'™ forests

Article

Forest Fire Spread Hazard and Landscape Pattern
Characteristics in the Mountainous District, Beijing

Bo Wang 12, Weiwei Li 2, Guanghui Lai 3, Ning Chang %, Feng Chen 245, Ye Bai ** and Xiaodong Liu 2%5*

check for
updates

Citation: Wang, B.; Li, W.; Lai, G.;
Chang, N.; Chen, F;; Bai, Y.; Liu, X.
Forest Fire Spread Hazard and
Landscape Pattern Characteristics in
the Mountainous District, Beijing.
Forests 2023, 14, 2139.

https:/ /doi.org/10.3390/f14112139

Academic Editor: Manuel

Marey-Pérez

Received: 7 September 2023
Revised: 17 October 2023
Accepted: 25 October 2023
Published: 27 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Emergency Technology and Management, North China Institute of Science and Technology,
Langfang 065201, China; wangboslfh@163.com

Beijing Key Laboratory for Forest Resources and Ecosystem Processes, Beijing Forestry University,

Beijing 100083, China; liweiweiorg@126.com (W.L.); chenfeng19851208@163.com (E.C.)

Beijing Municipal Forestry and Parks Planning and Resource Monitoring Center, Beijing Municipal Forestry
Carbon Sinks and International Cooperation Affairs Center, Beijing 100029, China; laigh@126.com

Key Laboratory of Forest and Grassland Fire Risk Prevention Ministry of Emergency Management, China Fire
and Rescue Institute, Beijing 102202, China; changningzgxfjyxy@163.com

State Key Laboratory of Efficient Production of Forest Resources, Beijing Forestry University,

Beijing 100083, China

*  Correspondence: xd_liu@bjfu.edu.cn (X.L.); 13681132378@163.com (Y.B.)

Abstract: Objective: This study established an index system for assessing forest fire spread hazards
and conducted a forest fire spread hazard assessment in the mountainous district of Beijing (includ-
ing Fangshan, Mentougou, Changping, Yanqging, Huairou, Miyun, and Pinggu). The relationship
between forested landscape spatial pattern and forest fire spread hazard was explored; this method
provided the basis for the establishment of a landscape forest fire security guarantee system. Methods:
The forest fire spread hazard assessment index system was constructed from four aspects: forest
fuel, meteorological factors, topographic factors, and fire behavior. The weighted comprehensive
evaluation method and area-weighted average method were used to calculate the forest fire spread
hazard indices at the subcompartment scale and township scale. Moran’s I index was selected as
the spatial autocorrelation index to analyze the autocorrelation degree and spatial distribution of
the forest fire spread hazard index. Eleven representative landscape pattern indices were selected to
analyze the main landscape spatial pattern affecting forest fire spread hazard by correlation analysis
and principal component analysis. Results: (1) The areas with high, medium-high, medium-low,
and low forest fire spread hazard grades accounted for 39.87%, 33.10%, 11.37%, and 15.66% of the
study area, respectively, at the subcompartment scale and for 52.36%, 22.58%, 18.39%, and 6.67% of
the study area, respectively, at the township scale. (2) The forest fire spread hazard index results
obtained at the subcompartment and township scales in the Mountainous District of Beijing showed
a spatial agglomeration distribution law. (3) The forest fire spread hazard was influenced mainly by
landscape diversity (SHDI and PRD), landscape aggregation (AI, CONTAG, and PD), and landscape
area (TA). Conclusions: The overall forest fire spread hazard in the mountainous district of Beijing
showed a gradual increase from plains to mountainous areas. The land types of the high-spread
hazard subcompartment mainly included general shrubbery and coniferous forestlands, and the
dominant species in the high-spread hazard arbor forest subcompartment were mainly Platycladus
orientalis, Pinus tabuliformis, and Quercus mongolica.

Keywords: Beijing mountainous district; forest fire; spread hazard; spatial autocorrelation;
landscape pattern

1. Introduction

The forest fire spread hazard refers to the possibility of a forest fire spreading (assum-
ing that a forest fire has already begun) [1-6]. Under the influence of climate change and
land use changes, the occurrence probability and intensity of extreme fires have increased
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significantly [7-13]. Under the combined action of flammable vegetation types, special
dangerous terrains, and harsh meteorological conditions, the probability of forest fires
spreading rapidly and out of control has increased significantly, seriously threatening forest
resources and the habitats of wild animals and plants, as well as life and property security
and homeland ecological security [14-18]. The number of extreme fires is expected to
increase by 30% worldwide by the end of 2050, according to a new report by the United
Nations Environment Programme, Spreading Like Wildfire: The Rising Threat of Extraordi-
nary Landscape Fires [19]. Therefore, scientific assessments of forest fire spread hazards
can determine the areas where forest fires may spread easily and provide a basis for the
construction of forest fire barrier systems, fire-extinguishing resources, and emergency force
rational layouts; such studies thus have important theoretical and application value [20].

Forest fire hazards refer to the possibility of a disaster causing adverse effects, and the
core is the degree of disaster-causing activity [21-23]. Generally, the forest fire intensity
combines the two characteristics of fuel consumption and the forest fire spread speed to
provide key information on forest fire behavior that may occur in different areas; this
index is commonly used to measure fire hazards [24]. Scott et al. [25] defined the forest
fire hazard as a physical situation in which a forest fire may cause losses and proposed
a method to represent the forest fire hazard by combining the two indices of burning
probability and forest fire intensity. Jolly et al. [26] constructed the severe fire danger
index (SFDI) based on the two related indices of forest fire intensity and forest fire spread
possibility and found that the index could predict extreme fire hazards and had a good
prediction effect on the trapping and death of firefighters. Shafapourtehrany [27] used
decision tree (DT) and support vector machine (SVM) methods to assess forest fire hazards
in Queensland, Australia, and used the area under curve method (area under the receiver
operating characteristic curve) to evaluate the accuracy of their results; they found that
the accuracies reached 89.21% and 83.78%, respectively. According to the “Rank of the
Regionalization on Nationwide Forest Fire Risk”, Zhang et al. [28] selected tree species
burning type, population density, road network density, monthly average precipitation
during the fire prevention period, temperature, and wind speed to complete the forest fire
danger rating and fire hazard assessment in Chifeng City, Inner Mongolia.

