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In boreal forests of North America, land managers often carry out preventive

treatments of forest fuel for the protection of human infrastructure from wildfires.

However, these treatments may negatively a�ect other ecosystem services, such

as the capacity to sustain wildlife populations. Here, we examine the e�cacy of a

strategy aimed at preserving a critical movement corridor for boreal woodland

caribou (Rangifer tarandus caribou) in northern Québec, Canada, by raising

high-voltage power line conductors above the forest canopy. To assess the

interplay between the caribou protection objectives and a reduction in power

line’s exposure to wildfires, we developed an optimization model that combines

the objectives of protecting the power line from wildfires via fuel treatments and

maintaining a suitable movement corridor for caribou. The model combines a

critical node detection (CND) problem with a habitat connectivity problem that

allocates a minimum-resistance fixed-width habitat corridor between isolated

wildlife refuges. Our results identify the best locations to perform fire fuel

treatments to lessen the threat of fire damage to human infrastructure while

maintaining a connectivity corridor for caribou in present and future climate

scenarios. The selected fuel treatment locations aimed to mitigate wildfire

exposure to a power line. In small-budget solutions, the exposure of power line

infrastructure to wildfires was reduced by 36–39% in current climate conditions

and by 20–31% in future climate, compared with no-treatment scenarios. Despite

the detrimental e�ects of wildfire on both the industrial asset and caribou habitat,

the approach provides strategies that help achieve a compromise between these

two values. Such knowledge is timely to help mitigate the negative impacts of

climate change on human livelihoods and natural ecosystems.
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human infrastructure protection, wildfire fuel connectivity, woodland caribou, critical
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1. Introduction

Wildfires constitute the dominant natural disturbance agent
in Canada, burning annually, on average, more than two million
hectares (Hanes et al., 2019). Although it is a natural ecosystem
process in many biomes, wildfires can cause significant damage
to human infrastructure and industrial assets (Stocks et al., 2003;
Williams and Bradstock, 2008; Thomas et al., 2017). Wildfires are
thus recognized as a critical risk factor at the wildland–human
interface (Theobald and Romme, 2007; Johnston and Flannigan,
2017). The protection of human infrastructure, such as settlements
and power grids, is critical for maintaining public health and safety
and economic productivity (Campbell and Lowry, 2012; Klinger
et al., 2014). Decision-makers responsible for the protection of
these values, including desired ecosystem services in areas of high
wildfire risk, need tools to effectively reduce potential fire impacts
to these values. Disrupting fuel continuity with fireguards, or
through preventive fuel treatments, such as prescribed burns or
targeted thinning of forest stands, aimed to reduce fire spread and
intensity and hence the potential impacts to values of interest (e.g.,
human infrastructure). The ability of fuel treatments to successfully
reduce the exposure to wildfires depends on many factors, such
as fuel composition, weather, and the configuration and extent
of treatments (Agee and Skinner, 2005; Barros et al., 2019).
Planning fuel treatments for effective protection of values can be
challenging due to the high cost of their practical implementation
and insufficient economic resources available to decision-makers
(Agee et al., 2000; Collins et al., 2010; Beverly et al., 2020).

Fuel treatments in forested ecosystems consist of modifications
to the stand structure, composition, or both, to reduce fuel
connectivity in the landscape around locations of concern and
decrease their exposure to wildfires. However, the fragmentation
and forest composition changes can potentially undermine other
ecosystem services (Kalies and Kent, 2016). For instance, breaking
the connectivity between forest patches may negatively affect
wildlife species sensitive to habitat disturbances. This is the case
for boreal populations of woodland caribou (Rangifer tarandus
caribou), a species that is negatively affected by habitat loss and
forest compositional changes that tend to favor its predators
(such as gray wolves, Canis lupus) and increase competition
with other large mammals, such as moose (Alces americanus)
[James et al., 2004; Wittmer et al., 2005; Environment Canada
(EC), 2012; Environment and Climate Change Canada (ECCC),
2017]. Woodland caribou is listed as threatened under the
Canadian Species at Risk Act [Species at Risk Act (SARA), 2002]
and vulnerable under Québec’s Loi sur les espèces menacées ou
vulnérables [Équipe de Rétablissement du Caribou Forestier du
Québec (ÉRCFQ), 2013]. Recovery efforts to protect caribou
populations are focused on landscape-level conservation of large
areas of undisturbed old-growth coniferous forest and restoration
of local habitat after disturbances (Rudolph et al., 2017; Lacerte
et al., 2021, 2022), measures aimed at reducing the overlap with
alternate prey species and predators [Environment Canada (EC),
2011].

