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a b s t r a c t 

Prescribed fires are an important management tool for containing woody plant encroachment in range- 

land ecosystems. Grasses are the dominant fuel type in rangelands. Past work has shown that grass 

canopy architecture, which varies among grass species, can influence flammability. Whether variation 

in grass fuel structure can influence postfire plant responses has not yet been tested. To bridge this gap, 

we set up field burning experiments with different fuel treatments and examined postfire mortality of 

Juniperus virginiana L. in a tallgrass prairie in southwestern Missouri. We sampled 60 trees and measured 

tree height and diameter at breast height before the fire. Fuels surrounding each tree were manipulated 

to vary independently in both fuel load and fuel structure. Flame temperatures were measured during 

the fire, and both stem and canopy injuries were evaluated 1 d after the fire. We surveyed tree mortality 

7 mo after the fire. We found no effects of either fuel load or fuel structure on postfire mortality or on 

canopy injury in J. virginiana . Canopy injury was a critical fire severity measurement determining postfire 

mortality in J. virginiana , and taller trees are more fire resilient. Despite laboratory-observed fuel struc- 

ture effects on flammability, this study finds no evidence for the importance of grass fuel load and canopy 

architecture in influencing postfire tree response. This result might arise from the low crown depth and 

low canopy water content of J. virginiana , which can promote canopy fire and result in a high mortal- 

ity rate across fuel treatments. Notwithstanding the negative results, testing laboratory-based findings in 

field settings is important for further examining laboratory observations and upscaling individual-level 

processes to ecosystems to help identify the key ecological processes determining population dynam- 

ics and community assembly. Our study also suggests that prescribed fire is an effective tool to remove 

encroaching J. virginiana in tallgrass prairies at an early stage. 

© 2024 The Society for Range Management. Published by Elsevier Inc. All rights are reserved, including 

those for text and data mining, AI training, and similar technologies. 
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Native to the eastern United States, Juniperus virginiana L.

as significantly expanded its range in the central United States

uring the last 5 decades. One effective management practice

o control encroachment of J. virginiana in native grasslands is

rescribed fire. J. virginiana is one of the most widely spread

ative tree species, with a distribution from the eastern Great

lains to the Atlantic coast ( Harper 1912 ). Due to altered land-

se management such as fire suppression and intensive grazing
✩ This work was supported by internal funding from the Dept of Biological Sci- 

nces at Missouri University of Science and Technology. 
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 Briggs et al. 2002a ), J. virginiana has expanded its distribution

nto mesic tallgrass prairies across the central United States at

he expense of native prairie species ( Gehring and Bragg 1992 ;

riggs et al. 2002a ; Knapp et al. 2008 ; McKinley et al. 2008 ).

s a nonresprouting juniper, J. virginiana is susceptible to fire

nd is often managed with prescribed burning ( Ortmann et al.

998 ; Ansley and Rasmussen 2005 ). The effectiveness of pre-

cribed fires in removing encroaching woody plants depends

n various factors, including the fire-resistant traits of the tar-

eted species and local fuel characteristics ( Ryan and Noste 1985 ;

parks et al. 1999 ; Fuhlendorf et al. 2011 ). Postfire tree mor-

ality in nonresprouting junipers often decreases with tree size

s mature trees are more fire resilient than saplings ( Ortmann

t al. 1998 ; Noel and Fowler 2007 ; Clark et al. 2018 ). The

robability of fire-induced tree mortality also decreases as the

ge of the stand increases because of the significantly reduced
ts are reserved, including those for text and data mining, AI training, and similar 
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ne fuels underneath the tree canopies ( Briggs et al. 2002b ;

widwell et al. 2013 ). Previous work has examined fuel load ef-

ects on postfire mortality in nonresprouting junipers ( Bryant et al.

983 ; Twidwell et al. 2009 ; Clark et al. 2018 ), but no study has

xplored the potential effects of fuel characteristics (e.g., grass 

anopy architecture) on fire impacts. Understanding this subject 

s important for planning prescribed burns to meet management 

oals. 

Variation in species-specific traits can alter fire behavior, which 

n turn influences postfire plant response. Plant traits determine 

ammability ( Schwilk 2003 ; de Magalhães and Schwilk 2012 ;

ngber and Varner 2012 ; Simpson et al. 2016 ), and fire behav-

or metrics such as heat release influence postfire plant mortality 

 West et al. 2016 ; Bowman et al. 2018 ). Community composition

nd structure in fire-prone ecosystems are susceptible to changes 

n local fire regimes, which in turn feeds back to influence fire be-

avior and fire impacts ( Harris et al. 2016 ; Archibald et al. 2018 ).

ire-mediated tree–grass interactions and the associated state tran- 

itions have been one of the major focuses in fire ecology studies

 Scholes and Archer 1997 ; Van Langevelde et al. 2003 ; Staver et al.

011 ). Past work often focused on mono-specific grass fuels or the

ffects of fuel load on fire behavior and postfire plant responses

 Vilà et al. 2001 ; Rossiter et al. 2003 ; Bowman et al. 2014 ). Re-

ently, a growing body of work has shown that both leaf morphol-

gy and canopy architecture can influence grass flammability at 

he individual plant level ( Fill et al. 2016 ; Simpson et al. 2016 ; Gao

nd Schwilk 2018 , 2022 ). In addition to laboratory observations,

eld experiments also show species-specific effects on grass fire 

ehavior ( Cardoso et al. 2018 ). Thus, it is possible that in ecosys-

ems where grass species composition varies spatially, heterogene- 

ty in grass fire behavior due to variation in flammability traits can

esult in different fire injuries in trees. A recent study indicated

hat grass biomass allocation in vertical space can influence heat 

elease at different locations; for example, a bottom-heavy grass 

ill release more heat at the soil surface while producing less heat

t 50 cm above the ground ( Gao and Schwilk 2018 , 2022 ), which

re important fire behavior metrics determining fire-induced mor- 

ality in tree saplings ( Ryan and Frandsen 1991 ; Odion and Davis

0 0 0 ; Butler and Dickinson 2010 ; Bowman et al. 2018 ). We thus

et out to test if this canopy architecture effect on grass fire be-

avior can influence postfire tree mortality in the field. 

