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Abstract: Prescribed burning is a widely used fuel management employed technique to mitigate the
risk of forest fires. The Pinus yunnanensis Franch. forest, which is frequently prone to forest fires in
southwestern China, serves as a prime example for investigating the effects of prescribed burning
on the flammability of surface dead fuel. This research aims to establish a scientific foundation
for managing dead fuel in forests, as well as fire prevention and control strategies. Field data was
collected from P. yunnanensis forests located in central Yunnan Province in 2021 and 2022. The
study implemented a randomized complete block design with two blocks and three treatments:
an unburned control (UB), one year after the prescribed burning (PB1a), and three years after the
prescribed burning (PB3a). These treatments were evaluated based on three indices: surface dead-
bed structure, physicochemical properties, and potential fire behavior parameters. To analyze the
stand characteristics of the sample plots, a paired t-test was conducted. The results indicated no
significant differences in the stand characteristics of P. yunnanensis following prescribed burning
(p > 0.05). Prescribed burning led to a significant decrease in the average surface dead fuel load
from 10.24 t/ha to 3.70 t/ha, representing a reduction of 63.87%. Additionally, the average fire−line
intensity decreased from 454 kw/m to 190 kw/m, indicating a decrease of 58.15%. Despite prescribed
burning, there were no significant changes observed in the physical and chemical properties of dead
fuels (p > 0.05). However, the bed structure of dead fuels and fire behavior parameters exhibited
a significant reduction compared with the control sample site. The findings of this study provide
essential theoretical support for the scientific implementation of prescribed burning programs and
the accurate evaluation of ecological and environmental effects post burning.

Keywords: prescribed burning; Pinus yunnanensis; fuel characteristics; forest fire management;
surface fire; fire behavior

1. Introduction

The escalating impact of global warming is exacerbating hot and arid conditions,
thereby increasing the potential hazards of forest fires in various regions and posing
risks to forest functionality [1]. However, it is important to note that forest fires also
constitute a significant disturbance mechanism in forest ecosystems and contribute to forest
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growth and development [2]. In this context, dead fuels constitute the source of forest
fires and are the bedrock of fire behavior, impacting fire suppression difficulty, fire-line
intensity, fire severity, and post-fire losses [3]. Consequently, wildfire managers require
detailed information on fuel-burning characteristics to effectively mitigate wildfire risks.
Quantitative investigation into the combustibility of deceased fuels is fundamental to
modern wildland fire management. This research holds significant practical importance
in predicting the occurrence and behavior of wildland fires, as well as in the direction
of managing fire suppression and using fire in camp forests. Additionally, alongside
essential conditions such as oxygen and an ignition source, combustion can be influenced
by physicochemical properties, such as ash content, moisture content, and so forth [4].

Pinus L. is a largely northern hemisphere genus distributed across many forest types
in Europe, Asia, North Africa, North America, and Central America [5], with most of its
distribution in fire-prone habitats [6]. China is one of the distribution centers for Pinus.
There are twenty-two species of pine, including Pinus yunnanensis Franch., which are
distributed in the center of the central plateau of Yunnan and the northwest regions of
Guangxi, Guizhou, Sichuan, and Tibet, as shown in Figure 1 [7]. The region exhibits an
elevation range from 600 m to 3100 m and is an irregularly shaped polygon. It holds
substantial potential for carbon sequestration, with the tree and soil layers serving as the
primary carbon storage of the forest ecosystem [8]. In central Yunnan, influenced by the
monsoon climate monsoon climate, P. yunnanensis thrives as the predominant indigenous
tree species in fire-prone habitats, showcasing a “fire-dependent” life-history response, that
has facilitated its status as the most common endemic tree species in the region’s fire-prone
habitats [9]. Thus, studying the effect of prescribed burning on the combustibility of dead
fuels in P. yunnanensis forests can lead to a better understanding of its fire behavior and
adaptation to periodic fires and the development of reasonable regulations. This research is
crucial to predicting P. yunnanensis forest fires, understanding fire behavior, and ensuring
the safe suppression of fires.
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Figure 1. The distribution area of Pinus yunnanensis in China. On the right side of the figure, red
dots indicate the prescribed burning (PB) sample sites and green dots represent the unburned (UB)
sample sites.