Protecting extensive coniferous forest areas from human
disturbance and preserving wildlife movement corridors with
intact forest cover promote fuel continuity. Hence, the likelihood

of large, high-intensity wildfires in such areas may also increase
(Stockdale et al., 2019; Driscoll et al., 2021), leading to a conflict
between caribou conservation and wildfire-protection objectives.
Here, we consider a typical example of such conflict in the
northeastern part of the province of Québec, Canada, where the
public utility providing hydroelectricity in the province, Hydro-
Québec, has committed to mitigate the impacts of a new 735-
kV power line on caribou habitat connectivity in the vicinity of
the Pipmuacan reservoir. Hydro-Québec has maintained a wildlife
connectivity corridor within the footprint of this power line by
raising the power line’s conductors above the forest canopy, thus
reducing the need for a forest clearing for ∼10 km in an area used
by caribou as a corridor between two areas of high-quality habitat
(Dawe et al., 2022) (Figure 1). Retention of forest cover within
this corridor is intended to facilitate animal movement across
the power line, as linear features such as roads and pipelines are
widely recognized as detrimental to caribou (Dyer et al., 2001, 2002;
Vistnes and Nellemann, 2007; Lesmerises et al., 2013a). This forest
retention under conductors contrasts with the standard practice
of removing trees along the power line to minimize the risk of
wildfire damage.

As climate will likely become more conducive to wildfire
occurrence in Québec’s boreal forest (Boulanger et al., 2014), the
caribou corridor’s exposure to large wildfires is anticipated to
increase substantially (Dawe et al., 2022). There is thus a need to
consider future conditions in wildfire mitigation strategies. The
current and future threat of wildfires to power line infrastructure
(Palm et al., 2022) can be mitigated using forest site treatments
aimed to reduce the continuity of fuels, but at the risk of further
fragmentation of critical caribou habitat, which would negate the
benefits of the connectivity corridor. This necessitates a treatment
plan that minimizes the exposure of human infrastructure to
wildfires while causing the least possible impact to the quality and
connectivity of caribou habitat.

Recently, optimization models have been proposed to prioritize
fuel treatment decisions by minimizing fuel connectivity at the
landscape scale (León et al., 2019; Matsyputa et al., 2019; Pais
et al., 2021; Yemshanov et al., 2021a). In a related fashion,
spatial optimizationmodels have helped design habitat connectivity
corridors by minimizing wildlife movement resistance (Dilkina
et al., 2016; St. John et al., 2018; Yemshanov et al., 2022), estimating
minimum-cost habitat corridors (Lai et al., 2011; Conrad et al.,
2012), and controlling the habitat connectivity in a landscape
using network optimization (Conrad et al., 2012; Dilkina et al.,
2016; Yemshanov et al., 2021b,c). While no optimization-based
fuel treatment models were proposed for northern boreal forests
in Canada, optimization models have supported fuel treatment
planning in the northern mountain conifer forests having an
analogous forest structure and similar rates of occurrence of stand-
replacing wildfires (Wei et al., 2008; Wei, 2012; Gannon et al., 2019;
Yemshanov et al., 2021a).

