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Abstract: One of the most effective methods of preventing large-scale wildfires is creating fuelbreaks,
buffer zones whose purpose is to stop or delay the spread of the fire, providing firefighters an
opportunity to control the fire. Fuelbreaks are already applied in several countries and have proven
their effectiveness. However, creating fuelbreaks involves deforestation, so the length of the fuelbreaks
should be minimized as much as possible. In this paper, we propose the implementation of a greedy
Dijkstra-based fuelbreak planning algorithm which identifies locations in which fuelbreaks could
significantly reduce the risk of large wildfires, at a relatively low deforestation cost. We demonstrate
the stages and output of the algorithm both on artificial forests and on actual forests in Israel.
We discuss the factors which determine the cost effectiveness of fuelbreaks from a tree-economy
perspective and demonstrate how fuelbreaks’ effectiveness increases as large wildfires become
more frequent.
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1. Introduction

Fuelbreaks are gaps in vegetation whose purpose is to delay or stop the spread of
wildfires. While some fuelbreaks are natural (e.g., rivers), they can also be man-made. De-
spite their acknowledged effectiveness, few countries implement fuelbreaks systematically.
The reasons for the scarce use of fuelbreaks are primarily the economic and ecological costs
involved in creating them. Therefore, we find it especially important to provide decision
makers with practical tools for planning and implementing efficient fuelbreaks. In this
paper, we provide an algorithm for planning effective fuelbreaks while minimizing the
necessary deforestation.

The effectiveness of fuelbreaks has been acknowledged for decades (e.g., [1]). For-
est fires are known to follow the Pareto principle: almost 95% of the forests burned are
consumed by only 5% of the forest fires [2,3]. Reducing the few most extreme fires could
therefore substantially reduce global burned areas. Fuelbreaks are especially effective in
preventing these major fires. One example of a successful fuelbreak implementation could
be found in France, one of the most advanced countries in terms of fuelbreak implemen-
tation [4]. A French report has found that 90% of the houses that had acted according to
French fuelbreak regulations were unaffected by the major 2003 fires in Europe [5].

Fuelbreaks have several disadvantages that prevent their widespread use: they are
costly, they require maintenance and perhaps most importantly—they involve deforestation
and affect the natural landscape [6]. For these reasons, the use of fuelbreaks has remained
relatively limited despite their acknowledged effectiveness. Scholars and forest managers
have developed several alternative fire risk reduction strategies that do not involve defor-
estation, such as green fire barriers [7,8]. Although these alternative strategies are not in the
focus of the current study, we find it important to mention them as additional significant
tools in wildfire mitigation strategies.

To minimize these disadvantages, researchers have studied the minimal fuelbreak width
required for preventing the spread of fires. The main variables considered have been the
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effect of wind [9], topography and slope [10], as well as the fuel characteristics [11]. To
assess wildfire behavior, researchers have applied various fire spread simulations such as the
Wildland-urban interface Fire Dynamics Simulator (WFDS), a computational physics-based
fire behavior model [12-14]. Generally speaking, if the fuel treatment includes a complete
deforestation of the fuelbreak, its recommended width is approximately 2.5 times the height
of the surrounding trees. As these widths could be rather large and reach up to dozens or
hundreds of meters, forest managers also apply additional methods of fuel treatment. One
such method involves creating partial deforestation in strips of vegetation that have been
altered to delay the spread of fires. While the deforestation in these strips is partial, the width
of these strips must be larger to be as effective as strips of complete deforestation. Narrow
fuelbreaks do have some effect on delaying wildfires, but cannot completely prevent their
spread; for example, burning pinecones could be dispersed to a distance of up to hundreds
of meters by winds, passing every reasonable fuelbreak [15]. An additional alternative of
fuelbreaks is prescribed burning—the deliberate application of fire to forest fuels under
specified conditions. Both computer simulations and empirical studies have shown that
prescribed burning substantially reduces the risk of future extreme wildfires.