In this study, we aimed to determine the independent and in-

eracting effects of grass fuel load and fuel structure, namely, the

roportion of total biomass allocated > 30 cm above ground level,

n postfire mortality in J. virginiana . To do so, we conducted pre-

cribed burns where we experimentally manipulated both fuel load 

nd fuel allocation in vertical space in a tallgrass prairie in south-

estern Missouri. We examined fire injuries in sampled trees 1 d

fter the fire and determined the mortality rate 7 mo after the fire.

e hypothesized that 1) fuel load will positively influence tree 

ortality rate and that 2) in addition to the fuel load effect, as

ore fuel is allocated > 30 cm above ground level, there will be

ore heat released above ground, which will result in increased

robability of tree mortality because of increased canopy injury. 

ethods 

tudy site and prescribed fire 

This study occurred at a tallgrass prairie site in the Springfield

lateau ecoregion ( Baskin and Baskin 20 0 0 ). The study site is 27 ha

nd is located on a private property, approximately 10 miles east

f Lamar, Missouri (lat 37 °29′ 37′′ N, long 94 °16′ 20′′ W). Dominant

rass species at the site include Andropogon gerardii Vitman, Ely- 

us canadensis L., and Panicum virgatum L. Encroachment of J. vir-

iniana is the main management concern at the study site and
 primary issue for grasslands in Missouri and other south cen-

ral region states in the United States ( Baskin and Baskin 20 0 0 ;

eneguzzo and Liknes 2015 ). To control further invasion by woody

lants, prescribed fires were scheduled during daylight hours on 

ecember 13-14 2019. The study site was divided into three burn

nits (NE, SE, and SW units with a size of 7 ha, 10 ha, and 10 ha,

espectively) by building fire break lines around each unit. All units

ad flat topography. The western unit was also invaded by Lonicera

aponica Thunb., Rubus armeniacus Focke, and Rhus glabra L. Pre- 

cribed burns using ring firing techniques were applied to the two

astern units on December 13 2019, with two fires being separated

y 4 h, and to the SW unit on December 14 2019. 

uel treatments 

Treatments varied both fuel load and biomass allocation in ver- 

ical space with a full factorial experiment design. Treatments were 

ssigned randomly to individual trees (60 trees in total, 15 to each

uel treatment combination). To mimic native grass fuels, we used 

ocally grown hay as the experimental fuel source. We used a

20 g · m–2 fuel load to represent average aboveground biomass 

n an annually burned tallgrass prairie ( Abrams et al. 1986 ), and a

240 g · m–2 fuel load to represent tallgrass prairies with high an-

ual productivity ( Kidnie 2009 ).The fuel structure treatment was 

eant to mimic variation in grass canopy architecture and in- 

luded a low biomass height ratio (70% total fuel load was al-

ocated below 30 cm height relative to the ground) and a high

iomass height ratio (70% total fuel load was allocated above 

0 cm height relative to the ground) to represent the extremes of

anopy architecture measured in previous work ( Gao and Schwilk 

018 ). 

To manipulate fuel structure, we constructed a 0.5-m 

idth × 1.0-m length × 0.3-m height fuel tray using wire mesh 

nd placed it at a 30-cm height above the ground by wiring the

ray to rebar posts at each corner. Three fuel trays were evenly

paced at the canopy edge of each sampled tree. Any existing

uels were cut to ground level and replaced by experimental fuels

t fixed fuel loads. For the high biomass height ratio treatment,

0% of the total fuel load was set above the wire screen; for the

ow biomass height ratio treatment, 70% of the total fuel load

as set on the ground. Fuels were spread to even depths at each

ocation. We set up fuel treatments on the day of the fire to avoid

isturbance and minimize variation in fuel moisture content across 

eplicates. 

ree sampling and prefire measurements 

To determine the effects of fire on trees, we sampled 60 adult

ndividuals of J. virginiana (20 individuals per burn unit) and ran-

omly assigned each to one of the four fuel treatments, with a to-

al of 15 replicates for each treatment. Trees were randomly sam-

led throughout each unit by selecting individuals with heights 

arying between 1.5 m and 3.5 m. Selected individuals were sepa-

ated by a minimum distance of 10 m to minimize spatial autocor-

elation. Trees that recently experienced stress with visible signs 

r that were close to snags, logs, or within 10 m from the mowed

rebreak lines were avoided during sampling. We tagged each tree 

nd recorded the geographical location. Both tree diameter at 1.3 

 above the ground and tree height were measured prior to the

re. However, we did not measure fuel moisture content of the

ampled trees due to limited time and labor resources. 

ire behavior measurements 

On the days of prescribed burns, we measured fire weather and

re behavior. Fire weather, including relative humidity, air temper- 
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Table 1 

Weather information during each prescribed burning. 

Burn unit Date Fire start time Air temperature ( °C) Relative humidity (%) Wind speed (m · s–1 ) 

SE 2019-12-13 1355 16.7 ± 0.9 37.7 ± 2.6 0.9 ± 0.2 

NE 2019-12-13 1810 5.1 ± 0.9 80.9 ± 9.2 0.4 ± 0.5 

SW 2019-12-14 1140 3.2 ± 1.2 72.1 ± 7.2 1.6 ± 0.6 
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ture, and wind speed at 2 m above the ground, was measured

rior to ignition and every 15 min during each fire using a Kestrel

eather meter ( Table 1 ). We measured flame temperature every

econd at the soil surface and 1 m above the ground by wiring one

-type thermocouple to the tree trunk at each location for each

ree. However, we lost fire temperature measurements for half of

he sampled trees accidentally. 

ostfire measurements on fire severity and tree mortality 

The day after prescribed burnings, we measured fire severity as

ree bole char height, percentage of bole circumference scorched at

0 cm, and percentage of prefire crown volume scorched and loss

 Catry et al. 2010 ; Peterson and Arbaugh 1986 ; Sieg et al. 2006 ).

ree bole char height was defined as the height relative to the

round where the blackened tree trunk due to scorching ended.

e defined crown scorch as the portion of crown that was com-

letely consumed or scorched by fire, while crown loss was de-

ned as the portion of crown that was consumed only. Percentage

f bole circumference scorched at 30 cm was defined as the per-

entage of bole circumference that was consumed or scorched by

re at 30 cm relative to the ground. 

