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Abstract
Questions: Fire regime alterations are pushing open ecosystems worldwide past tip-
ping points where alternative steady states characterized by woody dominance pre-
vail. This reduces the frequency and intensity of surface fires, further limiting their 
effectiveness for controlling cover of woody plants. In addition, grazing pressure 
(exotic or native grazers) can reinforce woody encroachment by potentially reducing 
fine-fuel loads. We investigated the effects of different fire energies on the herba-
ceous plant community, together with mammalian wildlife herbivory (exotic and na-
tive combined) exclusion, to inform best management practices.
Location: Texas semi-arid savanna, southern Great Plains, USA.
Methods: We conducted an experiment in which we manipulated fire intensity and 
herbivore access to herbaceous biomass in a split-plot design. We altered fire energy 
via fuel addition rather than applying fire under different environmental conditions to 
control for differences in standing biomass and composition attributable to differen-
tial plant physiological status and fire season.
Results: High-energy fire did not reduce herbaceous biomass or alter plant commu-
nity composition, although it did increase among-plot variability in composition and 
forb biomass relative to low-energy fire and non-burned controls. Grazing pressure 
from native and non-native mammalian herbivores reduced above-ground herba-
ceous biomass regardless of fire treatments, but did not alter community composition.
Conclusions: Managers seeking to apply high-intensity prescribed fire to reduce 
woody encroachment will not negatively impact herbaceous plant productivity or 
alter community composition. However, they should be cognizant that repeated fires 
necessary for greatly reducing woody plants in heavily invaded areas might be dif-
ficult to accomplish due to fine-fuel reduction from wild herbivores. High fencing to 
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1  |  INTRODUC TION

Fire and large mammalian herbivores control vegetation dynamics 
in many open ecosystems worldwide (Bond,  2022). Fire and graz-
ers both consume vegetation within grassy and herbaceous layers, 
while fire and browsers both target woody plants; thus, interactions 
between fire and herbivores and among grazers and browsers shape 
the structure and composition of grasslands and savannas (Bond 
& Keeley,  2005). These dynamics are likely most apparent in the 
open ecosystems of Africa, where a high diversity of native mam-
malian herbivores maintain often strict dietary niches throughout a 
long evolutionary history of anthropogenic fire regimes (Hempson 
et al., 2019; McGranahan et al., 2022). But humans have altered dis-
turbance processes in open ecosystems worldwide through fire sup-
pression and simplification of herbivory regimes via the expansion 
of livestock production (Bowman et al., 2011; Ripple et al., 2015). 
Management for pre-colonial fire and grazing regimes and reintro-
duction of native ungulate species alongside domestic livestock are 
recognized as potential strategies to restore ecological structure 
and function in open ecosystems (McGranahan, 2008; Fuhlendorf 
et al., 2017).

Land use changes since the territorial expansion of European 
Americans have substantially altered open ecosystems in North 
America, which include prairie grasslands, mixed grass–shrub 
steppe, and deciduous savannas. The extirpation of most native un-
gulates and expansion of agriculture is common across all these eco-
systems (Fite, 1977; Hartnett et al., 1997). While fire regimes have 
been substantially altered throughout the Great Plains, the drivers 
and ecosystem effects have been region-specific, ranging from fire 
exclusion and invasion by less-flammable exotic grass species in the 
northern mixed-grass prairie to fire suppression and encroachment 
of woody plants in areas of the southern Great Plains (McGranahan 
& Wonkka, 2021). This range in responses to fire regime alteration 
characterizes open ecosystems worldwide, but fire suppression has 
driven encroachment of woody plants in many parts of the world 
(Archer et al., 2017).

The increasing abundance of woody plants in open ecosystems 
worldwide is of growing concern for grazing and fire management 
alike (Engle et al., 2008; Scholtz et al., 2022). In Texas, USA, man-
agers mostly target two types of native trees in grasslands, sa-
vannas, and open deciduous woodlands — Juniperus and Prosopis 
spp. (Twidwell, Rogers, et al., 2013; Andruk et al., 2014; Wonkka 
et al., 2016). Several of their effects on the structure and compo-
sition of herbaceous communities appear to be divergent — while 

