Figure 7; see Appendix 

K for GLMM table). Also, caged plants were significantly more likely to grow than 

uncaged plants (P = 0.04). The interaction between fire history and caging history was 

not significant (P = 0.14, although caged plants in burned plots tended to be most likely 

to increase in height between 2010 and 2011; Figure 8). There was not a significant 

relationship between site and the probability of height growth.   

At Tabor, there were no significant relationships between likelihood of growth and 

thinning and/or burning treatments, caging or their interaction (see Appendix L for 

GLMM table). 

Amount of growth in height. When all species used in the caging experiment (not 

including Tabor plants) were pooled the average relative height growth rates were 14% 

and 7% per year for caged and uncaged plants respectively. The average relative height 

growth rates were 13% and 8% per year for plants in burned and unburned plots 

respectively. Woody plant height in 2010 and 2011 were highly positively correlated (N 

= 88, rs=.95, P < 0.0001). 

At Tabor, average height growth rates were 11% for plants in the burned and thinned 

area, 6% for plants in the thinned-only area and 9% for plants in the control area. The 

average relative growth rate for caged plants was 12% and 6% for uncaged plants.  

The trend for caged plants to grow more than uncaged plants was not significant (P = 

0.06; Figure 9; see Appendix M for ANCOVA table). Similarly, plants in burned areas 

tended to grow more than plants in unburned areas although this trend was also not 
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significant (P = 0.18; Figure 8). Woody plant height in 2011 did not differ significantly 

among species, reflecting the deliberate selection of plants for the experiment and the 

very limited changes in height during the experiment. 

At Tabor, there were no significant relationships between woody plant height in 2011 and 

treatment history, caging history or their interaction. Woody plant height in 2011 did not 

differ significantly among species at Tabor (see Appendix N for ANCOVA table). 

 

 
 

Figure 7. Likelihood of woody plant increasing in height. Tabor data not included. Letters 

indicate significant differences (fire history P = .007, caging history P = .04). Only 

burned/unburned comparisons and caged/uncaged comparisons were made. Standard 

errors included. 
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Figure 8. Percentage of plants that increased in height between 2010 and 2011 by 

treatment history. Tabor data not included. These differences were not significant (i.e., 

fire history x caging history interaction P = .14). 
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Figure 9. Woody plant height in 2011. Tabor data not included. Differences between 

plants in burned and unburned areas were not significant (P = .18). Differences between 

caged and uncaged plants were not significant (P = .06). Height values are adjusted 

means taken from ANCOVA. Standard errors included. 
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DISCUSSION 

Effects of browsing. The effects of browsing on plant growth were, as expected, negative. 

Due to the record heat and drought conditions during this study there was very little plant 

growth even in plants protected from herbivory. This is likely the reason for the 

extremely strong positive correlation between woody plant height in 2010 and 2011. The 

results of our experimental study may therefore underestimate the magnitude of browsing 

impacts in this region. A combination of reduced herbivory and good growing conditions 

for one or more years may be necessary for plants to grow above browse height, as has 

been reported elsewhere (Austin and Williams 1988, Bowers 1997, Holmgren et al 2006). 

It is possible that during a wet year following a drought browsing frequency overall 

would be reduced if plant biomass, perhaps especially forb biomass, recovered more 

quickly than deer densities, making more food available per deer. Alternatively or in 

addition, in a wet year after a drought browsing on less-preferred species might be less 

frequent for the same reason.   In support of this hypothesis, note that browsing 

frequencies were higher in drier year (2011; Table 1). In wetter years herbaceous plants 

are larger and more abundant on the eastern Edwards Plateau (K. Doyle, pers. obs., L. 

Gilbert, pers. obs.). Longer-term studies are needed to clarify the relative importance of 

water availability and herbivory on growth rates on the eastern Edwards Plateau. 

