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Abstract. Research on the prediction and prevention of forest fires and the assessment of post-disaster
losses has always been a hot topic in the fields of forest ecosystem development and change. In this study,
Casuarina equisetifolia plantations were selected as the dominant tree species in the typical area of
Wanning, Hainan province, southern China. The results revealed that the potential of fire in C.
equisetifolia plantations were low-and medium-intensity. The surface fire intensity was within
3600 kJ/m?, the flame length was less than 0.9 m in the absence of wind, the fireline intensity was less
than 230 kw/m, and the surface fire spread rate was less than 4 m/min. All C. equisetifolia plantation fire
types were surface fires, except for the P3 forest type. Overall, this study provides recommendations for
forestry managers to adopt appropriate strategies to reduce forest susceptibility to fire and moderate its
ecological effects.

Keywords: canopy fire, forest potential fires, combustible substances, combustible load, Rothermel
model

Introduction

Forest fires are among the strongest perturbation factors in forest ecosystems
(Garcia-Llamas et al., 2019; Gongalves and Sousa, 2017). With the impact of
anthropogenic activities and shifts in the global climate, forest fires have intensified
over the past 10 years. Devising an effective method to predict forest fire hazards has
become a top priority in the field of forest fire research (Rajasekaran et al., 2015).
Globally, over 220,000 forest fires occur per year, and more than 6.4 million hm? of
forests are affected, accounting for more than 0.23% of the forests of the world (Zhu et
al., 2019; Zhang et al., 2020).

Forest fires can be devastating and can cause radical changes in the forest ecosystems
and permafrost environment leading to human life and infrastructure damage (Li et al.,
2021). For example, in 2015, 3,703 forest fires occurred throughout China, including
one particularly serious fire, resulting in losses of approximately 400 million yuan in
total (Zhu et al., 2019). According to Gonzalez-De Vega et al. (2016), wildfires are
expected to increase in size and severity in the future due to a combination of climate
change and land use/land cover (Gonzalez-De Vega et al., 2016). Frequent forest fires,
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especially heavy forest fires, are difficult to suppress (Holden et al., 2009); they damage
the natural ecosystem while simultaneously releasing carbon-containing greenhouse
gases (Hu et al., 2007), which have caused significant socio-economic damage leading
to major ecological consequences (Pausas and Paula, 2012). For example, fire denatures
the soil organic matter and changes the input and output processes of soil nutrients and
other biogeochemical processes by burning the surface litter layer and the humus layer
in the forest at high temperatures (Li et al., 2020a; Bridges et al., 2019); it also alters the
water holding capacity of the soil and the formation process of surface runoff that
results in soil erosion. Additionally, elevated temperatures change the microflora and
species composition of ecological and hydrological conditions in a short period of time
(Tas et al., 2014; Zhou et al., 2019), which, in turn, directly or indirectly affect the
material circulation and energy flow of forest ecosystems.

Presently, research on forest fires in forest ecosystems is concentrated on a large
scale (Verma and Jayakumar, 2018). Most of the existing literature has focused on the
physical and chemical properties of forest fires in a specific region of Northeast China
(L1 et al., 2020a; Zhang et al., 2012). In contrast, the forest region in southern China is
characterized by complex landforms, a high degree of forest fragmentation, a small fire
area with high fire frequency, and the rescue process is highest in the tropical evergreen
broadleaf forest zone due to the influence of topographical factors (Wu et al., 2019).
Wanning, located in the tropical region of Hainan, is a large forest province in China
and an important source of timber in the south. Due to its unique climate and
topographic characteristics, it has become a region with highly frequent forest fires in
southern China.

Casuarina equisetifolia plantations play an irreplaceable role in maintaining the
balance of the regional ecological system in the tropical region of China, which has high
ecological and economic value (Dai et al., 2017; Bai et al., 2021). However, C.
equisetifolia plantations in southern China are mostly artificial pure forests planted in a
large area with a single level and simple structure that increases the potential fire risk
(Splawinski et al., 2019).