While the width of the fuel treatments is undoubtedly an important factor, the economic
and ecological costs of fuelbreaks are significantly determined by the length of their paths.
Ideally, the paths should be as short as possible, passing through regions of low tree density.
Recent studies have applied various optimization algorithms of fuel treatment locations, for in-
stance, using a cellular model to identify the most fire-propagating forest cells [16,17]. Ref. [18]
used a mixed-integer programming approach to break the fire probability accumulation
pathways to lower landscape fire risks in predefined weather conditions and fire ignition loca-
tions. Their model searched for efficient fuel treatment locations across a landscape with the
objective of minimizing the total expected forest loss in the case of a wildfire in this landscape.
Ref. [19] advanced the research in the field by applying a model that could contribute to fire
management under various weather conditions and ignition points. They noted that previous
studies had assumed a given weather condition, and by that, optimized the fuelbreak locations
with respect to a single specific scenario. When different weather conditions occur, these
fuel treatments could be ineffective. Ref. [20] performed spatial optimization for prescribed
burning using a multiperiod mixed-integer programming model. They randomly divided the
forest to polygons of reasonable size for fuel treatment and strategically chose polygons for
prescribed burning for each period.

An additional common approach is to estimate the spread rate of fire paths and to
minimize the fire spread rate using fuel treatment (e.g., [21-23]). For example, Ref. [23]
applied an integer programming model which aimed at slowing the spread rate of possible
wildfires and creating opportunities for suppression efforts.

Additional works combined ecological and practical considerations in the optimiza-
tion procedure. Ref. [24] improved previous models by addressing operational constraints
which limit the number of possible fuel treatments. They formulated a mixed-integer
programming model which minimized the number of disjoint-prescribed burn regions and
aggregated fuel treatment locations, facilitating the application of prescribed burning in
these regions. Ref. [25] applied a mixed-integer programming model which focused on
the maximum tolerable fire intervals when considering prescribed burning. Their model
attempted to minimize the connectivity between a landscape which was represented as a
polygon-based network. The model builds on [26], but also considers multiple vegetation
types. Ref. [26] focused on the scheduling of fuel treatments and applied a mixed-integer
programming model. They minimized the number of connected pairs of ‘old fuel cells’, cells
which have not been treated for a defined period and are more prone to burning. Advanced
extensions of their model included heterogenous landscapes, ecological considerations
such as maximum tolerable fire interval which limits the frequency of prescribed burning.
Ref. [27] applied an integrated integer programming model which maximized both over
fire suppression preparedness and over fuel management planning. Fire suppression ef-
forts can be divided into initial attack—suppression at the initial stages of the fire—and
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extended attack—suppression of large wildfires. In their study, Ref. [27] addressed the
initial attack considerations. They considered a heterogenous landscape which is com-
prised of cells representing potential fire locations and candidates for fuel treatment. Their
model provided recommendations for the allocation of both suppression resources and fuel
treatment. Ref. [28] applied an iterative approach to integrate fire and forest management
planning, seeking to exploit their interaction. They demonstrated how efficient spatiotem-
poral planning of timber harvesting could contribute to fire hazard management. They
built on the Fire Protection Value (FPV) method described in [29] to identify crucial harvest
stands—locations whose harvest could potentially reduce landscape flammability.

The vast majority of studies in this field apply fire simulations to identify the most
fire-prone regions and recommend fuel treatment (most commonly prescribed burning) in
these regions. To the best of our knowledge, no previous studies have provided a method
of planning contiguous fuelbreaks which can potentially prevent the fire from crossing to
adjacent regions. Although fuelbreaks are costly, in some scenarios they could be more
effective than alternative methods such as prescribed burning, so we find it important
to provide forest managers with tools of planning effective fuelbreaks when fuelbreaks
are required. In this work, we wish to present an algorithm that could identify the most
cost-effective fuelbreak paths while considering existing gaps in vegetation.