Here, we present a linear programming model that allocates
fuel treatments to minimize the wildfire exposure to the power line
section intersecting the wildlife connectivity corridor (hereafter,
the area of concern) while minimizing the negative effects to the
wildlife corridor. Following Miller and Ager (2013), we considered
wildfire exposure in the context of the spatial juxtaposition of values
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FIGURE 1

Study area in northeast Québec with a proposed 10 km section of the protected power line.

with fire behavior, such as likelihood and intensity, but without
explicitly describing fire effects on those values. We combine
a spatial fuel treatment placement problem that minimizes the
likelihood of wildfire spread to the area of concernwith the problem
of maintaining a corridor between isolated refuges with minimum
pass-through resistance for wildlife. Our methodology leverages
recent advances in optimization to assist with wildfire prevention
decisions (Martell et al., 1998; Wei et al., 2008; Rachmawati et al.,
2015) and target the reduction in wildfire spread and intensity
(Wei et al., 2008; Minas et al., 2014; Rachmawati et al., 2015, 2016;
Minas andHearne, 2016; Alcasena et al., 2018; Gannon et al., 2019).
To find the optimal placement of fuel treatments, we incorporate
the approach of Yemshanov et al. (2021a) where, for all possible
pairs of locations in a forest landscape, we calculate the pairwise
likelihoods of fire spread using a fire behavior simulation model.
Our analyses aimed to support operational activities by finding the
possible options to balance the power line exposure to wildfires
against the wildlife habitat conservation objectives in current and
future climates.

Our methodology builds upon our previous study (Yemshanov
et al., 2021a) by adapting the critical node detection (CND)
problem to degrade the connectivity of fuels in a landscape and
minimize the risk of wildfire spread to the area of concern
with human infrastructure. CND problem characterizes the

vulnerability of networks after the removal of some nodes and has
been applied in many disciplines (Houck et al., 2004; Matisziw
and Murray, 2009; Walteros and Pardalos, 2012). In this study,
we have modified the CND problem to incorporate probabilistic
wildfire behavior information and linked this problem with the
landscape-scale caribou habitat connectivity model.

2. Materials and methods

2.1. Case study

Our case study was located in the area surrounding Hydro-
Québec’s proposed connectivity corridor in northeastern Québec,
Canada (Figure 1). The area included boreal forest (Saucier
et al., 2009) with a disturbance regime dominated by periodic
clear-cut harvesting (Fourrier et al., 2013) and high-intensity
wildfires with return intervals averaging 400 years (Boulanger
et al., 2014). This region includes a vast, poorly regenerated area
that was burned by a wildfire in 1991 (Dawe et al., 2022). The
wildfire’s footprint intersects the caribou distribution range; this
area did not experience fire or substantial human disturbances
(such as road construction or logging) since the wildfire.
Conservation officials in Québec anticipate that the use of this
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FIGURE 2

(A) A landscape network of connected patches (graph) G as a single connected component before interdiction. Network nodes i are shown as

triangles and network edges E connecting nodes i are shown in dark blue; (B) an interdicted graph with two connected components. Large yellow

dots denote the removed nodes; (C) pairwise connections uij between node pairs in the remaining connected components after interdiction (dark

blue lines).

area by caribou will increase as coniferous trees mature. Therefore,
Hydro-Québec is preserving a 10-km caribou connectivity
corridor intersecting the soon-to-be-constructed power
line (Figure 1).

2.2. Spatial placement of fuel treatments as
a critical node detection problem

Consider a forest landscape as a network G of forest patches
(nodes) I, where the connecting arcs (edges) E depict possible
vectors of fire spread between adjacent patches (Figure 2A). Forest
patches are covered by vegetation that could be ignited and support
the spread of wildfires, called fuels in our context. Two nodes i and
jwith fuels, i, j ε I, are connected if the networkG contains the path
of connected nodes with fuels between them. The presence of a path
between nodes i and j indicates a possible spread of a wildfire from
i to j.

We conceptualize the fuel treatments in node i as an area
where measures are implemented, aiming to fragment the fuels in
the landscape and so reduce the likelihood of fire spread through
i, so this impact is equivalent to a removal of that node and
an interdiction of flow through i in network G (Figure 2B). To
minimize the fuel connectivity in network G we solve a critical
node detection (CND) problem that finds the key nodes whose
removal (i.e., areas with fuel treatments) maximally degrades the
connectivity of the fuel network according to a chosen criterion,
such as the number of possible path connections between nodes
(Arulselvan et al., 2009; Veremyev et al., 2014a,b, 2015).

