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ABSTRACT

Tree diameter, bark thickness and texture, litter bulk density and chemistry, and sprouting
ability are a few, species-specific adaptations and properties that may be related to an individual
tree stem’s potential fire resistance. Based upon these features and others, trees exhibiting similar
characteristics have been broadly classified as pyrophytic or pyrophobic. To our knowledge, few
if any, research studies have been conducted to determine if tree buds may exhibit speciesspecific fire or heat tolerance. Understanding potential relationships between bud characteristics
and fire tolerance may assist prescribed fire managers as they target control of specific undesired
tree species while promoting desired tree species.
Buds of six common hardwood species in the southeastern U.S. were harvested and
exposed to different heat dosages using a propane gas tube burner: red maple (Acer rubrum L.),
yellow-poplar (Liriodendron tulipifera L.), American beech (Fagus grandifolia Ehrh.),
mockernut hickory (Carya tomentosa Lam.), scarlet oak (Quercus coccinea Münchh.), and
chestnut oak (Quercus montana Willd.). These species are commonly categorized as pyrophobic
(American beech, red maple, yellow-poplar) and pyrophytic (chestnut oak, mockernut hickory,
scarlet oak). Using electrolyte leakage of heated and unheated buds, the mean difference in bud
percent mortality between heated and unheated buds was compared by species, functional group,
and differing heat dosages. The mean difference in bud percent mortality differed between the
heated and unheated buds by species (p < 0.0001). Heated buds of yellow-poplar, mockernut
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hickory, and chestnut oak displayed similar percent mortality; however, the presumed pyrophytic
species had greater heated bud percent mortality (34.0 %) than the pyrophobic species (26.8 %)
(p = 0.0003). Heated bud percent mortality differed based upon differing heat dosage levels
(height above the propane burner and heat exposure time) and their species-specific interactions.
Fire tolerance, as assigned and assessed by features such as bark texture and thickness,
may not be directly related to mid-story tree bud physical properties (i.e. length, mass, and
diameter) or fire tolerance. Research including additional species, heat dosages, and different
sampling times (i.e. late fall vs. late winter) would be valuable for investigating these dynamics
further. Deploying a similar, field-scale experiment before and after prescribed burns would be
useful to determine how tree buds may respond to different heat dosages that could be exacted
during prescribed burns.
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GENERAL AUDIENCE ABSTRACT
Prescribed fire is utilized on millions of acres per year in the southeastern United States.
These burns are conducted for a variety of reasons, including: wildlife habitat establishment,
restoration, and maintenance; aesthetics; hazardous fuel reduction; and the control of undesired
vegetative species. Factors that may influence an individual species’ response to fire include, but
are not limited to: bark thickness and texture, litter bulk density and chemistry, and resprouting
strategy. These traits may differ by species and by the age of a given stem.
Few studies have investigated these characteristics in younger tree stems within the
southeastern United States. Additionally, few research studies in any ecosystem have
investigated potential species-specific tree bud responses to increased heat. Determining if
undesired tree species respond differently to heating than desired tree species may provide
additional information to assist prescribed fire managers in many locations where vegetation
control is a management objective.
As a result of this knowledge gap, a research study was designed to investigate these
dynamics in the southeastern United States for six common, hardwood tree species: red maple
(Acer rubrum L.), yellow-poplar (Liriodendron tulipifera L.), American beech (Fagus
grandifolia Ehrh.), mockernut hickory (Carya tomentosa Lam.), scarlet oak (Quercus coccinea
Münchh.), and chestnut oak (Quercus montana Willd.). The results suggested that percent bud
mortality may be species-specific, but few relationships appeared to be present to relate bud
physical characteristics to bud mortality. Additionally, supposed heat tolerance groups assigned
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to older tree stems based upon traits, such as bark thickness and texture, did not provide a valid
assessment of bud mortality. Additional research is needed to understand these dynamics further,