The paper is organized as follows: We begin by describing the study site, proposed al-
gorithm and research design. We then examine the algorithm on two simple artificial forests,
followed by demonstrations on a few actual forests in Israel. We also discuss the necessary
length of fuelbreaks from a tree-economy perspective. We conclude with a discussion on
the implications and significance of the results and suggestions for future research.

2. Materials and Methods
2.1. Study Area

Our study site includes several forests in Israel. Data for real forests in Israel were
obtained from the Global Forest Watch tree coverage maps [30]. We focus mainly on the
Carmel Forest located on the outskirts of the city Haifa (Figure 1). The vegetation in this
region is characterized by a complex of Pinus halepensis—Pistacia palaestina—Cistus sp.
associations on south facing slopes and Quarcus calliprinos—Pistacia palaestina associations
on north facing slopes [31]. The regional vegetation is demonstrated in two pictures in
Figure 2. A major and deadly fire initiated in the forest in December 2010 and claimed
the lives of 44 men and women, making it the deadliest fire in Israel’s history. The fire
burned 1.5 million trees spanning over an estimated 10,000 to 37,000 burned acres. We
tested the algorithm using data for the pre-2010 fire in the Carmel Forest. We also applied
the algorithm on three additional forests around the Jerusalem Mountains, all of which
suffered from wildfires in recent years. All four locations are presented in Figure 1.

34°

ol

34° 35° 36°

Figure 1. Forest locations in Israel. Locations of the four Israeli forests on which we applied the
algorithm. The 2010 Carmel wildfire was the deadliest in the history of Israel, claiming the lives of
44 men and women. Source: [32].
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Figure 2. Carmel Forest vegetation. The pictures were obtained from Naama Tessler (2010). Both
pictures were captured shortly after the 2010 Carmel Forest fire. Picture (a) includes unburned
vegetation while Picture (b) includes both burned and unburned vegetation.

2.2. Fuelbreak Planning Algorithm

The simulation’s input includes the relevant maps of tree coverage and the maximum
permitted forestry areas in each forest section, i.e., the maximum area of forest that we
allow to be burned in a single fire. The simulation involves assuming a given desired
fuelbreak width, based on the considerations described in the introduction section. The
forest map is first converted to a matrix of binary values, having the value 1 in forested
cells and 0 in the rest (using the highest available resolution). The matrix’s pixels are then
aggregated into larger building block pixels of the size of the desired fuelbreak width.

The simulation begins with the entire forest area and tests whether the forest exceeds
the maximum permitted forestry area. If it does, then the simulation searches for the
optimal fuelbreak path by implementing the following steps:

1.  The simulation finds all possible pairs of two nonadjacent pixels in the forest boundary.

2. For each pair, the simulation runs the Dijkstra [33] algorithm whose output is the
‘shortest path” between the two pixels—in the meaning of minimal forestry area that
the line passes through (i.e., the minimal sum of forestry cells in each path).

3. The algorithm then chooses the shortest path from all the valid paths; a path is defined
valid if it divides the forest into two sections where at least one of the sections contains
a lower forestry area than the maximal value permitted in a section. Paths that create
extremely small forest sections (sections that contain a significantly lower forestry
area than the maximal value) are disregarded.

4. Out of all the remaining possible paths between two boundary pixels, the simulation
chooses the least costly path.

At this stage, there is at most one forest section that could potentially exceed the
maximum permitted forestry area. If one of the remaining forest sections indeed exceeds
the permitted value, the simulation reiterates steps 14 for this area. The simulation ends
when no section of the forest exceeds the permitted forested area value. Its output is the
chosen fuelbreak paths and their total cost.

2.3. Research Design and Data

The process begins with an input image as shown in Figure 3, whose width is 7 km.
The green areas in the map mark regions in which the forestry area exceeds a certain
value, in this example, 10%. The forest map is first converted to a matrix of binary values
as in Figure 4a, having the value 1 in forested cells and 0 in the rest, using MATLAB
functions. The matrix’s pixels are then aggregated so that each matrix cell’s square side
is of the size of the user defined fuelbreak width, summing the number of forestry cells
inside it (Figure 4b). For the current example, we chose a fuelbreak width of 200 m. We
emphasize that this width was only chosen for the purpose of demonstrating the algorithm
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and different widths could be chosen based on topography, meteorological characteristics
or other considerations.

