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Abstract: In this study, an ecological framework was developed to sort out the existing forest
fire prevention techniques. The subsequent analysis involved comparing the ecological values
and application prospects of these techniques developed in different time periods. As ecological
applications, fire regimes reflect vegetation response to wildfires, providing valuable insights for
shaping the fire risk and behaviors in forests through fuel treatment and vegetation modification.
Fuel treatment and the construction of green fire barriers are both rooted in existing ecosystems and
possess ecological characteristics. While fuel thinning focuses on reducing the potential fire intensity
and severity, green fire barriers have been more targeted for fire prevention purposes. Among these
techniques, green fire barriers demonstrate unique sustainability and have the potential to generate
long-term ecological and environmental benefits. Through the comprehensive utilization of several
fuel management formulas, we can effectively combine the fire prevention demands with ecological
maintenance and environment protection. This integrated approach promotes the development of
fire-resilient ecosystems and desirable living environments in a more realistic and sustainable manner.

Keywords: fire regime; fuel treatment; shaded fuelbreak; green fire barrier; ecological fire prevention;
fire-resilient ecosystem

1. Introduction

Forest fire is a common phenomenon across the globe. As a natural hazard, it has
profound impacts on human lives and the built environment. Such impacts are evident
through the altered state of wildland ecosystems and can be linked to the climate change
trends observed in recent decades [1-4]. Fire prevention and management have always been
the main focus of forestry workers. Over time, various fire prevention techniques have been
developed and utilized to meet the evolving demands of fire management [2,5-10]. Fuel
treatment serves as the central theme in this series of innovative techniques, encompassing
nonfuel engineering fuelbreaks in earlier times, fuel thinning tactics popularized in the
1960s, and the later adoption of shaded fuelbreaks [2,5,11,12]. In China, starting from the
late 1960s, evergreen broad-leaved forest stands with high moisture content in the foliage
were densely grown in designed areas, called the construction of green fire barriers. After
their construction and maintenance over several “five-year plans”, their total length now
exceeds one million kilometers across the nation [10,13-16].

Initiated in the early part of last century, forest fire ecology is dedicated to exploring
the ecological consequences and related issues of forest fires, with the emphasis placed on
understanding the relationships and interactions among forest fires, forest ecosystems, and
the environment [17-19]. Following the advancement of forest fire ecology, ecologists have
tracked the pattens of fire characteristics and behaviors, return time, and the frequency of
occurrence in the forests. The ecological and economic roles of the fire ecological factors
have been evaluated [1,20-22]. To date, the concept of fire regimes has been extended
to describe fire and its role in the ecosystem, allowing us to coordinate the relationship
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between fire and the ecological environment [21-23]. For forests with different vegetation
distributions and those undergoing certain types of fuel treatment, quantifications were
also made to the fire occurrence frequency, burning areas, and intensities, as well as fire
severity, highlighting the dynamic nature of forest fire ecology [21,22,24-26].

At present, the technological advancements in forest fire prevention and management
exhibit limited integration with research in forest fire ecology and fire regimes [5-10,20-23].
This discrepancy can be attributed to the diverse backgrounds of researchers and the goals
set for engineering-based work. Evidently, there is a lack of basic concepts to link the
research contents from two distinct disciplines [8-10,20-23]. Understanding the existing
fire prevention techniques and their progress from the perspective of ecology and then
evaluating their ecological benefits and advantages systematically are impending issues to
build upon previous achievements in parallel fields. Combining forest fire management
with ecological maintenance directly has the potential to enhance the overall economical,
ecological, and social benefits derived from such management activities, leading to a
considerable reduction in the costs spent on fire-fighting and the ecological recovery of
burnt areas after fire incidents.

The objective of this study is to classify and systematically elucidate forest fire pre-
vention techniques by introducing a conceptual ecological system. The interrelationship
between the diversity of vegetation and fire behavior was examined in terms of fire regimes
through an extensive literature survey. The ecological features of the fire management
measures through fuel treatment were then analyzed, and the ecological nature of green
fire barriers and their modifications was also revealed. Establishment of a framework for
ecological forest fire prevention techniques allowed for comparisons to be made of the
ecological benefits and other consequences arising from the use of these fire protection
measures. From the perspective of ecological sustainable development, understanding the
mechanism and ecological consequences of different fire prevention techniques can provide
a solid foundation for further planning the application scenarios of vegetation communities
with different management measures, thus promoting the balance and integration of forest
fire management with ecosystem maintenance and sustainable development.