increases in Juniperus density are associated with lower abundance 
and diversity of grasses and forbs (e.g., Limb et al., 2010), research 
suggests grass abundance and diversity increases under Prosopis 
stands because it creates favorable grass microsites (e.g., Ruthven 
III, 2001). However, Prosopis often acts as a nurse plant to other 
shrubs that develop in its understorey (Archer,  1989; Barnes & 
Archer, 1999); as these mixed-species thickets spread, they shade 
out and compete for resources with herbaceous vegetation, reduc-
ing grass and forb abundance and diversity at high canopy den-
sities. In either case, extreme prescribed fire — intentional burns 
implemented under dry and windy weather conditions that can 
mitigate limitations on fire behavior due to reduced herbaceous 
fuel loads — are effective in reducing above-ground cover of both 
Juniperus and Prosopis and associated understorey species for up to 
three years after fire (Twidwell et al., 2016; Starns et al., 2022). The 
effects of high-intensity fires on herbaceous vegetation produc-
tivity and composition remain unclear, leading to concern among 
managers in the region that the high fire intensities needed to over-
come the resilience of savannas encroached by woody plants and 
grasslands could damage grasses or sterilize the soil, resulting in 
long-term losses of biomass in areas where extreme prescribed fire 
is applied.

Plant–herbivore interactions in Texas are unique within the 
Great Plains due to relatively high ungulate diversity following 
several introductions of exotic game species. While many native 
ungulate populations in North America have been restored since 
their initial extirpation (Krausman & Bleich,  2013), iconic Great 
Plains species like bison (Bos bison) and elk (Cervus canadensis) 
have limited functional presence on open ecosystems throughout 
much of their original range. But in Texas, several deer (Cervidae) 
species have been introduced to diversify sport hunting oppor-
tunities and have escaped captivity to form free-ranging pop-
ulations. These are exploiting ecological niches assumed to be 
unoccupied by native fauna (Demarais et al., 1990). While one of 
the most common introduced ungulates in Texas, the Indian axis 
deer Axis axis, does appear to eat much more grass than native 
white-tailed deer Odocoileus virginianus, other components of in-
terspecies competition likely preclude the long-term coexistence 
of axis deer and white-tailed deer within the same range (Faas & 
Weckerly, 2010). Meanwhile, a primary preference for grass puts 
the axis deer into direct forage competition with grazing livestock 
and contributes to severe rangeland degradation when overabun-
dant axis deer displace white-tailed deer (Elliot & Barrett, 1985; 
Karlin & Rankin,  2016). Extreme prescribed fire in Texas has 

restrict access by wildlife herbivores or culling might be necessary to build fuels suf-
ficient to conduct high-intensity burns for woody-plant reduction.

K E Y W O R D S
extreme fire, grassland community composition, herbaceous biomass, Indian axis deer, pyric 
herbivory, Texas semi-arid rangelands, white-tailed deer, woody encroachment
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been shown to have the specific advantage of increasing grass 
production following encroachment by woody plants (Twidwell, 
Fuhlendorf, et al., 2013). However, given that burned areas attract 
grazers (Archibald et  al., 2005), research must address post-fire 
vegetation dynamics when prescribed fires are applied to areas 
with non-native deer that prefer to graze grasses rather than 
browse on woody vegetation.

Given increasing use of high-energy fire for woody-brush con-
trol in the region and potential for increased wildlife herbivore 
consumption of grasses and forbs, our objective was to assess the 
individual and interactive effects of fire energy and mammalian 
wildlife herbivory (both native and exotic herbivores) on herba-
ceous plant biomass and community composition in a semi-arid sa-
vanna in Texas, USA. Since 2008, an increasing axis deer population 
at the study location has prompted researchers to speculate that 
vegetation dynamics in study plots from which grazing livestock 
were excluded might still be greatly affected by grazing disturbance 
(Tolleson et al., 2019; Starns et al., 2020). Thus, this study was de-
signed to specifically control for deer access to burned and non-
burned vegetation in an area otherwise excluded from livestock. In 
addition, we manipulated fire energy via fuel addition rather than 
environmental conditions to control for potentially confounding 
influences of fire season and plant physiological and phenological 
status on plant growth and community composition. Our hypothe-
ses are: (1) fire effects on herbaceous biomass and composition are 
transient regardless of fire energy, because other studies assessing 
high-energy fire applied to reduce woody plants also showed that 
herbaceous biomass was comparable to that in non-burned grass-
land in as little as a single growing season (Twidwell et al., 2012; 
Arterburn et al., 2018; Bielski et al., 2021); (2) fire and grazing inter-
act to influence standing herbaceous biomass because mammalian 
herbivores are attracted to recently burned areas, removing more 
biomass in those plots; and (3) herbivore exclusion increases bio-
mass and alters community composition because of high wildlife 
grazing pressure and selectivity.