including burning under different heat dosages, evaluating additional tree species, and assessing
bud mortality resulting from in-the-field prescribed fires.
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Chapter 1. Introduction
Wildland fire has been present on Earth’s natural landscape for millenia. The unique
mosaic of Earth’s fire regimes often dictate the vegetative successional states that are represented
in a given area at a given period of time. Individual vegetative species respond differently to
wildland fire based upon inherent and unique traits and properties. These properties may include,
but are not limited to: bark thickness and texture, resprouting physiology, and mycorrhizal
associations. Vegetative competition for resources following disturbances, such as wildland fire,
may be influenced by these dynamics between differing species. To date, little is known about
tree bud heat tolerance. Determining potential differences between species in the southeastern
U.S., a region heavily influenced by prescribed fire, may assist land managers as they plan
prescribed fire operations and anticipate potential fire effects.
In this thesis, Chapter 2 highlights the current state of knowledge regarding fire-adapted
traits and heat dose dependence. Chapter 3 describes the results of a heat dosage experiment
conducted to determine potential heat tolerance of buds obtained from six southeastern U.S. tree
species. Chapter 4 highlights what was learned from the heat dosage experiment and how
additional experimentation may be needed to derive additional, meaningful conclusions
regarding potential tree bud heat tolerance.
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Chapter 2. Literature Review
2.1 The phenomenon of wildland fire
The use of prescribed fire dates back to pre-European settlement, when Native Americans
utilized fire for multiple benefits. They used prescribed fire as a tool to create an open understory
for travel and to increase wildlife habitat (Brose, 2014; Abrams and Nowacki, 2008; Ryan et al.,
2013). Soft mass and fruit trees also increased yield post-prescribed fire, adding to the benefits
obtained from this management technique (Abrams and Nowacki, 2008). Prescribed fire is also
used for fuels reduction and management to help limit wildfire hazard (Waldrop et al., 2016), a
topic of much concern globally. Water quality and yield have also been found to increase as a
result of prescribed fire in many locations throughout the eastern United States (Hahn et al.,
2019).
2.2 Prescribed fire as a silvicultural management tool
Over the most recent fire suppression period in the United States, eastern hardwood forest
composition and structure have changed, including a reduction in desired tree species
regeneration, such as oak (Quercus spp.) and hickory (Carya spp.), due to a lack of fire (Abrams,
1992). Thus, the need for more frequent fire to manage these forests has been noted. There is an
increasing need for prescribed fire to meet silvicultural objectives, such as fuel and wildfire
hazard reduction, as well as habitat restoration (Ryan et al., 2013). Prescribed fire is also being
used to satisfy restoration efforts of open oak woodland forest types in the Appalachian
Mountains where fire was historically very frequent (Brose et al., 1998). In these two systems,
there is also a need to manage for wildlife habitat restoration, establishment, and maintenance.
Many wildlife species need frequent prescribed fire to maintain an open understory and to
produce soft mass food sources for their survival (Harper et al., 2016). Prescribed fire is also
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used more frequently as a fuel reduction technique to help reduce potentially hazardous fuel
loads (Waldrop et al., 2016). Prescribed fire offers many benefits and can satisfy multiple
management objectives.
2.3 Dose dependence
Most prescribed fires in the southeastern United States would be classified as both low
intensity and low severity. This implies that the majority of these fires only consume surface
fuels, such as litter, small coarse woody debris, and understory vegetation (Waldrop and
Goodrick, 2012). Wildfires would typically be characterized as both high intensity and high
severity, leading to detrimental post-fire stem and site impacts itself (Hahn et al., 2019). High
stem mortality or stand replacement fire could occur and with higher intensity and severity
burns, this increases potential for long-term degradation of soil properties, including nutrient
loss, increased bulk density, and reduced porosity (Boerner et al., 2008). The potential for water
quality impacts due to soil runoff post-fire increases with higher intensity and severity burns, as