To estimate crown injury, we used both visual assessment and

mage analysis approaches. We first visually assessed the percent-

ge of tree crown volume scorched by fire, and the measurement

ccounted for both tissue consumption and scorching. In addition,

e took images of the tree crown after fire from four cardinal di-

ections at fixed resolution (50 mm focal length), distance (5 m

rom the tree), and height (1 m above the ground). To include a

cale reference for each image, we placed a metal ruler by the tree

ith the top 50 cm of length marked. To estimate tree crown vol-

me before and after the fire, we manually defined the contour of

ach half of the prefire and postfire tree canopy in ImageJ ( Rasband

997 ), and extracted the coordinates of vertices defining the con-

our and the vertical axis of the canopy. The contour of the prefire

ree canopy was defined by the plant skeleton left from the fire, as-

uming that the skeleton well represented the original shape of the

anopy if only photosynthetic tissues and small twigs were com-

usted ( Bond et al. 1990 ; Keeley et al. 2005 ). We defined postfire

ree canopy as the portion of canopy with leaves still attached de-

pite scorching. We then estimated the volume of the tree canopy

sing vertex coordinates of each half of the canopy contour (a

losed, non–self-intersecting polygon) based on Pappus’s centroid 

heorem ( Goodman and Goodman 1969 ). Prefire and postfire tree

anopy volumes were then calculated by averaging estimated vol-

mes, and the percentage crown volume consumed was calculated

y dividing postfire canopy volume by prefire canopy volume. We

ould not distinguish tissues that were scorched by fire from those

hat were not because of the cloudy and dim conditions under

hich photography occurred. Therefore, the image-derived crown 

njury measurement only assessed the percentage of tree crown

olume that was consumed by the fire. Given there could be mea-

urement error in both methods and the high correlation between

he two crown injury measurements (correlation coefficient: 0.92),

e conducted a principal component analysis on the two measure-

ents and used the scores of the first principal component axis as

he final crown injury index to determine postfire tree mortality. 
To determine fire effects on trees, we examined tree survival

tatus 7 mo after the fire in July 2020. An individual was marked

s alive if any green tissue was present. 

ata analysis 

We first summarized flame temperature data by calculating the

ntegrated temperature and heating duration at the soil surface and

 m above the ground. Integrated temperature was defined as the

um of flame temperatures above 60 °C over time during the fire

 °C · s), and heating duration was the time duration during which

ame temperatures reached 60 °C or above (s). In addition, we ex-

racted the peak temperature ( °C) that was reached at each loca-

ion. Fire temperature measurements were not included in further

nalysis due to the loss of some measurements, but summarized

or each fuel treatment in Table 2 as they provide important in-

ormation for field-scale fire behavior that might be of interest to

ther work. 

Tree height and tree diameter at breast height were closely cor-

elated, and both are positively related to bark thickness, which is

 common heat isolation trait ( Lawes et al. 2011 ; Schwilk et al.

013 ). However, as tree height also indicates the chance of leaf tis-

ue escaping the flame zone ( Archibald and Bond 2003 ), we thus

ncluded tree height as a covariate in postfire tree mortality re-

ression. As bole char height was closely correlated with crown in-

ury, we selected bole circumference scorched at 30 cm above the

round as the stem injury measurement to determine fire-induced

ree mortality. 

To determine the effects of fuel treatments on postfire tree mor-

ality, we applied an information-theoretic approach based on mul-

iple hypotheses ( Chamberlin 1965 ; Burnham et al. 1998 ). We first

roposed a null hypothesis (H0 ) in which we hypothesized that

ostfire tree mortality was influenced by location (a burn unit ef-

ect) and also negatively influenced by tree height. To examine the

ndependent and interacting effects of fuel load and fuel structure

n postfire tree mortality, we then proposed four alternative hy-

otheses: 1) postfire tree mortality was positively influenced by

uel load only (H1 ); 2) postfire tree mortality was higher in the

igh biomass height ratio treatment without fuel load effect, which

s due to increased heat release aboveground that can cause sev-

rer canopy damage (H2 ); 3) there were additive effects of fuel

oad and biomass height ratio on postfire tree mortality (H3 ); and

) fuel load and biomass height ratio interacted with each other to

nfluence postfire tree mortality (H4 ). We built a logistic regression

odel corresponding to each hypothesis, and included tree height

nd burn units in all models ( Table 3 ). We then calculated the cor-

ected Akaike information criterion (AICc ) given the small sample

ize ( Richards 2005 ). The best model was selected according to rel-

tive AICc weights. 

To confirm if there was any effect of fuel treatments on tree

ortality, we built a linear model to determine fuel treatment ef-

ects on canopy injury. First, a logistic model was built to examine

f measured canopy injury could predict postfire mortality in J. vir-

iniana by including both canopy and basal stem injury measure-

ents as predictors, and tree height and burn unit as covariates.

 set of linear models was built according to proposed hypothe-

es that were as the same as hypotheses for postfire tree mortal-

ty, except the dependent variable was replaced by canopy injury
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Table 2 

Flame temperature measurements summarized for fuel treatments. 

Fuelload Fuel structure Location (m) Replicate Duration (s) Integrated temperature 

( °C) 

Peak temperature 

( °C) 

H H 1 8 47.5 ± 56.2 6837.2 ± 12952.4 143.1 ± 191.8 

H H 0 8 128.0 ± 55.8 26477.7 ± 12320.8 487.4 ± 234.3 

H L 1 10 45.6 ± 40.8 6112.4 ± 7386.4 168.0 ± 164.3 

H L 0 10 145.8 ± 76.3 29556.9 ± 16846.4 426.6 ± 145.0 

L H 1 9 27.0 ± 47.7 4586.2 ± 11379.7 114.4 ± 182.3 

L H 0 9 104.5 ± 42.1 15965.8 ± 10462.7 270.5 ± 184.8 

L L 1 6 43.1 ± 34.9 4754.0 ± 5642.6 119.6 ± 76.6 

L L 0 6 113.8 ± 58.3 20819.9 ± 11772.8 307.3 ± 138.0 

Each variable is presented by its mean and standard deviation. Location refers to where the flame temperature was measured relative to the ground. H: High fuel load 

(1240 g m–2 ), or high biomass height ratio (70% of total fuel allocated above 30 cm height); L: Low fuel load (620 g m–2 ), or low biomass height ratio (70% of total fuel load 

allocated on ground). 

Table 3 

Candidate logistic (linear) regression models for proposed hypotheses determining effects of fuel treatments on postfire tree mortality (Mortality) and canopy injury (Crown) 

with Akaike information criterion (AICc ) for each candidate model provided. 

Hypothesis Logistic (linear) model AICc mortality �AICc mortality AICc weight 

mortality 

AICc 

crown 

�AICc crown AICc 

weight crown 

H0 mortality (canopy injury) ∼ burn 

unit + tree height 

26.66 0.00 0.45 64.02 0.00 0.39 

H1 mortality (canopy injury) ∼ fuel 

load + burn unit + tree height 

28.56 1.91 0.17 64.81 0.78 0.26 

H2 mortality (canopy injury) ∼ biomass 

height ratio + burn unit + tree height 

27.91 1.26 0.24 66.48 2.45 0.11 

H3 mortality (canopy injury) ∼ fuel 

load + biomass height ratio + burn 

unit + tree height 

29.90 3.24 0.09 67.35 3.32 0.07 

H4 mortality (canopy injury) ∼ fuel 

load∗biomass height ratio + burn 

unit + tree height 

31.31 4.65 0.04 65.85 1.83 0.15 

Best model is selected given the relative AICc weight and highlighted in bold. Selected best model is the null model for both postfire mortality and crown injury. 
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 Table 3 ). The best model was selected following the same proce-

ure as described above. 