2. Understanding of Fire Regimes as a Guide for Fire Prevention

Plant communities show distinctions in their regional distributions. They are typically
sorted into four types of grasslands and six types of forests in general, and a variety of mixed
forests are often involved, including coniferous mixed forests, broad-leaved mixed forests,
and coniferous broad-leaved mixed forests. Their potential fire behaviors are habitually
characterized by fire regime parameters. It is well known that the regions dominated by
grass and herbaceous vegetation are more prone to frequent, but low-severity fires [27].
Once the herbaceous layer is dry and continuously distributed, it supports the rapid spread
of surface fires. Among the different types of grasslands, meadow steppe can reach the
highest fire intensity, followed by typical steppe and desert steppe [28].

Shrub-dominated plant communities are prone to fires due to the dense growth and
dry environment [29]. Once a fire is maintained by the burning of a herbaceous layer only,
the fire front typically spans 5-8 m. However, if the herbage and the understory burn
together, then more intense fire can occur, with the fire front often exceeding 15 m in length.
In coniferous forests with loose surface fuels, fires can easily ignite and spread at low to
moderate burning intensities. The historical fire interval in coniferous forests ranges widely,
from 2 to 23 years [30,31]. Fire occurrence in the northern hemisphere exhibits a clear
seasonality pattern, with periods of frequent fire activity predominately observed in spring
and autumn [1].

The water content of forest fuels directly affects their proneness to catching fire and
subsequently alters the fire spread rate, burning intensity, and potential environmental
harm [26]. The surface fuels with water content above 35% are almost nonflammable, and
those with water contents between 25% and 35% have low flammability. Fuels with water
content ranging from 17% to 25% become flammable, and fuels with moisture contents
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between 10% and 16% are highly flammable; when the moisture content drops below 10%,
fuels become extremely flammable [32]. Newly germinated coniferous leaves can reach
water contents of 200-300%, and once the moisture content falls below 100%, crown fires
can occur under certain conditions [33]. Environmental humidity has a significant impact
on the water content of fuels, especially in fine fuels, which turns to be the primary reason
why forest and grassland fires are seldom to occur in perennial humid areas [34,35].

The continuity of vegetation plays an important role in potential fire behavior. Fuel
continuity is divided into vertical and horizontal continuity, referring to the continuity
of fuel in the vertical and horizontal directions, respectively [5,36]. Better vertical fuel
continuity increases the likelihood of surface fires transitioning into crown fires. Horizontal
fuel continuity determines the potential for fire spread at the same level [33,37]. Coniferous
forests exhibit high continuity to support crown fire spread. By contrast, coniferous broad-
leaved mixed forests and broad-leaved forests have low crown continuity, making it difficult
for crown fires to propagate. As stated in the literature [38], when the gap between trees
exceeds 100 m, crown fire transitions to surface fire, and intermittent crown fires occur
when the fuel distribution is intermittent.

Fuel moisture content, load, and spatial distribution of fuels in different forests con-
stitute diverse fire regimes and behaviors at each spatial level, as illustrated in Figure 1.
By adjusting the fuel’s physical properties, quantities, and distribution patterns, existing
vegetation types and structures in forests or grasslands can be maintained in a more sus-
tainable way [22,39-43]. It has been recognized that, the reduction in potential spread rate
and burning intensity of wildfires implies lessened fire impact to the local landscapes and
the built environment, allowing for positive feedback to the atmospheric circulation that
both plants and human beings rely on [22,39].
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Figure 1. Relationship between the vegetation characteristics and fire regimes.

3. Fuel Treatment as a Fire Prevention and Management Measure

Fuel treatment is a common way to mitigate wildfires in forest areas, and the estab-
lishment of nonfuel zones can be regarded as a typical fuel treatment measure in early
times. Fire spread is mitigated by simultaneously reducing surface and crown fuels, and
the occurrence of destructive active crown fires can be prevented [5,21,33,37,40]. Existing
fuel treatment techniques can be classified into three types: prescribed burning, mechanical
treatment, and biochemical treatment, as illustrated in Figure 2.
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Figure 2. An illustration of fuel treatment methods and their ecological impact.