Forest fire spread is an important index of forest fire behavior, which can provide basic
information for forest fire risk assessment and is of great significance for the scientific plan-
ning of forest fire management and the rational allocation of fire-fighting resources [29,30].
Calkin et al. [31] summarized the methods of incorporating forest fire spread, forest fire
intensity, and changes in important disaster-bearing bodies into the risk framework, and
conducted assessment and application in Oregon, USA. Tao et al. [32] calculated the proba-
bility of canopy fire occurrence and potential canopy fire behavior characteristics of major
coniferous forests in the Beijing mountainous area under different gradient burning con-
ditions on the basis of an in-depth understanding of the spatial distribution of fuels in
different layers and established the canopy hazard index model of major coniferous forests
by using the canopy fire spread critical index model. Hysa et al. [2,5] used the wildfire
ignition probability index and wildfire spreading capacity index to assess wildfire risk
in northern Albania’s broad-leaved forests and the wildfire vulnerability of vegetated
serpentine soils in the Balkan peninsula. Aparicio et al. [33] quantified the impact of spatial
arrangement of fuels on fire spread connectivity based on wildfire behavior simulations
and network analysis methods, providing a basis for reducing the risk of fire spread and
the potential impact of extreme fires. Rodrigues et al. [29] divided wildfire management
areas into four types: comprehensive management, human ignition prevention, intensive
fuel management, and fire reintroduction areas based on the modeling outcomes of wildfire
occurrence, initial attack success, and wildfire transmission, providing a basis for wildfire
management in Mediterranean regions.

Landscape heterogeneity and landscape patterns are at the core of landscape ecology.
These factors also interact with each other. Different landscape heterogeneity conditions
form different landscape patterns, and different landscape patterns determine different
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ecological processes. It is therefore of great theoretical and practical significance to study
the relationships between forest fire disturbances and landscape heterogeneity and diver-
sity [34-36]. The methods used to research landscape patterns mainly include landscape
pattern spatial statistical analyses and landscape pattern index analyses. Spatial statistical
analyses of landscape patterns can describe the spatial distribution of landscape patterns
and the extent to which landscape patterns are affected by spatial autocorrelation. Common
methods include geostatistics, wavelet analysis, trend surface analysis, and autocorrelation
analysis [37-39]. Analyses of landscape pattern indices can reflect the structural compo-
sition and spatial distribution characteristics of landscape elements, including the patch
level, type level, and landscape level [40,41]. Long et al. [42] analyzed the spatial pattern
of the forest fire risk in Yunnan Province by using a spatial trend surface analysis and
a spatial autocorrelation model. Zhang et al. [43] conducted wavelet analysis on forest
grassland fire statistics in China from 1993 to 2016 and discussed the influences of different
time series on forest grassland fires under various fire-influencing factors. Steel et al. [44]
analyzed the spatial pattern of forest fire severity in Ponderosa pine and mixed coniferous
forests after forest fires in California from 1984 to 2015 based on five landscape pattern
indices. Benali et al. [45] evaluated how different landscape-level fuel treatment strategies
can reduce wildfire hazards in Alvares. However, no correlation analysis between forest
fire spread hazards and forested landscape spatial patterns has yet been performed.

The Mountainous District of Beijing is an ecological conservation area, green ecological
security barrier, and drinking water source protection area for the capital of China; this
area is the key to ensuring the sustainable development of Beijing. The Mountainous
District of Beijing (including Fangshan, Mentougou, Changping, Yanqing, Huairou, Miyun,
and Pinggu) is the object of this study. In this study, we establish an index system to
assess the forest fire spread hazard, carry out a forest fire spread hazard assessment in the
Mountainous District of Beijing, and explore the spatial correlation model of the forest
fire spread hazard index through a spatial autocorrelation analysis. Eleven representative
horizontal landscape pattern indices are selected and calculated by Fragstats 4.2.1 software
(Informer Technologies, Inc., Los Angeles, CA, USA). Pearson correlation analysis and
principal component analysis are used to analyze the main landscape pattern indices
affecting the forest fire spread hazard. The research results can provide a basis for the
establishment of landscape-scale forest fire security systems.

2. Methods
2.1. Study Areas

Beijing (39°28'-41°05" N, 115°25'-117°30' E) is located in the northern part of the
North China Plain, bordering Tianjin on the southeast and neighboring Hebei Province
on the other borders. The total area of Beijing is 16,410 km?2, of which the mountainous
area is approximately 10,072 km?, accounting for 61.4% of the total area. According to the
National Forest Fire Prevention Plan (2016-2025), there are no high-hazard areas in the
key areas of forest fire prevention in Beijing, but there are seven high-risk areas, namely,
the seven mountainous districts (Fangshan, Mentougou, Changping, Yanqing, Huairou,
Miyun, and Pinggu), as shown in Figure 1. The geographical location and ecological
location of the Beijing Mountainous District are extremely important, with superior natural
conditions. The average elevation is 1000-1500 m, and the highest elevation is 2303 m on
Dongling Mountain. The zonal soil is brown soil. The climate type is a warm, temperate,
subhumid, continental monsoon climate with dry and windy spring and winter seasons,
large temperature differences between day and night, low vegetation moisture contents,
and winds mainly from the northwest direction, which easily cause forest fires. The
Mountainous District of Beijing is rich in forest resources, with a forest coverage rate of 59%
and an obvious vertical distribution law. The main dominant species are Pinus tabuliformis,
Platycladus orientalis, Betula spp., Quercus spp., Populus davidiana, and so on.
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Figure 1. Research location.

2.2. Data Sources

The subcompartment data of the second-class forest resources survey in 2019 were
collected from the Beijing Landscaping Planning and Resource Monitoring Center. The at-
tribute indices included the land class, area, dominant tree species (group), tree species com-
position, origin, age group, canopy density, and total coverage of shrub and grass vegetation.

Forest fuel data and important ignition point data were obtained from the data results
of the Beijing Forest Fire Risk Survey Project. The forest fuel data included surface fuel
load data. The important ignition point data included the number of scattered graves,
cemeteries, and rural traditional burial sites in townships.

