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Abstract: Assessing the characteristics of fuel flammability during fire is of major significance
regarding fire intensity and fire spread control. Under the background of shifting forest composition
from heliophytic to mesophytic species in mixed-oak forests, our objective is to determine the impacts
of species-driven changes in fuel flammability characteristics and the specific relationships between
fuel ignition variations at the species level. Oak and maple fuels were collected from ninety-four
plots established in Zaleski State Forest, Ohio. A total of 30 combustion samples were separated
(15 oak samples and 15 maple samples), with each combustion sample weighing 20 g to ignite under
a laboratory fume hood. Our results determined that oak fuel showed significantly higher flame
temperatures than maple fuel, and the fuel consumption and combustion duration time both varied
between oak and maple fuel. These findings indicated that the shift from oak forest to mesophytic
species could change a fire’s behavior. Combined with the cooler, moister, and less-flammable forest
conditions generated by these mesophytic species, fires may not be able to reach their historical fire
intensities, suggesting that updated data and new insights are needed for fire management.
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1. Introduction

Fire management and its related research are often focused on fuel monitoring and
manipulation since fuel traits drive a fire’s behavior and impact [1]. Evaluating the char-
acteristics of fuel flammability and combustibility during fire is significant, regarding fire
intensity and fire spread control [2]. Greater fuel loads and lower fuel moisture increase
fire temperatures [3] and can lead to larger burned areas and higher ignition hazards. In
addition, fuel treatments can influence the effects of fire on species composition and ash
production, which can harm endangered ecosystems and soil [4].

Accurate knowledge of fuel is critical for evaluating potential fire behavior; however,
due to their intrinsic variability, it is challenging to quantify or describe fuel conditions [1].
For example, Curt et al. [5] found that even two areas that have similar weather and fuel
types can generate contrasting patterns of fire recurrence because fuel size, shape, and
connectivity can play a major role in the fire interval. According to Zhao et al. [6], litter
particle size is key to explaining species variation in fuel bed ignitability, and the potential of
some species to affect fire is disproportionate to their abundance. Some fuel characteristics,
such as surface-to-volume ratio, fuel species composition, fuel distribution, etc., remain to
be further investigated.

Oak forests are a major component of the Eastern Deciduous Forest, and their exis-
tence needs frequent fire as a key disturbance to maintain oak dominance [7]. However,
the fire suppression policies during the early 20th century quickly shifted the species
composition and structure from heliophytic, fire-adapted species to shade-tolerant, fire-
sensitive species [8]. Red maple (Acer rubrum L.), sugar maple (Acer saccharum Marsh.),
and other mesophytic species are increasingly replacing oaks (Quercus spp.) and creating
a shadier, cooler, and moister fire environment. In addition, this change in vegetation
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leads to changes in the fuel bed characteristics directly through subsequent litter produc-
tion [9]. Litter characteristics such as litter dimension and shape, litter chemistry, and litter
moisture are different among oak and maple species [10]. Understanding species-level
variations in fuel traits associated with a fire’s environment is critical to understanding
current fire-combustion properties in an eastern oak forest.

McDaniel et al. [11] examined the impacts of species-driven changes in upland oak
forests on litter flammability. They found that leaf litter traits and moisture dynamics varied
between oak and non-oak species; specifically, the flammability of oak fuel was higher
than non-oak fuel, and flammability was negatively correlated with the amount of non-oak
fuel load [11]. However, their research did not involve the maple species, which is the
rapidly proliferating shade-tolerant species in parts of western Appalachia. Furthermore,
microclimates, weather (wind, temperature, and relative humidity), and topography may
affect flammability and a fire’s behavior. Laboratory data that eliminate external conditions
(wind and topography) on fuel flammability are essential to further understanding the
variations in fuel traits among species.