Therefore, in this study, we aimed to evaluate the relationship between forest fire
behavior characteristic parameters and the occurrence of 188, 300.5 ha forest fires in a
fire-prone tropical forest ecosystem dominated by C. equisetifolia in Wanning, located
in the south of China, Hainan Province, for ~ 50 years and to offer their development
situations based on five-time forest inventory data. Specifically, our objectives were to:
(1) determine the correlation between potential fire risk and forest fire behavior
characteristics based on the spatial distribution characteristics and physical traits of
combustible beds in C. equisetifolia plantations in typical tropical regions, and (i)
evaluate whether Rothermel model can be a valid tool for understanding how pre-fire
vegetation structural characteristics control fire severity.

Study site and data collection
Study site

The study site is located in Wanning city in southeast Hainan province (110° 00° -
110° 34°E, 18° 35° - 19° 06’N) (Fig. I). The region is characterized by tropical
maritime monsoon climate with abundant sunshine, concentrated rainfall, and high
temperatures. The annual average temperature is 23.0°C, the coldest average
temperature is 18.7°C in January. The hottest temperature is 28.5°C in July, the
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average annual rainfall in coastal areas is 2100-2200 mm, the annual average
sunshine is 1500-2200 h, accounting for 36%—-50% of the available hours, and the
main soil type was lateritic (Huan-Ting et al., 1994; Geng et al., 2022; Ji et al., 2022).
Natural disasters in Wanning include wind, drought, floods, insects, and lightning.
Among these, drought attacks caused by elevated temperatures and little rain are the
main natural disasters in this city. The forest in this region is dry and flammable, so it
can easily cause forest fires, which often cause varying degrees of loss to crops,
people’s lives, and properties.

Figure 1. Location map of the study area (Wanning, Hainan province)

The sample set

C. equisetifolia plantations of five different ages with similar site conditions were
selected from the forest from May—June, 2013. Five plots with ages of 10, 18, 20, 30,
and 50 years were set and named as P1, P2, P3, P4, and PS5, respectively. All the
selected stands were C. equisetifolia plantations without human disturbance and with no
fire records over 30 years. Simultaneously, five 2 m x 2 m shrub quadrats, five 2 m x
2 m fallen woody quadrats, five I m x 1 m non-woody (herbaceous and fern) quadrats,
five 1 m x 1 m litters quadrats, and five 0.5 m % 0.5 m humus quadrats were set in each
400 m? plot by the diagonal method. The coordinates of the sample plot, including the
stand characteristics of altitude (M), slope (°), slope aspect, canopy density, species
name, diameter at breast height (DBH, cm), tree height (H, M) were recorded (7able 1).

Survey of combustible bed

The trees and shrubs in the forest were divided according to the Chinese forestry
industry standard LY/T 1952-2011, for each tree (DBH > 1 cm), crown base height and
branch height were recorded for shrubs (DBH < 1 cm), and height, coverage, and crown
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width were recorded. A 2 m x 2 m sample was cut using the total harvest method, and
the aboveground part of the shrub in the square was weighed and then brought back to
the laboratory to calculate the water content. The aboveground parts of all herbs, vines,
ferns, and other ground cover plants in the 1 m %X 1 m plots were harvested. The same
method was used to measure moisture content and calculate non-wood fuel load per unit
area proportionally. All the litter in the 1 m x 1 m plots, primarily undecomposed
branches, grass, vines, leaves, and cones were harvested. The average thickness of litter
in the quadrat was me-asured along the S-shaped route, and its flat mean was taken, and
the coverage of litter in the quadrat was estimated.