The 30-meter-resolution digital elevation data were obtained from the Geospatial
Data Cloud Platform of the Computer Network Information Center, Chinese Academy of
Sciences (http://www.gscloud.cn).

The meteorological data were collected from the monthly minimum relative humidity,
monthly average wind speed, monthly gale days, monthly precipitation, and monthly
average maximum temperature data recorded at 12 meteorological stations (Yanging,
Foyeding, Tanghekou, Miyun, Huairou, Miyun Shangdianzi, Pinggu, Changping, Zhaitang,
Mentougou, Fangshan, and Xiayunling) during the fire prevention period (November-May
of the following year) from 2011 to 2020 provided by the Beijing Meteorological Service
Center. The kriging interpolation method was used for the spatial interpolation of these
meteorological data, data resampling was carried out, and raster data with a 50 m resolution
were masked.

2.3. Forest Fire Spread Hazard Assessment
2.3.1. Forest Fire Spread Hazard Assessment Index
Forest fire spread hazards are affected mainly by four factors: forest fuel, meteorologi-

cal factors, terrain factors, and fire behavior [1,6,46]. Forest fuels are the material basis that
support the spread of forest fires, and a continuous distribution of fuels in the horizontal


http://www.gscloud.cn

Forests 2023, 14,2139

50f 20

direction is the basic condition for the spread of forest fires. Forest combustibility is an
index used to measure the energy released by forest combustion. Meteorological factors are
important factors affecting the spread of forest fires and change quickly with time and space.
High temperatures, drought, and strong winds are the main factors leading to the rapid
spread of forest fires that become out of control. Topographic factors can directly affect the
spread and intensity of forest fires. Moreover, small changes in topographic factors can also
cause the redistribution of ecological factors and result in significant changes in the compo-
sition of local environmental fuels and microclimate conditions, thus affecting the spread of
forest fires. Fire behavior refers to the various phenomena and characteristics of forest fuels
during the whole forest fire process, from igniting to developing to extinguishing. Here,
the potential fire behavior was simulated using BehavePlus 5.0 software (Missoula Fire
Sciences Laboratory, U.S. Forest Service, Missoula County, MT, USA). The wind speed was
determined based on the local average wind speed of 3 m/s, and the slope was obtained
based on the subcompartment data of the second-class forest resources survey.

In this study, thirteen secondary indices were selected to assess the forest fire spread
hazard, as shown in Table 1.

Table 1. The assessment indices of the forest fire spread hazard.

Primary Index

Secondary Index Calculation/Unit

Forest fuel

Amount of surface fuel (shrub, herb, and litter) per
unit area, in t/hm?.

Total coverage of the shrub and grass layer in the
forested land, in %.

How easy it is for the forest to catch fire, and the
state of burning (fire type), burning speed, and fire
Forest flammability intensity. Can also measure the amount of energy
released by burning forests,

without dimensionality.

Surface fuel load

Total coverage of shrub and grass vegetation

During the fire prevention period, the monthly
average number of weather days with
instantaneous wind force 5 or above, in days.

Monthly gale days during the fire
prevention period

Meteorological factors Monthly precipitation during the fire The monthly average total rainfall during the fire
prevention period prevention period, in mm.
Monthly mean maximum temperature during  Average daily maximum temperature during the
the fire prevention period fire prevention period, in °C.
Elevation The vertical distance above sea level, in m.

Topographical factors

The ratio of the vertical height to the horizontal
width of a slope, in °.

Aspect Orientation of slope, without dimensionality.
The landform on which a slope is located,
without dimensionality.

Slope

Slope position

Fire behavior

The distance that the surface fire line moves
forward per unit time, in m-min~— 1.

Heat release rate per unit length of fire head front,
inkW-m™1.

Continuous flame height perpendicular to the
ground, in m.

Surface fire spread speed
Fireline intensity

Flame height

2.3.2. Standardization of Evaluation Index

To eliminate the dimensional influence among evaluation indices, data should be stan-
dardized so that the value of each index is distributed within the range of [0, 1]. Based on
previous research results [47,48], seven stand factors, including plant (tree species) composi-
tion, canopy density, stand age, forest type, aspect, slope, and altitude, were selected as the
burning property components, and the forest flammability metric of subcompartments in
Beijing Mountainous Districts was divided into five grades: strong combustion, flammable,
combustible, flame retardant, and noncombustible; then, the isometric assignment method
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was used to convert forest combustibility into numerical values for evaluation. The assign-
ment methods for the slope aspect and slope position were based on the method described
in “the First National Comprehensive Risk Survey of Natural Disasters—Forest Fire Hazard
Assessment”. Other indices were processed by the deviation standardization method.

X,’j —min (X,])

Xl = ositive standardization 1
T max(Xj) — min(X;)) (p ization) @

max(X;j) — Xij
Xl']'/ = -
max(X,»]») - mzn(Xij)

(negative standardization) (2)

where Xi]-’ is the normalized value of the i th index value of the j th factor; Xi]- is the i th
index value of the j th factor; min(X;;) is the minimum value of the i th index; and max(Xj;)
is the maximum value of the i th index.

2.3.3. Determine the Weight of the Evaluation Index

In this study, subjective and objective weighting methods were combined with the
analytic hierarchy process (AHP), and the entropy weight method was applied comprehen-
sively to determine the weights of the evaluation indices [49]. First, the analytic hierarchy
process was used to calculate the subjective weight of each index [50], and then the entropy
weight method was used to determine the objective weight of the index combined with the
statistical data at the subcompartment scale [51]. Finally, the equal weight of the subjective
weight and the objective weight was fused to obtain the comprehensive weight value,
which was then used as the weight value of the evaluation index. The calculation formula
of the entropy weight method is expressed as follows:

X,

v ©

gi=1— (kY pijlnpi) 4)
8i

0 — 5

YRy ©

where P,-]- is the proportion of the index value of the j th index in the i th item; g; is the
difference coefficient of item i; w; is the weight of the i th index; m is the number of
subcompartments in the evaluation area; and k = 1/Inm.