Figure 3. Data for Carmel’s pre-2010 fire forestry terrain. Source: [30].
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Figure 4. Image processing. At the first image processing stage (a), the forest image is processed to
the best possible resolution. The size of each pixel is calculated by dividing the total length of the
forest by the number of pixels in each axis. At the second stage (b), the pixel size is changed to the
desired fuelbreak width. The total forestry area in each pixel is calculated by summing the number of
initial pixels within it that had the value of 1 in the previous stage (a).
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3. Results
3.1. Examples of the Algorithm Run on Artificial Forests

To test the algorithm and demonstrate its performance, we begin by applying it to
two artificial forests. The first forest allows us to conduct a ‘sanity check’: we run the
algorithm on a 67-forestry cells forest (green cells), having to be split into two areas of at
most 60 forestry cells each. In Figure 5, white cells represent non-forestry areas and green
cells represent forestry areas. The forest contains a natural path with no trees, where a
simple fuelbreak solution could be found. As can be seen in Figure 5, the algorithm finds
this simple optimal solution.

10

9

104

103

102

2 101

1
1 2 3 4 5 6 7 8 9 10

Figure 5. Example of an algorithm run. The original forest contains 67 forestry cells. In this example,
forested pixels are binary (1 for forested pixels and 0 for non-forested pixels). We run the algorithm
so that each forest area contains at most 60 forestry cells. The algorithm finds the simple solution
(red line) of a fuelbreak where no trees are located in the first place (white squares), so that the total
deforestation cost is zero.

Figure 6 presents an additional example. This example is more challenging than the
previous one since no trivial solution exists. Still, the algorithm finds the least costly path
which divides the forest according to the input described in the figure’s caption. In contrast
to the first example, the current forest requires two iterations of the algorithm (and two
fuelbreak paths) so that it could meet the requirements that were defined for this example.

10 10

9 9

(o2

~

1 2 3 4 5 6 7 8 9 10

Figure 6. Second example of an algorithm run. The original forest contains 530 forest units. We
run the algorithm so that each forest area contains at most 200 forest units. The algorithm finds the
solution of a fuelbreak (red lines) in two iterations (two paths), whose total cost is 70 forest units.
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3.2. Actual Forest Run—The Carmel Forest

We run the algorithm on the Carmel Forest prior to the fire of December 2010. Figure 7
presents the simulation outputs for each maximal permitted forested area value. In the first
three runs, the maximum permitted forestry area is large enough so that a single iteration of
the algorithm and a single fuelbreak path suffice. However, when the maximum forested area
is 9 km? or less, two or even more fuelbreak paths are required to meet the requirements of
the algorithm. As expected, the fuelbreaks in the first iterations of the algorithm go through
relatively white areas—regions in which the forest was sparse to begin with. By choosing
such paths, the algorithm creates a fuelbreak at a relatively low cost. As the maximum
forested area permitted in each section decreases, the algorithm is forced to choose paths
which go through increasingly green regions which represent dense forest areas.

20

The Carmel Forest Max area: 18 km?
Fuelbreak area: 0.14 km?

10 0 S0 ¢ 0 S0
Max area: 14.4 km? Max area: 12.6 km?
Fuelbreak area: 0.15 km? Fuelbreak area: 0.15 km?

100

;.‘ ) 10
Max area: 9 km? Max area: 7.2 km?
Fuelbreak area: 0.23 km? Fuelbreak area: 0.46 km?

Max area: 4.5 km? Max area: 2.7 km?
Fuelbreak area: 0.63 km? Fuelbreak area: 1.32 km?

Figure 7. The algorithm runs for the Carmel Forest. Each pixel in the matrix represents an area of
200 x 200 m (0.04 km?). The percent of forestry area in each pixel is represented by its color, reaching
a maximal value of 0.04 km?.