well (Brooks et al., 2013).
It is commonly acknowledged that the lethal heating temperature for plant tissues is 60ºC
(Kelsey and Westlind, 2017; O’Brien et al., 2018). Although this is recognized, Dickinson and
Johnson (2001) suggested that lower temperatures over extended lengths of time may also be
lethal to plant tissues. Plant physiology and mortality was also studied by Smith et al. (2016) and
they determined that plant processes were impaired and higher mortality was achieved with
increased fire intensity. Based upon this, it could be assumed that cell mortality increases with
increasing heat dosages. This may impact potential stem re-leafing ability and, eventually, total
stem mortality.
2.4 Fire dosage and seasonality
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Seasonal changes have differing impacts on prescribed fire behavior (Byram, 1958).
Dormant season burns are much more common in the southeastern US due to more favorable
environmental conditions to control prescribed fire, as well as drier litter layers to help facilitate
burning (Greenburg et al., 2019). Growing season burns typically occur when ambient air
temperatures are higher, causing fuels to dry quicker, thus potentially making them more readily
available to burn (Byram, 1958). Timing of drought may amplify this effect and could lead to
higher severity burns (Kelsey and Westlind, 2017).
Growing season burns and dormant season burns may also have different effects on
woody stems (Waldrop and Goodrick, 2012). Dormant season, low intensity prescribed fires
typically induce stem resprouting the following growing season. Growing season burns may
potentially induce greater stem mortality because vegetation is impacted after its carbohydrate
stores have been utilized for initial, seasonal growth (Waldrop et al., 2016). All burns, whether
conducted in the growing season or dormant season, are not equal, however, and broad
generalizations regarding prescribed fire effects solely based upon fire season may be limited.
Changes enacted to the many variables affecting fire behavior in a given ignition may lead to
unique and distinct plant responses, as well (Yedinak et al., 2018).
2.5 Management implications
Within communities frequently impacted by fire, there are some species that have
developed adaptations to help them survive. In the southeastern U.S., many oaks are considered
fire-adapted or pyrophytic species (Abrams, 1992; Abrams, 1996; Varner et al., 2016). These
adaptations may include thicker bark, rapid wound closure, and reduced growth rates (Varner et
al., 2016). Varner et. al. (2016) determined that some eastern hardwood species with fire
resistant traits also helped facilitate fire through faster litter drying rates or more flammable
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compounds in leaf litter, all of which add to the necessity of fire within these systems. Due to
their high stress tolerance, oaks also tend to persist on xeric and nutrient poor sites that may be
more difficult for other species to inhabit (Abrams, 1996). Since fire-adapted traits occur on stem
and leaf tissue, this leads one to assume that pyrophytic species may also have certain bud
physiological traits that protect against heat damage (Chatziefstratiou et al., 2013).
To investigate these dynamics, we selected six common tree species in the southeastern
U.S.: (chestnut oak (Quercus montana Willd.); scarlet oak (Quercus coccinea Münchh.);
mockernut hickory (Carya tomentosa Lam.); red maple (Acer rubrum L.); yellow-poplar
(Liriodendron tulipifera L.); American beech (Fagus grandifolia Ehrh.). Chestnut oak, scarlet
oak, and mockernut hickory represent species that have potential adaptations to fire (Varner et
al., 2005; Kane et al., 2008). Using an indoor laboratory assembly that included measurements of
electrolyte leakage from post-fire buds (Ilek et al., 2018), buds from these species were subjected
to differing fire dosages, varying in fire exposure time and distance to flame. Additionally, buds
from these species were monitored morphologically and measured as they changed from the
dormant season into the growing season.
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Chapter 3. Estimating Heat Tolerance of Southeastern USA Tree Buds
3.1 Introduction
It is well-documented that vegetation may exhibit species-specific, fire-adapted traits
(Hammond et al., 2015; Keeley et al., 2011; Violle et al., 2007). These include, but are not
limited to, bark thickness and texture (Kidd and Varner, 2019; Pausas, 2015; Eberhardt, 2013),
leaf physical properties and chemistry (Coates et al., 2020; Belcher, 2016; Varner et al., 2015),