2  |  MATERIAL S AND METHODS

This study was conducted at the Texas A&M Sonora Agrilife 
Research Station, Texas, USA (−100.574°, 30.251°). The average 
annual temperature is approximately 18°C. The range of tempera-
tures observed during the study was −11°C to 41°C. This site is 
a semi-arid savanna and receives between 533- and 711 mm of 
precipitation per year. Yearly precipitation pattern is generally 
bimodal with peaks in spring and fall. Precipitation was vari-
able for the duration of the experiment (Figure  S1). Thirty-year 
average precipitation in the study region is 556.3 mm, but this 
was exceeded in 2018 (586.5 mm), 2019 (558.8 mm), and 2020 
(594.106 mm). In the year prior to treatment establishment (2017), 
there was a precipitation deficit (428.752 mm). Historic fire return 
intervals are between 1 and 12 years, with fires more common in 
late summer and late winter (Guyette et al., 2012).

The soils are in the Tarrant soil series, characterized as cobbly 
silty clay in the upper horizons. Exposed limestone bed and medium 
to large rocks are common in this area. The vegetation horizon is a 
continuous grass layer interspersed with large, long-lived trees and 
occasional shrubs and succulents. The dominant grass species are 
Hilaria belangeri, Nassella leucotricha, Bouteloua curtipendula, and 
Aristida purpurea. Dominant tree species are Quercus spp., Juniperus 
spp., and Prosopis glandulosa. The study site had last been burned in 
August 2000 in a high-intensity prescribed burn. The area was peri-
odically moderately grazed by sheep and goats until summer 2016, 
one growing season prior to the establishment of this experiment. 
Mammalian wildlife grazers and browsers such as native Odocoileus 
virginianus (white-tailed deer) and Lepus californicus (black-tailed 
jackrabbit), and exotic Axis axis (axis deer) continued to freely access 
the area.

2.1  |  Experimental design

We established 72 plots of 100 m2, each centered on a mature (10+ 
year) Prosopis glandulosa within a pasture with a large number of 
fairly evenly distributed similarly sized P. glandulosa individuals. 
Plots were centered on P. glandulosa individuals as part of a study 
assessing fire energy impacts on resprouting and survival (Starns 
et al., 2022), but the focal tree is not relevant to the current study. 
Each plot was at least 5 m from all surrounding plots to allow for the 
creation of fire breaks around each plot. We randomly assigned one 
of three fire treatments (no fire, low-energy fire, and high-energy 
fire), to each whole plot, resulting in 24 replicates. We then divided 
each of the 72 whole plots into four quadrants and established a 
subplot in the middle of each quadrant (Figure  S2). We randomly 
assigned one of two herbivory treatments to two subplots within 
each whole plot, with an herbivore exclusion cage (hereafter exclo-
sure) randomly assigned to two subplots; the remaining two sub-
plots served as controls (herbivore-accessible with no exclosure; 
hereafter herbivore-accessible). We constructed exclosures from 
0.13 × 0.76 m 19-gauge steel hardware cloth encircled into a 0.5 m 
diameter cage. We secured them with wires to ensure there were no 
gaps and securely anchored them to be flush with the soil surface. 
Similar hardware cloth roofs were constructed and affixed on the 
top of the exclosures to ensure exclusion of vertebrate herbivores. 
The herbivore-accessible controls were equivalent-diameter sub-
plots without an exclosure.

We conducted fires independently for each plot. Each plot had 
a 5 m wide mineral firebreak around the perimeter. Control plots 
received no further treatment. Low-energy fire treatment plots re-
ceived a layer of dry hay (61 ± 1 kg) to achieve a continuous, low-in-
tensity fire. High-energy fire treatment plots received a layer of dry 
hay (61 ± 1 kg) mixed with dry juniper (201 ± 1 kg) to achieve a con-
tinuous, high-energy fire. Plots were ignited using a ring-fire ignition 
pattern. Fires were conducted between July 30th and August 4th, 
2018 (see Hiers et al., 2021 and Starns et al., 2022 for more experi-
mental details and fire energy measurements).
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2.2  |  Sampling

During the growing season one year after treatment implementa-
tion (April 2019) we selected one exclosure and one herbivore-
accessible subplot for above-ground biomass harvesting. We 
removed exclosures and hand-clipped all vegetation in the plot to 
soil level, separated it by functional group, placed it in paper bags, 
and dried it at 60°C for approximately 24 h prior to weighing. We 
clipped herbivore-accessible subplots in the same manner using a 
0.5 m diameter circular wire-frame to mimic the caged area in adja-
cent subplots. This process was repeated in August 2020 on the two 
remaining unharvested subplots. Before clipping, for each subplot, 
we visually assessed the percent cover of each species present fol-
lowing the Daubenmire classification system (Mueller-DomBois & 
Ellenberg, 1974).