Prescribed burning involves deliberate fires set in the forest and grassland to reduce the
amounts of surface fuels, especially fine ones. In addition to the intentional ones, prescribed
burning also includes wildfires under permitted conditions [6,44]. As an ecological process,
a prescribed fire can be designed and set at a controlled level to ensure an acceptable
environmental impact. Mechanical treatment mainly relies on manual or machine work to
remove the fuels in localized forests and grasslands to the desired levels [40]. Biochemical
methods involve inhibiting the growth of specific herbs through grazing or the application
of chemical herbicides in targeted areas.

An important feature of fuel treatment is to conduct the fuel thinning according to the
fuel types and distribution patterns. The creation of shaded fuelbreaks is a representative
prescription of forest thinning, which is to basically remove the fine fuels on the ground
or change their highly-combustible characteristics within the fuelbreaks, cut the trees
with small diameters, retain the trees with fire resistance, and increase the height of the
crown base from the ground [2,8,45,46]. Typical indicators for implementation include
reducing the surface fuel load below 4.5 t/hm?, removing trees with small diameters
(usually <15 cm), and maintaining crown density by up to 40%. Meanwhile, there is a
requirement to maintain crown height above 2 m and crown gaps of >3 m [8,9,45].

Shaded fuelbreaks have proven to be effective in lessening fire severity during wild-
fires. Field observations of a fire occurring in Washington state demonstrated a substantial
shift in fire behavior when high-intensity crown fires encountered fuelbreaks, resulting in
the survival of trees within the fuelbreaks [2]. Agee and Skinner [8] also reported a fire in
the national forest area of Larsen, CA, USA, in 2002, predominately a Pinus ponderosa crown
fire, which affected an area of over 800 hm?. The fire was automatically extinguished in
the fuelbreaks after thinning and surface prescribed burning. An on-site photo taken after
the fire showed minimal impact on vegetation within the fuelbreaks (Figure 3). Extensive
studies have shown that constructing a network of fuelbreaks in high-risk areas, such as
residential and important facilities near forested areas, can reduce the frequency of forest
fires in the region and prevent the occurrence of large-scale severe fires that are difficult to
control [2,8,21,46,47].

Forest thinning can also promote the production of commercial wood and yield greater
economic returns. Long-term observations of tree growth within shaded fuelbreaks have
revealed positive impacts on forest health and tree output resulting from the removal of
weeds, dead trees, and diseased trees [9,48]. As reported by Grah and Long [48], fuelbreaks
located in central and northern California, consisting mainly of mixed P. ponderosa and
Pinus lambertiana, along with other coniferous mixed forests, showed 5-year growth rates
of 6.5 and 6.6 m®/hm, respectively, which were 0.9-1.2 m3/hm higher than the untreated
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forest area. The 5-year growth of other mixed forests within the fuelbreaks was 7.3 m®/hm,
similar to the untreated forest areas. The annual incomes from the two mixed pine forests
within the fuelbreaks reached 6.4% and 4.0%, respectively, surpassing those of the untreated
forest area by 1.6% and 1.8% [48].

Figure 3. A comparison of the status of Pinus ponderosa forests in Laren National Park, California,
after the fire in 2002; the left-hand side photo (a) reflects serious damage in the untreated areas and
the right-hand side photo (b) demonstrates that the pine trees in the shaded fuelbreaks were almost
untouched during the fire [8].

4. Green Fire Barriers and Their Modifications

Green fire barriers are characterized by the planting of evergreen broad-leaved tree
species within flammable plant communities to prevent the spread of surface fires and
crown fires. The width of the planted area usually ranges from 15 m to 30 m, with the
ultimate goal of achieving a canopy coverage exceeding 90% [13-15]. The selected tree
species have lush foliage with high leaf water content, allowing them to retain an ample
water supply within the planted stands. Existing studies and on-site observations have
shown that the fire protection function of biological fire prevention forest zones originates
from the unique canopy structure formed by dense plantations of evergreen broad-leaved
trees. Surface fire is alleviated due to the inhibition of the growth of surface fuels in the
banded areas, whereas the crown fire is weakened and finally blocked through continuously
reducing the heat transfer efficiency within the developed stands [14-16].