Data analysis and figure making were conducted in R version

.4.2 ( Core R Team 2022 ) using R packages including the “car”

 Fox et al. 2013 ), the “AICcmodavg” ( Mazerolle 2020 ), the “Tidy-

erse” ( Wickham et al. 2019 ), the “ggplot2” ( Wickham 2011 ), and

he “sjPlot” package ( Lüdecke 2020 ). Numeric variables included in 

odels were standardized to center around the mean to make the

elative effects of variables comparable when necessary. 

esults 

Based on relative AICc weights, the null model was ranked as 

he best model to determine the effects of fuel treatments on both

ostfire tree mortality and canopy injury ( Table 3 ). Therefore, there

as no effect of fuel treatments on postfire tree mortality or on

anopy injury. Across fuel treatments, postfire mortality was high- 

st in the low biomass height ratio groups (55% mortality rate) for

oth high and low fuel load treatments; and lowest in the high fuel

oad with high biomass height ratio group (mortality rate 40%). 

he postfire mortality rate was 50% for the low fuel load with

igh biomass height ratio treatment. In addition, small-sized trees 

height < 2 m) tended to have a high postfire tree mortality rate

 > 80%); and the mortality rate dropped below 50% once the tree

as taller than 3 m, especially for groups with 70% of the total

uel being allocated at 30 cm above the ground ( Fig. 1 ). There was

o unit effect on postfire tree mortality ( Table 4 ). In contrast, mea-

ured canopy injury was similar across all sampled trees but higher

n the NE unit compared with that in the SE and SW units ( Table 4 ;

ig. 2 ). Indeed, canopy injury was an important fire severity mea-

urement, and postfire tree mortality in J. virginiana increased in 

esponse to the increase in canopy injury ( Table 5 ). Basal stem in-

ury played no role in determining postfire tree mortality. 
iscussion 

We tested if grass fuel load and fuel allocation in vertical space

ould influence postfire mortality in J. virginiana by conducting 

eld-scale burning experiments. Not only did we find no effect 

f fuel structure (mimicking biomass height ratio, a measure of 

rass architecture), in contrast to previous work ( Twidwell et al.

013 ; Clark et al. 2018 ), we did not find any effect of total fuel

oad on postfire tree mortality in J. virginiana . In past work, we

ound that grasses allocating more biomass near the ground pro- 

uce more heat at the soil surface while generating less heat at

0 cm above the ground ( Gao and Schwilk 2018 , 2022 ). Given

hat even total fuel load had no effect on postfire mortality in our

tudy, it is not surprising that we found no effect of a mimicked

rass architectural trait. J. virginiana is a nonresprouting juniper 

or which canopy injury is the most critical fire severity measure-

ent predicting its postfire response ( Hood et al. 2007 ; Grayson

t al. 2017 ). Indeed, we found that as canopy injury increased,

here was a higher chance of mortality without any effect of stem

njury. The lack of fuel load and fuel structure effect on canopy in-

ury and postfire mortality in J. virginiana is possibly because trees

ampled in this study were ready-to-ignite fuels at the time of

re, which can be a result of tree canopy traits including a low

rown depth, a low canopy water content in winter, and the typi-

ally high content of flammable compounds in junipers ( Yang et al.

016 ; McCaw et al. 2018 ). In our study, it appears that combus-

ion of the juniper canopy was insensitive to local grass fuel loads

nd that canopy consumption was a consequence of combustion of 

he juniper canopy itself. This seems to be a threshold effect sen-

itive to local fire behavior: once trees were exposed to enough

eat, they could ignite and self-sustain the spread of fire within

ensely branched canopies, which resulted in a similar canopy in- 

ury across treatments. Such a threshold effect is also documented 
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Figure 1. Predicted post-fire tree mortality using a logistic regression model including tree height, burning unit, and fuel treatments. Effects of fuel treatments and tree 

height are shown in figure. Lines are model means and shaded areas are the standard errors of the model prediction. 1240 g m−2 and 620 g m−2 refers to high and low fuel 

load treatment respectively. 

Figure 2. Fuel treatment effects on postfire crown injury. Crown injury index used was the scores of the first principal component axis from principal component analysis 

on the two crown injury measurements. As the value of crown injury index decreases, the measured crown injury increases. Box is color coded in unit to show unit variation 

in crown injury. 1240 g m−2 and 620 g m−2 refers to high and low fuel load treatment respectively. 

Table 4 

Coefficients and ANOVA table for the best models selected to determine effects of fuel treatments on postfire tree mortality and canopy injury. 

Postfire mortality Canopy injury 

Intercept Tree height Unit(SE) Unit(SW) Intercept Tree height Unit(SE) Unit(SW) 

Model 

coefficient 

4.949 –0.016 –0.070 –0.729 –0.463 0.001 0.323 0.260 

P value 0.038 1 0.545 0.575 0.027 1 

Degrees of 

freedom 

1 2 1 2 

F value 4.515 0.613 0.319 3.861 

1 Significant effects. 

Table 5 

Coefficients and ANOVA table for logistic model determining effects of canopy and stem injuries on postfire tree mortality. 

Canopy injury Stem injury Tree height Unit(SE) Unit(SW) Canopy injury: 

stem injury 

Model coefficient –1.047 2.715 –1.357 1.017 –0.070 –2.156 

P value < 0.001 1 0.449 0.003 1 0.307 0.248 

Degrees of freedom 1 1 1 2 1 

F value 16.310 0.583 9.403 1.207 1.367 

1 Significant effects. 
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/

n the study by Twidwell et al. (2009) , who found that high fuel

oad leads to increased crown scorch in juniper trees during the

et season, but 100% crown scorch is observed once the under-

anopy fuel load exceeds only 0.128 kg m–2 during the dry season.

n addition, canopy injury was more severe in the NE unit than

n the two southern units. This might be explained by the fact

hat the NE unit was burned after sunset on the first day when

emperatures were high and relative humidity was low during the 

ay ( Table 1 ), which together might contribute to a lower aver-

ge fuel moisture content, intensifying the fire in the NE unit. Al-

hough, we did not measure fuel moisture content to confirm this

ypothesis. 