A binary decision variable xi determines whether node i is not
deleted from network G (xi=1 and xi=0 otherwise), and a binary

variable uij, for every pair of nodes i,j, determines whether nodes
i and j are not deleted from the network (uij=1 when xi = xj = 1)
and there is a path connecting i and j (Figure 2C). The total number
of nodes that can be removed from network G is limited by budget
level B (see Table 1 for symbolic notations).

The CND problem evaluates the connections for every node
pair i,j in the network (Figure 3A). While natural fire barriers, such
as rock outcrops, can limit the spread of wildfires, fire behavior in
forest landscapes can be limited by other factors, such as local fuel
loads or weather (Miller et al., 2008; Parisien et al., 2011; Parks et al.,
2011). In a spatial setting, the possible fire behavior can be defined
as a set of plausible ways a fire may spread between all pairs of
locations in network G. For each pair of nodes i and j, one needs to
estimate the likelihood that a fire ignited in node i spreads to node
j, pij. Incorporating this information directly into a contiguous
fuel network is problematic, hence we adapted the approach from
Yemshanov et al. (2021a), which does not alter the fuel network
configuration. For each node i in network G, we defined an area
(a subset2i) of other nodes j that are potential spread destinations
of fires ignited in i (Figures 3B, C). For each node i, we restricted
the evaluation of path connections ij to nodes j—members of subset
2i. The configuration of subsets 2i defines the potential extent of
fires that could spread from i and so the locations of critical nodes
impacting that spread.

We delineated the subsets 2i around each node i using a
fire behavior simulation model (see Supplement S1). We used the
subsets 2i to calculate the likelihoods of fires ignited in node i
to spread to node j, pij (Figure 3C, see Supplement S2). For node
i, subset 2i included the destination node j with the likelihoods
of a fire spread from i, pij > 0. A removal of node with a larger
subset2i around i leads to a greater reduction of wildfire exposure
to other nodes. Also, a node that belongs to a larger number of
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TABLE 1 Summary of the model variables and parameters.

Symbol Parameter/variable name Description

Sets

I Nodes (forest patches) i,j in a landscape network G—potential fuel treatment locations i,j ∈ I

E Edges connecting adjacent nodes in a landscape network G E⊂ I × I

ℵG(i) Connected component (the neighborhood) which includes node i ℵG(i) ∈ I

Θ i Nodes j—potential spread destinations of fires ignited in node i Θ i ∈ I

N Nodes (habitat patches) n,m in a habitat connectivity network n,m ∈ N

Ωnm Vicinity subset of nodesm surrounding the selected path node n within the distance ≤µ Ωn ∈ N

Decision variables

xi Node deletion binary variable (xi = 0 if node is removed and xi = 1 otherwise) xi ∈ {0,1}

uij Binary variable defining that nodes i and j are not removed and there is a path connecting i and j uij ∈ {0,1}

qn Selection of node n as a member of a connected path from the start node 1 to end node N through nodes-forest habitat patches
2, . . . , N-1 (defines the center of the wildlife corridor)

qn ∈ {0,1}

znm Flow through an arc nm between the selected adjacent nodes n andm along the connected pathmn in the center of the corridor znm ≥ 0

wm Surrounding nodesm—members of the vicinity subsetΩnm around each selected path node n within distance ≤µ from n wm ∈ {0,1}

Parameters

pij Fire spread likelihood from node i to node j pij ∈ [0;1]

pijbin Fire spread binary indicator: pijbin = 1 for pij > 0 and pijbin = 0 otherwise pijbin ∈ {0,1}

Q Area of concern where the threat of fires needs to be minimized Q ∈ I

Qi A subset of nodes in the area of concern Q where fires ignited in node i could spread to Qi ∈ I

ci Area of a node i ci = 1 km2

B Node removal (treatment) area limit B> 0

bn Species movement resistance through habitat node n—describes how likely individuals are to move through n bn ≥ 0