Standardized methods exist to identify suitable tree species for constructing green fire
barriers with commonly used representative tree species, including Schima superba Gardn.
et Champ, llex latifolia Thunb, Michelia macclurei Dandy, and Mytilaria laosensis Lec. [13,15,49].
Extensive practical experience with the planting of these tree species has shown a survival
rate of over 91% and a preservation rate of afforestation reaching higher than 88% after
three years. The average tree height after 20 years exceeds 14 m, meeting the criteria
for fast-growing tree species [13,50]. Detailed parameters for constructing the green fire
barriers can be found in Table 1. The diversity in plant species expands the flexibility of the
forest belts to be developed in specific landscapes [10,13,49].

Biological fire prevention forest belts often exhibit compound structures, incorporating
a diverse mix of plant species, such as evergreen tree species and evergreen herbs or shrubs
located outside or within the designated areas (Figure 4). This diversification expands the
effective width of the barriers, enhancing their efficiency in blocking thermal radiation and
absorbing burning fuel debris (firebrands) originating from adjacent wildfires [13-15,49].
Similar to shaded fuelbreaks, green fire barriers act as thermal shields, facilitating the
access of firefighting teams to the fire site and enabling the organization of fire response
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activities with greater efficacy (refer to Figure 5). Extensive field surveys have indicated
that the widespread use of such management measures in fire-prone areas reduces the
occurrence of wildfires and their potential impact on the local environment, and has a
moderating effect on local meteorology, including the adjustment of wind patterns to a
certain extent [8,13,47].

The cultivation of evergreen broad-leaved trees requires long construction cycles
and entails a substantial workload (see Table 1). However, the combination of green fire
barriers with shaded fuelbreaks can compensate for these limitations. Given the relative
convenience of constructing shaded fuelbreaks, they can be seamlessly integrated into
existing biological fire barriers, enhancing their joint capacity to block flame radiation and
absorb firebrands from adjacent forest fires [15]. In addition, the fusion of the two major
techniques has yielded a variety of cost-effective treatment recipes suitable for landscapes
with specific vegetation distributions and varying levels of fire risk [10].

Table 1. General information on the construction and maintenance of green fire barriers [9,10,13,49].

Item Major option and Practice Principal Role and Function

Evergreen broad-leaved tree species
featuring luxuriant foliage, high water
content, and rapid growth capacity were
often adopted; typical species included
Schima superba Gardn. et Champ, llex chinensis
Sims, Michelia macclurei Dandy, Camellia
Chekiangoleosa Hu, Camellia sinensis, etc.

The growth habits and dense canopy
distribution of evergreen broad-leaved
trees made it possible to form unique
stands which were identified to be
effective in mitigating the spread of
surface fires and crown fires.

Tree species selection

The selected evergreen broad-leaved trees
were planted into flammable plant
communities in band areas. The row spacing
was controlled between 1 and 2 m, and the
bandwidth was in the range between 20 and
35 m; the grown canopy density was
expected to be higher than 0.7.

Dense plantation and the shadow effect
of forest canopy prevented the growth of
surface fuels; high water content was
retained by the luxuriant foliage.

Plantation

Composited structures can increase the

Typical structure

Mixed forest stands can be developed with
evergreen large arbors, small arbors, or
shrubs in order to increase the canopy
density of the stand and the bandwidth.

canopy density and avoid the growth of
flammable vegetation on the stand floor,
thus increasing the capacity of the
structure to resist external thermal
radiation and to absorb firebrands.

Distribution area

Planation is usually located within the
high-flammable stands and the junction of
forest and farmland.

In valley and mountain areas, evergreen tree
species are planted along the hillside, with
the bandwidth parallel to the usual

wind direction.

Green fire barriers can prevent and
mitigate surface fire spread from adjacent
wildland and residential houses.

They are built in the modified form in
northern China, owing to the local
weather conditions.

Wide use in fire-prone areas also brings
long-term benefits for the local
environment, especially for humidity and
wind moderation.

Period for construction
and maintenance

Self-maintenance can be expected after

3-5 years of forest fostering, but the surface
litters of the stand should be regularly
cleaned over the years.

Missing plants need to be replenished in
a timely manner, and the surface litters
should be removed from time to time to
ensure the stability of the fire
prevention functions.

The open spaces within shaded fuelbreaks can be used for growing evergreen broad-
leaved trees, effectively inhibiting the growth of combustible grasses and herbaceous shrubs,
as well as preventing the invasion of species within or outside forest boundaries. There is
no doubt that, with the current technical knowledge and expertise, various types of wildfire
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separation networks can be extensively built in specific forest areas, establishing fire-
resilient landscapes and green living environments with tolerable fire risk and negligible
fire losses under the usual weather conditions.