Because deer browse preferentially we examined the effects of browsing on individual 

species as well as overall. The species that were most frequently browsed in this study 

(possumhaw and agarita, Table 2) differ somewhat from those that previous researchers 

have found to be preferred by deer in central Texas (Armstrong et al 1991, Cross 1984, 

NRCS 1994, Poor 2000). Agarita, an evergreen shrub with sharp-tipped sclerophyllous 

leaves, had very high average browsing frequency values each year of the study (Table 2; 

Appendices I and J). This species is usually not considered to be palatable to deer in this 

region, but is preferred for a brief period in the spring shortly after stems have begun to 

put on soft, new growth and before leaves harden (Dillard et al 2005, NRCS 1994). The 
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temporary preference for agarita accounts for the high browsing frequencies that were 

observed for this species in this study while other authors have found agarita to make up 

only a small percentage of a deer‘s diet (Poor 2000). This highlights the importance of 

examining the impacts of herbivory at multiple scales and perspectives (Brown and Allen 

1989): the perspective of the individual plant is much different from that of the herbivore. 

Agarita was not included in our deer exclosure experiment, but it is likely that this 

species is being negatively affected by deer herbivory, perhaps resulting in plants with a 

more compact growth form than they would otherwise have.  

While previous studies have found that Texas oak is one of the most preferred browse 

species by deer in the eastern Edwards Plateau (Armstrong and Young 2000, Cross 1984, 

Hunter 1983, Mostyn 2001, NRCS 1994, Poor 2000) there were six species with higher 

average browsing rankings than Texas oak in this study (Table 2). Because deer have 

been shown to suppress growth of Texas oak in this and previous studies, deer are likely 

also suppressing recruitment into adult size classes of species that are browsed more 

frequently than Texas oak, such as cedar elm, hackberry and possumhaw. This is also 

consistent with the results of our deer exclosure experiment for these species. 

Although deer limited height growth rates of many common species in this study, we 

found that browsing frequency decreased as plants grew taller. Two species, possumhaw 

(average rank 18.5; Table 2) and persimmon (average rank 4) showed significantly 

negative relationships in both years when analyzed individually. It may be that deer took 

only a few bites from individual plants of the relatively unpalatable persimmon before 

moving on, and so taller plants with more twigs had on average a lower percentage of 

twigs that had been browsed. This may have also occurred with other, less common 

species that were relatively unpalatable. Also, even though all plants measured in this 

study were within reach of deer (not more than 150 cm above ground), taller plants had a 

higher proportion of twigs that were not vulnerable to small herbivores such as rabbits. 

This may have increased browsing frequency values of plants below approximately 25 

cm relative to taller plants.  
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The heavily browsed possumhaw, preferred by deer according to other studies on the 

eastern Edwards Plateau (Armstrong et al 1991, NRCS 1994), also had a significant 

negative relationship between height and browsing frequency. Heavy browsing slows 

height growth due to preferential browsing of the upper canopy (Peinetti et al 2001, 

Whitham and Mopper 1985). As apical dominance is repeatedly lost lateral twig 

production increases, resulting in a plant that grows wider more quickly than it grows 

taller (Jacobs 1969, Whitham and Mopper 1985, Zamora et al 2001). In Minnesota 

Aldous (1952) found that clipping 50% of annual growth of mountain maple actually 

resulted in a 94% increase in the number of twigs produced even though the biomass 

removal inhibited a plant‘s ability to grow above the browse line. Paradoxically, this 

response to herbivory may result in low browsing frequency values if lateral twigs are 

inaccessible to herbivores (i.e., they are protected by other twigs on the same plant) or if 

the lateral twigs contain very little new tissue and are therefore not preferred (Keigley et 

al 2001, Paige and Whitham 1987, Pellew 1983, Rutherford 1979). We suspect that this is 

occurring in possumhaw and perhaps in other heavily browsed central Texas species: 

heavy browsing, primarily of terminal shoots, creates plants that have a higher proportion 

of their buds inaccessible to herbivores as they grow taller and wider at the same time. 