2.3.4. Forest Fire Spread Hazard Index Calculation

The weighted comprehensive evaluation method is a common disaster risk assessment
method, with the advantages of systematicness and clear results. According to the contribu-
tion degree of each evaluation index to the overall goal, a corresponding weight coefficient
was assigned, the value was multiplied by the quantitative value of each index correspond-
ing to the evaluation index, and the results were summed [52]. The forest fire spread hazard
index at the subcompartment scale in the Mountainous District of Beijing was calculated
by the weighted comprehensive evaluation method, and the forest fire spread hazard index
at the township scale was calculated by the weighted average area method.

The calculation formula of the forest fire spread hazard index at the subcompartment
scale is expressed as follows:

HI=Y" w;xHj (6)

where HI is the forest fire spread hazard index at the subcompartment scale; w; is the
weight value of the i th index in the secondary index of forest fire spread hazard; and H;’ is
the index value of item i after normalization.
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The calculation formula for the forest fire spread hazard index converted from the
subcompartment scale to the township scale is expressed as follows:
Z?:l (Hli X M,’)

i1 Mi

HII = (7)

where HI’ is the forest fire spread hazard index at the township scale; HI; is the forest fire
spread hazard index of subcompartment i within the township; M; is the area of subcom-
partment i within the township; and # is the number of subcompartments comprising
woodlands within the township.

2.3.5. Forest Fire Spread Hazard Classification

The natural breakpoint classification method takes the discontinuous places in the
dataset as the classification basis through continuous iteration, emphasizes the natural
breakpoints and groups, and requires little human intervention; this method can thus
reduce the differences within the same level and increase the differences between different
levels [53]. In this study, the natural breakpoint classification method was used to classify
the forest fire spread hazard into four levels: high, medium-high, medium-low, and low.

2.3.6. Spatial Autocorrelation Analysis

Spatial autocorrelation analysis refers to the correlation degree analysis of a certain
attribute value of a certain unit in a space and its surrounding units; such analyses can
reveal the statistical distribution rules of spatial units and the interaction mechanism
between spatial units, providing a measure of the degree of agglomeration in a given
spatial scope [54,55].

Spatial autocorrelation analysis includes global spatial autocorrelation and local spatial
autocorrelation. Global spatial autocorrelation can reflect the overall correlation degree
and significance of the specified attribute values in the whole research area, while local
spatial autocorrelation can reflect the spatial aggregation and differentiation of a certain
phenomenon in a local area.

In this study, Moran’s I index was selected as the spatial autocorrelation index, and
ArcGIS 10.2 software (Environmental Systems Research Institute, Inc., Redlands, CA, USA)
was used to analyze the autocorrelation degree and spatial distribution of the forest fire
spread hazard index at the subcompartment and township scales in the Mountainous
District of Beijing; in addition, a significance test was conducted.

Y T (xi = %) (x — %)

Global Moran I =
S2 Y0 Ui wij

®)

where 7 is the number of area units; x; and x; are the observed values of regions i and j; X is
the average value; S? is the variance of the sample; and wj; is the spatial weight matrix.

(xi — )
57 L0l Wij(xi — X)

Local Moran I; =

)

where 1 is the number of area units; x; is the observed value of region 7; X is the average
value; S? is the variance of the sample; and wj; is the spatial weight matrix.

2.4. Correlation Analysis of the Forest Landscape Spatial Pattern and Forest Fire Spread Hazard
2.4.1. Classification of Forest Landscapes in the Mountainous District of Beijing

Based on the subcompartment data of the second-class forest resources survey in 2019,
the forest landscape was divided into coniferous forests, broad-leaved forest, mixed forests,
shrublands, other forests and nonforested lands based on the vegetation type, forest fuels
and forest fire spread characteristics.
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The three land classes of general shrubland, economic shrubland, and shrubland above
the tree distribution line were merged into shrubland. The nine land classes of nursery
lands, woodlands, unforested lands, clear-cut lands, burned lands, other lands, failed
plantation lands, other suitable lands, and planned forests were merged into other forest
lands. The eight land classes of grasslands, cultivated lands, construction lands for urban
and rural residents, industrial and mining construction lands, transportation construction
lands, water areas, other lands, and unused lands were merged into nonforested lands.

2.4.2. Selection and Calculation of the Landscape Pattern Index

Currently, the most widely used landscape pattern analysis software, Fragstats, can
calculate more than 50 landscape pattern indices; usually, an index can summarize the
entire landscape system in only one of a few aspects of information, but some of the
ecological significance of the index is not clear or even contradictory, and a large amount
of redundancy occurs between different landscape pattern indices. Therefore, it is very
important to select appropriate and relevant landscape pattern indices [56].

Based on previous research results combined with the ecological implications of
different landscape pattern indices [57,58], this study selected eleven landscape pattern
indices (TA, NP, PD, LPI, LSI, CONTAG, DIVISION, PR, PRD, SHDI, and Al) at the
landscape level to analyze the spatial pattern of forested landscapes in the Mountainous
District of Beijing. The landscape pattern indices were calculated by Fragstats 4.2.1 software.

2.4.3. Correlation Analysis of the Forested Landscape Spatial Pattern and Forest Fire
Spread Hazard

Pearson correlation analysis and principal component analysis were used to analyze
the main factors affecting the spread hazard of forest fires. The data processing and
statistical analysis were completed by R 4.0.5 (R Foundation for Statistical Computing,
Vienna, Austria). The research workflow diagram is shown in Figure 2.

1 1
1 1
: Selection of the forest fire spread hazard assessment index Classification of :
I * forest landscapes 1
1 1
e Bt 1
: Standardization of evaluation index 1
1 1
| Y |
1 Determine the weight of the evaluation index :
1
I v Selection of :
1 .
3 ; ; < o g the landscape pattern index
: Calculation of the forest fire spread hazard index : pepie s :
1 1
1 * 1
y s s < 5 1
: Classification of forest fire spread hazard 1
1 1
| i |
i Spatial autocorrelation analysis of Calculation of 1
: forest fire spread hazard index the landscape pattern index :
1 1
1 1
1 1
1 1
: Correlation analysis of the forested landscape spatial pattern :
I and forest fire spread hazard 1
1 1
1 1

Figure 2. Research workflow diagram.