In order to better determine the impacts of species-driven changes in fuel flamma-
bility characteristics and the specific relationships between fuel ignition variations at the
species level, an analysis of fuel composition and fire behavior should be conducted under
controlled laboratory conditions. In this study, we compared the flammability of oak and
maple fuel by measuring the maximum flame temperature, flame height, combustion
duration time, and fuel-mass-loss percentage. Our objectives were to (1) examine how fuel
flammability varied between oak and maple, (2) assess how oak and maple fuel influenced
fire’s behavioral characteristics by measuring flammability metrics (flame temperature,
flame height, flame duration time, and fuel-mass-loss rate), and (3) evaluate the correlation
between flammability metrics and how the correlations varied between oak and maple. We
hypothesized that (1) the flammability metrics (flame temperature, flame height, flaming
duration, and fuel-mass-loss rate) would vary between oak and maple fuel, and (2) the
maximum temperature would be strongly correlated to the flame height, fire duration time,
and mass-loss percentage.

2. Materials and Methods
2.1. Study Site

Fuels were collected from Zaleski State Forest (82°18’5"” W, 39°21'43" N) in Vinton
County, Ohio. This area lies on the unglaciated Appalachian Plateau, with an altitude
between 172.9-354.3 m. The climate of this region is characterized as cool, temperate, and
continental, with a mean annual temperature of 11.3 °C and precipitation of 1024 mm [12].
Soils are predominantly Steinsburg and Gilpin series silt loams (Typic Hapludalfs) [13].

The forest is dominated by oak species, including white oak (Quercus. alba L.), red oak
(Quercus. rubra L.), and black oak (Quercus. velutina Lam.), with the subcanopy/understory
comprising red maple (Acer rubrum L.), American beech (Fagus grandifolia Ehrhart), and
black gum (Nyssa sylvatica Marsh.).

2.2. Fuel Collection and Preparation

An area of 58 hectares located within Zaleski State Forest, referred to as Morgan
Hollow, was selected for this study (Figure 1A). A total of 94 circular 0.04 ha sample
plots were established for the purpose of collecting forest attribute data. These plots were
established approximately 60 m apart from each other (depending on the accessibility
and forest edge) and distributed evenly in a gridwork across the study site. Soon after
the leaves fell (October 2022), a 30 cm x 30 cm wooden frame was used to collect forest
litter fuel, which was randomly established at a distance of 0.5 m from each sample plot’s
center. All forest litter fuel classified in the 1 h (<0.6 cm diameter) and 10 h (0.7-2.5 cm
diameter) fuel classes [14] contained within the 30 cm x 30 cm frame were collected down
to the mineral soil. A total of 94 fuel samples were collected from the 94 sample plots
established previously.
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Figure 1. (A) Study area (Morgan Hollow) located in Zaleski State Forest, southern Ohio. The black
dots indicate the location of the 94 sample plots approximately 60 m apart from each other (depending
on the accessibility and forest edge) and distributed evenly in a grid across the study site. (B) Oak
leaf litter (g) distribution and (C) Maple leaf litter (g) distribution over 94 sample plots.

Fuel samples were stored in paper bags and oven-dried at 70 °C for 48 h until they
maintained a constant weight. After oven-drying, the samples were stored in paper bags in
a dry environment at room temperature to wait for the combustion experiments.