and mycorrhizal associations (Dove and Hart, 2017; Boerner et al., 2008). Traits such as these
may allow trees that are “top-killed” (only aboveground growth is killed, not belowground
resources) to “resprout” after fire and quickly reoccupy a given space on the landscape (Agee,
1993). Species possessing traits that tend to withstand and propagate fire are often labeled
pyrophytes; pyrophobes are generally species that possess opposing traits (Blackhall et al.,
2017). Often prescribed fire managers and practitioners utilize species-specific information about
these traits in the southeastern U.S., a region where prescribed fire was used to manage
approximately 4.5 million ha in 2017 (Melvin, 2018), to target individual burn objectives and
goals.
While tree bark and litter have been researched for numerous pyrophytes, tree buds have
received less attention. Clarke et al. (2012) investigated resprouting as a primary functional trait
in response to fire-induced injury. These authors suggested that bud position is often ignored
when vegetative resprouting potential is described and defined for a given species. Aerial and
basal buds may differ in terms of their fire tolerance. These authors and others (Bond, 2008;
Burrows et al., 2008; Balfour and Midgley, 2006; Higgins et al., 2000) suggested that
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resprouting stems are generally fire-resilient because their rapid height growth allows them to be
taller than expected flame lengths, protecting the stems from potential crown scorch.
The location, position, and vitality of bud resprouts is critically important when
considering potential prescribed fire effects. Fire was largely excluded from most of the U.S.
during the 20th century (Lafon et al., 2017; Van Lear et al., 2005; Nowacki and Abrams, 2008).
Subsequently, changes in species dominance and flammability have occurred, increasing
vegetative competition in many locations where prescribed fires are now applied for ecosystem
restoration purposes (Kreye et al., 2018; Alexander and Arthur, 2014; Nowacki and Abrams,
2008). Determining if bud characteristics, such as length and mass, may be related to preexisting fire tolerance designations could be useful for prescribed fire managers when targeting
specific burn parameters to maximize vegetative control of less desired understory and mid-story
trees.
To investigate potential tree bud heat tolerance, a laboratory experiment was conducted
using a propane gas burner. Six common southeastern U.S. tree species (three pyrophytic and
three pyrophobic) were selected for investigation. Six heat dosages, differing in height above the
propane burner (38 and 50 cm) and heat exposure time (20, 40, and 60 s), were used to heat tree
buds and evaluate percent bud mortality. The study hypotheses were:
1. Bud mortality will differ between species and pyrophytes will exhibit lower percent bud
mortality than pyrophobes.
2. Bud mortality will increase as heat dosages increase, regardless of species.
3.2 Methods
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3.2.1 Study site
The Fishburn Forest, located near Blacksburg, Virginia in the Ridge and Valley
physiographic province (37.188396oN, 80.477018oW), is the property of Virginia Polytechnic
Institute and State University (Figure 1). The mean annual temperature range is -6℃ (Winter) to
27℃ (Summer) and mean precipitation is 103.8 cm (U.S. Climate Data, 2020). Soils are
dominated by the Berks (Typic Dystrudepts) - Weikert (Lithic Systrudepts) soil series
association. These soils are typically very shallow, well-drained silt loams, being mostly derived
from shale, siltstone, and sandstone residuum (Vinson et al., 2017). Many stands within this
forest are currently 100-120 years old (Copenheaver et al., 2006).
3.2.2 Species selection
Six total species were selected for this study based upon their designations as pyrophytes
or pyrophobes (USDA FEIS, 2020): pyrophytes - chestnut oak (Quercus montana Willd.), scarlet
oak (Quercus coccinea Münchh.), mockernut hickory (Carya tomentosa Lam.); pyrophobes - red
maple (Acer rubrum L.), yellow-poplar (Liriodendron tulipifera L.), and American beech (Fagus
grandifolia Ehrh.). Bud physical features, such as bud length, mass, and clustering, appeared to
differ for these species and these potential differences provided additional justification for the
selection of these specific species.
3.2.3 Stem selection and bud storage
Five stems of each species were identified within three distinct locations of the Fishburn
Forest. All stems were located on south- to southwest-facing slopes in areas that had not been
disturbed in at least the last 10-15 years. Branches from each stem were harvested in late