Possumhaw is so heavily browsed that it often has ‗hedged‘ or ‗topiaried‘ appearance on 

the Edwards Plateau (N. Fowler, pers. obs.), consistent with this explanation. 

If correct, this hypothesis has obvious negative consequences for woody plant 

regeneration. In the context of this study, while it is possible that taller individuals are 

escaping herbivory, it is also possible that low browsing frequency values in tall 

individuals reflect changes in plant morphology due to heavy browsing in the past. It is, 

therefore, likely that our metrics of browsing frequency, which compared the number of 

twigs that were browsed to the total number of twigs with growth from the current year 

underestimated the impact of herbivory on woody plant growth because they treated each 

twig as having an equally important influence on a plant‘s ability to grow taller. 

However, all browsing is not equal. In the context of regeneration of a single plant the 

uppermost apical meristem has the most impact on a plant‘s ability to grow into adult size 
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classes because it is usually the uppermost growing point of the plant. Continuous loss of 

apical dominance may result in growth rates insufficient to escape browsing before 

dieback begins (Bergstrom 1992, Keigley et al 2001, Lawson et al 1999, Zamora et al 

2001). The negative relationship between height and browsing, therefore, may be 

misleading. To more accurately represent browsing on woody plants future researchers 

should consider measuring herbivory of ―available browse‖ (the number of twigs 

accessible to an herbivore) or herbivory of terminal shoots only (Rutherford 1979, 

Zamora et al 2001). 

Effects of fire. Whereas deer negatively impacted growth of seedlings, saplings and 

sprouts (i.e., stems ≤ 150 cm tall) the effects of fire on post-fire woody plant growth were 

positive, even though the fires preceded the study by 31-55 months and even though there 

was little plant growth overall due to the exceptionally hot, dry weather during the study. 

Fire has been shown to increase growth rates of woody plants in other studies as well 

(Boerner et al 1988, Buchholz and Good 1982, Brose and Van Lear 1998, Crow et al 

1994, Rieske 2002).  In part, this positive effect may have been due to increased light 

levels and water availability following fire (Clemente et al 2005) or nutrient levels, which 

may also have increased (Buchholz and Good 1982, Johnson and Curtis 2001, but see 

Boerner et al 1988). In addition to reducing competition, fire may have directly 

stimulated basal sprout growth of some plants (Fry 2008, Keeley 2006, Lloret et al 1999, 

Obeso and Vera 1996). The relatively high ratio of underground to aboveground biomass 

in some hardwoods in recently burned areas may allow high growth rates for years after a 

fire (Brose and Van Lear 1998, Huddle and Pallardy 1999). In the New Jersey Pine 

Barrens, Buchholz and Good (1982) found that net annual aboveground productivity of 

Pinus rigida was 1.5 times greater in burned areas than unburned areas 15 years after a 

fire. Longer studies, preferably including wetter years, would be needed to determine 

how long the effects of fires last in the eastern Edwards Plateau. 

Interaction between fire and browsing. Fire history did not significantly affect browsing 

frequency in either year of this study. Further, when common species were tested 



 

 33 

individually no species showed a significant relationship between browsing and fire 

history, suggesting that that any changes in herbivore behavior in response to fire do not 

last more than one year in the oak-juniper woodlands of the eastern Edwards Plateau. 

These results are consistent with the findings of Adams and Rieske (2001) and Throop 

and Fay (1999) but contradict Bailey and Whitham (2002), Carlson et al (1993), and 

Moreno and Oechel (1991), among others who have shown that herbivores preferentially 

browse recently burned areas over unburned areas more than a year after a fire. The 

positive responses of herbivores to fire may be due to increased production of desirable 

species, greater production of forage at an accessible height, and improved forage quality 

(Carlson et al 1993, Christensen 1977, Halls 1973, Rieske 2002, Stark and Steele 1977). 