2.3  |  Statistical analysis

Given our split-plot design with herbivory treatment nested as 
subplots within the fire treatment applied at the whole plot level, 
we modeled fire and herbivory effects on biomass using mixed-
effects models. We assessed treatment effects on total biomass, 
forb biomass, and grass biomass separately for each year of the 
study. The models included biomass (total, forb, or grass) as the 
response variable, fire treatment, herbivory treatment, and their 
interaction as fixed effects and a unique identifier for ‘plot’ as a 
random effect. We used generalized linear models with a Gaussian 
distribution where model residuals were normally distributed 
(total biomass and grass biomass in 2020 followed a normal distri-
bution), and a gamma distribution with a log link for all other mod-
els. We conducted post-hoc multiple comparisons with a Tukey 
adjustment. We used the R statistical computing environment (R 
Core Team, 2021) for all analyses. We used the nlme package to 
fit the mixed-effect models with a Gaussian distribution (Pinheiro 
et  al.,  2021) and the glmmADMB package to fit generalized lin-
ear mixed-effects models with gamma distributions (Fournier 
et al., 2012). We used the emmeans package to conduct multiple 
comparisons (Lenth, 2022).

We assessed community composition data visually using 
non-metric multidimensional scaling (NMDS). We ordinated plots 
in species space for each year of the study separately to visually as-
sess differences in community composition among fire treatments 
and between herbivory treatments. We statistically assessed plant 
community compositional differences among treatments using 
permutational multivariate analysis of variance (PERMANOVA) 
with fire treatment, herbivory treatment, and their interaction in-
cluded as terms in the model and a unique identifier for plot as a 
random effect. We assessed treatment effects on beta diversity 
by assessing homogeneity of group variance for fire treatment and 
herbivory treatment using a multivariate analog of Levene's test 
following McGranahan et  al.  (2018). We used the vegan package 

for all multivariate analyses (Oksanen et al., 2020). We fit NMDS 
with function “MDS” using Bray–Curtis distances and four dimen-
sions. We used the “adonis” function to perform PERMANOVA 
with 999 permutations and Bray–Curtis distances. We accounted 
for the split-plot design by assigning a unique identifier for “plot” to 
the “strata” option. We used the function “Betadisper” to test for 
multivariate homogeneity of group variance. We excluded three 
species found in fewer than 5% of subplots, each of which was only 
found in one plot each, from analyses to prevent their outsized ef-
fects on ordination outcomes, convergence, and stress levels.

3  |  RESULTS

3.1  |  Above-ground biomass response to 
treatments

Counter to our predictions, there was not a significant fire-by-
herbivory treatment interaction in either year of the study for 
total biomass and fire did not affect total biomass in either year. 
Herbivory treatment was the only significant variable in models as-
sessing total biomass production in both 2019 and 2020 (Table S2; 
Figure  1). Mean difference between biomass collected in exclo-
sures and herbivore-accessible control plots for all fire treatments 
was similar in 2019 and 2020 (73 and 96 g/m2 respectively; p-
value < 0.001). For a given fire treatment, exclosures had 216 g/
m2 more biomass than herbivore-accessible subplots in 2020. Fire 
treatment did not have a significant effect on total herbaceous 
biomass (Table S2; Figure 1). Mean biomass in 2019 for fire treat-
ment plots was 112.6 ± 12.2 g/m2 for control, 99.5 ± 8.9 g/m2 for 
low energy, and 136.2 ± 19.0 g/m2 for high energy (p = 0.378 for 
differences between high energy and control and between low 
energy and control, p = 0.843). Mean biomass in 2020 for fire 
treatment plots was 298.8 ± 35.9 g/m2 for control, 232.7 ± 26.8 g/
m2 for low-energy fire, and 185.0 ± 25.4 g/m2 for high-energy fire 
(p = 0.071 for differences between high energy and control and 
between low energy and control, p = 0.907).