8

Figure 1. Location of the Fishburn Forest near Blacksburg, Virginia (Montgomery County),
USA (Vinson et al., 2017).
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February-early March 2020. After harvesting, each branch was gently wrapped in damp paper
towels, placed into plastic bags, and then placed in cold storage for a maximum time period of 2
weeks. A mixture of branches from these trees was then used to select buds for clipping.
3.2.4 Bud heating
To conduct the heat dosage experiment, 648 lateral buds were clipped from collected
branches on March 30, 2020 (108 buds per species). Prior to heating, individual bud mass was
obtained (to the nearest 0.000 g). A 30.5 cm x 45.7 cm heating frame was assembled containing
0.3 mm aluminum wire mesh (model 10105Z; Saint-Gobain North America, Malvern, PA, USA)
(Figure 2). Along this heating frame, 3 buds of each species were randomly placed within six
15.24 cm2 squares. With the buds in place, this frame was then fixed upon a 55.9 cm x 76.2 cm x
76.2 cm wooden, adjustable rack at one of two heights above a propane gas tube burner (Tejas
Smokers, Houston, TX, USA, model PBM125-44; 3.2 cm inner diameter, 3.8 cm outer diameter,
55.9 cm length): 38 cm and 50 cm (Figure 3). Three times were used for bud heat exposure: 20,
40, and 60 s. The mass of propane gas used per experimental burn was measured using a large
scale (0.32 g s-1). In British Thermal Units (BTUs), this equates to 305.20, 610.41, and 915.61
BTUs for the 20 s, 40 s, and 60 s treatments, respectively. Using this experimental design, 18
buds per species were heated at each height and exposure combination. A sample infrared image
taken during one of the burning treatments is shown in Figure 4.
It should be noted that none of the heated buds utilized in this experiment were blackened
or charred. Preliminary experimentation suggested that electrolyte leakage data might be skewed
by any significant charring, therefore dosages were selected to avoid significant charring.
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Figure 2. Tree buds placed on the 0.3 mm aluminum mesh wire screen (30.5 cm x 45.7 cm) prior
to heating.
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Figure 3. Propane tube burner placed underneath the adjustable aluminum mesh wire rack.
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Figure 4. Infrared image of the propane burner during an experimental burn.
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3.2.5 Electrolyte leakage and bud percent mortality
Immediately after heat exposure, each bud was placed in 25 mL deionized water in 25
mm x 140 mm (40 mL) test tubes (Peixoto et. al, 2015; Ilik et. al., 2018). Twenty-four hours
after heating, electrical conductivity (EC) of the deionized water was measured using an Apera
700 Series Benchtop pH/Conductivity Meter (Apera Instruments, Inc., Columbus, OH, USA).
After these measurements were taken, each bud was then removed from the test tube, placed on a
ceramic plate, and heated for 1 min using an 1100W microwave. After microwaving was
completed, buds were placed back in their test tubes. Twenty-four hours post-microwave, EC
was re-measured. Percent bud mortality (PBM) for each heated bud was then calculated as:
(EC 24 hours post-heating/EC 24 hours post-microwave)*100
In addition to the 648 heated buds, 65 additional buds were not heated and were used as
controls for this experiment (14 F. grandifolia, 10 Q. montana, 14 C. tomentosa, 9 A. rubrum, 9
Q. coccinea, 9 L. tulipifera). Similar EC measurements were recorded for these buds and control
bud PBM was calculated. The mean PBM for the control buds was then subtracted from the
PBM of each heated bud by species to determine the difference in PBM induced by the differing
heat dosages (referred to hereafter as ∆ PBM).
3.2.6 Statistical analyses
The ∆ PBM values were entered in JMP 14 (SAS Institute, Cary, NC, USA) and normality
was assessed using the Anderson-Darling test. The data were normally distributed, therefore, an
analysis of variance (ANOVA) was conducted to determine differences in ∆ PBM between
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species, dosage components, and tree species functional groups (pyrophyte vs. pyrophobe). Two
models were constructed to test these parameters:
A. Species-specific model
Mean ∆ PBM = species + heat exposure + height above the propane burner + species*heat
exposure + species*height above the propane burner + heat exposure*height above the propane
burner
B. Functional group model
Mean ∆ PBM = tree species functional group + heat exposure + height above the propane burner
+ tree species functional group*heat exposure + tree species functional group*height above the
propane burner + heat exposure*height above the propane burner
The three-way interaction was not significant for either model, therefore it was not
included in the equations listed above. If differences were detected between model parameters, a
Tukey’s Honestly Significant Difference (HSD) (more than 2 levels) or student’s t-test (2 levels)
was conducted to determine specific differences between the parameters and their levels.
Differences were declared significant at a = 0.05.
3.3 Results
3.3.1 Species-specific model
Bud mass was obtained for each bud (Table 1). Mockernut hickory buds had the greatest
mass. For the species-specific model, all parameters and their interactive terms were significant
(all p < 0.05). Mean ∆ PBM values differed by species (p < 0.0001) (Figure 5). Yellow-poplar,
mockernut hickory, and chestnut oak mean ∆ PBM values were more than double those of red
15

Table 1. Bud mass per species (n=114 per species)
Group
Pyrophobe
Pyrophyte

Tree Species
Red maple
American beech
Yellow-poplar
Chestnut oak
Scarlet oak
Mockernut hickory