It is also likely that characteristics of the fire itself influence herbivore response, and this 

may explain differences between the results of this study and some others. For example, 

while high-intensity fires can lead to long-term changes in nutrient allocation, low-

intensity fires may have more transient effects (Rieske 2002, Ritchie et al 2008, Stark and 

Steele 1977). Unfortunately, fire intensity data was not available for this study. The size 

of the burned area may also be important.  All of our burned study areas were small 

(Table 1); larger burned areas might inhibit or attract herbivores (Bailey and Whitham 

2002, Styger et al 2011).  It is also likely that the same study conducted in a wetter year 

would have found more pronounced effects. Adams and Rieske (2001) and Meek et al 

(2008) each found that drought conditions after a prescribed fire diluted differences in 

browsing between burned and unburned areas.  

Even in areas where browsing frequency does not vary between burned and unburned 

areas (as was the case in this study), herbivory may affect the growth of plants in 

unburned areas differently than plants in burned areas. In our deer exclosure experiment, 

however, the interaction of protection from deer and fire history on likelihood of growth 

was not significant (P = 0.14), although the percentage of caged plants in burned areas 

that increased in height was greater than the sum of the individual effects of fire history 

alone and caging history alone (Figure 7). Therefore, while we cannot rule out synergistic 
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effects between browsing and fire on plant growth, our results do not support their 

existence, at least in dry years more than 12 months after the fire.   

Management implications. Although fire has long been suppressed in the oak-juniper 

woodlands of the eastern Edwards Plateau, our results provide some evidence that it may 

be used to stimulate hardwood regeneration without increasing browsing pressure. 

Therefore, prescribed fires in these woodlands should be investigated as a management 

tool to promote hardwood regeneration. 

However, fire alone is unlikely to be sufficient for hardwood regeneration. Although 

plants in burned areas were more likely to increase in height than plants in unburned 

areas, plants exposed to herbivory were significantly less likely to increase in height 

regardless of fire history. These results and the work of previous researchers (Jones 2008, 

Mostyn 2001, Russell and Fowler 2004) indicate that current white-tailed deer densities 

inhibit hardwood regeneration. It is unlikely that the growth rates observed in this study 

are sufficient to allow successful hardwood recruitment and although drought conditions 

undoubtedly reduced growth rates, herbivory cannot be excluded as another cause. Thus, 

fire should not be expected to lead to hardwood regeneration in this region unless deer 

densities are low enough to allow hardwood saplings and sprouts to grow taller than deer 

can reach. Only oak regeneration had been previously studied on the Edwards Plateau 

(Mostyn 2001, Russell and Fowler 2002, 2004); the results of our study suggest that 

reductions in deer densities would  promote successful regeneration of many other 

hardwood species as well as Texas oak. 

Land managers can use the browsing frequencies reported in this study to gauge success 

of deer herd management. Although the browsing frequencies reported here are below 

what other authors have considered heavy browsing (Armstrong and Young 2000, NRCS 

1994), our measurements on all but one site were made approximately six months into 

the growing season and are an underestimate of the total annual browsing a plant will 

experience. However, the results of our deer exclosure experiment provide a context to 
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these values as deer had a significantly negative effect on woody plant growth by 

browsing at the frequencies reported in this study.  
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APPENDICES



 

 37 

APPENDIX A 

 

 

Table A1. Results of GLMM conducted to test effects on browsing in 2010. Tabor data 

was not included in this analysis.  