Forests 2023, 14,2139

9 of 20

3. Results
3.1. Determination of the Weights of the Forest Fire Spread Hazard Indices

The weights of the indices used to evaluate the forest fire spread hazard are shown
in Table 2.

Table 2. Forest fire spread hazard assessment index weights.

Comprehensive Chromatography Entr Weight of Comprehensive
Primary Index Weight of Secondary Index Analysis Weight of S OPK eIg d ° Weight of
Primary Index Secondary Index econdary Index Secondary Index
Surface fuel load 0.0812 0.0404 0.0608
Total coverage of shrub

Forest fuel 0.1909 and grass vegetation 0.1132 0.0598 0.0865
Forest flammability 0.0735 0.0137 0.0436
Monthly gale diays durﬁng the fire 01153 0.0405 0.0779

prevention perlccl>d N

Monthly precipitation during the
Meteorological factors 0.1434 fire prevention period 0.0524 0.0210 0.0367
Monthly mean maximum
temperature during the fire 0.0501 0.0075 0.0288
prevention period

Elevation 0.0126 0.0038 0.0082
Topographical factors 02520 Aspect 00508 00584 00ide
Slope position 0.0522 0.0400 0.0461
Surface fire spread speed 0.1265 0.2103 0.1684
Fire behavior 0.4137 Fireline intensity 0.0781 0.2103 0.1442
Flame height 0.0692 0.1330 0.1011

From Table 2, it can be seen that the comprehensive weights of the four primary indices
of the forest fire spread hazard, namely, forest fuels, meteorological factors, topographical
factors, and fire behavior, are 0.1909, 0.1434, 0.2520, and 0.4137, respectively. The compre-
hensive weights of the four secondary indices, namely, the slope, surface fire spread speed,
fireline intensity, and flame height, are all greater than 0.1000, indicating that the slope and
fire behavior indices are the main factors affecting the forest fire spread hazard.

3.2. Forest Fire Spread Hazard Assessment in the Mountainous District, Beijing
3.2.1. Forest Fire Spread Hazard Assessment at the Subcompartment and Township Scales

The thirteen forest fire spread hazard indices selected were calculated by weighted
comprehensive calculation at the subcompartment scale, and the weighted-average area
method was used to calculate the forest fire spread hazard index at the township scale.
Then, the forest fire spread hazard levels at the subcompartment and township scales in
the Mountainous District of Beijing were obtained, as shown in Figures 3 and 4.

As shown in Figure 3, the forest fire spread hazard in the Mountainous District of
Beijing presents a law of gradually increasing from the plain area to the mountainous area,
and the high-spread-hazard area is distributed mainly in the mountainous area. The areas
with high-, medium-high-, medium-low-, and low-grade hazards account for 39.87%,
33.10%, 11.37%, and 15.66% of the area, respectively.

The land classes with high-spread-hazard subcompartments included general shrub-
lands, coniferous forests, broadleaf forests, mixed forests, and open forests, accounting
for 41.70%, 24.30%, 17.91%, 15.85%, and 0.24%, respectively. The dominant species of
the subcompartments corresponding to the high-spread-hazard forests were Platycladus
orientalis, Pinus tabuliformis, and Quercus mongolica, accounting for 34.98%, 19.89%, and
16.67%, respectively. The high-spread hazard side of Platycladus orientalis was dominated
by artificial young forests and natural young forests, accounting for 72.09% and 10.61%,
respectively. The high-spread-hazard side of Pinus tabuliformis was dominated by artificial
near-mature forests, artificial mature forests, artificial young forests, and artificial mature
forests, accounting for 31.59%, 24.96%, 22.55%, and 13.19%, respectively. The high-spread-
hazard side of Quercus mongolica was dominated by natural young forests and natural
immature timber, accounting for 50.94% and 36.46%, respectively.
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Spread hazard level
S High

Medium-high

0 40 km Medium-low
L 1 Low

Figure 3. Forest fire spread hazard level map at the subcompartment scale in the Mountainous
District of Beijing.

Spread hazard level

R High

Medium-high

0 40 km Medium-low
L 1 Low

Figure 4. Forest fire spread hazard level map at the township scale in the Mountainous District
of Beijing.
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As shown in Figure 4, at the township scale, the areas with high, medium-high,
medium-low, and low spread hazard grades accounted for 52.36%, 22.58%, 18.39%, and
6.67%, respectively. Townships with high spread hazards were distributed in the western
and northern mountainous areas and scattered in the northwestern area of Yanqing, the
eastern area of Miyun, and central Pinggu.

3.2.2. Spatial Autocorrelation of the Forest Fire Spread Hazard

The global spatial autocorrelation analysis results of the forest fire spread hazard
indices in the Mountainous District of Beijing are shown in Table 3, and the local spatial
autocorrelation analysis results are shown in Figures 5 and 6.

Table 3. Global spatial autocorrelation indices of the forest fire spread hazard index in the Mountain-
ous District of Beijing.

Index Moran’s I index Z P
Forest fire spread hazard index at the subcompartment scale 0.6057 464.6000 0.0000
Forest fire spread hazard index at the township scale 0.4978 10.1603 0.0000

Local spatial
autocorrelation pattern

NS
i

HL

0 40 km _—
I o

Figure 5. Local spatial autocorrelation pattern of the forest fire spread hazard index at the subcom-
partment scale in the Mountainous District of Beijing.

As seen from Table 3, the Moran’s I values of the global spatial autocorrelation index
of the forest fire spread hazard index at the subcompartment scale and township scale in
the Mountainous District of Beijing were positive, and the Z test results were extremely
significant, indicating that the spatial distribution of the forest fire spread hazard index
at the subcompartment scale and township scale in the Mountainous District of Beijing
exhibited positive spatial autocorrelation, reflecting a clustered-distribution spatial law.