Models assessing forb and grass biomass independently 
showed effects from both herbivore exclosures and high-energy 
fires. In 2019, herbivory exclosures had 2.6 times more grass bio-
mass than herbivore-accessible subplots (95% confidence interval 
[CI] = 1.16–5.79; p-value = 0.02) and the high-energy fire plots had 
0.43 times less biomass than non-burned controls (95% CI = 0.19–
0.97; p-value = 0.041; Tables S3, S4; Figure 2). Forb biomass was not 
affected by either herbivory treatment or fire treatment in 2019. 
In 2020, there was a significant herbivory treatment by fire treat-
ment interaction for forb biomass (Table S3, S4; Figure 3). Multiple 
comparisons (Table  S4) showed that high fire energy plots (both 
exclosures and herbivore-accessible subplots) and non-burned her-
bivore-accessible subplots had more forb biomass than non-burned 
exclosures and low energy fire plots (both exclosures and herbi-
vore-accessible subplots).
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3.2  |  Plant community composition

Vegetation cover was comprised mainly of grass and forb spe-
cies; though some succulents and woody debris were present, 
they were excluded from analysis because they were only pre-
sent in a few subplots. The most frequent native species recorded 

were: Nassella leucotricha (Texas wintergrass), Hilaria belangeri 
(curly mesquite grass), Glandularia bipinnatifida (prairie verbena), 
and Cirsium texanum (Texas thistle). Several non-native grasses 
and forbs were present in low abundance (<1% cover on average 
among plots). Relative abundance of the most abundant species is 
depicted in Table S1.

F I G U R E  1 Boxplots (median, first, 
and third quantiles represented) for total 
biomass by herbivory treatment (a) and 
fire treatment (b) main effects. There 
was not a significant interaction between 
herbivory treatment and fire treatment on 
total biomass. Letters denote significant 
treatment differences.

F I G U R E  2 Boxplots (median, first, 
and third quantiles represented) for grass 
biomass by herbivory treatment (a) and 
fire treatment (b) main effects. There 
was not a significant interaction between 
herbivory treatment and fire treatment on 
grass biomass. Letters denote significant 
treatment differences.
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Multivariate tests for homogeneity of treatment variance indi-
cated that in 2019, there were differences in beta diversity among 
fire treatments, with high-energy plots having the greatest among-
plot variability and low-energy plots the least (difference in variabil-
ity 0.22–0.10, p-value < 0.001; Table S5). However, that difference in 
variance was short-lived and did not persist in 2020. There was no 
difference in variance between herbivory treatments in either 2019 
or 2020 (Table S5).

There were no differences in community composition in 2019 
or 2020 among fire energy treatments or between herbivory treat-
ments and there was no significant interaction between fire energy 

and herbivore access (Table S2). Ordinations of subplots in species 
space are depicted in Figure 4. The centroids of each level of fire en-
ergy treatment are labeled and each plot is connected to its centroid 
with line segments to show the range of plot spread over ordina-
tion spaces for each level (control, low-, and high-energy fire). There 
was no difference in community composition among treatments; 
PERMANOVA indicated that the difference is not significant. In 
2019 there is a very slight, but not significant separation of high-en-
ergy fire plot centroids from other treatments along the MDS axis 
2 (Figure  4) along with several forb species, but there is substan-
tial overlap (Figures  S3 and S4). In 2020 all treatments exhibited 

F I G U R E  3 Boxplots (median, first, 
and third quantiles represented) for forb 
biomass showing the herbivory treatment 
by fire treatment interaction. Letters 
denote significant treatment differences.

F I G U R E  4 Non-metric multidimensional scaling using four axes (only axes 1 and 2 are shown). Points are plots in species space. Plots are 
color-coded by fire energy treatment (unburned = red, low energy = blue, high energy = green) and each plot is connected to the centroid for 
its treatment group by a line segment to visually present differences in group variance (overall longer line segments for a group represent 
more within-group variance). Centroids are located at treatment labels (unburned = UB, low energy = Low, high energy = Hi). Ellipses show 
one standard deviation for each treatment.

 1654109x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/avsc.12749, W

iley O
nline L

ibrary on [25/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  7 of 11
Applied Vegetation Science

PREISS et al.

substantial overlap with only very slight, insignificant separation 
of centroids. Low-energy and control plots were slightly more as-
sociated with Nassella leucotricha and Eragrostis intermedia on MDS 
axis 2, while high-energy plots were slightly more associated with 
Verbena hastata and Bouteloua trifida (Figure S4). There were no dif-
ferences in community composition between herbivory treatments 
(Figures S5 and S6).