2.3. Combustion Experiments

Combustion experiments were conducted in the lab under a laboratory fume hood.
Oak and maple genus species were chosen to determine the different flammability char-
acteristics between species, as oaks were the dominant species in the eastern oak-mixed
forests; however, in the absence of fire, red maple and sugar maple have become major
competitors and threats to oak. Therefore, to determine how the subsequent changes in
litter composition could potentially change fire intensity as measured by temperature, oak
and maple leaves were carefully extracted from all oven-dried fuel samples and combusted
separately. A total of ~300 g oak and ~300 g maple leaves were separated from fuel samples
manually and divided into 30 combustion samples (15 oak samples and 15 maple samples).
No distinctions were made among oak species (Quercus prinus L., Quercus. rubra L., Quercus
coccinea Muenchh., and Quercus alba L.) or maple species (Acer rubrum L. and Acer saccharum
Marsh.) used in this study, as the separation was based on genus. Each combustion sample
weighed 20 g and was placed evenly within a 23.5 cm x 34 cm metal tray with the fuel depth
of approximately 10 cm. The 10 cm fuel depth in the experiment mimicked the average fuel
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depth measured in the field, which was 11.5 cm. Two 30.5 cm long thermocouples (K-type)
probes connected with HOBO dataloggers were used to collect fire temperatures at different
heights, one placed at 0 cm above the fuel surface, and the other one at 10 cm above the
fuel surface (Figure 2). The 10 cm elevated location was expected to capture the radiative
intensity of the fire, which can represent the heat radiation received by unburnt fuels and
may also vary between oak and maple fuel [15]. The thermocouple probes extended over
the center of the fuel sample. Each sample was ignited to simulate a spot fire with a butane
candle lighter at the right corner of each combustion sample. Several flammability metrics
were measured during the combustion process, including flame temperature, maximum
flame height, combustion duration time, time to reach the highest flame temperature,
and the amount of fuel that remained after combustion was completed as fuel-mass-loss
percentage. To measure the flame height, a centimeter-scale ruler was placed vertically
near the thermocouple holder. Video equipment was used to capture the entire combustion
process, which was placed horizontally about half a meter away from the ignition sample.
After combustion, the maximum flame height was measured by reviewing the recorded
video every 1/30 s. Ignition duration time was measured from the initial ignition time to
extinction of a visible flame through the video. Following combustion, the residual ash that
remained was weighed after cooling to calculate the fuel-mass-loss percentage.

Figure 2. Fuel sample combustion experiment. (A) Prior to burning of the oak sample, (B) prior to
burning of the maple sample, (C) during the burning of the oak sample, (D) during the burning of
the maple sample, (E) post-burn of the oak sample, and (F) post-burn of the maple sample.
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2.4. Flammability Components and Metrics

Three flammability components (combustibility, comsumability, and sustainability)
and five flammable metrics were measured and calculated to compare the differences
between oak and maple fuel [16-20]. (1) Combustibility, defined as the rapidity of the com-
bustion after ignition, including the metrics of flame height (cm) and rate of temperature
increase (AT /sec). (2) Consumability refers to the quantity of mass consumed by combus-
tion and can be measured by the metrics of mass loss percentage (%). (3) Sustainability
refers to the ability of the fuel to sustain combustion, including the metrics of combustion
duration time (s) and flame temperature (°C) [16-20].

2.5. Statistical Analysis

Oak and maple fuel flammability was analyzed via one-way analysis of variance
(ANOVA) followed by a Duncan’s multiple range test (significance level o« = 0.05) to
compare the means of the two species groups. The relationships between flammability
metrics were analyzed using regression and Pearson’s correlation coefficient. A significant
correlation was assumed when r > 0.30 and p < 0.05. All statistical analyses were performed
in R, version 4.2.2 (R Core Team, 2022).

3. Results
3.1. Oak and Maple Flammability Metrics

The flammability metrics varied between oak and maple fuel are displayed in Table 1.

Table 1. Combustion statistics for oak and maple (n = 15 for each species) foliage in the

combustion experiment.

Variable Average Min Max SD CV%
Oak

Percent fuel mass loss 91.30 90.20 93.55 1.07 1.18
Max surface temperature (°C) 1 167.10 134.66 214.33 25.85 15.47
Max temperature, 10 cm (°C) 2 79.48 50.67 121.18 18.18 22.87
Combustion duration (secs) 46.67 34.00 59.00 7.62 16.33
Flame height (cm) 34.87 29.00 42.00 3.55 10.19
Rate of temperature increase 3.27 2.16 5.12 0.93 28.37