The high postfire mortality we found in this work suggests 

hat prescribed fire can be an effective tool to remove and con-

ain woody plant encroachment into grasslands, especially when 

argeted woody species are fire susceptible. Native grasslands 

ith high biodiversity are important ecosystems, providing wildlife 

abitats and high-quality forage for livestock. As most grasses pre- 

er open habitats with ample sunlight, periodic fire is an impor-

ant ecological process that maintains grassland community com- 

osition and structure by suppressing woody plant cover ( Perrings

nd Walker 1997 ; Mapiye et al. 2008 ; Gholami et al. 2020 ). Land-

se change and the associated shift in fire regime have led to in-

reased tree or shrub cover in grasslands across the Western and

entral United States ( Van Auken 2009 ; Brunelle et al. 2014 ). Man-

gement practices such as aerial herbicide application, mechani- 

al treatment, and prescribed fires are common tools for remov- 

ng trees and shrubs in grasslands ( Scholtz et al. 2018 ). The cost

ssociated with each of those management practices varies signif- 

cantly, with prescribed fire usually being the most cost-efficient 

ool ( Taylor et al. 2013 ). However plant responses to prescribed

res vary across species, which often requires managers to take 

nto account factors such as fire-resistant traits of the targeted 

pecies, timing and type of prescribed fire, and local fuel char-

cteristics ( Ryan and Noste 1985 ; Mandle et al. 2011 ). The high

ostfire mortality we observed in eastern red cedar under both 

ow and high fuel load treatment suggests that in tallgrass prairies

here annual productivity is high, using prescribed fire to kill en-

roaching woody plants should not require additional fuel manip- 

lations such as adding fine fuels. This, however, can change if

ites are further invaded by woody plants with significantly re- 

uced understory herbaceous cover ( Clark et al. 2018 ); or eastern

ed cedar grows next to dense shrub populations on infrequently 

urned sites that the shrubs can act as a fire refugia to prevent

re-induced mortality even for small trees ( Nippert et al. 2021 ).

herefore, active monitoring and detecting woody plant encroach- 

ent in combination with applying prescribed fires at the early 

tage of invasion should be an effective way to prevent grassland

egradation caused by woody encroachment. The lack of a fuel 

tructure effect on tree mortality in this work does not necessar-

ly mean that local fuel characteristics are not important. Rather, it

s important to consider both canopy and surface fuels when us-

ng prescribed fire as a management tool. The low canopy depth

nd high content of flammable compounds in eastern red cedar 

otentially promoted canopy fires by increasing both fuel continu- 

ty in vertical space and flammability. In systems where such lad-

er fuel is absent, considering other factors such as wind speed

e.g., relatively high wind speed instead of low wind speed) and

opography (e.g., slope and aspect) can become important to make 

he prescribed fire more efficient in removing trees. On the other

and, managers should also consider minimizing the risk of man- 

gement fires escaping into adjacent properties by mechanically 

hinning trees to prevent active crown fires when canopy fuel is

ighly flammable. 

We examined the effects of fuel load and fuel structure on

re-induced mortality in J. virginiana by conducting field burning 
xperiments. In conclusion, we found that neither canopy injury 

easured the day after the fire nor postfire tree mortality surveyed

 mo after the fire varied by fuel treatment. This is consistent with

riticisms of laboratory-based flammability trials as not represent- 

ng real-world fire behavior ( Fernandes and Cruz 2012 ; Resco de

ios 2023 ). However, given the absence of even a total fuel load

ffect on canopy injury or tree mortality, this result may simply

emonstrate that the fire behavior during juniper canopy injury is 

nsensitive to the grass fuels entirely. In this system, grass fuels

ay simply serve to carry fire between independently combust- 

ng trees. It is important to test laboratory-based observations in 

eld settings in order to link the basic mechanisms to complex

cological processes. Our work also suggests that applying pre- 

cribed fires at the early stage of woody encroachment to remove

re-susceptible trees and shrubs can be an effective way to control

urther invasion by woody species in grasslands. 

anagement Implications 

Woody plant encroachment and the resulting impacts on bio- 

iversity, regional water and carbon cycling, and fire dynamics are 

ne of the main management concerns for rangeland ecosystems 

cross the western and Central United States. The high mortality 

ate in eastern red cedar after management fire in our study in-

icates that prescribed fire can be an effective tool to remove en-

roaching woody plants in grasslands. However, to achieve the de- 

ired management outcome, managers should consider the follow- 

ng: 1) applying management fire at the early stage of woody plant

ncroachment to ensure enough fine fuel load for supporting fire 

pread across the management unit and that woody plants are still

mall and fire sensitive. For instance, a height of 2–3 m is a critical

hreshold size for eastern red cedar, below which postfire mortality 

an be > 50%; 2) applying management fire in the dry or dormant

eason rather than in the wet season, as the lower vegetation wa-

er content in the dry season can result in more intense fire, thus

ncreasing postfire tree mortality. Such fire is also less detrimental 

o native herbaceous plants when most species are dormant during 

he dry season; 3) ladder fuels, either from the build-up of stand-

ng grass fuels or the low-branching architecture of trees, can be

mportant for promoting canopy fire that leads to top-kill of non-

esprouting trees. Prefire mechanical thinning might be required 

o reduce the risk of management fire escaping, especially when 

anopy fuels are highly flammable. 

Our study does not provide long-term monitoring data on post- 

re population dynamics. However, it is worth noting that postfire 

anagement, such as planting native herbaceous species and ap- 

lying herbicides to remove invasive species (e.g., invasive annual 

rasses) and new recruitments from encroaching woody plants, 

an increase the longevity of any management fire effect. In addi-

ion, recurrent management fires are often required to maintain a 

ealthy community structure for fire-dependent rangeland ecosys- 

ems. 

uthor Contributions 

Xiulin Gao, Dylan W. Schwilk, and Robin Verble designed the 

tudy. Xiulin Gao collected and analyzed the data. X.G. wrote the

rst draft of the manuscript, Robin Verble, Dylan W. Schwilk, and

iulin Gao edited the manuscript. 

ata Statement 

Data and code resulted from this work can be found at https:

/github.com/XiulinGao/field-burning . 

https://github.com/XiulinGao/field-burning


X. Gao, D.W. Schwilk and R. Verble / Rangeland Ecology & Management xxx (xxxx) xxx 7 

ARTICLE IN PRESS 

JID: RAMA [mUS5Gb; August 22, 2024;20:16 ] 

D

 

s

A

 

s  

J  

t  

m

R

A  

 