The actual burned areas in the 2010 fire are presented in Figure 8. It appears that
almost every one of the suggested fuelbreaks in Figure 7 could have potentially delayed or
prevented the spread of the fire to adjacent regions.
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Figure 8. Burned areas in the 2010 Carmel wildfire. Burned areas are marked in pink and forested
unburned areas in green. The red line presents the suggested fuelbreak for the pre-wildfire forest
when the maximum burned area is defined to be 14.4 or 12.6 km?. Source: [30].

The results are summarized in Figure 9, which presents the area of the required
fuelbreaks, as a function of the maximum permitted forested area. As expected, the cost
of creating the fuelbreaks is higher as the maximum permitted forest areas decrease. The
increase in cost is mild at first (looking from right to left) and rises exponentially after a
certain value of maximum forest areas—a ‘knee’ curve. This is caused due to the fact that
the first fuelbreaks in the simulation utilize areas where the forest density is low, but late
fuelbreaks are required to go through dense forest areas.
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Figure 9. Summary of the Carmel Forest run results. The analysis presents a summary of the total
deforestation required for creating fuelbreaks as a function of the maximum permitted tree area in
each forest section. The actual paths are described in Figure 7.
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3.3. Additional Forests in Israel

Could some forests be easier to divide than others? To examine if the ‘knee’ effect
is coincidental, we run the simulation on three additional forests. Figure 10 shows the
pre-processed image data for the four forests (including the Carmel) from different regions
of Israel (Figure 3). The results are summarized in Figure 11: while the ‘knee’ effect is
obtained for both the Carmel Forest and the forest west of Jerusalem, it is not obtained in
the two relatively small Hameginim and Tarom Forests which are more homogeneously
dense. The costs of fuelbreaks in the latter forests are therefore linear, in contrast to the
former two where the initial fuelbreaks’ costs are low.

e Nesher

Carmel Jerusalem

7 km 6 km

Hameginim Tarom

ralforest Tarom

2.5km 2.5km

Figure 10. The figure describes additional forests in which the algorithm was examined. The locations
of these forests is presented in Figure 3. Source: [30].
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Figure 11. Summary of results for additional forests. The analysis presents a summary of the total cut
deforestation area required for creating fuelbreaks as a function of the maximum permitted forestry
area in each forest section. A ‘knee’ effect is obtained in both the relatively large Carmel Forest and
the forest west of Jerusalem. However, the effect is not obtained for the smaller Hameginim and
Tarom Forests. These two smaller forests have less dividing potential since they are homogeneously
dense, so that even minor fuelbreaks are relatively costly.
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To provide a heuristic explanation for this effect, consider two forests as illustrated
in Figure 12. The task of dividing the forest into two equal sections requires only a minor
fuelbreak in the connecting line in Example I. In Example II, however, it would require
a much more costly fuelbreak that crosses through the forest. This simple illustration
demonstrates that some forests have greater potential for fuelbreak division than others. It
could generally be said that homogeneous forests require more costly fuelbreaks.

Example I Example II

Figure 12. A simple illustrations of different forest shapes.

A simple illustration of two different forest shapes. The task of dividing the forest into
two equal sections requires only a minor fuelbreak in the connecting line in Example I. In
Example II, however, it would require a much more costly fuelbreak that goes through the
forest. This simple illustration demonstrates that some forests have greater potential for
fuelbreak division than others.

3.4. A Tree-Economy Perspective

It is difficult to make the decision to create fuelbreaks due to the deforestation involved
in the process; we must cut down a small part of the forest to avoid the risk of fires causing
much larger deforestation in the future. The cost effectiveness of such actions is therefore a
function of the probability of large-scale fires in the forest, fires that could potentially burn
an entire section of the forest. We address only major fires and not partial burns because
almost all of the forests burned are consumed in major fires [2,3]. If the probability of major
fires is negligible, there is little sense in creating fuelbreaks; however, as this probability
increases, the effectiveness of fuelbreaks increases.