Table 1. Fuelbed characteristics of different ages C. equisetifolia plantation

Index P18 P2 P3 P4 P5
1 h fuel load (t/hm?) 5.10 5.18 5.39 7.25 6.83
10 h fuel load (t/hm?) 2.42 2.84 2.95 3.64 3.11
100 h fuel load (t/hm?) 0.3 0.3 0.5 0.7 0.4
Fresh herbage fuel load (t/hm?) 0.06 0.09 0.12 0.15 0.14
Thickness of combustible bed (m) 0.20 0.22 0.26 0.25 0.25
Dead combustible heat (kJ/kg) 19026 19026 19026 19026 19026
Live combustible heat (kJ/kg) 19026 19026 19026 19026 19026
Canopy height (m) 13.0 15.5 16.5 17.0 18.5
Comb base height (m) 34 3.5 4.7 3.8 3.7
Canopy volumetric weight (kg/m?) 0.37 0.39 0.41 0.36 0.34
Wind speed adjusted factor 0.19 0.19 0.28 0.28 0.23
Combustible concealment (%) 75 85 90 90 90
Gradient 30 35 35 40 40

SP1, P2, P3, P4 and P5 refer to C. equisetifolia plantations of five different ages with 10, 18, 20, 30, and
50 years, respectively, the same as below

Determination of combustible ash

The ash content of straw, irrigation, grass, and litter samples collected from the
standard plot was determined according to the Chinese forestry industry standard LYT
1268-1999. The determination steps were as follows: (1) The samples were collected
and kept in the baking oven (TX—SXO0, SuZhou Tai De Oven Equipment
Manufacturing Co., Ltd., Suzhou, China), then toasted at 105°C for 30 min, and then
adjusted to 80°C; toasted until a constant weight was achieved. (2) The dried samples
were powdered using the powder prototype (LD-2000, CHANGSHA HONGIJING
MECHANICAL EQUIPMENT CO., LTD., Changsha, China); 10 g of each sample was
kept in the cleaned porcelain crucible; they were then numbered, weighed, and step one
was repeated. (3) The porcelain crucible (szkftt2022121910, Kaifate Pottery Co., LTD.,
Suzhou, China) was kept in the universal furnace (WY88-FL-1, Dongfang glass Co.,
LTD., Beijing, China) to heat the sample, slowly make it smoke, and carbonize it until
smoke was no longer produced, and then the heat was turned off. (4) The porcelain
crucible was kept in the muffle furnace (KF1200-VI-I, Tianjin Maafur Technology Co.,
LTD., Tianjin, China) with the temperature set at 600°C for 8 h, after which the sample
was removed, powdered to ash, and kept in a dryer; it was then cooled down to constant
weight and weighed. The formula used for calculating combustible ash was:
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_ Wa-We
T wy-we (Eq.1)
where S is the fuel ash content (%), W4 is the total weight after ashing (g), W is the
total weight before carbonization, and Wc¢ is the weight of the porcelain crucible (g).

Calculating the calorific value of fuel

The calorific value of combustion was used to calculate forest fire intensity and
spread speed. A PARR 6300 oxygen bomb calorimeter (PARR 6300, Parr Instrument
Company, NV, USA) was used to analyze the samples. The determination steps are as
follows: (1) The sample was oven-dried to a constant weight, and then ground to a
powder. (2) One gram of each powdered sample was pressed into a 1 g powder cake.
(3) The powder was placed into a fine and clean porcelain crucible, dried again to a
constant weight, and weighed. (4) The porcelain crucible loaded with samples was
placed into the calorimeter; at this time, the oxygen bomb was automatically filled
with oxygen, and the initial heat balance was established. (5) Finally, the calorimeter
automatically adopted the constant temperature mode for measurement, recorded the
heat exchange capacity in the bucket, modified the measurement results, and provided
the results. According to the calorific value of the different components of
combustible materials and the proportion of the whole plant, the average calorific
value of the whole tree species can be obtained from the weighted average calorific
value.

Calculation of reaction intensity of fuel combustion

The reaction intensity of each fuel unit can be calculated using the following formula
by weighting the load of each species:

Ip = T Xioy Fiy Why i Hi s g (Eq.2)

Among them:

FijWoij

W, =21, FijWhi; = ?zlliTq”J (Eq.3)
H; =X, Fi;H;; (Eq-4)
Us; = 0.17452%1? (Eq.5)
Ser = ?:1 F:‘j'seij (Eq.6)

M, M\ 2 M\ 2
e = 1—2.59 (ﬁ) +5.11 (ﬁ) — 352 (ﬁ) (Eq.7)
Mg = E}nzl Fij Mgy; (Eq.8)