Maple
Percent fuel mass loss 87.11 77.95 91.00 3.20 3.67
Max surface temperature (°C) 1 142.39 116.73 162.64 13.34 9.37
Max temperature, 10 cm (°C) 2 75.03 53.04 133.01 2292 30.55
Combustion duration (secs) 40.13 31.00 53.00 6.13 15.27
Flame height (cm) 36.57 30.00 44.00 3.84 10.49
Rate of temperature increase 2.70 1.80 3.72 0.57 21.26

1 Maximum flame temperature at fuel surface. > Maximum flame temperature at 10 cm above fuel surface.

3.1.1. Combustibility

The combustibility of oak and maple fuel were examined by measuring the maximum
flame height, maximum flame temperature, time, and calculating the rate of temperature
increase. In our study, oak fuel temperatures were significantly higher than maple at the
fuel’s surface (0 cm, p = 0.0027, Figure 3A), with the average temperatures of oak and maple
fuel samples of 167.10 °C and 142.39 °C, respectively. The maximum temperatures at 10 cm
above the fuels’ surfaces displayed high variation, with oak fuel temperatures slightly
higher than maple fuel (Figure 3B), where the averag fuel temperature was 79.48 °C and
75.03 °C for oak and maple, respectively. The rate of temperature increase (AT/sec) was
calculated by using the maximum flame temperature divided by the time to reach that
temperature. At the fuel’s surface (0 cm), oak displayed a slightly higher rate of temperature
increase values than maple (Figure 4A). However, maple fuel showed a slightly higher
flame height than oak fuel (Figure 4B).
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Figure 3. (A) The maximum temperature at the fuel surface (0 cm) and (B) the maximum temperature

at 10 cm above the fuel surface for maple and oak. Figures with the same lower case letters are not
significantly different between species within each graph (Duncan’s MRT, p = 0.05).
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Figure 4. (A) The rate of temperature increases at the fuel surface and (B) the maximum flame height
during combustion for oak and maple. Figures with the same lower case letters are not significantly
different between species within each graph (Duncan’s MRT, p = 0.05).

3.1.2. Consumability

The fuel consumption, as well as fuel mass loss percentage, had significant differences
between oak and maple fuel (p < 0.001, Figure 5A). Oak had a higher fuel consumption
compared to maple, with a range from 90.20% to 93.55% for oak and a range from 77.95%
to 91.00% for maple.
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Figure 5. (A) Oak and maple fuel mass loss percentage and (B) the duration time of combustion.
Figures with the same lower case letters are not significantly different between species within each
graph (Duncan’s MRT, p = 0.05).

3.1.3. Sustainability

The combustion duration time of oak was significantly longer than maple (p = 0.0152,
Figure 5B), with an average of 46.67 s for oak compared to 40.13 s for maple.

3.2. Relationship between Flammability Metrics

Linking flammability metrics together can be used as a way to predict fire risk when
only a limited number of metrics can be measured. For example, the maximum flame
temperature can be a potential indicator to estimate the fire duration time. In this study, for
all combustion samples combined, relating maximum temperature at 0 cm to flammability
metrics revealed a positive correlation with fire duration time (r = 0.52, Table 2) and the
mass loss (r = 0.40), whereas the mass loss was also significantly and positively correlated
to the fire duration time (r = 0.45). However, we did not find significant correlations
when analyzing the maple and oak data separately, possibly due to the limited number
of samples.

Table 2. Pearson’s correlation coefficient between ignition variables for the combined data of oak

and maple.
MLP3 MaxT0! MaxT10 2 Duration (s)
maxT0 ! 0.40 *
maxT10 2 0.1 0.40 *
Duration (s) 0.45* 0.52 ** 0.21
Flame height (cm) 0.10 —0.11 0.04 —0.36

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level. ! maxT0 = max surface
temperature (°C). > maxT10 = Max temperature at 10 cm (°C). > MLP = fuel mass loss percentage.