Prescribed burning is a widely employed technique used in fire-prone forests to modify
the structure of the forest stand, reducing the likelihood of severe wildfires and bolstering
ecosystem resilience to natural disturbances [10]. By reintroducing fire to the forest ecosys-
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tem, which removes dead fuels that have accumulated in the understory, reduces forest
flammability and fosters favorable soil and stand conditions that promote stand regenera-
tion [11]. Numerous studies have shown that prescribed burns exert minimal influence on
the mature canopy, while concurrently fostering seedling recruitment and contributing to
the restoration of biodiversity [12–14]. Prescribed burning does not significantly impact
seed production, seedling germination, and seedling mortality in the long term [15]. In
addition, it is more effective in reducing the magnitude of simulated wildfires [16]. Fur-
thermore, it plays a crucial role in mitigating the risk of high-intensity fires and curbing
large-scale biomass burning, thereby helping to minimize CO2 emissions [17,18]. The
accumulation of leaf litter in P. yunnanensis forests starts to level off around the sixth year
and gradually reaches a state of equilibrium [19], leading to the build-up of combustible
dead fuel on the forest floor, escalating the risk of wildfire. The complete exclusion of fire
in P. yunnanensis forests is scientifically unsound. Conversely, prescribed burning can be
effective in reducing the potential for surface fires to spread into forest crown fires [20].
Nevertheless, the effects of prescribed burning on ecosystems and climate are complex
and carry risks [21]. These risks encompass various aspects, including impacts on forest
stands [22], air pollutants [23], soil properties [11,24–26], biodiversity [27–29], and surface
dead fuels [30,31].

Currently, the research on the effects of prescribed burning mainly focuses on the
boreal region [32,33], including the western of North America, Russia, Siberia, and the
Daxing’anling region in China. However, there is still a lack of understanding regarding
the impact of forest fire disturbance on dead fuel dynamics in subtropical coniferous forest
areas, particularly in the high-altitude regions of the northern subtropical plateau with a
monsoon climate. In contrast to the fire-prone habitats in the Mediterranean-type climate,
characterized by distinct dry and wet seasons [34], P. yunnanensis forests are distributed in
the subtropical region where the hot and humid seasons coincide. Nevertheless, the climate
remains fire prone with distinct dry and wet seasons [35]. This study focuses on examining
the bed structure, physicochemical properties, and potential fire behavior characteristics
of dead fuels on the surface of P. yunnanensis after prescribed burns. The objective of
this research is to offer valuable insights for sustainable forest management in subtropical
low-latitude and high-altitude areas.

2. Materials and Methods
2.1. Description of the Study Area

Xinping County is situated in the southwest of central Yunnan Province, at an elevation
between 23◦38′15′′–24◦26′05′′ N and 101◦16′30′′–102◦16′50′′ E, and covers a total area of
4223 sq. km. The region’s topography is predominantly mountainous and accounts for
98.03% of the area, with high elevations in the northwest and low ones in the southeast.
The local climate is affected by the region’s altitude and falls under three different climate
types: subtropical, high-temperature river valley area, mid-mountain warm temperature
zone, and high-mountain cold temperature zone. The region experiences an average annual
temperature of 18.1 ◦C, with maximum and minimum temperatures of 32.8 ◦C and 1.3 ◦C,
respectively. The average yearly precipitation is 869 mm, and there are 2838.7 h of sunshine
per year [36].

Xinping County, situated in central Yunnan, has the highest risk of wildfires. The
primary coniferous tree species is P. yunnanensis. The understory shrubs are scarce, with
common species such as Vaccinium bracipedicellatum Thunb, Rhododendron spiciferum Franch,
Quercus aliena Blume, and Schima khasiana Dyer. The herbaceous plants are more plentiful
and chiefly composed of grass species, including Festuca ovina L., Agrostis matsumurae Trin.,
Schizachyrium brevifolium Nees ex Buse., Heteropogon contortus (L.) P. Beauv. ex Roem. et
Schult., Cymbopogon distans (Nees.) Wats., Eulalia speciosa (Debeaux) Kuntze., and Ainsliaea
plantaginifolia Mattf., among others.
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2.2. Field Sampling Description

In December 2021 and December 2022, respectively, systematic observations were
conducted to assess changes in the stand structure of pure P. yunnanensis stands at specific
locations (24◦2′10′′ N~24◦0′30′′ N, 102◦0′30′′ E~102◦1′20′′ E) following prescribed burns. As
shown in Figure 1, the study implemented a randomized complete block design with two
blocks including prescribed burning sample plots (PB) and unburned control sample plots
(UB), and three treatments: unburned control, one year after the prescribed burning (PB1a),
and three years after the prescribed burning (PB3a). These treatments were evaluated based
on three indices: surface dead-bed structure, physicochemical properties, and potential fire
behavior parameters.

Each sample plot was 10 m × 10 m, and 30 pieces of each type of sample plot were
set up, resulting in a total of 60 sample plots. Each sample plot was recorded in detail,
including geographic location along with slope, slope direction, slope position, and other
topographic elements. The number of trees, their height (obtained using a portable tree
height meter, DZH-30), diameter at breast height (DBH), under-branch height, and the
number and height of shrubs and herbs in each sample plot were recorded. Table 1 provides
the essential characteristics of the sample plots. Five surface dead combustible samples
were set up in each sample plot (Figure 2a), and collected for indoor experiments [37].