A

T = Tmax (.G%p) exp [A (1 — %)} (Eq.9)
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Tmax = 455500594073 (Eq.10)
o =Xio Fijor = Zin, XL, Fijoy; (Eq.11)
1 Wij
B=3slimdim, (Eq.12)
1
Py =5 Zi=1 2= Wy (Eq.13)

where Iz is the reaction intensity of fuel, Btu/(ft*>min); 7 is the potential reaction rate,
1/min; W, is class I fuel net load, 1b/ft*; W,y is the combustible load quantity of class i
grade j, Ib/ft*; S; is the combustible mineral content of class i grade j; Wy is
combustible net load of class i grade j, 1b/ft?; H; is the average calorific value of in class
i, Btu/lb; Hj; is the average calorific value of class i grade j, Btu/lb; psi is he fuel mineral
inhibition coefficient of class i; Se; is the combustible effective ore quality factor of class
i; Sej 1s the effective mineral system of combustible of class i grade j; i is the
combustible water retardation factor of class 7; uu; is the fuel water block coefficient of
class i grade j; M,; is the combustible-quenched moisture content of grade j; taux 1
maximum reaction rate, 1/min; ¢ is the surface volume ratio of fuel, 1/ft; oj is the
combustible surface volume ratio of class i grade j, 1/ft; f§ is the average compactness;
Bop is the optimal compactness; ps is the average volume density, 1b/ft>; & is fuel
thickness, ft; p; is the basic density of combustible of class i and class j, Ib/ft.

Calculation of forest fire spreading speed

The calculation of the forest fire spreading speed is based on Byram (1959), and the
relevant formula is:

_ IR{(1+@y,+25)

R
ﬁbEQa'g

(Eq.14)

Among them:

{ = (192 — 0.2590) texp[(0.792 + 0.6816°>) (B + 0.1)] (Eq.15)

£Qig = Tt Fi ST Fyewn (52 Qi (Eq.16)
Qigiy = 250 + 1116 My, (Eq.17)
-E
®, = CUB (%) (Eq.18)
#¢ = 5275803 (tan §)2 (Eq.19)
C = 7.47exp(—0.1330%%) (Eq.20)
B = 0.025260%5 (Eq.21)
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E = 0.715exp(—3.59 X 10™%0) (Eq.22)

where R is the forest fire spreading speed, ft/min; /z is the forest fire reaction
intensity, Btu/(ft>-min); { is the ratio of calm flux; @ and ®S are wind and slope
influence coefficients, respectively; py is the fuel density, Ib/ft>; ¢ is the heating
coefficient related to density; Qig is the ignition unit of heat required for combustibles
by weight, Btu/lb; U is applied to the flame wind speed, ft/min; @ is slope, °; and C, B,
and E are correction coefficients.

Calculation of forest fire behavior
(1) Forest fire intensity

Forest fire intensity refers to the energy released by forest fires within a unit length
of the fireline per unit time, also known as fireline intensity. The formula for calculating
the forest fire intensity can be derived according to the classical formula proposed by
Byram (1959).

_ HXWXR

[ = (Eq.23)

600

where [ is the forest fire intensity (Kw/m), H is the calorific value of fuel (J/g), W is the
effective fuel load (t/hm?), R is the spreading speed of the forest fire (m/min), and 1/600
is the conversion coefficient from British to metric units.

(2) Flame length

Flame length refers to the length of the continuous flame after ignition of the
combustible bed; therefore, a flying fire was not included. The formula for calculating
the forest fire intensity can be derived according to the formula proposed by Byram
(1959).

L =0.077 4761°4% (Eq.24)

where L is the flame length (m), I is the forest fire intensity (kw/m), and 0.077476 is the
conversion coefficient.