Figure 13 presents the total expected forested area loss in the Carmel Forest as a
function of the probability of major fires, for different possible levels of fuelbreaks (referring
to the different possibilities described in Figures 9 and 11). The expected forest loss is
calculated as the sum of the fuelbreak cost and the expected forest loss in a major fire,
which is the tree area in a forest section multiplied by the probability of a major fire:

FL = FB + Pfire-Fa 1

where FL is the expected total forest loss, FB is the area of the trees that must be cut down
to create the fuelbreak, Py;,, is the probability of a major fire that would burn an entire
section of the forest and F4 is the maximum forestry area in one forest section (between
fuelbreaks). The right side of the figure represents having little or no fuelbreaks. This
enables us to estimate the efficiency of fuelbreaks using the ‘with and without’ principle.
The expected forest loss obviously increases with the probability of fire. Consider now the
complete diagram: when the probability of fire is very low, the most cost-effective solution
is to implement few or no fuelbreaks and allow a low probability of large fires. As the
probability increases, ‘tight” fuelbreaks become the preferred alternative. Unfortunately,
in recent years, the probability of major wildfires has gradually increased due to climate
change, suggesting fuelbreaks could be an increasingly effective and necessary means of
minimizing deforestation.

This demonstration is simplistic, as it does not reflect the probability of the fire burning,
only part of the forest section. However, we find it to be a reasonable assumption, as the
vast majority of global burned areas are burned by a small number of major fires. An
additional simplistic assumption in this model is that the fuelbreak is completely effective
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in preventing the fire from crossing it. Despite these simplistic assumptions, we do believe
that this demonstration reliably reflects the major considerations in fuelbreak planning.

Total Lost Forested Area (km?)
100

Probability of Fire (%)

~
o
T

4 6 8 10 12 14 16 18
Max Forested Area Between Fuelbreaks (km?)

Figure 13. A tree-economy perspective of fuelbreaks’ utility. The figure presents the total expected
tree loss in the Carmel Forest as a function of the probability of major fires, for the different possible
levels of fuelbreaks presented in Figures 6 and 8.

4. Discussion

Fuelbreak implementation is an effective forest management tool that has proven its
potential value in delaying or even stopping the spread of wildfires. However, due to
their relatively high cost, the implementation of fuelbreaks has remained limited to date.
Fuelbreaks can only be cost effective if they are implemented in the most crucial locations,
where their potential for preventing the spread of wildfires is greatest. Identifying the most
cost-effective fuelbreak paths is computationally challenging, as comparing every single
potential path is impossible in forests of considerable size (e.g., [20,23,26,27]).

In this study, we proposed an algorithm for fuelbreak planning, building on Dijkstra’s
shortest path algorithm. The proposed algorithm is based on a recursive application of
Dijkstra’s algorithm. Each step divides the forest into two sections, one of which (at least)
is at the maximum forested area as defined by the user. This process is repeated until none
of the remaining sections exceeds the maximum forested area. While Dijkstra’s algorithm
guarantees that each fuelbreak that is added in each step is optimal, the combined fuelbreak
system is not necessarily optimal; in this sense, our proposed algorithm can be described
as a greedy algorithm.

We began by applying the algorithm to two artificial forests, demonstrating its per-
formance, followed by its application on several actual forests in Israel. We presented an
extensive analysis of the algorithm’s application on the 2010 Carmel Forest, prior to the
deadly December 2010 fire which claimed the lives of 44 men and women. We demon-
strated the performance of the algorithm and the resulting fuelbreaks when defining several
different maximal forested area values. We found that almost all fuelbreaks proposed by the
algorithm (Figure 7) could have had an effect on the actual 2010 wildfire (Figure 8). While
this is an anecdotal result, it demonstrates the potential of fuelbreaks in wildfire mitigation.
As expected, dividing the forests into smaller sections is more costly and requires the
implementation of longer fuelbreak paths. In some of the forests, we found that the first few
fuelbreaks provided a significant reduction in maximum forested areas at a low cost, while
additional fuelbreaks were substantially less cost effective. This decrease in the marginal
cost effectiveness of fuelbreaks was not found in all forests, especially not in small and
homogeneous forests (Figure 11). We conclude that in some forests, the implementation of
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even a few fuelbreaks has the potential of substantially decreasing wildfire risk, most likely
due to the opportunity of exploiting existing gaps in vegetation and developing them into
effective fuelbreaks at a relatively low cost. However, in some forests, fuelbreak planning
is much more costly due to the shape of the forest and the lack of natural fuelbreaks that
could assist in implementing man-made fuelbreaks (Figure 12).