As shown in Figure 5, the spatial heterogeneity of the forest fire spread hazard in-
dex at the subcompartment scale was significant in the Mountainous District of Beijing.
There were 37,648 HH (high-high) cluster subcompartments, and these subcompartments
were concentrated and contiguous in the western and northern mountains and relatively
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scattered in the eastern mountains. There were 32,163 very significantly clustered subcom-
partments (p < 0.01) and 5485 significantly clustered subcompartments (p < 0.05). There
were 18,603 LL (low-low) cluster subcompartments, mainly distributed in the plain areas
around the city. There were 10,080 very significantly clustered subcompartments (p < 0.01)
and 8523 significantly clustered subcompartments (p < 0.05). The negative correlation-type
clustered subcompartments of the forest fire spread hazard index in the Mountainous District
of Beijing were staggered and formed a certain forest fire barrier effect. There were 646 HL
(high—low) cluster subcompartments and 2099 LH (low-high) cluster subcompartments.

Huairou District

Yanqing District

Changping District Pinggu District

Local spatial
autocorrelation pattern

NS

e

HL

0 40 km o
I .

Figure 6. Local spatial autocorrelation pattern of the forest fire spread hazard index at the township
scale in the Mountainous District of Beijing.

As shown in Figure 6, the forest fire spread hazard index at the township scale in the
Mountainous District of Beijing presented a certain agglomeration law and the results all
reflect positive correlation types, including 15 HH (high-high) agglomeration townships
and 22 LL (low-low) agglomeration townships. The HH (high—high) cluster townships
were distributed mainly in northwestern Fangshan and midwestern Mentougou. The LL
(low—-low) cluster townships were distributed mainly in eastern Fangshan, southeastern
Changping, southeastern Huairou and southwestern Pinggu.

3.3. Correlation Analysis of the Forested Landscape Spatial Pattern and Forest Fire Spread Hazard
in the Mountainous District of Beijing

3.3.1. Calculation and Statistics of the Landscape Pattern Index of Townships in the
Mountainous District of Beijing

At the landscape level, eleven indices, including TA, NP, PD, LPI, LSI, CONTAG,
DIVISION, PR, PRD, SHD], and Al, were selected to calculate the forest landscape spatial
pattern characteristics of townships in the Mountainous District of Beijing.

As shown in Table 4, the variation ranges of the landscape pattern indices of each
township in the mountainous district of Beijing were identified as follows: the total land-
scape area (TA) ranged from 6.3900~37,349.8000, the patch number (NP) ranged from
2.0000~3383.0000, the patch density index (PD) ranged from 0.6205~32.3600, the maximum
patch index (LPI) ranged from 5.1456~99.7673, the landscape shape index (LSI) ranged from
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1.3347~38.8390, the spread index (CONTAG) ranged from 0.0000~98.4728, the landscape
fragmentation index (DIVISION) ranged from 0.0046~0.9844, the landscape abundance in-
dex (PR) ranged from 1.0000~6.0000, the landscape abundance density index (PRD) ranged
from 0.0161~31.2989, the Shannon diversity index (SHDI) ranged from 0.0000~1.7504, and
the aggregation index (Al) ranged from 91.3310~99.7948.

Table 4. Landscape horizontal landscape spatial pattern characteristics of townships in the Moun-
tainous District of Beijing.

Landscape Maximum Value Median Value Minimum Value Average Value Standard Deviation Coe.fﬁgientoof
Pattern Index Variation (%)
TA 37,349.8000 6509.9800 6.3900 8566.7259 7671.0216 89.5444
NP 3383.0000 585.0000 2.0000 706.6950 637.0348 90.1428
PD 32.3600 8.3113 0.6205 9.4364 6.2420 66.1485
LPI 99.7673 25.4143 5.1456 36.2719 25.4719 70.2249
LSI 38.8390 18.8652 1.3347 18.7565 8.8651 47.2640
CONTAG 98.4728 55.6657 0.0000 57.9148 11.1045 19.1739
DIVISION 0.9844 0.8930 0.0046 0.7822 0.2341 29.9263
PR 6.0000 6.0000 1.0000 5.6950 0.8940 15.6974
PRD 31.2989 0.0922 0.0161 0.4907 2.7369 557.7276
SHDI 1.7504 1.3755 0.0000 1.2532 0.3599 28.7155
Al 99.7948 96.1721 91.3310 96.1040 1.3874 1.4437
The variation coefficient (CV) represents the spatial variability in a landscape pattern
index as well as the degree of variation. CV values between 0 and 20% are generally
considered to indicate weak variability; those between 20% and 50% indicate moderate
variability; and those >50% indicate strong variability. The landscape total area (TA),
patch number (NP), patch density index (PD), maximum patch index (LPI), and landscape
abundance density index (PRD) exhibited strong variability, and the landscape shape index
(LSI), landscape fragmentation index (DIVISION), and Shannon diversity index (SHDI)
exhibited moderate variability. The spread index (CONTAG), landscape abundance index
(PR), and aggregation index (Al) exhibited weak variability.
3.3.2. Correlation Analysis between Landscape Spatial Pattern Characteristics and Forest
Fire Spread Hazard in the Mountainous District of Beijing
The Pearson correlation analysis method was used to analyze the correlation between
the landscape pattern index and the forest fire spread hazard index and to explore the
relationship between the landscape spatial pattern characteristics and the forest fire spread
hazard in the Mountainous District of Beijing. The correlation analysis results are shown
in Table 5.
Table 5. Correlation analysis between the landscape pattern indices and the forest fire spread
hazard index.
Landscape
Pattern Eaiox TA NP PD LPI LSI  CONTAG  DIVISION PR PRD SHDI Al
Correlation = - - * o * - -
oefficiont 0.358 0016  —0.614 —0.550 0.045 —0.204 0.488 0005 —0175* 0357 0.426

*p <0.05* p <00l

As shown in Table 5, the landscape total area (TA), landscape fragmentation index
(DIVISION), Shannon diversity index (SHDI), and aggregation index (Al) were very signifi-
cantly negatively correlated with the forest fire spread hazard index (p < 0.01). The patch
density index (PD) and maximum patch index (LPI) were very significantly negatively
correlated with the forest fire spread hazard index (p < 0.01), and the spread index (CON-
TAG) and landscape abundance density index (PRD) were negatively correlated with the
forest fire spread hazard index (p < 0.05). The patch number (NP), landscape shape index
(LSI), and landscape abundance index (PR) had no significant correlation with the forest
fire spread hazard index.
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3.3.3. Analysis of the Main Factors Affecting the Forest Fire Spread Hazard

The results of the collinearity test performed using the variance inflation factor (VIF)
diagnosis showed that LPI and DIVISION had serious collinearity. After excluding the
factors unrelated to the forest fire spread hazard (NP, LSI, and PR) and the factors with
severe collinearity (LPI and DIVISION), a principal component analysis was conducted for
the six remaining landscape pattern indices. Table 6 shows the results of the principal com-
ponent analysis of factors affecting the forest fire spread hazard, illustrating the influence
of different indices on the spread hazard.