4  |  DISCUSSION

Extreme fire is emerging as an important restoration approach in 
open ecosystems where fire suppression has caused encroachment 
by woody plants (Scholtz et al., 2022); however, recent increases in 
the abundance of non-native axis deer throughout the region, which 
graze more grasses than native white-tailed deer, are having a sub-
stantial impact on herbaceous fine-fuel loads (Elliot & Barrett, 1985). 
This could reduce the capacity for managers to conduct restoration 
of woody plants and maintenance fires; our study assessed interac-
tive effects of high-energy fire and an exotic deer species on her-
baceous plant community biomass and composition. We found that 
high-intensity fire did not reduce herbaceous biomass or alter plant 
community composition, but grazing pressure from native and non-
native mammalian herbivores reduced above-ground herbaceous 
biomass.

4.1  |  Fire effects on herbaceous biomass

High-energy fires did not reduce total herbaceous biomass ei-
ther directly or by attracting herbivores to recently burned areas. 
Extreme prescribed fire has been effective in reducing the density 
and cover of woody plants in the study region (Twidwell, Fuhlendorf, 
et al., 2013; Twidwell et al., 2016) and in other semi-arid savannas 
worldwide (Smit et al., 2010; Scholtz et al., 2022). This type of re-
duction in cover of woody plants in encroached areas typically leads 
to increases in herbaceous biomass as grasses and forbs are re-
leased from competition from woody plants for light and resources 
(Wonkka et  al., 2016; Bielski et  al., 2021). While the reduction in 
woody plants is considered a positive result of extreme prescribed 
fire among rangeland managers, there is concern that the high fire 
energy needed to kill woody resprouting plants can cause mortality 
of herbaceous plants or indirect effects that reduce herbaceous bio-
mass. This did not occur in our study; herbaceous biomass in high-
energy fire plots was not different from that in low-energy or control 
plots even in the growing season directly following fire. The most 
abundant species across treatments in our study is Nassella leucotri-
cha, which is a cool-season grass preferred by most grazers in the 
region. Nassella leucotricha was equally abundant after high-energy 
fires as in control and low-energy plots. This is consistent with an as-
sessment of grass bud dynamics for this species (Hiers et al., 2021). 
In a companion study assessing mortality of grass buds in the same 
plots, Nassella leucotricha experienced minimal bud mortality in 

high-energy fire plots and recovered within eight months of treat-
ment (Hiers et al., 2021). This suggests that high-energy fires do not 
have negative repercussions for dominant graminoid species in this 
system and therefore could be an appropriate restoration approach 
for reducing resprouting woody plants without diminishing available 
forage for livestock or fuel for future fires. Other studies assessing 
high-energy fire applied to reduce woody plants also showed that 
herbaceous biomass was comparable to that in non-burned grass-
land in as little as a single growing season following high-energy fire 
(Twidwell et al., 2012; Arterburn et al., 2018; Bielski et al., 2021).

There was a reduction in grass biomass and an attendant increase 
in forb biomass in plots after high-energy fire that presents a short-
term trade-off for rangeland managers interested in reducing dom-
inance of woody plants to increase grass biomass in the long term. 
An increase in forb cover is not unusual following summer fires or 
high-intensity fires. Summer wildfire during an extreme heatwave in 
the Great Plains, USA, decreased grass cover by 75% and increased 
forb cover by 50% (Ratajczak et al., 2019). Similarly, forbs increased 
and displaced grass biomass following summer fires in Illinois, USA 
(Copeland et al., 2002). Some research has shown that summer fires 
can suppress C4 grasses because of direct damage to reproductive 
structures and meristematic tissue during growth (Howe,  1994; 
Knapp et al., 2009). However other research suggests that this loss 
of dominance is the result of bud transition to dormancy, an adap-
tive response to combined fire and water stress which suggests 
loss of grass dominance is temporary (Ott & Hartnett, 2012). Our 
high-energy summer fires might have had a slightly stronger neg-
ative effect on C4 grasses than low-energy summer fires, inflicting 
more direct damage on them, or might have caused bud transitions 
to dormancy. In addition, grass buds can be damaged by high-energy 
fires, especially in rhizomatous species with shallow buds, such as 
Hilaria belangeri, which is a dominant species at the study site (Hiers 
et al., 2021, but see Russell et al., 2015 where summer fire did not 
cause grass bud mortality). Whether the result of adaptive strategy 
or injury from fire, forbs benefit from this reduction in competi-
tion from grasses and resultant increases in light and germination 
sites (Blair, 1997; Howe, 2000; Ansley & Castellano, 2007; Ansley 
et al., 2010).