Mass (g)
0.019 (0.001)
0.041 (0.001)
0.071 (0.003)
0.075 (0.004)
0.058 (0.002)
0.243 (0.013)
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Figure 5. Mean ∆ percent bud mortality (PBM) for each species, regardless of heat dosage
(n=108 per species).
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maple, scarlet oak, and American beech (Figure 5). The mean ∆ PBM values at the 60 s exposure
time were significantly different than those at 40 s and 20 s, regardless of species (p = 0.0059)
(Figure 6A). The mean ∆ PBM values 38 cm above the propane burner were greater than those at
50 cm above the propane burner, regardless of species (p < 0.0001) (Figure 6B).
The interaction of species and heat exposure time was significant (p = 0.0264) (Figure 7).
Yellow-poplar buds heated at 60 s had the highest mean ∆ PBM values, but these mean ∆ PBM
values did not differ from any of the chestnut oak or mockernut hickory heat exposure times or
the yellow-poplar buds heated at 20 s. The interaction of species and height above the burner was
significant (p < 0.0001) (Figure 8) as mockernut hickory, yellow-poplar, and chestnut oak mean
∆ PBM values differed from red maple and American beech mean ∆ PBM values, regardless of
height above the burner. Scarlet oak was the only species that presented differing results based
upon height above the burner as the mean ∆ PBM value at 38 cm above the propane burner was
7 times higher than the mean ∆ PBM value at 50 cm above the propane burner.
The interaction of heat exposure time and height above the propane burner was
significant, but the results were not linear, as anticipated (Figure 9). The 60 s + 38 cm
combination yielded the highest mean ∆ PBM values, but these mean ∆ PBM values did not
differ from the 20 s + 38 cm combination. The 40 s + 38 cm combination was significantly
different than the 60 s + 38 cm combination, but not the 20 s + 38 cm combination or the 60 s +
50 cm or 40 s + 50 cm combinations. The 20 s + 50 cm mean ∆ PBM values were only
approximately 63% of the 60 s + 38 cm mean ∆ PBM values.
3.3.2 Functional group model
In the functional group model, the significant terms were functional group (p = 0.0003),
height above the propane burner (p = 0.0001), and the interaction of those two parameters (p =
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Figure 6. A) Mean ∆ percent bud mortality (PBM) for height above the propane burner (cm)
(n=324 per height) and B) heat exposure time (s), regardless of heat dosage (n=216 per heat
exposure time).
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Figure 7. Mean ∆ percent bud mortality (PBM) for each species at each heat exposure time (s),
(n=36 per species and exposure time combination).
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Figure 8. Mean ∆ percent bud mortality (PBM) for each species at each height above the propane
burner (cm) (n=54 per species and height above the burner combination).
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Figure 9. Mean ∆ percent bud mortality (PBM) for each heat exposure time (s) and height above
the propane burner (cm) combination (n=108 per combination).
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0.0002). The pyrophobic species exhibited significantly lower mean ∆ PBM values than did the
pyrophytic species (Figure 10A). The mean ∆ PBM values were greater at 38 cm above the
propane burner than at 50 cm above the propane burner (Figure 6B). The mean ∆ PBM values
for the pyrophytic species were greater at 38 cm above the propane burner than for all other
combinations of functional group and height above the propane burner (Figure 10B). In fact, the
mean ∆ PBM value increased by 54% for the pyrophytic species with the decrease in height
above the propane burner from 50 cm to 38 cm.

3.4 Discussion
3.4.1 Species and functional groups
The high mean ∆ PBM values for mockernut hickory and chestnut oak and low mean ∆
PBM values for red maple and American beech were unexpected (Figure 5). These expectations
were based upon the presumed fire tolerance of these species. Heat tolerance designations have
largely been determined by traits such as bark thickness, which generally becomes more welldeveloped as trees age (Kidd and Varner, 2019), and litter properties, which are generally related
to flammability and fire propagation (Varner et al., 2015). If bud traits could be related to these
designations, perhaps specific, bud physical traits might be associated with approximate fire
tolerance. For example, mockernut hickory bud mass was greatest among the species selected for
this study (i.e. nearly 12 times greater than red maple) (Table 1). A logical assumption might be
that increased bud mass is related to increased bud heat tolerance. This assertion, however, was
not reflected in the data (Figure 5). Additionally, the pointed, narrow surface of American beech
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Figure 10. A) Mean ∆ percent bud mortality (PBM) for each tree species functional group
(n=324 per functional group) and B) the combination of tree species functional group and height
above the propane burner (cm) (n=162 per species and exposure time combination).
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buds was believed to be a feature that might increase bud susceptibility to heat damage. This too,
however, was not reflected in the collected data (Figure 5). These differences in bud architecture
and presumably relative amounts and percentages of bud contents (i.e. starches, water, other
chemicals) may be related to potential bud mortality. However, individual bud moisture content
was not measured pre- or post-heating, due to the design of our heating assembly and the need to
place the buds in deionized water as quickly as possible post-heating to accurately assess
potential electrolyte leakage. Therefore, direct assessment of potential species-specific
differences in bud chemical content and moisture content were not evaluated.
The individual, species-specific ∆ PBM results did not align with the pre-assigned
functional groups (Figure 10A): buds of pyrophytic species had higher ∆ PBM than did the
pyrophobic species. It appeared that the predictive model using tree species functional groups
instead of individual species also changed the significance of heat exposure time as a significant,
individual predictive (p = 0.1186) and interactive variable (p = 0.1416 tree species functional
group*heat exposure; p = 0.2857 heat exposure time*height above the propane burner). This
suggested that heat exposure time was not a significant factor when evaluating ∆ PBM by the
proposed functional groups.
3.4.2 Dosages
It was expected that increased heat exposure times (s) and shorter distances to the
propane burner (cm) would induce greater ∆ PBM, regardless of species. For example, as
exposure time and distance increased, mortality would likely decrease. This was not observed,
however, as the 20 s + 38 cm heating combination was not significantly different than the 60 s +
38 cm combination (Figure 9). The 40 s + 38 cm combination was significantly different than the
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60 s + 60 cm combination, therefore, the anticipated decrease in ∆ PBM with increased dosage
did not appear to be linear.
Within species, only mockernut hickory and chestnut oak presented decreasing ∆ PBM in
the order of 60 s > 40 s > 20 s, but even those decreases were not significantly different (Figure
7). Only yellow-poplar displayed significant differences within species between heat exposure
times (40 s < 60 s) (Figure 7). For height above the propane burner, chestnut oak, mockernut
hickory, scarlet oak, and yellow-poplar recorded higher ∆ PBM values at 38 cm than 50 cm, but
scarlet oak was the only species for which that difference was statistically significant (Figure 8).