4. Discussion

Flame temperature is used as one of the major components in the assessment of fuel
flammability [21]. Our study demonstrated that oak and maple fuel differed in their flame
temperatures, as measured in degrees Celsius, and oak had a significantly higher flame
temperature than maple fuel at the fuel’s surface. These results were consistent with other
studies where oak exhibited higher flammability and flame temperature than non-oak



Fire 2023, 6, 312

8of11

species [11]. The lower flammability species were characterized by a shorter flame duration
time and little fuel consumption [21], which were consistent with our results that maple
displayed a significantly shorter combustion duration time and lower fuel mass loss when
comparing oak with maple. The correlation between fuel mass loss, fuel temperature, and
combustion duration time indicated that higher fire temperatures could lead to greater fuel
mass loss and a longer combustion duration time.

According to Dickinson et al. [10], the hypothesis is fire intensity tends to be lower
in eastern U.S. forests due to the shifted forest composition from oaks to mesophytic
species (e.g., maple) in deciduous oak forests. Some researchers suggest that non-oak fuel
can decrease ignition probability and dampen litter flammability from the fuel moisture
perspective [11] or by analyzing flammability metrics instead of real fire temperature [22].
Our findings supported this hypothesis by using real fuel combustion temperature data
acquired from K-type thermocouples and by demonstrating the significantly lower fire
temperatures of maple fuel compared with oak. Differences between oak and maple in
leaf shape and dimensions combined with differences in litter chemistry, litter drying, and
rate of litter decomposition can determine fuel-bed characteristics and combustion [10].
The flammability of litter is a function of many factors, such as the amount of litter, carbon
content (e.g., cellulose and lignin), and leaf chemistry (volatiles) [8]. The content of lignin
can mitigate the litter decomposition rate, with high lignin litter decomposing slower [23].
The percentage of lignin was typically higher in chestnut oak, scarlet oak, and white oak
than in mesophytic species [8,24]. Some research found that high lignin in decomposed
litter could strongly determine flammability and lead to more char formation [25]. For these
reasons, oak’s resistance to decay and flammability are higher than mesophytic species
such as maple.

Thermocouples at the fuel’s surface recorded significantly higher temperatures for
the oak fuel than for the maple fuel. Surface fuel temperatures displayed a positive
correlation with flammability metrics of flaming duration time (r = 0.45) and fuel mass
loss (r = 0.40); however, correlations were weakened when measuring flame temperature
at 10 cm. Therefore, the recorded temperature at the fuel’s surface was a better predictor of
flaming duration time and fuel consumption, suggesting that the temperature captured
by the surface thermocouple better reflected combustion conditions within the fuel bed,
whereas the temperatures recorded by the elevated location were more responsive to
flame characteristics [4], such as flame intensity and fireline intensity. Furthermore, the
temperature recorded at 10 cm represented greater heat radiation that could be received
by the unburnt fuel [26], meaning that the fuel could have a greater ability to pre-heat the
unburnt fuel, thereby potentially creating a higher fire rate of spread if they had a higher
flame temperature at lifted height. However, in this experiment, the flame temperature at
10 cm was not found to be significantly different between oak and maple.

Our average flame height data of oak (34.87 cm) was within the range recorded by
Kane et al. [27], which was from 33.6 cm to 81.4 cm for eight oak species. Our average
maximum temperature data of oak and maple (79.5 °C and 75.0 °C, respectively) was higher
than the data acquired by Ganteaume et al. [28], where the average maximum temperature
for deciduous leaves was 61.6 °C. The reason might be the different fuel sample loads
(15 g in their study vs. 20 g in our study), and a higher fuel load can result in higher fire
temperatures due to higher energy generated by more fuel. The other reason might be the
fuel composition, which they used mixed litter samples, whereas we used single-genus
litter samples.