A  

A  

 

A  

 

 

 

 

V  

 

B  

 

B  

B  

 

 

B  

 

B  

 

B  

 

B  

 

B  

B  

 

B  

C  

 

 

C  

 

C  

C  

 

C  

E  

 

F  

 

F  

F  

F  

 

G  

G  

G  

 

G  

 

G  

G  

 

H  

H  

 

 

H  

 

K  

 

K  

K  

 

 

 

V  

 

 

L  

 

L  

d  

 

M  

 

M  

 

M  

M  

 

 

M  

 

 

M  

 

N  

 

 

N  

O  

O  

 

P  

 

P  

 

eclaration of Competing Interest 

The authors declare that there is no conflict of interest in the

ubject matter discussed in this manuscript. 

cknowledgments 

We would like to thank Jerod Huebner for conducting the pre-

cribed fires and helping with the experiment setup. We also thank

ames Allen, Leah Allen, Justin Hinson, and Lilly Germeroth for

heir help on prefire tree measurements and setting up fuel treat-

ents. 

eferences 

brams, M.D., Knapp, A.K., Hulbert, L.C., 1986. A ten-year record of aboveground

biomass in a Kansas tallgrass prairie: Effects of fire and topographic position.
American Journal of Botany 73, 1509–1515 . 

nsley, R.J., Rasmussen, G.A., 2005. Managing native invasive juniper species using
fire. Weed Technology 19, 517–522 . 

rchibald, S., Bond, W.J., 2003. Growing tall vs growing wide: Tree architecture and
allometry of Acacia karroo in forest, savanna, and arid environments. Oikos 102,

3–14 . 

rchibald, S., Lehmann, C.E.R., Belcher, C.M., Bond, W.J., Bradstock, R.A., Daniau, A.L.,
Dexter, K.G., Forrestel, E.J., Greve, M., He, T., Higgins, S.I., Hoffmann, W.A., La-

mont, B.B.D., McGlinn, J., Moncrieff, G.R., Osborne, C.P., Pausas, J.G., Price, O.,
Ripley, B.S., Rogers, B.M., Schwilk, D.W., Simon, M.F., Turetsky, M.R., Van Der

Werf, G.R., Zanne, A.E., 2018. Biological and geophysical feedbacks with fire in
the Earth system. Environmental Research Letters 13 (3) . 

an Auken, O.W., 2009. Causes and consequences of woody plant encroachment
into western North American grasslands. Journal of Environmental Management

90 (10), 2931–2942 . 

askin, J.M., Baskin, C.C., 20 0 0. Vegetation of limestone and dolomite glades in the
Ozarks and Midwest regions of the United States. Annals of the Missouri Botan-

ical Garden 87 (2), 286–294 . 
ond, W.J., Le Roux, D., Erntzen, R., 1990. Fire intensity and regeneration of myrme-

cochorous Proteaceae. South African Journal of Botany 56 (3), 326–330 . 
owman, D.M.J.S., Haverkamp, C., Rann, K.D., Prior, L.D., 2018. Differential demo-

graphic filtering by surface fires: How fuel type and fuel load affect sapling

mortality of an obligate seeder savanna tree. Journal of Ecology 106 (3),
1010–1022 . 

owman, D.M.J.S., MacDermott, H.J., Nichols, S.C., Murphy, B.P., 2014. A grass-fire cy-
cle eliminates an obligate-seeding tree in a tropical savanna. Ecology and Evo-

lution 4 (21), 4185–4194 . 
riggs, J.M., Hoch, G.A., Johnson, L.C., 2002a. Assessing the rate, mechanisms, and

consequences of the conversion of tallgrass prairie to Juniperus virginiana forest.

Ecosystems 5 (6), 578–586 . 
riggs, J.M., Knapp, A.K., Brock, B.L., 2002b. Expansion of woody plants in tallgrass

prairie: A fifteen-year study of fire and fire-grazing interactions. American Mid-
land Naturalist 147 (2), 287–294 . 

runelle, A ., Minckley, T.A ., Delgadillo, J., Blissett, S., 2014. A long-term perspective
on woody plant encroachment in the desert southwest, New Mexico, USA. Jour-

nal of Vegetation Science 25 (3), 829–838 . 

ryant, F.C., Launchbaugh, G.K., Koerth, B.H., 1983. Controlling mature Ashe juniper
in Texas with crown fires. Journal of Range Management 36 (2), 165–168 . 

urnham, K.P., Anderson, D.R., Burnham, K.P., Anderson, D.R., 1998. Practical use
of the information-theoretic approach. Model Selection and Inference. Springer,

New York, NY, USA, pp. 75–117 . 
utler, B.W., Dickinson, M.B., 2010. Tree injury and mortality in fires: Developing

process-based models. Fire Ecology 6 (1), 55–79 . 

ardoso, A.W., Oliveras, I., Abernethy, K.A., Jeffery, K.J., Lehmann, D., Edzang
Ndong, J., McGregor, I., Belcher, C.M., Bond, W.J., Malhi, Y.S., 2018. Grass species

flammability, not biomass, drives changes in fire behavior at tropical forest-sa-
vanna transitions. Frontiers in Forests and Global Change 1, 6 . 

atry, F.X., Rego, F., Moreira, F., Fernandes, P.M., Pausas, J.G., 2010. Post-fire tree mor-
tality in mixed forests of central Portugal. Forest Ecology and Management 260,

1184–1192 . 

hamberlin, T.C., 1965. The method of multiple working hypotheses. Science 148,
754–759 . 

lark, P.E., Williams, C.J., Pierson, F.B., 2018. Factors affecting efficacy of prescribed
fire for western juniper control. Rangeland Ecology and Management 71 (3),

345–355 . 
ore R Team, 2022. A language and environment for statistical computing. R Foun-

dation for Statistical Computing, Vienna, Austria . 
ngber, E.A., Varner, J.M., 2012. Predicting Douglas-fir sapling mortality following

prescribed fire in an encroached grassland. Restoration Ecology 20 (6), 665–668 .

ernandes, P.M., Cruz, M.G., 2012. Plant flammability experiments offer limited
insight into vegetation-fire dynamics interactions. New Phytologist 194 (3),

606–609 . 
ill, J.M., Moule, B.M., Varner, J.M., Mousseau, T.A., 2016. Flammability of the key-

stone savanna bunchgrass Aristida stricta . Plant Ecology 217 (3), 331–342 . 
ox, J., Friendly, M., Weisberg, S., 2013. Hypothesis tests for multivariate linear mod-
els using the car package. R Journal 5 (1), 39–52 . 