(3) Flame height

In the absence of wind, the flame form is vertical and upward, and the flame length is
the flame height. In the case of wind, the spread speed of the flame is affected, and the
flame tilts under the influence of wind speed. Currently, the height is less than the
length, and the height calculation formula is as follows:

(Eq.25)

, 046
h =L, = 0.774761°% = 0.077476 (H"W"R“’)

600
where 4 is the flame height (m), L, is the forest fire affected by wind speed (Kw/m),
and R, 1s the spread speed of forest fire under the influence of wind speed (m/min).
When the wind speed is 0 m/s, Rw = R.
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Spot firing test

Test materials were obtained from the litter layer for each age stand. The design
method used was the incomplete block test with three repetitions, because the ignited
combustible bed components were from the standard sample plot, and the Rothermel
model is insensitive to the thickness of the combustible bed (Andrews et al., 2013;
Rothermel, 1972). Therefore, in this study, the water content and load were taken as
control variables, while the mixing proportion of combustible bed components and layer
thickness were set as constants (Fig. 2). Water content was set at three levels: 10%,
15%, and 20%, and the load capacity was set at three levels: 4 t/hm?, 5 t/hm?, and
6 t/hm?. The mixing ratio was the natural mixing ratio of each standard plot, and the
thickness of the combustible bed was 4 cm, A total of 135 spot-firing tests were
conducted.

The spot-burning test bed was 2 m long and 1 m wide, and a 1 m high pole was
placed every 10 cm to fix the thermocouples (WRN-130, Jiangsu Unison Industrial
Measurement Control System Co., LTD., Jiangsu, China). It was used to measure the
temperature of the combustible bed in the burning process, and the burning speed was
measured with a stopwatch. The moisture content of the combustible was determined
using an oven and a rapid moisture-measuring instrument. A 2-m long fire source zone
(linear fire zone with ethanol) was set at the front end of the ignition bed so that the
flame was close to the steady state when it reached the combustible bed, and the ash
was collected after complete combustion to measure the amount of combustible
consumption (Fig. 2). The random error of the thickness of the combustible bed was
controlled within +0.5 cm, the change in ambient temperature was controlled within
+2°C by air conditioning, and the change in air relative humidity was controlled
within + 15%.

Figure 2. The test of spot firing

Data processing

The calculation of potential fire behavior characteristics of C. equisetifolia
plantations is based on the classical formula proposed by Rothermel (1972) and
Byram (1959). A load-weighted simulation was completed with the combined
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measured data from the sample site and the analysis results of the indoor fuel
characteristics. the simulation results were considered acceptable if the average
relative error was < 30%. The simulation results for the forest fire spreading speed,
reaction intensity, and flame height were compared. The formula for calculating the
average relative error is
fom ViV
|——=1 |

¥z

MRE =1 U (Eq.26)
where MRE is the average relative error; y; is the observed value of the point burning test;
yj is the simulated value of the eigenvalue weighted by the load; # is the point firing test.

Results
Proof of simulated result

The scattered points of the simulated and observed values of each stand were evenly
distributed on both sides of the line y = x, indicating that the spread rate calculated after
weighting had a good effect (Fig. 3). The mean relative errors of each stand were 8.22%
(P1), 8.61% (P2), 13.98% (P3), 25.77% (P4), and 26.04% (P5). The fitting effect of the
P1 was the best, while the fitting effect of the P4 was the worst. Additionally, it was
observed that, in the same forest when the spread rate gradually increases, the fitting
degree will be lower.

The average relative errors of each stand were 24.71% (P1), 25.02% (P2), 25.03% (P3),
28.15% (P4) and 24.53% (P5), respectively (Fig. 4). The fitting effect was the best for P5
and the worst for P4. The fitting of the firewire intensity also tended to increase with an
increase in deviation. With the acceleration of the spread rate of the firewire and the
increase in the flame height, the intensity of the firewire also increases, which is in linear.