Type I fixed effects 2010 (sites excluding Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Site 4 94 20.29 <.0001 

Fire 1 94 0.26 0.6123 

Height 1 3000 14.50 0.0001 

Site x 

Height 
4 3000 6.24 <.0001 
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APPENDIX B 

Type I fixed effects 2011(sites excluding Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Site 3 73 19.21 <.0001 

Fire 1 73 1.79 0.1855 

Height 1 1706 41.25 <.0001 

Site x 

Height 
3 1706 2.18 0.0888 

 

Table B1. Results of GLMM conducted to test effects on browsing in 2011. Tabor data 

was not included in this analysis.  
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APPENDIX C 

Type I fixed effects 2010 (Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Treatment 2 27 11.81 .0002 

Height 1 985 95.54 <.0001 

Treatment 

x Height 
2 985 .25 .7755 

 

Table C1. Results of GLMM conducted to test effects on browsing in 2010. Only Tabor 

data was included in this analysis. 
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APPENDIX D 

Type I fixed effects 2011 (Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Treatment 2 27 1.97 0.1585 

Height 1 726 92.67 <.0001 

Treatment 

x Height 
2 726 8.61 0.0002 

 

Table D1. Results of GLMM conducted to test effects on browsing in 2011. Only Tabor 

data was included in this analysis. 
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APPENDIX E 

Effects on browsing frequency of seven common species (2010) 

Species Site Fire 
Site x 

Fire 
Height 

Relationship 

between height and 

browsing 

Site x 

Height 

Hackberry (Celtis laevigata var. 

reticulata) 
0.0047 0.4655 0.0794 <.0001 Negative 0.4099 

Texas persimmon (Diospyros 

texana) 
0.0229 0.3961 0.5533 0.0279 

Negative except at 

Long Canyon 
0.0051 

Possumhaw (Ilex decidua) 0.5093 0.5893 0.3428 0.0014 Negative 0.0672 

Texas oak (Quercus buckleyi) <.0001 0.3102 0.0759 0.0017 
Positive except at 

Vireo Preserve 
0.0421 

Shin oak (Quercus sinuata) <.0001 0.4823 0.1425 0.1356 Negative 0.8918 

Black cherry (Prunus serotina) 0.0024 0.9789 0.8317 0.1993 
Positive except at 

Kerr WMA 
0.5334 

Gum bumelia (Sideroxylon 

lanuginosum) 
0.025 0.9807 0.8478 0.9405 Negative 0.8911 

All species <.0001 0.6053 0.8519 0.0002 
Negative except 

Shield Ranch 
<.0001 

Table E1. P values of GLMM testing effects on browsing of individual species in 2010. Plants at Tabor were not included in 

this analysis 
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APPENDIX F 

Effects on browsing frequency of seven common species (2011) 

Species Site Fire 
Site x 

Fire 
Height 

Relationship 

between height 

and browsing 

Site x 

Height 

Hackberry (Celtis laevigata var. 

reticulata) 
0.259 0.9768 0.7078 0.0397 Positive 0.4447 

Texas persimmon (Diospyros 

texana) 
0.0166 0.1315 0.085 0.0003 Negative 0.553 

Possumhaw (Ilex decidua) 0.1454 0.0674 0.0156 <.0001 Negative 0.6878 

Black cherry (Prunus serotina) 0.054 0.4864 0.8513 0.6046 
Positive except 

at Shield Ranch 
0.207 

Texas oak (Quercus buckleyi) <.0001 0.8479 0.6846 0.5751 
Negative except 

at Kerr WMA 
0.001 

Shin oak (Quercus sinuata) <.0001 0.9549 0.9734 0.9726 
Negative except 

at East Canyon 
0.9759 

Gum bumelia (Sideroxylon 

lanuginosum) 
0.2967 0.6843 0.9299 0.7638 

Positive except 

at East Canyon 
0.1214 

All species <.0001 0.179 0.8556 <.0001 Negative 0.1019 

 

Table F1. P values of GLMM testing effects on browsing of individual species in 2011. Plants at Tabor were not included in 

this analysis.
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APPENDIX G 

Type I fixed effects 2010 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Species 18 3651 59.24 <.0001 

 

Table G1. Results of GLMM testing differences in browsing frequency among the 19 

most common species in 2010. Tabor data was included in this analysis. 
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APPENDIX H 

Type I fixed effects 2011 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Species 18 2362 79.55 <.0001 