While an increase in forbs can be positive for pollinators and 
wildlife species, it could be undesirable to livestock producers fo-
cused on maximizing grass productivity. However, this increase in 
forb dominance is likely transient. A strong evolutionary history with 
fire for grasses in this region suggests short-term shifts in dominance 
resulting from adaptive responses, not long-term compositional 
change from fire-related damage to grasses (Ripley et al., 2015). For 
instance, even after severe forest fires in fire-adapted ecosystems, 
compositional shifts in herbaceous species were found to be short-
lived, with increases in forbs of 1–3 years, which generally were 
replaced by graminoids over the 10 years following fire (Abella & 
Fornwalt, 2015). In our study region, there were no compositional 
shifts in the community relative to non-burned savanna 12 years fol-
lowing high-intensity fire despite an immediate increase in forb rich-
ness (Taylor et al., 2012). The perennial grass species in this system 
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tend to be resilient to fire, returning to pre-fire ranges in biomass 
relatively quickly even after wildfires (Donovan et al., 2020); there-
fore, managers need to weigh a short-term shift in proportion of bio-
mass comprised of grasses versus forbs to long-term losses in total 
biomass as encroachment of woody plants proceeds. This trade-off 
might not be a ubiquitous result of high-energy fire. For instance, 
summer fires in the northern Great Plains increased dominance of 
native grass species and did not decrease biomass even in the short 
term (Vermeire & Russell, 2018).

4.2  |  Fire effects on herbaceous plant community 
composition

Plant community composition was not influenced by fire. Low-
energy, high-energy, and unburned plots had a high degree of over-
lap in community composition with only a very slight differentiation 
in the location of the centroids for high-energy plots in 2019 and for 
all treatments in 2020, which was related to a few forb species; these 
shifts were not statistically significant. Differences in fire intensity 
have been shown to modulate direct fire effects on plants (Moreno 
& Oechel, 1994) and indirect impacts to soil chemistry, soil microbes, 
and local microclimate, as well as direct damage to plants (Ewing & 
Engle, 1988; Verma & Jayakumar, 2012; Reinhart et al., 2016). This 
means that fire intensity typically influences plant–soil feedbacks 
and competitive interactions which are idiosyncratic across species 
(Hobbs & Yates, 2003; Brandt et al., 2009). We saw no indication of 
this fire effect in our study.

The slight and non-significant difference in forb composition 
likely drove the increase in forb biomass in the high-energy fire 
plots as the forb species associated with the slightly shifted cen-
troids for high-energy fires included forbs that produce substantial 
biomass such as Solanum spp. and Thymophylla pentachaeta, while 
smaller forbs such as Hordeum pusillum and Allium drummondii 
were associated with centroids for low-energy and control plots. 
Consistent with the increase in forb biomass and decreased grass 
biomass in high-energy fire plots, in 2020 high-energy fires were 
slightly (not significantly) more associated with forbs (e.g. Verbena 
hastata, Solanum spp.), while low-energy fire and non-burned con-
trols were slightly (not significantly) more associated with grasses 
(e.g. Nassella leucotricha and Eragrostis intermedia). These slight dif-
ferences in community composition are also likely short-lived as an 
assessment of extreme prescribed fire in this region showed no dif-
ferences in herbaceous community composition 12 years after fire 
(Taylor et al., 2012).

All fire treatments exhibited transient differences in beta diver-
sity with high-energy fires resulting in the greatest variability among 
plots, low-energy fires showing intermediate levels, and unburned 
controls having the lowest. Fire reduces plant cover, can cause di-
rect mortality of some plants, and provides a pulse of resources, cre-
ating niches for new plants to fill (McGranahan & Wonkka, 2021). 
Availability of new niche space scales with fire intensity and subse-
quent severity (Moradizadeh et al., 2020); in our study, high-energy 

fires likely provided more available niche space for new plants to 
occupy, increasing immediate beta diversity. However, with time 
successional dynamics drive a return to pre-fire levels of diversity, 
as observed in our study with convergent beta diversity among 
treatments in the second year following fire. Similar short-term in-
creases in plant diversity have occurred in other grasslands following 
fire (Morgan & Lunt, 1999; Guo,  2001; Safford & Harrison, 2004; 
Overbeck et al., 2005).