The scattered points of P5 have all moved below the straight line, and with the
increase in stand age, the surface 1 h and 10 h combustibles increase (Fig. 5). These two
types of combustibles are small combustibles, and their contribution to flame height is
greater than that of 100 h combustibles. However, the load weight is less important than
that of the 100 h combustibles, resulting in the simulation results being lower than the
actual observation results. The average relative errors of each stand were 7.41% (P1),
8.72% (P2), 15.01% (P3), 25.73% (P4), and 24.97% (P5). The fitting effect of the P1
was the best, while the fitting effect of the P5 stand was the worst.
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Figure 5. Comparison of predicted and observed values of fire length in different forests
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Comparison of surface fire behavior of combustible models of C. equisetifolia
plantations at different ages

The variation trends of the surface fire spreading velocity, fireline intensity, and
flame length of the C. equisetifolia plantations at various ages and wind speeds were
shown (Fig. 6). The results showed that the surface fire behavior of C. equisetifolia
plantations at different forest ages increased with increasing wind speed. The order of
the parameter values of the three indicators was essentially the same
(P3>P1 >P4>P2>P5). This means that the fire behavior of the C. equisetifolia
plantation (P3) was higher than that of the other stands, and lowest at P5, but still
showed a trend of linear increase with the increase in wind speed (Fig. 6). The surface
fire spread velocity reached 0.9 m/min and the fireline intensity reached 227 kw/m
when there was no wind. When the wind speed increased to 5 m/s, the surface fire
spreading speed of the P3 forest type increased to 1.6 m/min and the fireline intensity
increased to 229 kW/m. When the wind speed increased to 30 m/s, the surface fire
spreading speed of the P3 forest type was 5.9 m/min and the fireline intensity was
367 kw/m, which was 1.90 times and 1.85 times that of P5, respectively (Fig. 6a). The
surface flame length of each forest type increased with increasing wind speed, but the
increase was not significant, and the flame length changed a little when the wind speed
was 0-5 m/s (Fig. 6¢).

Comparison of canopy fire behavior of combustible models in C. equisetifolia
plantations at different ages

The crown fire conversion rate of C. equisetifolia plantations at all ages increased
linearly with increasing wind speed (Fig. 7). The canopy fire conversion rates of P1 and
P2 stands reached more than 1 when there was no wind, and the canopy fire conversion
rates of P4 and P5 increased with an increase in wind speed, but the maximum was 0.8.
When the wind speed was greater than 20 m/s in P2, the conversion rate was greater
than 1 (Fig. 7a). With the increase in wind speed, the incidence of active crown fire in
P3 stand increased significantly, while in other stands, the increase rate was the same,
which increased to 1 at approximately 10 m/s (Fig. 7b). The spreading speed and flame
length were positively correlated with wind speed, and the index of stand of P3
increased the most with the increase in wind speed, while it was lowest in P5 stands
(Fig. 7c, d). In addition, C. equisetifolia plantations in P3 usually have a high density
and considerable number of trees per unit area, resulting in a rapid increase in canopy
fire intensity with wind speed.
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Fire behavior and types of fuel models in C. equisetifolia plantations

The fire surface intensity of the combustible beds in each stand varied in the range of
3,455-3,599 kJ/m? (Table 2). There was no significant difference among stands, and the
threshold of surface fire intensity in P4 and P5 stands was higher, whereas there was a

high probability of crown fires igniting and spreading in P3 stands.

Table 2. C. equisetifolia plantation potential fire behavior and fire types of the fuel models

Forest stand P1 P2 P3 P4 PS5
The intensity of fire surface 3590 3698 3699 3640 3550
The intensity threshold of surface fire 180 201 227 311 301
The spread threshold of canopy fire 7.1 6.5 6.2 6.8 6.9
Igniting possibility 13 15 18 21 19
0 Surface-fire Surface-fire Intermittent Surface-fire Surface-fire
canopy fire
1 Surface-fire Surface-fire Intermittent Surface-fire Surface-fire
canopy fire
3 Surface-fire Surface-fire Intermittent Surface-fire Surface-fire
canopy fire
5 Surface-fire Surface-fire Smoldering Conditional Surface-fire
canopy fire canopy fire
Fire types under different 10 Surface-fire Surface-fire Smoldering Conditional Conditional
wind speeds canopy fire canopy fire canopy fire
Conditional Smoldering Conditional Conditional
15 Surface-fire
canopy fire canopy fire canopy fire canopy fire
20 Conditional Conditional Smoldering Conditional Conditional
canopy fire canopy fire canopy fire canopy fire canopy fire
25 Conditional Smoldering Smoldering Conditional Conditional
canopy fire canopy fire canopy fire canopy fire canopy fire
30 Smoldering Smoldering Smoldering Conditional Conditional
canopy fire canopy fire canopy fire canopy fire canopy fire
Discussion