 

Table H1. Results of GLMM testing differences in browsing frequency among the 19 

most common species in 2011. Tabor data was included in this analysis. 
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APPENDIX I 

Browsing frequency values of 19 common species at each site (2010) 

  Browsing frequency 

Species 

# Plots with 

species 

present 

East 

Canyon 

Kerr 

WMA 

Long 

Canyon 

Shield 

Ranch 
Tabor 

Vireo 

Preserve 

All 

sites
a
 

Agarita (Berberis trifoliolata) 32 NA NA NA .08 NA .38 .13 

Hackberry (Celtis laevigata 

var. reticulata) 
45 .10 .17 .09* .01 .11 NA .12 

Bush croton (Croton 

fruticulosus) 
22 NA NA .02 .00 .05 NA .14 

Texas persimmon (Diospyros 

texana) 
58 .02 NA .02 .01 .03 .06 .04 

Elbow bush (Forestiera 

pubescens) 
22 .04 NA NA .01 .11 .13 .12 

Carolina buckthorn (Frangula 

caroliniana) 
29 .01 NA .03 NA NA .18 .15 

Texas ash (Fraxinus texensis) 22 .01 NA .05 NA NA NA .02 

Lindheimer‘s silktassel 

(Garrya ovata ssp. 

Lindheimeri) 

31 .04 NA .08 .00* NA .23 .02 

Possumhaw (Ilex decidua) 33 .08 NA .23 .19 .08 NA .11 

Yaupon (Ilex vomitoria) 26 NA NA NA .05 .11 .12 .23 

 

Table I1. Browsing on the 19 most common species at each site measured during 2010.*Predicted values were based on less 

than five plants. 
a
Predicted values listed under ‗All sites‘ are taken from a different GLMM than those listed under each site. 

See methods for model terms. 



 

 46 

Black cherry (Prunus 

serotina) 
26 .04 .32 .04 .03 NA NA .12 

Texas oak (Quercus buckleyi) 102 .06 .19 .06 .01 .12 .49 .05 

Plateau live oak (Quercus 

fusiformis) 
49 NA .11 .00* .01 .09 .14 .14 

Shin oak (Quercus sinuata) 33 .03 .21 .05 .00* NA .44 .08 

Evergreen sumac (Rhus 

virens) 
33 NA NA NA .02 NA .14 .17 

Gum bumelia (Sideroxylon 

lanuginosum) 
56 .05 NA .05 .00 .02 .30 .08 

Cedar elm (Ulmus crassifolia) 29 .14 NA NA NA .06 .00* .21 

Rusty blackhaw (Viburnum 

rufidulum) 
16 .00 NA .09 .05 .20 NA .07 

Toothache tree (Zanthoxylum 

hirsutum) 
11 .00 .00 NA .00 NA NA .00 

 

Table I1. Browsing on the 19 most common species at each site measured during 2010.*Predicted values were based on less 

than five plants. 
a
Predicted values listed under ‗All sites‘ are taken from a different GLMM than those listed under each site. 

See methods for model terms. 
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APPENDIX J 

 

Browsing frequency values of 19 common species at each site (2010) 

  Browsing frequency 

Species 
# Plots with 

species present 

East 

Canyon 

Kerr 

WMA 

Long 

Canyon 

Shield 

Ranch 
Tabor 

All 

sites
a
 

Agarita (Berberis trifoliolata) 14 NA NA NA .00* .32 .36 

Hackberry (Celtis laevigata 

var. reticulata) 
37 .11 .21* .00* .16 .36 .28 

Bush croton (Croton 

fruticulosus) 
19 NA NA NA NA .01 .08 

Texas persimmon (Diospyros 

texana) 
41 .01 NA .07 .06 .03 .04 

Elbow bush (Forestiera 

pubescens) 
12 .06 NA NA .04 .14 .18 

Carolina buckthorn (Frangula 

caroliniana) 
26 .06 NA .06 NA NA .14 

Texas ash (Fraxinus texensis) 21 .00 NA .00 NA NA .06 

Lindheimer‘s silktassel 

(Garrya ovata ssp. 