uhlendorf, S.D., Limb, R.F., Engle, D.M., Miller, R.F., 2011. Assessment of prescribed
fire as a conservation practice. Conservation Benefits of Rangeland Practices As-

sessment, Recommendations, and Knowledge Gaps, pp. 75–104 . 
ao, X., Schwilk, D.W., 2018. Grass canopy architecture influences temperature ex-

posure at soil surface. Fire 1, 1–14 . 
ao, X., Schwilk, D.W., 2022. Burn hot or tolerate trees: Flammability decreases with

shade tolerance in grasses. Oikos 2022 (4), e08930 . 

ehring, J.L., Bragg, T.B., 1992. Changes in prairie vegetation under eastern red cedar
( Juniperus virginiana L.) in an eastern Nebraska bluestem prairie. American Mid-

land Naturalist 128 (2), 209–217 . 
holami, P., Mirzaei, M.R., Esfahan, E.Z., Eftekhari, A., 2020. Effects of fire on com-

position, biodiversity, and functional groups changes in semi-steppe rangelands
of southern Zagros, Iran. Journal of Rangeland Science 10 (1), 39–48 . 

oodman, A.W., Goodman, G., 1969. Generalizations of the theorems of Pappus. The

American Mathematical Monthly 76 (4), 355–366 . 
rayson, L.M., Progar, R.A., Hood, S.M., 2017. Predicting post-fire tree mortality for

14 conifers in the Pacific Northwest, USA: Model evaluation, development, and
thresholds. Forest Ecology and Management 399, 213–226 . 

arper, B.R.M., 1912. The diverse habitats of the eastern redcedar. Torrey Botanical
Society 12 (7), 145–154 . 

arris, R.M.B., Remenyi, T.A., Williamson, G.J., Bindoff, N.L., Bowman, D.M.J.S., 2016.

Climate–vegetation–fire interactions and feedbacks: Trivial detail or major bar-
rier to projecting the future of the Earth system? Wiley Interdisciplinary Re-

views: Climate Change 7 (6), 910–931 . 
ood, S.M., McHugh, C.W., Ryan, K.C., Reinhardt, E., Smith, S.L., 2007. Evaluation of

a post-fire tree mortality model for western USA conifers. International Journal
of Wildland Fire 16 (6), 679–689 . 

eeley, J.E., Fotheringham, C.J., Baer-Keeley, M., 2005. Determinants of postfire re-

covery and succession in Mediterranean-climate shrublands of California. Eco-
logical Applications 15 (5), 1515–1534 . 

idnie, S.M., 2009. Fuel load and fire behavior in the Southern Ontario tallgrass
prairie. University of Toronto, Toronto, ON, Canada . 

napp, A.K., McCarron, J.K., Silletti, A.M., Hoch, G.A., Heisler, J.C., Lett, M.S.,
Blair, J.M., Briggs, J.M., Smith, M.D., 2008. Ecological consequences of the

replacement of native grassland by Juniperus virginiana and other woody

plants. Western North American Juniperus Communities, New York, NY, USA,
pp. 156–169 . 

an Langevelde, F., Van De Vijver, C.A.D.M., Kumar, L., Van De Koppel, J., De Rid-
der, N., Van Andel, J., Skidmore, A.K., Hearne, J.W., Stroosnijder, L., Bond, W.J.,

Prins, H.H.T., Rietkerk, M., 2003. Effects of fire and herbivory on the stability of
savanna ecosystems. Ecology 84 (2), 337–350 . 

awes, M.J., Adie, H., Russell-Smith, J., Murphy, B., Midgley, J.J., 2011. How do small

savanna trees avoid stem mortality by fire? the roles of stem diameter, height
and bark thickness. Ecosphere 2 (4), art42 . 

üdecke, D. 2020. Package “sjPlot” title data visualization for statistics in social sci-
ence. R package. 

e Magalhães, R.M.Q., Schwilk, D.W., 2012. Leaf traits and litter flammability: Evi-
dence for non-additive mixture effects in a temperate forest. Journal of Ecology

100 (5), 1153–1163 . 
andle, L., Bufford, J.L., Schmidt, I.B., Daehler, C.C., 2011. Woody exotic plant in-

vasions and fire: Reciprocal impacts and consequences for native ecosystems.

Biological Invasions 13 (8), 1815–1827 . 
apiye, C., Mwale, M., Chikumba, N., Chimonyo, M., 2008. Fire as a rangeland man-

agement tool in the savannas of Southern Africa: A review. Tropical and Sub-
tropical Agroecosystems 8, 115–124 . 

azerolle, M.J. 2020. Model selection and multimodel inference using the AICcmo-
davg package. R Vignette: 22. 

cCaw, W.M., Grobert, D.M., Brown, S.B., Strickland, S., Thompson, G.A., Gillman, G.,

Ball, L.M., Robinson, C.D., 2018. Seasonal patterns and drivers of Ashe juniper fo-
liar live fuel moisture and relevance to fire planning. Fire Ecology 14 (1), 50–64 .

cKinley, D.C., Norris, M.D., Blair, J.M., Johnson, L.C., 2008. Altered ecosystem pro-
cesses as a consequence of Juniperus virginiana L. encroachment into North

American tallgrass prairie. Western North American Juniperus Communities,
New York, NY, USA, pp. 170–187 . 

eneguzzo, D.M., Liknes, G.C., 2015. Status and trends of eastern redcedar ( Junipe-

rus virginiana ) in the central united states: Analyses and observations based on
forest inventory and analysis data. Journal of Forestry 113 (3), 325–334 . 

ippert, J.B., Telleria, L., Blackmore, P., Taylor, J.H., O’Connor, R.C., 2021. Is a pre-
scribed fire sufficient to slow the spread of woody plants in an infrequently

burned grassland? A case study in tallgrass prairie. Rangeland Ecology and Man-
agement 78, 79–89 . 

oel, J.M., Fowler, N.L., 2007. Effects of fire and neighboring trees on Ashe juniper.