Table 1. Standing conditions and tree growth of P. yunnanensis in the study area by varied treatments.

Treatment
Altitude

(m)
Slope (◦) Overstory

Cover (%)
Tree Density 2

(No./ha)

DBH (cm) Height (m) Under-Branch
Height (m)

Mean (SE) 1

UB 2010–2050 6–25 0.47 1481 17.1 (1.0) 11.0 (1.3) 5.7 (1.6)
PB1a

1800–2000 10–37
0.54 1170 16.5 (0.8) 10.3 (2.1) 7.3 (1.2)

PB3a 0.55 1198 17.1 (1.3) 11.3 (1.5) 7.6 (1.4)
1 Mean and one standard error (SE). 2 Tree density for trees greater than 7.5 cm diameter.
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2.3. Sample Analysis

The following experiments were conducted, and the results were obtained in the
laboratory under standard temperature and pressure conditions.
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2.3.1. Determination of FMC

To complete desiccation, we placed the collected samples in an electrically heated
oven and baked them continuously at temperatures between 85 ◦C and 105 ◦C for 24 h. We
determined the fuel moisture content (FMC) for each type of dead fuel in every sample by
measuring its weights using an electronic balance, and two parallel tests were performed
for each sample:

FMC =
m1 −m2

m2
× 100%, (1)

where m1 is the fresh weights (g); m2 is the dry weights (g) [38].

2.3.2. Determination of HHV

The higher heating value (HHV) refers to the heat released by the complete combustion
of a unit weight of dead fuel in an adiabatic state at room temperature. The HHV of the
samples was determined using an XRY-1C softcomputer oxygen bomb calorimeter. For this,
1 g of the dried samples was weighed on a balance, and two parallel tests were realized for
each sample:

HHV = K
[(T1 − T2) + ∆T]

M
, (2)

where K is the water equivalent, kJ/◦C; T1 is the temperature before ignition of the dead
fuel, ◦C; T2 is the temperature after ignition of the dead fuel, ◦C; ∆T is the temperature
correction value, ◦C; and M is the weight of the sample, g [39].

2.3.3. Determination of Ash

Ash content refers to the mineral residue of the dead fuel after complete combustion.
The substance retards combustion, and the higher its content, the worse the combustibility.
It was analyzed using the high-temperature dry-ash method. A balance was employed
to measure 1 g of the desiccated specimen. Before placement of the sample, the crucible
weight was recorded. The weight of the sample and the crucible before ashing was also
noted. Subsequently, the crucible containing the sample was heated in a muffle furnace
with the temperature set at 800 ◦C for 12 h. After cooling, the samples were weighed again
and the weights were documented, and two parallel tests were set up for each sample:

Ash =
m4 −m5

m3 −m5
× 100%, (3)

where m3 is the total weight of the sample and crucible before ashing, m4 is the weight of
the sample and crucible after ashing, and m5 is the weight of the crucible [40].

2.3.4. Determination of Fat

Fat content is a vital metric for measuring the combustibility of dead fuel. Oil con-
siderably promotes flame combustion, and higher oil content increases the flammability
of tree species. Before the experiment, the filter paper was baked in the oven (85 ◦C) for
20 min to be absolutely dry, and then the weight of the filter paper was weighed with a
balance and recorded. A total of 1 g of the dried sample was weighed, wrapped in the filter
paper, and the weight of the filter paper and the sample was recorded. The petroleum ether
was added, and then the glass container was placed in the thermostatic water bath, the
time was set to 5 h, and the temperature to 85 ◦C. Two parallel tests were performed for
each sample:

Fat =
m7 −m6

m8 −m6
× 100%, (4)

where m6 is the weight of the filter paper (g), m7 is the weight of the filter paper and sample
before drying, and m8 is the weight of the filter paper and sample after drying (g) [40].
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2.4. Potential Fire Behavior Testing

In this study, we simulated experiments on dead fuel behavior when burning indoors
without wind. Figure 3 shows the fuel bed (2 m × 1.3 m × 0.3 m). To simulate the slope of
the sample site during the field survey, 2 cm thick plasterboard was laid on the bottom of
the combustion beds to reduce heat loss. Before each group of combustion experiments,
the weight of dead fuels was weighed. During the eruption of the samples, the duration
of visual flaming (DVF) was recorded with a stopwatch, while the vertical flame height
(VFH) was measured with a steel tape measure. After burning to completion, all the burnt
material in the combustion bed was weighed, and the volume of the fuel consumed (VC)
was calculated.
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The fire-line intensity formula is defined as [41]:

FLI = HHV× FD× RS, (5)

where FLI is fire-line intensity, kW/m, HHV is higher heating value, kJ/g, FD is the fuel
load, t/ha, and RS is rate of spread, m/min.