3.4.3 Field applications
Prescribed fires are often conducted in the eastern United States to target specific,
undesired vegetative species. In many cases, these fires are conducted at frequencies and
intensities that affect understory and mid-story tree stems (Waldrop and Goodrick, 2012). A
primary motivation of this study was to determine if species-specific differences existed for tree
bud heat tolerance. In particular, a desired outcome was to determine if current assumptions of
heat tolerance for other tree tissues and organs could be applied to tree buds. If bud tolerance
could be understood, predicted, and modeled, prescribed fires may be targeted for specific
conditions that favor top-kill or outright mortality of one species over another. Based upon this
experiment alone, information regarding species-specific tree bud heat tolerance is not
conclusive. This study does suggest, however, that bud responses are variable and complex and
may span outside of the presumed designations of pyrophytic and pyrophobic.
The measured, laboratory differences only took into account lateral buds. As noted in
Clarke et al. (2012), this bud location and position does not address basal bud response to fire.
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The size and number of basal resprouts differs by species, therefore, success of those resprouts
may also differ. In this experiment, species-specific differences were noted for lateral buds only.
However, this experiment was designed for and conducted in a laboratory with calculated
and expected differences in ∆ PBM based upon differences in height above a propane burner and
differences in heat exposure time. The heights and exposure times selected were chosen to mimic
potential prescribed burn scenarios in the southeastern United States, (in terms of both bud heat
exposure times and distance to flames). The selection of different heights above the propane
burner and heat exposure times may have yielded different results within and between species.
An individual bud’s response in a field-based scenario may be quite different than those
measured in this study where the propane burner’s rate of gas flow was held constant. Based
upon localized fire behavior, fire environment variables (such as weather and fuels), convective
cooling, and a given bud’s lateral position (both aboveground and its specific orientation on a
given tree stem or branch), a specific bud may respond differently in-the-field when subjected to
prescribed fire for the same amount of time at relatively the same height above flames (O’Brien
et al., 2018; Yedinak et al., 2018; Frankman et al., 2011). In this vein, the use of another burning
mechanism may have yielded different results, as well.
The choice to measure cell electrolyte leakage to assess ∆ PBM was an attempt to more
thoroughly assess a percentage of dead tissue as opposed to a binary status of “live” or “dead”
post-heating. A different assessment may have been achieved by applying tetrazolium chloride to
the base of heated buds (Lopez Del Egido et al., 2017; Ruf and Brunner, 2003) and could be
another way to assess overall bud vitality and viability post-heating. Due to the sensitivity of
electrical conductivity measurements, no buds could be assessed that had been blackened or

27

charred, as well. Therefore, this laboratory study was limited with regard to bud resprouting
assessments based upon ∆ PBM alone.
Despite the limitations noted above that are inherent to all laboratory studies conducted to
characterize variable, natural phenomena, this study’s results did suggest that tree buds may
express different levels of heat tolerance, particularly when mortality of unheated buds from the
same species were also considered. Furthermore, this tolerance is complex and may not easily be
defined by commonly used fire tolerance categories (based upon other stem features) nor bud
physical traits. Additional research in field-based, prescribed fire scenarios using the same
species and others in conjunction with additional testing procedures may provide additional
insight about potential differences between buds of different species, shapes, and sizes. With this
information, prescribed fire managers and practitioners may develop enhanced predictive tools to
approximate species-specific stem mortality and better achieve burn-specific objectives.