Rangeland Ecology and Management 60 (6), 596–603 . 
dion, D.C., Davis, F.W., 20 0 0. Fire, soil heating, and the formation of vegetation

patterns in chaparral. Ecological Monographs 70 (1), 149–169 . 
rtmann, J., Stubbendieck, J., Masters, R.A., Pfeiffer, G.H., Bragg, T.B., 1998. Efficacy

and costs of controlling eastern redcedar. Journal of Range Management 51 (2),
158–163 . 

errings, C., Walker, B., 1997. Biodiversity, resilience and the control of ecological-e-

conomic systems: The case of fire-driven rangelands. Ecological Economics 22
(1), 73–83 . 

eterson, D.L., Arbaugh, M.J., 1986. Postfire survival in Douglas-fir and lodgepole
pine: comparing the effects of crown and bole damage. Canadian Journal of For-

est Research 16, 1175–1179 . 

http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0001
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0002
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0003
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0004
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0005
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0006
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0007
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0008
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0009
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0010
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0011
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0012
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0013
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0014
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0015
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0016
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref10001
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0017
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0018
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0019
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0020
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0021
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0022
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0023
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0024
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0025
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0026
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0027
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0028
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0029
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0030
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0031
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0032
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0033
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0034
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0035
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0036
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0037
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0038
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0040
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0041
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0042
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0044
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0045
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0046
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0047
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0048
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0049
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0050
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0051
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref20001


8 X. Gao, D.W. Schwilk and R. Verble / Rangeland Ecology & Management xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: RAMA [mUS5Gb; August 22, 2024;20:16 ] 

R  

R  

R

R

 

R  

R  

S  

S  

S

S  

 

S  

 

S  

 

S  

 

S  

 

T  

 

T  

T  

V  

W  

W

W  

 

Y  
asband, W.S., 1997. ImageJ. US National Institutes of Health, Bethesda, Maryland,
USA . 

esco de Dios, V., 2023. Interpreting shoot flammability experiments: From fire be-
havior to plant evolution. New Phytologist 240 (1), 5–6 . 

ichards, S.A., 2005. Testing ecological theory using the information-theo- 
retic approach: Examples and cautionary results. Ecology 86 (10), 2805–

2814 . 
ossiter, N.A., Setterfield, S.A., Douglas, M.M., Hutley, L.B., 2003. Testing the grass–

fire cycle: Alien grass invasion in the tropical savannas of northern Australia.

Diversity and Distributions 9 (3), 169–176 . 
yan, K.C., Frandsen, W.H., 1991. Basal injury from smoldering fires in mature Pinus

ponderosa Laws. International Journal of Wildland Fire 1 (2), 107–118 . 
yan, K., Noste, N., 1985. Evaluating prescribed fires. Symposium and Workshop on

Wilderness Fire 230–238 . 
choles, R.J., Archer, S.R., 1997. Tree-grass interactions in savannas. Annual Review

of Ecology and Systematics 28 (1), 517–544 . 

choltz, R., Polo, J.A., Fuhlendorf, S.D., Engle, D.M., Weir, J.R., 2018. Woody plant
encroachment mitigated differentially by fire and herbicide. Rangeland Ecology 

and Management 71 (2), 239–244 . 
chwilk, D.W., 2003. Flammability is a niche construction trait: Canopy architecture 

affects fire intensity. American Naturalist 162 (6), 725–733 . 
chwilk, D.W., Gaetani, M.S., Poulos, H.M., 2013. Oak bark allometry and fire survival

strategies in the Chihuahuan Desert Sky Islands, Texas, USA. PLoS ONE 8 (11),

e79285 . 
ieg, C.H., McMillin, J.D., Fowler, J.F., Allen, K.K., Negron, J.F., Wadleigh, L.L., An-

hold, J.A., Gibson, K.E., 2006. Best predictors for postfire mortality of ponderosa
pine trees in the Intermountain West. Forest Science 52, 718–728 . 

impson, K.J., Ripley, B.S., Christin, P.A., Belcher, C.M., Lehmann, C.E.R., Thomas, G.H.,
Osborne, C.P., 2016. Determinants of flammability in savanna grass species. Jour-

nal of Ecology 104 (1), 138–148 . 
parks, J.C., Masters, R.E., Engle, D.M., Payton, M.E., Bukenhofer, G.A., 1999. Influence
of fire season and fire behavior on woody plants in red-cockaded woodpecker

clusters. Wildlife Society Bulletin 27 (1), 124–133 . 
taver, A.C., Archibald, S., Levin, S., 2011. Tree cover in sub-Saharan Africa: Rainfall

and fire constrain forest and savanna as alternative stable states. Ecology 92 (5),
1063–1072 . 

aylor, M.H., Rollins, K., Kobayashi, M., Tausch, R.J., 2013. The economics of fuel
management: Wildfire, invasive plants, and the dynamics of sagebrush range- 

lands in the western United States. Journal of Environmental Management 126,

157–173 . 
widwell, D., Fuhlendorf, S.D., Engle, D.M., Taylor, C.A., 2009. Surface fuel sampling

strategies: Linking fuel measurements and fire effects. Rangeland Ecology and 
Management 62 (3), 223–229 . 

widwell, D., Fuhlendorf, S.D., Taylor, C.A., Rogers, W.E., 2013. Refining thresholds in
coupled fire-vegetation models to improve management of encroaching woody 

plants in grasslands. Journal of Applied Ecology 50 (3), 603–613 . 

ilà, M., Lloret, F., Ogheri, E., Terradas, J., 2001. Positive fire-grass feedback
in Mediterranean Basin woodlands. Forest Ecology and Management 147 (1), 

3–14 . 
est, A.G., Nel, J.A., Bond, W.J., Midgley, J.J., 2016. Experimental evidence for heat

plume-induced cavitation and xylem deformation as a mechanism of rapid 
post-fire tree mortality. New Phytologist 211 (3), 828–838 . 

ickham, H., 2011. ggplot2. Wiley interdisciplinary reviews. Computational Statis- 

tics 3, 180–185 . 
ickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D.A., François, R., Grole-

mund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., 2019. Welcome to the Tidy-
verse. Journal of Open Source Software 4, 1686 . 

ang, Z., Kumar, A., Huhnke, R.L., Buser, M., Capareda, S., 2016. Pyrolysis of eastern
redcedar: Distribution and characteristics of fast and slow pyrolysis products. 

Fuel 166, 157–165 . 

http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0052
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0053
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0054
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0055
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0056
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0057
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0058
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0059
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0060
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0061
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref101001
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0062
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0063
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0064
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0065
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0066
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0067
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0068
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0069
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0070
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0071
http://refhub.elsevier.com/S1550-7424(24)00118-0/sbref0072

	No Field Evidence of Grass Fuel Structure effects on Postfire Tree Mortality in Juniperus virginiana
	Introduction
	Methods
	Study site and prescribed fire
	Fuel treatments
	Tree sampling and prefire measurements
	Fire behavior measurements
	Postfire measurements on fire severity and tree mortality
	Data analysis
	Results

	Discussion
	Management Implications
	Author Contributions
	Data Statement
	Declaration of Competing Interest
	Acknowledgments
	References