The volume consumed formula is defined as [42]:

VC =
A− B

A
× 100%, (6)

where A is the weight of dead fuel before burning (kg), and B is the weight of dead fuel
after burning (kg).

2.5. Statistical Analysis

SPSS 22.0 (SPSS Institute, Inc., Chicago, IL, USA) statistical software was used to
analyze and process the data. One-way ANOVA and least-significant difference were used
to compare the significance of differences in the combustibility of dead fuels in different
treatments. Pearson’s correlation was used to analyze the linear correlation between
combustibility. Paired samples t-tests were used to compare the correlation between the
differences in the combustibility of dead fuels and the trends in the combustibility of dead
fuels by prescribed burn removal.

3. Results
3.1. Forest Stand Characteristics of P. yunnanensis Forest

Table 1 provides detailed results of investigations; the mean height below the first
live branch in the prescribed burn sample area exceeds 7 m, more than 1 m higher than
the height in the unburned area. Varied treatment had minimal impact on P. yunnanensis
stands. Paired sample t-tests revealed no significant differences (p > 0.05) in any of the
characteristics of the P. yunnanensis stand.
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3.2. Effect of Prescribed Burning on the P. yunnanensis Forest
3.2.1. Fuel Bed Structure

Figure 4 shows the vertical structure of the P. yunnanensis forest. The surface dead
fuels in the PB plots were conifers, herbs, and dead ferns. The UB had a richer diversity of
woody debris, including dead leaves, ferns, herbs, and shrubs.

Forests 2023, 14, x FOR PEER REVIEW  7  of  18 
 

 

3.2. Effect of Prescribed Burning on the P. yunnanensis Forest 

3.2.1. Fuel Bed Structure 

Figure 4 shows the vertical structure of the P. yunnanensis forest. The surface dead 

fuels in the PB plots were conifers, herbs, and dead ferns. The UB had a richer diversity of 

woody debris, including dead leaves, ferns, herbs, and shrubs. 

 

Figure 4. Fuel vertical structure of  the stand  from  low  to high dead  fuel  layer, herb  layer, shrub 

layer, and arborous layer in the forest of P. Yunnanesis. 

As presented in Figure 5, the fuel moisture content (FMC) of the samples ranged from 

7.02% to 20.26%, with an average of 14.41%. In comparison, the control plots had thicker 

surface piles with an average thickness of 4.55 cm. 

     

(a)  (b)  (c) 

Figure 5. Comparison of (a) FMC, (b) depth of fuel bed, and (c) fuel load by burning treatment. Red 

represents areas affected by prescribed burning; blue represents control areas. 

The shrub and herb layer height in UB was taller, and the surface fuel was thicker, 

which made it difficult to control the fire. The average dead fuel load of the PB decreased 

to 4.4 t/ha. Meanwhile, the dead fuel load of the UB was 9.8 t/ha, which was 2.22 times 

higher than that of the PB. 

Table 2 shows that, in PB, the maximum height of herb and shrub were 59 cm and 79 

cm, respectively. These measurements reveal a significant gap of over 3 m between the 

minimum height of the undergrowth beneath the P. yunnanensis branches (4.24 m) and 

the maximum heights of the herb and shrub. In contrast, within the UB, the maximum 

height of the shrub layer was recorded at 2.8 m, with less than 1 m separating it from the 

minimum height of the undergrowth beneath the P. yunnanensis branches (3.87 m), and 

the shrub and small tree layer act as a “ladder fuel”. 

   

Figure 4. Fuel vertical structure of the stand from low to high dead fuel layer, herb layer, shrub layer,
and arborous layer in the forest of P. yunnanesis.

As presented in Figure 5, the fuel moisture content (FMC) of the samples ranged from
7.02% to 20.26%, with an average of 14.41%. In comparison, the control plots had thicker
surface piles with an average thickness of 4.55 cm.
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Figure 5. Comparison of (a) FMC, (b) depth of fuel bed, and (c) fuel load by burning treatment. Red
represents areas affected by prescribed burning; blue represents control areas.

The shrub and herb layer height in UB was taller, and the surface fuel was thicker,
which made it difficult to control the fire. The average dead fuel load of the PB decreased
to 4.4 t/ha. Meanwhile, the dead fuel load of the UB was 9.8 t/ha, which was 2.22 times
higher than that of the PB.

Table 2 shows that, in PB, the maximum height of herb and shrub were 59 cm and
79 cm, respectively. These measurements reveal a significant gap of over 3 m between the
minimum height of the undergrowth beneath the P. yunnanensis branches (4.24 m) and
the maximum heights of the herb and shrub. In contrast, within the UB, the maximum
height of the shrub layer was recorded at 2.8 m, with less than 1 m separating it from the
minimum height of the undergrowth beneath the P. yunnanensis branches (3.87 m), and the
shrub and small tree layer act as a “ladder fuel”.
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Table 2. Height and cover of herb and shrub layers by varied treatments.