Lindheimeri) 

20 .13 NA .05 NA NA .00 

Possumhaw (Ilex decidua) 28 .25 NA .48 .37 .24 .10 

Yaupon (Ilex vomitoria) 13 NA NA NA .09 .11 .35 

 

Table J1. Browsing on the 19 most common species at each site measured during 2011.*Averages were based on less than five 

plants.
 a
Predicted values listed under ‗All sites‘ are taken from a different GLMM than those listed under each site. See 

methods for model terms. 
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Black cherry (Prunus 

serotina) 
23 .04 .35* .15 .03 NA .12 

Texas oak (Quercus buckleyi) 86 .01 .56 .11 .04 .12 .05 

Plateau live oak (Quercus 

fusiformis) 
36 .00* .27 .00* .04 .08 .11 

Shin oak (Quercus sinuata) 25 .02 .41 .03 .00* NA .09 

Evergreen sumac (Rhus 

virens) 
17 NA NA NA .01 NA .01 

Gum bumelia (Sideroxylon 

lanuginosum) 
36 .12 NA .70 .28 .14 .22 

Cedar elm (Ulmus crassifolia) 29 .02 NA NA NA .13 .16 

Rusty blackhaw (Viburnum 

rufidulum) 
13 NA NA .21 .06 .00* .15 

Toothache tree (Zanthoxylum 

hirsutum) 
11 .00* .50* NA .00 NA .06 

 

Table J1. Browsing on the 19 most common species at each site measured during 2011.*Averages were based on less than five 

plants.
 a
Predicted values listed under ‗All sites‘ are taken from a different GLMM than those listed under each site. See 

methods for model terms
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APPENDIX K 

 

 

 

 

 

 

 

 

 

 

 

 

Table K1. Results from the GLMM conducted to test difference in likelihood of growth. 

Data does not include plants at Tabor. Ten species were pooled. 

Type I fixed effects (sites excluding Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Site 3 81 .80 .4955 

Fire 1 81 7.44 .0078 

Caging 1 81 4.40 .0390 

Fire x Caging 1 81 2.27 .1359 
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APPENDIX L 

Type I fixed effects (Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Treatment 2 24 .35 .7081 

Caging 1 24 1.15 .2936 

Treatment x 

Caging 
2 24 .35 .7081 

Table L1. Results from the GLMM conducted to test difference in likelihood of growth. 

Data only includes plants at Tabor. Five species were pooled. 
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APPENDIX M 

Type I fixed effects (sites excluding Tabor) 

Variable Numerator 

df 

Denominator 

df 
F value P value 

Log(height2010) 1 65 842.81 <.0001 

Species 9 65 .80 .6202 

Site 3 65 1.00 .4008 

Fire 1 65 1.84 .1799 

Site x Fire 3 65 2.36 .0796 

Caging 1 65 3.73 .0578 

Site x Caging 3 65 .82 .4869 

Fire x Caging 1 65 .60 .4406 

 

Table M1. Results from the ANCOVA conducted to test differences in plant growth. Ten 

species were pooled. Heights in 2010 and 2011 were log transformed. Data does not 

include plants at Tabor. 
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APPENDIX N 

Type I fixed effects (Tabor) 

Variable 
Numerator 

df 

Denominator 

df 
F value P value 

Log(height2010) 1 19 114.51 <.0001 

Name 4 19 1.15 .3654 

Treatment 2 19 .76 .4822 

Caging 1 19 1.72 .2053 

Treatment x 

Caging 
2 19 1.61 .2268 

 

Table N1. Results from the ANCOVA conducted to test differences in plant growth. Data 

only includes plants at Tabor. Five species were pooled. Heights in 2010 and 2011 were 

log transformed. 
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