Figure 4. Typical layout of green fire barriers with the integration of evergreen big arbor species and a
small arbor species. The green belts are located on the ridge of Wuziling, Tianmu Mountain, Zhejiang
Province, and the strip with dark green color (labeled by blue star) is a S. superba stand, which was
built in the late 1980s. This fire separation facility was expanded in recent years by densely growing
Photinia x fraseri Dress in the open space at a width of about 15 m (labeled by a red and green star).

Figure 5. The unique stand of S. superba species has not only been used for preventing forest fires
due to human faults, but also serves as scenery in Menggutang Cultural Park, Qiandao Lake Town,
Chun’an County, Zhejiang Province. Stone steps were built inside the stand as a path for tourists and
a passage for firefighters to approach the annex forest in a state of emergency. An evergreen species
of grass, Ophiopogon bodinieri H. Lév., was planted along the stone steps (shown in the zoomed-in
window). This species contains high water content in all seasons and is able to trap fine surface
fuels. Because of its loose structure and high water content, it can effectively prevent fires caused by
dropped cigarette butts.
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In a monograph of the former State Forestry Administration [13], examples are pro-
vided to exhibit the effectiveness in using green fire barriers to block wildfires. On March
28, 2000, a wildfire broke out in Yuchi Village, Youxi County, Sanming City, Fujian Province
due to an electric powerline failure. After a sweep of 32 hm? of highly-flammable forests,
the fire was then blocked by the Schima superba stands, avoiding its further spread. The
photo taken on site shows that the Schima superba forest belt suffered a slight burn at the
side facing the fire [13]. As pointed out in another work [10], the effective mitigation of
large-scale fire cases in recent decades in China can be somehow attributed to the long-term
construction and maintenance of green fire barriers across the nation.

5. Appraisals of Fire Prevention Measures from Ecological Perspectives

Apart from all-removed fuelbreaks and natural fuelbreaks, such as roads and rivers,
the remaining fire prevention techniques can be collectively referred to as the development
of fire-resilient ecosystems. These techniques involve fuel treatment and the rearrangement
of plant distribution structures to create modified fire regimes that favor the mitigation
of fire hazards. Conceptually, these techniques can be classified as ecological techniques
with two main objectives: reducing forest combustibles and promoting the growth of
fire-resistant trees rather than flammable trees [8,10,51,52]. One notable example is the
standard green fire barriers and their modified versions, although their ecological effects
require long-term observation and testing across different regions and spatial and temporal
scales [10,25].

Mechanical treatment involves activities such as pruning dead branches and removing
trees to achieve the desired stand density, distribution patterns, and species composition,
resulting in a reduction in tree competition. This enhances forest regeneration, as supported
by field observations and simulations of tree growth [53]. However, mechanical treatment
can generate smoke and pose risks of burning nearby vegetation during operation. In
addition, the removal of organic materials leads to a decrease in carbon stocks and nutrient
content stored within the stands.

Data obtained from forest harvesting activities indicate that carbon stocks in temperate
forests decrease by an average of 30% after treatment, with hardwood forests experiencing
higher carbon stock losses (36%) compared with coniferous forests or coniferous broad-
leaved mixed forests (20%) [54]. After fuel treatment, increased sunlight exposure and
elevated microclimate temperatures within the forest can stimulate microorganism respi-
ration, resulting in reduced litter input and faster decomposition and leading to a loss of
carbon stocks in the topsoil. A comprehensive study by James and Harrison [55], focusing
on publications between 2008 and 2016, revealed an average soil stock reduction of 11.2%
due to forest harvesting. Specifically, the largest loss was observed in the organic layer at
30.2%. Surface soil carbon stocks (0-15 cm) decreased by 3.3% and deep soil (60-100 cm)
decreased by 17.7%.