3.5 Conclusion
Vegetative fire tolerance has been a topic of immense research interest. Specific
vegetative traits, such as bark thickness and litter flammability, have been measured for specific
species. Functional groups have been assigned to trees based upon these traits. Tree buds have
generally not been directly related to these groups, however. Based upon bud heating results
from six total tree species (three pyrophytes and three pyrophobes) and six heat dosages, speciesspecific bud mortality was measured. Pyrophytes did not display higher heat tolerance than
pyrophobes and the combination of longer heat exposure times at lower distances to flame did
not universally equate with increased bud mortality. Future investigations of actual prescribed
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burns with these species and others may provide an enhanced perspective on the relative
contribution of bud characteristics to potential heat tolerance.
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Chapter 4. Conclusion

In many years, prescribed fire acreage approximates wildfire acreage in the United States
(Melvin, 2018). Prescribed fires in the southeastern United States account for a large portion of
that acreage in most years. The objectives of these fires often include hazardous fuel reduction;
wildlife habitat establishment, maintenance, and restoration; and control of less desired species
(Waldrop and Goodrick, 2012). In many cases, these less desired species are considered
pyrophobes, or species that are less fire tolerant. The experiment outlined in Chapter 3 attempted
to quantify potential mid-story tree bud mortality of both pyrophobes and pyrophytes when heat
was applied to both species groups.
Based upon the experimental design utilized, it did not appear that tree buds from
pyrophobes exhibited higher heat-induced mortality than pyrophytes (Figure 11). Additional heat
dosages encompassing longer heat exposure times and both closer and farther distances from
flame may have distinguished particular species-specific differences more completely. The
inclusion of pre-treatment moisture content estimates for each bud may have provided additional
insight regarding species-specific attributes affecting the complicated dynamics of heat-induced
mortality. Future experiments designed to investigate heat-induced tree bud mortality may
benefit from the inclusion of additional species and in-the-field experimental trials. Tetrazolium
chloride testing of singed or charred buds following prescribed fires in the field may more
definitively assess potential bud resprouting potential and effective mortality. In subsequent
growing seasons following these types of experiments, impacted buds could be assessed to
determine if they releaf following prescribed fires.
This experiment highlighted the complex nature of potential fire effects and the
importance of relating laboratory-derived experimental results to field-based practices.
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Estimating heat tolerance of southeastern USA tree buds

Problem

• Trees often differ by traits, such as leaf size and shape and bark thickness, that may be related to fire or heat tolerance
• Few studies have investigated potential relationships between tree buds and heat tolerance
• Understanding species-specific relationships may assist fire managers as they target prescribed fire behavior to achieve burn objectives, which may include control of less desired vegetative
species

Hypotheses

• Higher heat dosages will be required to achieve bud mortality in fire-tolerant deciduous trees, such as chestnut oak (Q. montana), scarlet oak (Q. coccinea), and mockernut hickory (C. tomentosa)

Study Site and Methods

Figure 3. Mean change in
percent bud mortality by
species and height
above the propane
burner (cm)

Figure 4. Mean change in percent bud mortality by
species and heat exposure time (s)

• Six species were selected for these analyses – 3 fire-tolerant species (chestnut oak, scarlet oak, mockernut hickory) and 3 fire-intolerant species (American beech – F. grandifolia, red maple – A.
rubrum, yellow-poplar – L. tulipifera)
Branches of these species were cut from live stems in February 2020 and individual buds were exposed to heat using a propane gas tube burner
Heat dosages varied based upon time of heat exposure (20, 40, and 60 s) and height above the propane burner (38 cm and 50 cm)
Bud mortality was assessed using electrical conductivity measurements of individually heated tree buds and buds of the same species that were not heated (control buds)
The mean change in percent bud mortality (∆ PBM) was calculated for each species by subtracting the mean mortality of unheated control buds from each individually heated bud
•
•
•
•

Figure 2. Mean change in percent bud mortality by
species

Preliminary Results and Conclusions

• Mean ∆ PBM differed by species: chestnut oak, mockernut hickory, and yellow-poplar had a higher mean ∆ PBM than American
beech, red maple, and scarlet oak (p < 0.0001) (Figure 2)
• Heat exposure time (p = 0.0059) and height above the propane burner (p = 0.0001) significantly affected mean ∆ PBM
• When evaluating height above the propane burner, mockernut hickory buds heated 38 cm above the burner had the greatest mean
∆ PBM (Figure 3)
• When evaluating heat exposure time, mean ∆ PBM was highest for yellow-poplar buds heated for 60 s (Figure 4)
• Pre-determined fire-tolerance designations for trees may not align with heated bud mortality; additional dosages and species
should be investigated to further determine potential species-specific heat tolerances

Figure 11. Experimental results summary, presented at the 2020 Society of American Foresters Conference.
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