Comparison of simulated and observed values of forest fire behavior in C.
equisetifolia plantations

Forest combustibles are the primary cause of forest fires and form the main body of
forest fire behavior; therefore, their combustible characteristics have a significant
impact on fire behavior indicators (Kuznetsov et al., 2022; Li et al., 2020b; Wu et al.,
2022). These characteristics of fire behavior, such as the spread speed of fire, fire
intensity, flame length, and other indicators, play an important role in forest-fire
prediction and firefighting methods (Rodrigues et al., 2021; Molina et al., 2022). In this
study, the simulated values and observations of forest fire spread rate, forest fire line
intensity, and forest fire flame height were compared with the observational values of C.
equisetifolia plantations of different ages. Based on the generalized Rothermel model
(Rothermel, 1972), the simulation results weighted by the combustible loads were
compared with the ignition test observations. The fitting pair for the spread rate of forest
fire was the best, the simulation value for the intensity of the fire line was high, and the
simulation value for the flame height gradually decreased with increasing forest age.

The simulation of the Rothermel model can easily have a certain impact on the
spread speed and intensity of forest fires (Andrews et al., 2013; Andrews, 2018). This is
because, in the Rothermel model, the combustible bed is set to a porous continuous
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homogenization type (Andrews et al., 2013). With the acceleration of the spread rate of
the fire line and the increase in the flame height, the strength of the fire line also
increases, which is almost linear; in the ignition test, the combustible bed is not
completely homogeneous (Porterie et al., 2000), the continuity is lower than the ideal
state, and the growth rate of the fireline strength will be slightly lower (Davies and
Legg, 2011). However, all results were within acceptable limits and could be used to
calculate the potential forest fire behavior characteristics of C. equisetifolia plantations
in the tropical coastal city of Wanning, Hainan.

Comparison of surface fire behavior of C. equisetifolia plantations at different forest
ages

The surface fire behavior of C. equisetifolia plantations of different forest ages,
including the surface fire spread speed, fire line intensity, and surface flame length,
increased linearly with the increase in wind speed, and the fire behavior parameters in
the C. equisetifolia plantations of 20a (P3) were higher than those of other stands, while
they showed the lowest value in the C. equisetifolia plantations of 50a (P5) (Fig. 6). The
thickness of the higher-surface-combustible bed is an important reason for the faster
surface fire burning in the C. equisetifolia plantations of 20a (Kreye et al., 2020). Page
and Jenkins also demonstrated that the thickness and moisture content of the
combustible bed are important factors in determining fire behavior (Page and Jenkins,
2007). During the dry season, months of high-temperature and rainless weather will
minimize the moisture content of combustibles on the surface, and the probability of
ignition is the greatest (McAllister et al., 2012). All fire behavior parameters of the C.
equisetifolia plantation (P5) over 50 years were the lowest (Fig. 6). At low wind speeds,
the surface fire spread rate and fireline intensity gain were not significant because the
surface combustible bed still contained a certain amount of moisture when it was not
ignited, resulting in a pre-combustion process (Kreye et al., 2013). However, when the
wind speed is high, the flame is elongated by the wind speed, and the combustible beds
are burned by flames before they are ignited. Simultaneously, excessively high
temperatures can rapidly reduce the moisture content of the combustible bed, and once
ignited, it can quickly enter the flaming combustion stage (Porterie et al., 2000; Wang et
al., 2016; Valdivieso and Rivera, 2014; Manzello et al., 2020). Therefore, it is necessary
to systematically remove combustible materials from the surface and set a safe crown
base height for C. equisetifolia plantations of different forest ages (Ascoli et al., 2018;
Lands and Fernie, 2022), periodically prune the branches of C. equisetifolia plantations,
and artificially clear the partition in the vertical distribution direction of combustibles
(Khan et al., 2022; Rowell et al., 2016), which can effectively reduce the probability of
canopy fire.