The use of herbicides in biochemical methods can effectively control weed growth and
reduce surface fuel loads, thereby decreasing the frequency of fire incidents. The use of
herbicides has been increasing year by year to meet the demands of modernized forestry
production. However, herbicides are organic pollutants with toxicity, and their long-term
use over large areas leads to concerns regarding drug-related issues [56]. Jayasumana
et al. [57] investigated the link between a mysterious kidney disease in rural Sri Lanka and
glyphosate contamination. Their study found that the overuse of glyphosate, particularly
when combined with hard water or toxic elements, such as arsenic and cadmium, can
result in the pollution of drinking water sources, leading to severe health problems for
local residents. From a land use effectiveness perspective, relying on herbicides to halt
vegetation growth in specific areas in the long term is not a sustainable approach and has
detrimental effects on local water and soil conservation. The frequent use of glyphosate
over large areas negatively impacts the sustainable development of the local ecological
environment, owing to its incapacity to coordinate and stabilize the local ecosystem.
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Grazing as a fuel management measure has certain constraints. The grazing area and
the number of grazing herbivores in a specific grassland need to be carefully planned by
considering the seasonal growth of grassland vegetation and the energy, nutrition, and
mineral needs of the grazing herbivores [58]. Moderate grazing can effectively remove
fine fuels, reduce fuel quantity, and alter the composition and structure of forests. Com-
pared with other fuel management measures, grazing can bring substantial economic
profits with minimal pollution to the local ecosystem [59]. However, overgrazing leads to
soil desertification, soil erosion, and nutrient loss, which are detrimental to plant growth.
Moreover, overgrazing forces plant species to adapt to degraded soil and biological envi-
ronments, resulting in xeric and salinized conditions [60]. The ecological effects of different
fuel management techniques are compared in Table 2, highlighting their diversity and
trade-offs.

Prescribed fire is widely used as a tactic to prevent large-scale and high-intensity fires
by implementing controlled small-scale fires (Table 2). Using data on fire emissions from
previous fires, Wiedinmyer and Hurteau [61] utilized the Regional Fire Emission Model to
estimate the reduction in CO, emissions resulting from prescribed fires in dry, temperate
forest systems in the western United States. Observations from the period between 2001
and 2008 indicated that prescribed fires can reduce CO, emissions by 18-25%, and in
particular forests, the reduction can be as high as 30%. Additionally, surface burning during
prescribed fires can increase the content of nutrients, such as N, P, K, and Mg, facilitating
soil amendment [1,5,6]. Through the examination of heat shock and seed germination
of 57 species, Luna et al. [62] found that prescribed fires or high summer temperatures,
with soil temperatures reaching 80 °C, can promote seed germination. Prescribed fires
can also reduce the density of forest insects, improve forest stand conditions, and pro-
vide a better habitat for wildlife [38]. However, considerable debate and disagreement
still remain regarding the ecological effects of prescribed fires, particularly concerning
the potential environmental pollution they may generate and their long-term effects on
ecosystems (Table 2). Further research and exploration are needed in the future to gain a
more comprehensive understanding of these impacts.

As listed in Table 2, both shaded fuelbreaks and green fire barriers offer multiple
benefits, including the protection of the natural ecological environment, promotion of forest
health, and increased forest product output. Also, they contribute to the conservation
of local soil and water resources [63]. As stated previously, green fire barriers feature
complex structures with unique landscape patterns that enhance their benefits for forest
landscapes. Furthermore, under the usual weather conditions, these barriers provide long-
term advantages, as they can sustain themselves for centuries with minimal maintenance
owing to their living plant components [10,13].

Table 2. Comparisons of the ecological and environmental benefits obtained from different techniques.

Item

Ecological Benefit

Environmental Benefit

Sustainability

Prescribed burning

@

Promotes the nutrient re-
turn and the establish-
ment of the dominant
species to enhance the
ecosystem’s stability;
Stimulates species which
have exhibited resistance
to heat to grow, and
controls or removes non-
native species [62];
Reduces forest
density [38].

insect

A large amount of smoke
is released during the ac-
tion, resulting in local
air pollution;

Inconducive to soil and
water conservation after
long-term practice;
Inconducive to local car-
bon reserves.

Due to the plants’ na-
ture, the prescribed fire
needs to be repeated after
several years;

Long-term effects of pre-
scribed burning on ecosys-
tems have been controver-
sial for a rather long time.
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Table 2. Cont.