Table 6. Principal component analysis results of the factors influencing the forest fire spread hazard.

First Principal Second Principal Third Principal
Index
Components Components Components
TA 0.185 0.480 0.319
PD 0.309 —0.629
Load . CONTAG —0.508 —0.148 —0.324
oad matrix PRD —0.176 —0.397 0.839
SHDI 0.546 0.268 0.127
Al —0.532 0.350 0.271
Varlapcg root extraction of 1526 1.308 0.957
principal component
Contribution rate Variance contribution rate 0.388 0.285 0.153
Cumulative variance 0.388 0.673 0.826

contribution rate

According to the principle that the cumulative variance contribution rate should be
greater than 80%, three principal components were selected, and the cumulative variance
contribution rate was 82.6%. As shown in Table 6, the coefficients of SHDI, Al, and
CONTAG in the first principal component were all greater than 0.5, mainly reflecting
the influence of landscape diversity and landscape aggregation on the spread hazard.
Among the second principal components, the coefficients of PD and TA were the largest, at
0.629 and 0.480, respectively, while the coefficients of the other indices were all less than
0.4; these results mainly reflected the influence of the landscape aggregation and landscape
area on the spread hazard. Among the third principal component, the coefficient of PRD
reached 0.839, significantly higher than those of the other indices, reflecting the impact of
landscape diversity on the spread hazard. The forest fire spread hazard was thus affected
mainly by landscape diversity (SHDI and PRD), landscape aggregation (AL, CONTAG, and
PD), and landscape area (TA).

4. Discussion

The spread of forest fires is affected by fuel, weather, terrain, human activities, and
other factors [1,6,46]. In this study, the subjective and objective weighting method com-
bining the analytic hierarchy process (AHP) and entropy weight method was used to
determine the weights, and the results showed that the slope and fire behavior were the
main factors affecting the forest fire spread hazard; this finding was consistent with the
research results of Chen et al. [59] and Scott et al. [24]. The influence of the local topography
and intraforest microclimate on the forest fire spread was very strong. The annual mean
values of the meteorological data from meteorological stations were used to perform a
spatial interpolation, and the assessment was carried out in combination with the subcom-
partment topographic data. In the process of further analyzing the forest fire spread hazard
at a finer scale, the influence of the spatial variations in local topography and of dynamic
changes in the forest microclimate and forest fuels on the forest fire spread was also taken
into account.

In this study, it was found that the subcompartments with high spread hazards were
dominated by Platycladus orientalis, Pinus tabuliformis, and Quercus mongolica forest, which
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was consistent with the research results of Li et al. [60] and Liu et al. [61]. The main reason
is that Pinus tabuliformis and Platycladus orientalis are the main conifer species in Beijing
mountainous areas, with dense weeds under the forest and poor fire resistance of the
young forest. The Quercus mongolica forest is mainly distributed in mountainous areas with
high stand closure and high potential energy. The analytic hierarchy process (AHP) [50]
and entropy weight method [51] to determine index weights have been widely used in
forest fire hazard and risk assessment, but no subjective and objective weighting method
combining AHP and the entropy weight method has been widely used in forest fire hazard
and risk assessment. They have been widely used in flood risk [62], tobacco quality [63],
crop disasters [64], and public transportation passenger satisfaction assessments [65] and
have achieved good results.

Forest fuel is an important material basis for forest fire occurrence and spread, and
the fuel situation directly affects the distribution of regional fires [66,67]. Considering the
actual forest fire management situation in Beijing, the number of forest fires is generally
small, and low-intensity surface fires are dominant. In this study, three indices, including
the surface fuel load, total coverage of shrub and grass vegetation, and forest flammability,
are selected to represent the overall characteristics of forest fuels without considering the
related indices of canopy fuels (the canopy volume density, canopy base height, and canopy
fuel load) [68]. Further studies on the spatial continuity (horizontal continuity and vertical
continuity) of fuels in different stands are needed in the future [69].

Forest fire behavior comprises both the fire characteristics and fire site changes during
fire development. In this study, BehavePlus 5.0 software was used to simulate surface
fire behavior, and the three most commonly used fire behavior indices, namely, surface
fire spread speed, fireline intensity, and flame height, were selected, resulting in good
evaluation results being obtained. The weight of fire behavior in the forest fire spread
hazard assessment reached 0.4137, and this factor was the main factor affecting the forest
fire spread. In the future, based on assessments of surface fire behavior and canopy fire
behavior, the role of stand coupling in affecting the potential fire behavior should be further
analyzed in forest fire spread hazard assessments, and the forest fire spread hazard should
be further divided into large-area forest fire spread hazards (whether fire spreads to a
location) and high-intensity forest fire spread hazards (whether the location will burn
entirely). The forest fire spread hazard should be analyzed from both the horizontal and
vertical dimensions.

The spatial distribution pattern of the forest fire spread hazard index has an important
reference value for forest fire management. In this study, Moran’s I index was used for
spatial autocorrelation analysis to reveal the spatial correlation degree of the forest fire
spread hazard index. The results of the global spatial autocorrelation index can reflect the
overall correlation degree of the regional forest fire spread hazard index. The stronger the
clustering degree is, the weaker the interlacing degree of the subcompartments of forest fire
spread hazards among different sizes is, the smaller the forest fire blocking effect is, and the
greater the threat of spread hazards is; these relations lay the foundation for landscape-scale
assessments. The results of the local spatial autocorrelation index can reflect the type and
specific location of a cluster within the region of interest. A HH (high-high) cluster area is a
contiguous distribution area with a high spread hazard, where fire easily spreads to a large
disaster area once a forest fire occurs. HL (high-low) and LH (low-high) agglomeration
areas show staggered distributions of high and low spread hazards, respectively, and can
exert forest fire blocking effects. In particular, the HL (high-low) agglomeration areas, in
which high-value space units are adjacent to low-value space units, are an ideal model for
exerting the forest fire blocking effect.