Treatments Herbaceous Cover (%) Shrub Cover (%)
Herb Height (cm) Shrub Height (cm)

Mean (SE) 1

PB 75–90 25–35 48.8 (10.2) a 2 58.8 (19.9) a
UB 55–80 65–80 54.2 (7.6) a 226.2 (56.7) b

1 Mean and one standard error (SE). 2 Different lowercase letters indicate significant differences in the content of
index (p < 0.05).

3.2.2. Physical and Chemical Properties of Surface Dead Fuel

The physical and chemical properties of surface fuel in the PB and the UB are illus-
trated in Figure 6. The average HHV of dead fuel in the UB is 19.56 kJ/g, and in the PB
is measured at 19.64 kJ/g. The observed difference between these values is not signifi-
cant. The ash content in the control sample plots was slightly higher compared with the
burn−removed sample plots. The average ash content was approximately 3%, indicating
better combustibility of the surface dead combustible material of P. yunnanensis. The ig-
nition temperatures of surface dead fuel in the control and burned-out plots were similar
at 270 ◦C. On average, the fat content of dead fuel on the surface of the P. yunnanensis
forest is 9%.
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Figure 6. Comparison of physical and chemical properties: (a) higher heating value, (b) ash content,
(c) ignition temperature, and (d) fat content by burning treatment. Red represents areas affected by
prescribed burning; blue represents control areas.

3.2.3. Potential Fire Behavior of Surface Dead Fuels

Fire behavior variations were observed in each burn test (Figure 7).
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To determine the rate of fire spread (RS), the flame maintenance duration was mea-
sured in the field. A steeper slope resulted in a greater forest fire spread rate. The RS of
the PB was 0.35 m/min, while that of the UB was 0.32 m/min. However, the difference
was insignificant.

The fire−line intensity is a critical aspect of forest fire behavior. When using the
downhill fire ignition method, according to Byram’s fire-line intensity (Equation (5)), the
fire-line intensity measured less than 750 kW/m, which is classified as a low-intensity fire.
The laboratory fire behavior simulation revealed the average values of fire intensity to be
247.47 kW/m (PB) and 456.12 kW/m (UB).

The volume of the fuel consumed (VC) is often used to assess the effectiveness of
prescribed burning (Equation (6)). The downhill fire ignition technology, where the flame
and the head of the fire move opposite to the forward direction, results in a significant
combustion effect.

3.2.4. Pearson Correlation of Surface Dead Fuels

The surface dead fuel characteristics in the prescribed burning area exhibit a stronger
correlation compared with the unburned area (Figure 8). FL correlated very significantly
with the DFB (p < 0.01). HHV was highly significantly negatively correlated with ash
(p < 0.01). In terms of fire behavior parameters, FIL exhibits the strongest correlation
with VFH and RS. DFB correlates highly significantly with VFH, and FL correlates highly
significantly with VFH and FLI in both PB and UB.
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Figure 8. Pearson correlation analysis of fuel moisture content, depth of fuel bed, fuel load, higher
heating value, fuel ash content, ignition temperature, fuel fat content, vertical flame height, rate of
spread, fire−line intensity, and volume of the fuel consumed. Adopting abbreviations, the translation
of namely FMC, DFB, FL HHV, ash, IT, fat, VFH, RS, FLI, and VC are the same as below. *: At the
0.05 level (two−tailed), the correlation was significant; **: At the 0.01 level (two−tailed), the correla-
tion was significant.

As shown in Table 3, except for the fire spread rate, all other indicators in the UB
are higher than those in the PB. Among them, DFB, FL, VFH, FLI, and VC values were
significantly higher in the control site than in the burned site. When comparing the
correlation between the combustibility indices, the strongest correlation was found for the
fire behavior parameters, except for the fire spread rate; the other three indices reached
a highly significant correlation. The following strongest correlation was for the fuel bed
structure, with highly significant correlations for DFB and FL. The weakest inter-layer
correlation was for physicochemical properties (p > 0.05), and it can be seen from Figure 6
that there was no significant change in the physicochemical properties of the dead fuels on
the surface of the P. yunnanensis forests as a result of prescribed burning.

Table 3. Paired sample t-test of PB and UB.