Item Ecological Benefit Environmental Benefit Sustainability
High sunlight exposure
and high temperature mi- (1)  Generates smoke to cause
Crpclimate in 'the forest can air pollution and cre-
stimulate microorganism ates the risk of burning - h farl
breath and the decompo- plants nearby; rough regularly — re-
sition of litters, as wellas )  Removal of surface organ- peated treatme;nt, the
Mechanical treatment promote the reproduction ics reduces the amount of ecgsystem can be mam-
of trees [53]; . tained at the desired fuel
; carbon storage and nutri- distributi
Economic returns and ex- ent content in the stand, istribution status.
tension of fire intervals leading to topsoil carbon
are conducive to the ac- loss [54].
cumulation of commercial
wood products.
It can effectively protect (@ No cumulative pollution ?;?;ﬁgies (?f?;[cet aoitrcs)ﬂrg_
the forests and maintain problems with short-term ‘ ) y .
the forest ecology; use: ace p ants and microor-
Biochemical treatment The inhibition of herba- (2 Long-term use may result %j\?lser-r;sc’ale use will break
ceous plants can effectively in drug harm problems h %1 < bal fth
promote tree growth [56]. and water pollution [57]. ¢ dynamicbalahce 0T the
ecosystem.
Flammable fine plants .
and the surface fuel loads @  Overgrazing leads to
are reduced: soil desertification and Moderate grazing can es-
Long-term grazing may al- soil erosion; tablish a dynamic balance
. ter the forest composition @ Breaks the balance be- between forest and stock-
Grazing and structure; tween soil salt accumula- breeding, leading to sus-
Less pollution to the tion and desalination, and tainable development of
ecosystem with more addi- accordingly  aggravates forest ecology.
tional economic output to soil salinization [60].
be expected.
Maintains the original eco- ) )
logical environment, pro- @ riaelrlliii Csﬂilzir;neg‘:;;in- Because of the creation of
motes f'01§est health and i leme};ltation cither bg an unstable ecosystem, it
productivity [45] melzhanical or biochemica}{ demands regular mainte-
Regulates the local t - .
Shaded fuelbreak cguiates e foca’ temper treatment: nance;
ature' and humidity; @ Con ducivle to water and Generation of forest win-
Provides landscape ben- i1 . dows results in the inva-
efits and  establishes 591 conservation to a cer- sion of alien plants.
wildlife habitats or corri- tain extent.
dors.
Increases the land utiliza- () Conducive to water and
tion rate and forest produc- soil conservation;
tivity; @ Improves the nutrition of . .
Promotes additional eco- the surface soil; gxutom;.itli)aliy esta;bhs?es a
nomic outputs [13]; ® Provides long-term posi- ynarue baiance fot fong-

Green fire barrier

Regulates the temperature
and air humidity within
the forest [13];

Generates landscape bene-
fits and establishes wildlife
habitats or corridors.

tive effects on environmen-
tal humidity and wind pat-
terns;

Conducive to local carbon
reserves.

term self-maintenance and
sustainable development of
the built ecosystems [15].

The combination of green fire barriers with various crops, such as fruits, tea trees,
soybeans, herbal medicine, vegetables, and edible fungi, is worthy of mentioning as it has
been proven effective [13]. This integration improves landscape utilization and enhances the
production of nontimber forest-based products. Successful examples of this practice have
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been documented in the Chinese forestry sector, as highlighted in a monograph published
in 2003 [13]. A holistic approach can be achieved by popularizing green fire barriers in
fire-prone areas, encompassing accidental forest fire prevention, forest health promotion,
ecological maintenance, and environmental protection (Table 2). This integration of fire
management engineering and ecological development maximizes the synergy of ecological,
landscape, economic, and social benefits [10]. Figure 6 shows the growth of tea trees
(Camellia sinensis (L.) O. Ktze) within the originally all-removed fuelbreaks for fire protection
along power transmission lines, showcasing attractive features in land use, local water
conservation, and additional economic profits.

Figure 6. Evergreen broad-leaved tree species, Camellia sinensis (L.) O. Ktze., densely grew in the
band areas along the power transmission line. Located in the Jieshou Forest Farm, Chun’an County,
Zhejiang Province, which was a replacement of the previous all-removed fuelbreaks built for pre-
venting fires caused by faulty power lines. The reuse of the open land by planting a fire-resistant
species represents the integration of the demand for forest fire prevention with economic output and
ecological conservation.