1n Binary indicator that defines the locations of possible path placement in area N 1n∈{0,1}

hn Amount of suitable habitat in node n hn ≥ 0

41m Nodes at the border of the area N where a connected path (the center of the wildlife corridor) may begin 41m ∈ {0,1}

4nN Nodes at the border of the area N where a connected path (the center of the wildlife corridor) may end 4nN ∈ {0,1}

γin Binary indicator—defines that node i spatially overlaps with habitat node n (γin = 1 and γin = 0 otherwise) γin∈ {0,1}

M Large positive value M > 0

ψ Scaling factor for fuel treatment and wildlife protection objectives ψ ∈ [0;1]

distinct subsets 2i is more likely to include a fire spread corridor
and so its removal is beneficial for wildfire exposure reduction. In
our infrastructure protection context, we only needed to consider
the possible fire spread to nodes j located in the area of concern Q
(Figure 3D). Hence, for each node i, we only needed to check for
path connections to nodes that are members of both subsets2i and
Q (subset Qi hereafter) (Figure 3D).

To account for the uncertain fire behavior in the area, we
weighted the binary decision variable uij that checks for the
presence of a path between nodes i and j, by the estimated likelihood
of fire spread between i and j, pij. Depending on how decision-
maker may interpret the pij values, we formulated twomanagement
problems minimizing the spread of the most frequent (small)
fires or the largest (rare) fires. The objective function [1] in our
CND problem 1 minimizes the expected number of node pairs
characterizing the possible spread of fires to the area of concern Q

after the removal of B critical nodes in landscape networkG, that is,
as follows:

Problem 1:

min
i∈I
∑

j∈Qi
∑

j6=i

uijpij (1)

i∈I
∑

ci(1− xi) ≤ B (2)

uij ≥ xi + xj − 1 ∀ (i, j) ∈ E, j ∈ Qi, i 6= j (3)

uij ≥
1

M

k∈ℵG(i)
∑

k6=j

ukj − (1− xi) ∀ i ∈ I, j ∈ Qi, i 6= j, (i, j) /∈ E (4)

The CND problem 1 is based on the formulation in Veremyev
et al. (2014a). Constraint [2] limits the total treatment area; term ci

Frontiers in Forests andGlobal Change 05 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1186616
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Yemshanov et al. 10.3389/�gc.2023.1186616

FIGURE 3

(A) Node pairs ij with the origin in node i that are evaluated in the

basic CND problem; (B) potential spread area of fires ignited in

location i. Nodes with the positive likelihoods of a fire spread from

the ignition node i are shaded; (C) likelihoods of a fire spread from

node i with the ignition points to nodes j, pij. Fire spread examples

are based on 100 iterations; (D) likelihoods of a fire spread, pij from

node i with the ignition points to node j in the area of concern Q.

denotes the node area; constraint [3] ensures, for adjacent nodes i
and j, that nodes can be connected (i.e., uij = 1) if neither node is
deleted, and constraint [4] ensures that nodes i and j are connected
if there is a non-deleted node k, k 6=j, in the neighborhood of i,ℵG(i),
as well as nodes with valid path connections to i, such that k and j
are connected. A large positive valueM is needed to keep the right
side of Equation [4] ≤ 1. Note that CND problem does not require
defining the possible flow path(s) between node pairs i,j. Instead,
constraints [3,4] check that i and j remain in the same connected
portion of the network, which implies the presence of a flow path
between i and j.

Weighting the decision variable uij in objective [1] by the fire
spread likelihood pij prioritizes the interdiction of most frequent

fire spread paths to nodes located in area Q. Wildfire spread
depends on the distance between ignition and destination nodes
i and j, which makes it dependent on the linear fire size. In
forest landscapes, the fire-size distribution follows a power law
(Cumming, 2001; Malamud et al., 2005); therefore, CND problem
1 prioritizes the interdiction of the most frequent but small fires.