4.3  |  Interactive effect between fire and grazing 
on biomass

Counter to our initial prediction, herbivore attraction to burned 
areas did not result in lower biomass on burned plots that were ac-
cessible to herbivores than on non-burned plots that were accessi-
ble to herbivores. Herbivore attraction to recently burned areas (the 
magnet effect of fire) is well established in the literature (Fuhlendorf 
& Engle,  2004; Archibald et  al.,  2005; Koerner & Collins,  2013; 
Burkepile et  al., 2016). Recently burned areas attract grazing ani-
mals with high-quality regrowth, and can be essential for nutrient 
acquisition during drought or the dry season (Yoganand & Owen-
Smith,  2014; Spiess et  al.,  2020). In fact, time since fire has been 
shown to be a primary factor for site selection by grazers and brows-
ers — more influential even than slope or distance to water (Allred 
et al., 2011). It is likely that the magnet effect did not manifest in 
our study because of plot size and configuration. In order to have a 
well-replicated study with randomly assigned treatments we used 
small plots and burned plots were interspersed among controls. Our 
10 × 10 m plots were likely too small an area in aggregate to keep 
herbivore focus entirely within the burned plots when interspersed 
with non-burned plots that herbivores had to move through to ac-
cess burned areas. While herbivores might have been attracted to 
the area generally because of the burned plots, they likely grazed in 
both burned and non-burned plots since they were small and adja-
cent. Managers should consider that the magnet effect could cause 
a greater loss of biomass to herbivores attracted by fire if fires are 
applied to larger areas.

4.4  |  Herbivore impacts on biomass and 
community composition.

Our findings show that mammalian wildlife, most likely recently in-
troduced axis deer (the only wild large mammalian grazing herbivore 
in the region), in the study area is reducing herbaceous biomass that 
would otherwise be available to livestock or as fuel for fire to con-
trol woody plants. The introduction of exotic wildlife to the Texas 
Edwards Plateau in the 1930s has caused a hierarchical shift in domi-
nant ungulate species throughout the region (Karlin & Rankin, 2016). 
Dietary differences between currently dominant exotic deer and pre-
viously dominant native deer impact forage and fuels while also af-
fecting land management decisions involving domesticated livestock 
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(Elliot & Barrett, 1985). Indian axis deer have become increasingly 
common because of their ability to shift browsing and grazing pat-
terns depending on forage availability (Elliot & Barrett, 1985). It is 
posited that axis deer and white-tailed deer will not be able to coex-
ist indefinitely because axis deer are competitively dominant, forc-
ing native deer into marginal habitat (Faas & Weckerly, 2010). This 
displacement of browsers of woody plants with a primarily grazing 
species could exacerbate the spread of woody plants by reducing 
browsing impacts on shrubs and seedlings and limiting the potential 
to conduct prescribed extreme fires needed to induce woody-plant 
mortality by limiting fine fuel.

5  |  CONCLUSIONS

Using extreme prescribed fire for reduction of woody plants in 
shrub-encroached semi-arid savannas with exotic mammalian graz-
ers presents some trade-offs for managers in the short term re-
garding herbaceous biomass. High-energy fire treatments did not 
deleteriously affect total vegetation biomass either directly by re-
ducing herbaceous biomass, or indirectly by increasing herbivore 
attraction to burned areas. However, high-energy fires lowered 
grass biomass and increased forb biomass two years after high-
energy fires. Our treatments represent the worst case for impacts 
to grass biomass. They are extreme in terms of soil heating given 
that we added dried juniper piles as fuel, which resulted in long 
residence times. Heat generation near the ground in a pile where 
woody material is burning leads to long residence times and maxi-
mal heat transfer to the soil. In standing and live vegetation with 
low fuel moisture, which is how the majority of management fires in 
the region are conducted, most of the heat will go up as convection 
and soil heating will be less extreme. There is likely to be less of a 
shift from grass to forb biomass in typical woody-plant management 
burns, which are conducted without fuel addition. In addition, given 
findings from long-term assessments of extreme prescribed fire on 
grass biomass, this is likely a transient effect; however, even short-
term reductions of grass biomass in areas where grazing livestock 
are competing with wildlife grazers could impact grazing manage-
ment. Therefore, there is a trade-off between long-term increases 
in forage from reductions of woody plants and short-term shifts 
in functional group biomass when using high-energy restoration 
fires. Mammalian herbivore grazing even in the absence of fire can 
substantially reduce herbaceous biomass. This has implications for 
management of open ecosystems both from a perspective of wild-
life competition with cattle and availability of fuel for prescribed 
fires to reduce abundance of woody plants. A shift in dominance 
from native browsers to non-native grazing species could repre-
sent a substantial loss in capacity to conduct any prescribed fires 
necessary for reduction of woody plants in encroached rangelands. 
Managers should consider the potential for wildlife grazers to re-
duce fine fuel below levels sufficient for a woody-plant reduction 
fire. High fencing or exotic herbivore control might be necessary to 
limit wildlife grazers.
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