Studying the guidelines for the effective use of fire prevention techniques in fire-prone
areas, with a focus on maximizing their ecological benefits, is important in addressing the
challenges posed by climate change. With a wide range of fire prevention techniques avail-
able, fuel management in specific areas should be evaluated in terms of local fire risks, vege-
tation types, accessibility, and available fire response resources [2,21,25,46,47]. Additionally,
the objectives of fire prevention targets may vary in different areas, and achieving them re-
quires proper technological preparation and practical implementation [5,20,22,25,43,46,64].
By developing a multifaceted management tool, all the essentials can be taken into account,
including wildfire management, natural resource protection, and ecological and environ-
mental maintenance (needs). Fuel management and fire protection are then integrated into
the overall development of sustainable ecosystems, enabling the diversification of outputs
from limited resources and human efforts.

Given that climate warming produces longer, drier fire seasons with more extensive
burning, a more practical option is necessary for some states under the present fire situa-
tions. As an intermediate management policy, fuel management should strive to promote
adaptive resilience to wildfires in response to changing climate and fire regimes [64,65].
Rather than aiming to return ecosystems to previous, pre-fire, or historical conditions, such
management actions can be designed to help communities adapt to the changing climate,
fuel, and land-use conditions by directly shaping the human and natural prototypes in a
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way that acknowledges the present and future inevitability of fires [64]. Understanding
vegetation characteristics is essential to determining the management strategies that most
effectively coexist sustainably with wildfires [64,65]. There is no doubt that the adaptability
and resilience of vegetation depend on the specific ecological environment [64].

Another area of research interest is reducing the impact of potential wildfires on
urban structures and facilities in adjacent areas. Safety separation distances are usually
applied to maintain coexistence between human society and nearby forests [66,67], which
may cause ineffective land use and raise ecological and environmental issues, such as
water and soil erosion in certain areas. The wide application of ecological fire prevention
techniques at the wildland and urban interface (WUI) is an option to greatly reduce the
probability of occurrence and potential burning intensities of wildfires near residential
areas [10,15,16,26,63]. Thus, the safe distance necessary for the separation of residential
areas from the adjacent forests or grassland can be remarkably reduced, leading to more
effective land use at the WUI. As documented in another review paper [10], a variety
of techniques are available and effective for mitigating wildfire hazards at the WUL An
alternative method is to make use of the existing shrubs in landscapes around homes by
maintaining them with light watering in fire seasons [26]. This approach has advantages
over many standard greenbelt designs given that the conservation of native shrubs is most
attractive to native fauna, with the addition to the wildland-urban experience. As a result,
it has been utilized in a number of landscaping projects in southern California so far [26].

6. Conclusions

A series of fire prevention techniques are proposed to achieve the mitigation of fire
hazards through intervening with the material basis for fire initiation and development in
certain landscapes. These techniques focus on fuel management, including altering surface
fuel quantities, moisture content, and plant distribution patterns. Among these techniques
are all-removed fuelbreaks, mechanical fuel thinning, prescribed burning, biochemical
methods, shaded fuelbreaks, green fire barriers, and their variations. Implementing these
techniques has resulted in favorable outcomes by establishing fire regimes in targeted areas.
Fuelbreaks, which involve fuel thinning or plantation, serve as modified or reconstructed
localized ecosystems that retain substantial ecological features. Within the conceptual
framework of ecology, these fuel management techniques can be categorized as ecological
fire prevention techniques.

Fuel thinning techniques, including all-removed fuelbreaks, offer limited ecological
benefits, whereas the normal shaded fuelbreak technique does have a positive impact
on promoting forest health and wood productivity. From an ecological maintenance
perspective, the development of green fire barriers offers greater advantages. The presence
of a dense tree population in green fire barriers has a beneficial impact on soil and water
conservation and the regulation of local humidity and wind patterns. In addition, as
microecosystems developed with the capacity of fire resilience, green fire barriers possess
the unique feature of long-term self-maintenance as fire protection facilities and exhibit
diverse ecological performances and additional economic benefits through their flexibility.

The existing knowledge base and available techniques can be effectively applied to
design fire mitigation strategies for plant communities and the WUIL The development
of landscapes in a sustainable and ecologically responsible manner can also be achieved
by integrating ecological maintenance and landscape effects in line with environmental
demands. As a result, it is necessary to conduct further studies on the quantification of
the fire prevention efficacy of different fire prevention prescriptions and the ecological
benefits to be achieved. Algorithms and evaluation platforms that consider multiple factors
are then developed to serve as convenient engineering tools highlighting the integration
of fire prevention and control management with the sustainable development of built
environment ecosystems. This approach will promote the development of fire-resilient
ecosystems and safe living environments in a cost-effective way.
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