Regarding flame height, our results showed that there were no significant differences
between oak and maple and no strong correlation between flame height and other flamma-
bility metrics (flame temperature, combustion duration time, rate of temperature increase,
and fuel-mass-loss percentage). However, McDaniel et al. [11] found that flame height
significantly differed between oak and non-oak species, and a strong correlation was found
between flame height and flame temperature. Part of the inconsistency may have been
due to the leaf curling. In the field, mesophyte-dominant litterbeds tend to be shallower.
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In our experiments, oak litter tended to be flatter than maple litter (Figure 2A,B), and flat
leaves created less-aerated fuel beds with diminutive flame heights [21]. Therefore, more
“fluffy” maple fuel in our experiment produced a subtle higher flame; plus, the flame
became slightly elevated due to slightly elevated fuel. The inconsistent leaf curling of oak
and maple in the laboratory and field combined with the unpaired flame height and fuel
temperature between oak and maple revealed that flame heights were mainly explained
by the physical properties of leaves, specifically, aeration of the fuel bed, whereas fuel
temperatures were mostly explained by leaf chemistry.

The maximum fuel temperatures in our study displayed a positive correlation with the
fuel mass loss, meaning that higher fire temperatures produced less residual ash and greater
fuel consumption in the combustion process, which was consistent with Dudaite et al. [29].
Higher temperatures affected litter ash nutrient composition and could change the ash’s
pH due to the solubility elements in ash [4,30]. At higher temperatures, the C/N ratio
will increase and result in lower rates of N mineralization in the soil [31], and the water-
soluble elements (Ca2*, Mg?*) will be released by the ash and cause higher desegregation
of soil mineral particles, thus leaving them more vulnerable to erosion transport [30]. The
nutrient-poor conditions created by higher fire intensity can limit tree growth and restore
endangered ecosystems [4,30]. However, if the creation of nutrient-poor conditions can be
caused by higher fire intensity, fire temperatures that are insufficient to volatilize mineral
nutrients can result in an immediate increase in nutrient availability [32]. Compared
with other species, red oak was best grown in nutrient-poor and dry conditions [33].
Therefore, frequent and high-intensity fires can contribute to the dominance of oak species
by generating nutrient-limited conditions and constraining the growth of maple and other
mesophytic species [12].

McDaniel et al. [11] found that oak species gained less moisture initially than non-
oaks (winged elm and hickory) and lost moisture more quickly by comparing single-
species fuel beds. The mesophyte-dominant litterbeds gained more moisture at saturation
moisture contents compared to oak-dormient litterbeds and subsequently create a wetter
fuelbeds [34]. The lower fire temperature created by maple fuels combined with the
cooler, moister, and less flammable forest condition generated by these mesophytic species,
allowing these mesophytes to self-perpetuate, may indicate that fire intensities may not
be able to reach their historical fire intensities [8,35]. With the continued increase in
the abundance of maple, prescribed fire may become less effective at maintaining oak
dominance [36].

5. Conclusions

This study determined the impacts of species-driven changes in fuel flammability
characteristics and the specific relationship between fuel ignition variation at the species
level. We compared the flammability of oak and maple fuel by measuring the maximum
flame temperature, flame height, combustion duration time, and fuel-mass-loss percentage.

Our results demonstrated that oak and maple fuel differed in their flammability,
and oak had significantly higher flame temperatures than maple fuel. When comparing
the combustion duration time and fuel mass loss of oak and maple, maple showed a
significantly shorter combustion duration time and lower fuel mass loss. The correlation
between fuel mass loss, fuel temperature, and combustion duration time indicated that
higher fire temperatures could lead to greater fuel mass loss and a longer combustion
duration time. Regarding flame height, our results showed that maple produced a slightly
higher flame than oak, which may have been due to the leaf curling. The unpaired flame
height and fuel temperature between oak and maple suggested that flame heights were
mainly explained by the physical properties of leaves, whereas fuel temperatures were
mostly explained by leaf chemistry. Overall, these findings indicated that the shift from oak
forest to mesophytic species alone could potentially change fire behavior. Combined with
the cooler, moister, and less flammable forest conditions generated by these mesophytic
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species, fires may not be able to reach their historical fire intensities, suggesting that updated
data and new insights are needed for fire management.
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