Pairing Difference

t Significance
(Two Tails)Sample Average SD MSD

CID

Lower Limit Upper Limit

FMC −0.0586 3.7290 0.6808 −1.4510 1.3338 −0.08 0.932
DFB −2.533 1.8519 0.3381 −3.2248 −1.8417 −7.49 0.000
FL −0.5188 0.3876 0.0707 −0.6635 −0.3740 −7.33 0.000

HHV −81.4124 1328.3941 242.5304 −577.4429 414.6180 −0.33 0.740
Ash −0.1256 1.4665 0.2677 −0.6732 0.4220 −0.46 0.642
IT −0.5459 4.5110 0.8236 −2.2304 1.1385 −0.66 0.513
Fat −0.2982 2.0127 0.3674 −1.0498 0.4532 −0.81 0.524

VFH −12.0500 18.3830 3.3562 −18.9143 −5.1856 −3.59 0.001
RS 0.0361 0.1580 0.0288 −0.0228 0.0951 1.25 0.220
FLI −208.6519 300.9631 54.9481 −321.0334 −96.2705 −3.79 0.001
VC −11.7991 13.1720 2.4048 −16.7176 −6.8806 −4.90 0.000

SD: standard deviation; MSD: mean value of SD; CID: 95% confidence interval of difference.

3.3. Effect of Different Burn Treatments
3.3.1. Physical and Chemical Properties

Figure 9 shows the effects of different treatments of prescribed burning on the physic-
ochemical properties of surface dead fuel on the P. yunnanensis forests, the indicators of
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which are dead fuel ash, fat, FMC, and HHV (no comparison was made due to the lack
of information on the IT of dead fuel at PB3a), with mean values of 3.81%, 6.75%, 14.69%,
19.97 kJ/g (PB3a) and 2.74%, 7.74%, 14.69%, 20.44 kJ/g (PB1a), with variations of −27.99%,
14.69%, −0.29%, and 2.35%, respectively. Different prescribed burn treatments had a sig-
nificant effect on the ash and fat of dead fuel (ANOVA: ash: F = 11.131, p < 0.001; fat:
F = 9.091, p = 0.004; HHV, F = 6.835, p = 0.011; where p < 0.05 difference is significant, and
p < 0.01 indicates highly significant difference, and this is the same as below). Reducing the
interval time increases the combustibility of dead fuels.
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3.3.2. Potential Fire Behavior

To investigate the effects of different burn treatments on surface dead fuel loads and
potential fire behavior, the distribution of fuel loads and their potential fire behavior was
statistically compared between the 3a prescribed burn interval sample sites and the 1a
prescribed burn interval sample sites, as shown in Figure 10 (ANOVA: FL: F = 14.711,
p < 0.001; VFH: F = 6.128, p = 0.016; RS: F = 1.328, p = 0.254; FIL: F = 3.414, p = 0.070).
Fire-line intensity varied with load (Equation (5)), decreasing from 247.47 kW/m (PB3a) to
190.56 kW/m (PB1a).
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4. Discussion
4.1. Forest Stand Characteristics of P. yunnanensis Forest

The central region of Yunnan in China is recognized as a high-risk area for wildfires.
In recent years, China’s active forest fire prevention policy has significantly influenced the
spatial and temporal characteristics as well as the intensity of wildfires. Fire-adapted traits,
which characterize plant performance in the spatial fire environment, improve plant sur-
vivability under fire disturbance [43]. Through long-term adaptation, plants have evolved
heritable fire-adapted traits to improve their fire adaptability during long-term adaptation
to fire disturbance [44]. Short-term studies (<10 years) have shown that programmed
burns have minimal effect on the mortality of canopy trees [45–47]. The mortality rate of
P. yunnanensis under natural conditions was approximately 0.93% to 1.27%, while under
prescribed burns, it was 1.33%, indicating that P. yunnanensis has some fire resistance and
that prescribed burns on it are safe. Furthermore, regular programmed burning was shown
to not affect the survival and productivity of mature coniferous forests [48–50]. Even after
repeated burning over 60 years, there was minimal impact on the structure, composition, or
growth of overstory trees [51]. These findings provide a scientific basis for implementing
prescribed burns without altering stand age structure and the natural succession processes
of forests, while concurrently reducing wildfire severity.

Frequent fire disturbance improves the fire resistance of P. yunnanensis, primar-
ily through the thickening of its bark and the development of long and thick needles.
The increased bark thickness provides favorable protection against the damage caused
by frequent surface fires, making it less susceptible to mortality from low to medium
intensity surface fires, which is an adaptive response of some species with post-fire
regeneration ability [52].

In the longleaf pine ecosystems of the southeastern United States, it is generally rec-
ommended to utilize low-intensity surface fires (2–4 years). This approach helps maintain
forest structure and promote understory plant diversity [53]. Repeated burns have reduced
or eliminated small-diameter logs and shrubs, as observed in PB plots (Table 2). Due to
the limited growth rate of vegetation and the slow accumulation of fuels, high-frequency
prescribed burns may not always consume significant amounts of fuel. Instead, expand-
ing the area burned may yield more favorable outcomes. Although scheduled burns can
consume fine fuels, they do not affect coarse woody debris (CWD), which can lead to
CWD build-up and high-intensity fires. Therefore, a combination of prescribed burns and
mechanical treatments to remove dead fuels from the forest can minimize fire risk. Based
on the fire intensity requirements of prescribed burns, and after predicting the dynamics
of the net accumulation of dead fuels on the surface of the P. yunnanensis prescribed burn
area, the appropriate frequency for implementing prescribed burning is recommended
to be maintained at three to five years, and we will continue to follow up on this in
future studies.