Usually, forest fire spreads in a specific spatial way in forests. The ecological process
of forest fire spread can be best understood by analyzing the regularity and characteristics
of different vegetation types and forest fuel types at the landscape scale, such as their
relative layout, connectivity, size, and shape. A thorough understanding of the relation-
ships between forest fire disturbances and landscape spatial patterns is not only critical
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for clarifying forest fire management methods and scales but can also provide a theoret-
ical basis for landscape pattern planning and design. Deng et al. [70] summarized the
impact of landscape patterns on forest fires. They found that relatively high landscape
heterogeneity, a high fragmentation degree, a great number of patches, a rich ecosystem
type, and high landscape diversity are associated with relatively strong stability and strong
anti-interference ability. This is consistent with the findings in this study that forest fire
spread hazards are affected mainly by landscape diversity, landscape aggregation, and
landscape area. Chen et al. [71] found that the CONTAG, DIVISION, SHD], PR, and PRD
indices could best express the fire resistance of forested landscapes by analyzing the gray
correlation degree and correlation between the landscape pattern index and forest fire risk
index; their results were consistent with the results of this study. DIVISION and SHDI
are very significantly correlated with the forest fire spread hazard, while CONTAG and
PRD are significantly correlated with the forest fire spread hazard. It is suggested that the
relationship between the landscape pattern index at the class level and the forest fire spread
hazard be further analyzed and that the influence of landscape pattern indices on the forest
fire spread hazard be further explored.

The scientific and accurate classification of forest fuel types is the basis of studying the
spatial patterns of forested landscapes and the forest fire spread hazard, building fire risk
rating systems, and predicting fire behaviors. Canada, the United States, Greece, Australia,
and other countries have long studied the classification of forest fuels. Tian et al. [72]
used a land use map of Beijing and Landsat TM images to classify forest fuels into six
types, including O-1 grassland, O-2 grassland, S-1 shrub, S-2 young forest, C-1 coniferous
forest, M-1 coniferous broad-leaved forest, and B-1 broad-leaved forest. The classification
results basically met the demands of forest fire risk grade forecasting, but it is still necessary
to further classify coniferous forests according to the burning properties of the stands,
the vertical structure of the stands, and the distribution state of the fuels to forecast fire
behavior. Chen [58] studied the relationship between landscape security and fire hazards
in the Beijing Miaofeng Mountain forest farm, took Gaofen-No. 1 remote sensing data
in August 2016 as the basic data source, and comprehensively considered the land use
types, vegetation community types, etc. According to forest fire spread differences, under
the environment of ENVI 5.1, the forest fuel types of the Miaofeng Mountain forest farm
in Beijing were divided into five types: coniferous forests, broad-leaved forests, mixed
forests, other shrub forests, roads and buildings, using the object-oriented classification
method based on samples. In further analyses of the relationships between the spatial
pattern characteristics of the forested landscape and the large-area spread hazard and
high-intensity spread hazard of forest fires, it will still be necessary to further improve
the classification accuracy of forest fuel types according to the characteristics of the forest
burning properties, forest fuel spatial continuity, and fuel distribution.

The landscape pattern index is an important tool used to study landscape pattern
characteristics. It can highly concentrate landscape pattern information and reflect the
causes and ecological implications of landscape spatial heterogeneity. With the rapid
development of computer technology and geographic information technology, a large
number of landscape pattern indices have been studied, but correlations and redundancies
exist among many landscape pattern indices. The calculation results of some landscape
pattern indices are difficult to explain ecologically, and the ecological significance of a single
landscape pattern index is obviously different from those of multiple landscape pattern
indices. The existence of these problems increases the difficulty of researchers in selecting
landscape pattern indices and thus affects the accuracy of landscape pattern research results
and limits the application degree of landscape pattern research results. Due to the complex
interactions among factors affecting forest fire behaviors and forest fire hazards at the
landscape scale, only a few studies have studied the relationship between forest fire spread
and landscape patterns. We suggest that the application values of different landscape
pattern indices be further analyzed in forest fire research in the future, that the landscape
pattern indices that can highly concentrate forest fire-related information be clarified, and
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that the internal connections between these indices be identified to provide a basis for
landscape-scale forest fire research.

5. Conclusions

This study establishes a forest fire spread hazard assessment index system based on
thirteen secondary indices from four aspects: forest fuels, meteorological factors, topo-
graphical factors, and fire behaviors. The evaluation results can be used to identify areas
where forest fires are prone to spreading, thereby providing a basis for precise forest fire
prevention and control. Eleven representative landscape-level landscape pattern indices
were selected, the landscape pattern indices of each township in the Beijing Mountainous
District were calculated, and the main landscape pattern indices that affect the forest fire
spread hazard were analyzed, thus providing a basis for establishing a landscape-scale
forest fire security guarantee system.

The results showed that (1) the overall spread hazard of forest fire in the Mountainous
District of Beijing showed a gradual increase from plains to mountainous areas. The
land types of the high-spread hazard subcompartment were mainly general shrubbery
and coniferous forestlands, and the dominant species of the high-spread hazard forest
subcompartment included mainly Platycladus orientalis, Pinus tabuliformis, and Quercus
mongolica. (2) The forest fire spread hazard indices at the subcompartment scale and
township scale in the Mountainous District of Beijing showed an agglomeration distribution
spatial law. HH (high-high) cluster subcompartments were distributed in the western
and northern mountainous areas but scattered in the eastern mountainous areas. HH
(high—high) cluster townships were distributed in the northwest of Fangshan and central
and western Mentougou. (3) The correlation analysis between the spatial pattern of forest
landscapes and the forest fire spread hazard showed that the forest fire spread hazard was
influenced mainly by landscape diversity (SHDI and PRD), landscape aggregation (Al,
CONTAG, and PD), and landscape area (TA).
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