Comparison of canopy fire behavior in combustible material models of C.
equisetifolia plantations at different forest ages

The canopy fire conversion rate, spread rate, and flame length of the canopy fire of
the C. equisetifolia plantations at various forest ages were positively correlated with
wind speed (McCaw et al., 2012). Our results showed that canopy fire behavior
increased linearly with increasing wind speed (Fig. 7). Due to the rapid spread rate and
large flame length in the 20a C. equisetifolia plantations (P3), the high density and
larger number of plants per unit area in the P3 plantation resulted in the canopy fire
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behavior in P3 being the most severe plantation, which caused severe damage to a large
area of forest stands and posed a serious threat to the personal safety of firefighters.
Thus, during the windy season, targeted thinning of 20-year-old C. equisetifolia
plantations is a very effective way to stop forest fires (Crecente-Campo et al., 2009;
Molina et al., 2012). In contrast, the canopy fire spread rate and flame length were
lowest in PS5 plantations (Fig. 7c, d), as the aging C. equisetifolia plantations in
Wanning have not been managed for over 50 years after the traditional rotation age,
exacerbating a reduction in crown volume with tree aging (Alteyrac et al., 2006),
ultimately resulting in discontinuous flame transmission pathways. However, owing to
the abundant oil and fat in the trunk and coniferous leaves of aging stands (Salem et al.,
2021), the intensity of the fire hazard generated when burning was not the lowest
(Fig. 7e). Thus, the transmission route of canopy fires should be cut off when managing
forest fires (Roberts et al., 2018).

Fire intensity is an important indicator of the burning intensity of forest canopy fires
(Dymov et al., 2021; Petersson et al., 2020). The quantitative assessment of fire
intensity, combined with the changes in soil properties and stand structure of C.
equisetifolia plantations after the fire, could predict the contribution and influence
mechanism of different fire intensities on C. equisetifolia plantations (Malvar et al.,
2013). Our results showed that the combustible beds of fire intensity in P4 and PS5 forest
stands were much higher after ignition (7able 2). According to previous survey of the
forest stand, the shrubs in these two forest types were fewer than in other forest stands,
which directly resulted in the discontinuity of the distribution of combustibles in the
vertical direction (Sullivan et al.,, 2012), and once the surface combustibles were
ignited, the upward propagation pathway was blocked. Unless the surface fire intensity
reached a certain value, it was difficult to spread upwards to the canopy (Homainejad et
al., 2022). In contrast, the threshold for fire spread in the canopy of Pl and P2
plantations was significantly higher than that of other stands because of the lower
canopy weight of these two forest types, and because of the smallest forest age, the leaf
moisture content was higher than that of other forest stands (Pook and Gill, 1993),
which is required for higher fire intensity for leaf drying during canopy fire propagation
(Balaguer-Romano et al., 2020). C. equisetifolia plantations in 20a (P3) had the highest
probability of igniting canopy fires and smoldering canopy fires. Additionally, as an
important factor in the model simulation, the crown fire is based largely on field
observations and theoretical considerations (Cruz et al., 2005), therefore, special
attention should be paid in the on-field observing on the crown fire to preventing them
from smoldering canopy fires to avoid greater damage to the trees when managing
forest fires in our study afterwards.

Conclusion

In this study, the load-weighted Rothermel model and the ignition observation test
was adopted, which were mainly compared based on factors such as forest fire
propagation speed, fire line intensity, and flame height, surface combustible material
beds, and canopy fire behavior, which had a greater influence on the forest fire behavior
characteristics of C. equisetifolia plantations. There have not been any studies on the
interannual variation in the load of different types of combustibles. However, this study
conducted a sample survey of only 69 subclasses of C. equisetifolia plantations for
surface combustible loads and there is a lack of medium- and long-term investigations
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of the changes in the load of combustibles in forests. Therefore, in future studies, the
change law of combustible material load on the surface can be determined according to
the growth of different forest types, and then the change law of long-term potential
forest fire behavior can be calculated. This provides a solid theoretical framework for
forestry workers to employ in order to better prevent forest fires.
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