4.2. Changes in Surface Dead Fuel in P. yunnanensis Forests

Prescribed burning redistributed the structure of the dead fuel bed and had a sig-
nificant effect on combustibility. The moisture content of the fuel plays a critical role in
determining the occurrence and spread of fire. A low FMC, usually between 10–16%, is
considered hazardous for flammability, and dead fuel can easily ignite [54]. Through succes-
sive years of prescribed burns, the number of surface piles resulted in an average thickness
of dead fuel in the burned sample plots of 2.18 cm. As shown in Figure 4 and as Table 2
demonstrates, the burning reduced the thickness of the dead fuel bed, the herbaceous layer,
and the height of the shrub layer by 42.23%, 9.96%, and 74.01%, respectively. In addition,
there were also noticeable changes in the loading of surface dead fuel, with average surface
dead fuel loading decreasing from 10.24 t/ha (UB) to 5.50 t/ha (3a) and 3.70 t/ha (1a), with
decreases of 46.29% and 63.87%, respectively.

Physical and chemical properties of dead fuels play a crucial role in determining
their burning capacity. In the laboratory, the physicochemical properties of the dead
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fuel were relatively stable, with an average calorific value of medium calorific value
(15–20 kJ/g), and a part of it reached a high calorific value (>20 kJ/g), which releases
more energy during combustion. The ignition temperature usually decides whether the
combustible material is inflammable or not. The research reveals that the maximum
temperature of the top surface of a lit cigarette is 289 ◦C; cigarette butts can easily ignite
the surface fuel of P. yunnanensis forests. If the fat content is more significant than 6%, it
is considered a high oil content [54]. It is evident that the dead fuel on the surface of P.
yunnanensis is highly flammable. There was no significant impact of prescribed burning
removal on the physicochemical properties of dead fuel on the surface of P. yunnanensis
(p > 0.05).

Understanding fire behavior indicators, such as VFH, RS, and FLI, for surface dead
fuel can aid forest fire managers in deciding whether or not to proceed with prescribed
burns. The UB had a greater thickness of surface dead fuel than the PB, resulting in
significantly higher flame heights. During the burning experiment in the UB, the maximum
flame height reached 105 cm, which is twice the maximum height observed in the PB
(58 cm). The PB was situated in sloping terrain conditions (Table 1). Large sloping terrains
may cause an unpredictable fire spread process, resulting in a fire-line that spreads 10%
faster than at the UB, and the VC was higher in the UB (63.85%) than the PB (52.05%). This
study employed a downhill ignition technique. The reason for utilizing this technique is
its potential to significantly reduce the rate of forest fire spread. It is particularly effective
in steadily advancing surface fires (rate of spread < 4 km/h), which ensures the safety of
forest fires. The fire-line intensity of the UB (456.12 kW/m) was significantly higher than
that of the PB (247.47 kW/m). The most pronounced impact of shortening the burning
treatments was observed on fuel load, followed by flame height. The trends in simulated
flaming height in the fuel beds were generally consistent with the fuel load at the sampled
sites (Figure 10), suggesting that energy release is closely related to effective fuel loads
during burning. However, there was little effect on the rate of fire spread, which varied
little because the experiment was conducted on a fixed sample site with no change in
terrain (slope). This demonstrates that under the prescribed burnout conditions, the pure
forest of P. yunnanensis had low combustibility and reduced the risk of severe wildfire. The
combustion experiments were carried out indoors to minimize the impact of unstable field
conditions on the results.

Previous research has confirmed that slope can affect the flammability of surface dead
fuel by affecting factors such as load, water content, and fire behavior [55]. However, this
study found that slope has no significant effect on the physicochemical properties of surface
dead fuel in P. yunnanensis forests. In contrast, the slope factor significantly interferes with
the rate of spread and burn rate among fire behavior parameters [56]. Specifically, for
the same spot-burning method, areas with small slopes exhibit more effective burning
compared with steeper slopes. In future studies, expanding the slope range can help to
explore further the effect of terrain factors on the combustibility of surface fuel.