Finally, the extent to which fuelbreaks should be implemented is an important ques-
tion that merits further research. In the paper, we presented a simplistic model which
demonstrates how the probability of a large wildfire could considerably affect the desired
system of fuelbreaks. It is clear that as extreme wildfires become more frequent, fuelbreaks
are becoming an increasingly effective tool and their implementation should become more
common. An additional factor which should be considered when discussing fuelbreak
necessity is the distribution of wildfires. Studies have demonstrated that power laws can
be found in many fire size distributions [34,35]. Some scholars have identified this property
as evidence of self-organization [36]. Future studies could further research the effect of
fuelbreak implementation, such as those suggested in this paper, on the mechanism of
highly optimized tolerance [34].

We propose several directions for future research which could build on our algorithm
and advance it in several aspects. One limitation of our study was that we assumed a
constant fuelbreak width. The necessary fuelbreak width should vary based on topogra-
phy, vegetation type and regional meteorological characteristics. We suggest that further
research is needed on the effects of these factors on a fuelbreak planning algorithm such
as that suggested in this paper. One such influential factor is topography. Wildfires tend
to spread faster uphill [10,37]. Fuelbreaks are also harder to construct and maintain on
steep slopes [6,38]. Regional wind characteristics, including both velocity and direction,
should be taken into consideration when planning fuelbreaks [39-41]. The effectiveness
of fuelbreaks is also influenced by wind velocity; for example, strong winds could lead
to spotting—burning embers lofted and transported across a fuelbreak [42]. Spotting is
also affected by fuel characteristics [43], a factor that should be considered in the fuelbreak
planning process. Even without spotting, wind velocity affects the probability of a fire
crossing the fuelbreak; when the fire is wind-driven, the convective heat flux is a dominant
mode and tends to increase with wind velocity [44]. Wind direction has a crucial effect on
fuelbreak effectiveness; the ineffectiveness of fuelbreaks with respect to fires spreading in
parallel directions to them is supported both empirically [17,45] and by simulations [39,46].
Although studies have found that the wind direction is not constant in all regions [47,48],
its average velocity and direction should be used to weigh favorable fuelbreak directions
wherever possible. Future studies could integrate these considerations into the fuelbreak
planning algorithm.

Additional research could incorporate a wildfire simulation such as the WFDS [13,14]
or FARSITE [49] into our model and use it to assess the spread of fires under different
fuelbreak systems. Quantifying the regional wildfire risk with or without the fuelbreaks
proposed by the current algorithm could validate the effectiveness of the fuelbreaks and
provide a better comparison to alternative methods. Such quantification could also enable
future studies to optimize the total fuelbreak area as a function of both length and width,
minimizing the total required deforestation.

5. Conclusions

In this paper, we proposed an iterative Dijkstra-based fuelbreak spatial optimization
algorithm. We found that the proposed method has the potential to assist in effective
fuelbreak planning. Fuelbreaks were found to have a decreasing marginal cost effectiveness
as the first fuelbreaks take advantage of existing paths with low-density vegetation. In
addition, the implementation of fuelbreaks had more potential in some forests compared to
others. We believe future research, relaxing the assumptions in the current study, could
develop and improve the suggested method, increase its applicability and prove it to be a
valuable fuelbreak planning tool.
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