4.3. Impacts on Understory Species of P. yunnanensis Forests

P. yunnanensis forests are characterized by their dominance of this species and
their community structure, consisting of a single tree species in the canopy layer. The
impact of anthropogenic disturbance did not have a significant effect on the canopy
layer of P. yunnanensis forests. However, it did have a relatively significant impact
on the shrub and herb layers. Shrub cover was significantly lower in the PB than UB
site because the prescribed burn suppressed shrub growth, thereby reducing vertical
continuity and effectively mitigating the risk of surface fires spreading into crown
fires resulting in major wildfires, such as flying fire and other high-energy fires [57,58].
Interestingly, herb cover was higher in the burned area than in the unburned area, and
herb growth was greater in the burned area as well. This can be attributed to two
main factors. Firstly, the prescribed burn suppressed shrub growth, which reduced
shrub cover, allowing more sunlight to reach the herbs. Secondly, the burned ash in
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the burned area provided additional nutrients to the herbs. Similar to many previous
studies, prescribed burns increased the height of herbaceous plants in the understory
vegetation [59,60]. However, it is worth noting that prescribed burning did not lead
to an increase in plant species richness, as observed in the study by Arévalo et al. [61],
According to Wayman’s study [62], fire disturbance was the most effective measure to
reduce shrub cover. The prescribed burns resulted in a suppression of oak plants, the
primary dominant species in the P. yunnanensis understory, and a decrease in the shrub
layer’s mean height and mean cover [36]. While the bark thickness of 25-year-old P.
yunnanensis individuals can withstand surface fires, oak trees require more than 60 years
to develop the necessary bark thickness. Therefore, prescribed burns can be employed
to reduce the stand density within mature P. yunnanensis forests. If the flame heights
exceed the height of the first limb below, low limbs, and shrubs, they can act as ladder
fuels and potentially facilitate the spread of fire to the canopy. As shown in Table 2, the
prescribed burn area has a significantly lower shrub layer height compared with the
unburn area. This reduction in height decreases the vertical continuity of fuels in the
forest, weakening the probability of a surface fire escalating into a canopy fire. Therefore,
prescribed burns help to prevent major forest fires.

4.4. Management Implications

In 2017, our research team initiated a locational and tracking study spanning mul-
tiple years in the P. yunnanensis forest located in Zhaobi Mountain, Yunnan Province
(Figure 11). Previous research has predominantly concentrated on post-fire recovery [35],
seed dynamics of canopy [20], and the characteristics of soil respiration [63]. However,
our study responses to prescribed burning in a purely P. yunnanensis forest and pro-
vides insights into the effects of burning on this specific forest ecosystem. To assess the
combustion characteristics of surface dead fuel, a field test was conducted to remove
prescribed burns. Downhill fire ignition technology was used during the process, and
several technical indicators were achieved that exceeded the P. yunnanensis prescribed
burn removal specification requirements. The results of the study guide actual forest
fire management work. In contrast to developed forestry countries such as the United
States and Australia, China relies more heavily on manual labor for prescribed burning,
posing a significant test of personal experience. Simultaneously, the burning process
poses a risk to those carrying it out. Therefore, with regards to prescribed burns in
the forests of southwest China, we recommend that further research concentrate on:
(1) Continuing to locate and study prescribed burns, proposing improved ignition tech-
niques and intervals, among other factors; (2) Considering the smoke emissions during
the combustion process, including the composition and content of smoke created by
centralized and contiguous burns, as well as studying their migration and dissipation
patterns, to diminish the air pollution caused by prescribed burns; (3) Collaborating
with firefighters and employing drones to implement spot burns and carry out real-time
monitoring; (4) Utilizing drones to monitor the burns in real time. Using firefighters to
conduct spot burns and monitor environmental conditions in real time, including wind
speed and direction; and (5) Referring to the results of China’s First Natural Disaster
Risk Census (2021) and the recent round of the regional forest fire risk level to determine
the safe and efficient prescribed burning and removal. By addressing these research
areas, we can enhance prescribed burning practices in the forests of southwest China,
improving both efficiency and safety.
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5. Conclusions

This study delved into the impact of prescribed burning on the flammability and
potential fire behavior of dead fuels on the surface of P. yunnanensis forests from the per-
spective of forest combustion science. The combustibility of dead fuels on the surface of
P. yunnanensis forest was evaluated from three indices: dead fuel bed structure, physi-
cal and chemical properties, and fire behavior parameters. The results were as follows:
(1) prescribed burning has been demonstrated as an effective method for suppressing
the growth of understory shrubs of P. yunnanensis, reducing the risk of crown fires, and
is unlikely to cause large forest fires; (2) prescribed burning can effectively regulate the
surface dead fuel, particularly in terms of fuel load, and the average load after burning
was 4.4 t/ha, less than half of the average load in the unburned area; and (3) there were no
significant differences (p > 0.05) among the characteristics of P. yunnanensis forest stands
for the implementation of prescribed burning. In conclusion, the implementation of low-
intensity prescribed burning is vital for regulating dead fuel under P. yunnanensis forests
and maintaining regional carbon balance in the southwestern forest area. Moreover, it can
significantly reduce P. yunnanensis flammability. Considering the potential for long-term
fire disturbance, it is both necessary and feasible to periodically conduct prescribed burns
in fire-prone habitats and fire-adapted forest stands.
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