In the alternative formulation (CND problem 2 hereafter), all
positive pij values are replaced by unary fire spread indicators
pijbin = 1, that is, as follows:

Problem 2:

min
i∈I
∑

j∈Qi
∑

j6=i

uijpij bin (5)

subject to: constraints [2–4].
CND problem 2 considers the possible fires spreading to the

area of concern Q within the subsets 2i (i.e., with pij>0, j ∈ Q)
regardless of their spread likelihood values pij. In gridded networks
like forest landscapes, the number of connections between node
pairs increases quadratically with the linear size of a connected
component. Therefore, for each node, the number of possible long-
distance fire spread paths exceeds the number of possible short-
distance paths, and so the CND problem 2 minimizes the number
of long-distance fire spread paths, which characterize large fires.

2.3. A wildlife corridor placement problem

In the fuel connectivity network, the node size is set with
respect to the coarsest scale of fuel treatment decisions and the
need to account for fine-scale fuel composition and natural fire
barriers. In contrast, the caribou habitat network must consider
larger patches (nodes) with a size sufficient to separate caribou from
predators (Lesmerises et al., 2013a,b; Rempel and Hornseth, 2018).
We defined the habitat network using 7-km2 nodes (Figure 4),
assuming that the caribou corridor may begin in the area of the
proposed Frégate Lake biodiversity reserve to the southeast of the
power line and end in the region with abundant refuge habitat
northwest of the power line (Figure 4B).

We allocated a wildlife corridor using a landscape resistance
concept, which characterizes the relative resistance of the
environment to animal movement in a particular location (Zeller
et al., 2012; Koen et al., 2014; Wade et al., 2015). Resistance can be
depicted as a function of environmental or spatial attributes, such
as the availability of habitat, or geographical distance to the closest
population (Singleton et al., 2002; Royle et al., 2013). Previously,
the resistance concept has been applied to the selection of wildlife
corridors and protected areas in complex landscapes (Dilkina and
Gomes, 2010; Conrad et al., 2012; Dilkina et al., 2016; Yemshanov
et al., 2022).

We formulate a corridor placement problem as a network
flow problem that minimizes total resistance for animals passing
through the corridor. As we set the habitat patch size larger than
the node size in the fuel network G and use different symbolic
notations in our corridor placement problem, we depict a network
N of connected patches (nodes) n with suitable wildlife habitat
(Figure 4). Caribou habitat patches n, n∈N need to be large enough
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FIGURE 4

(A) Landscape network G and the area of concern Q; (B) caribou habitat suitability values in the current and future climate conditions. To improve the

visibility of habitat suitability patterns, the fuel treatment network G in the future climate scenario is not shown. Node-based wildfire exposure

metrics φi (i.e., the ESA and the ignition likelihood): (C) current conditions scenario; (D) future climate scenario.
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to ensure a separation of animals from predators (Vors and Boyce,
2009; Mumma et al., 2017).

Animals can move between neighboring nodes m and n in
landscape N via the nodes’ common boundaries. We depict the
connectivity between nodes m and n as bidirectional pair of arcs
nm, mn and conceptualize the movement of animals as a flow
between adjacent connected nodes. The corridor between two
refuge areas could be of any configuration but must guarantee
that its endpoints are connected to the refuge areas. This was
achieved by finding a connected path in the middle of the corridor
that connects the two locations. We define three types of nodes
in habitat network N: possible locations of the (i) beginning and
(ii) end of the path adjacent to the two refuge areas and (iii)
the nodes where the path connecting isolated refuge areas could
be located (Figure 5A). We introduce an auxiliary start node 1
as a source of the flow through the connected path. Node 1 is
connected to all landscape nodes n—possible locations of the path’s
beginning via arcs 1n. Set41n, n∈N denotes the arcs 1n connecting
node 1 with nodes n—possible locations for the path’s beginning
(Figure 5A). An auxiliary end node, N’, is a recipient of the flow
from node 1 through the connected path and can receive the flow
from landscape nodes m, where the connected path could end, via
arcs mN’. Set 4mN′ , m ∈ N denotes the arcs mN’ connecting the
plausible path’s end nodesm to recipient node N’ (Figure 5A).

After selecting a path, we needed to select a corridor space of
fixed-width µ nodes from both sides of the connected path. For
each node n—a potential location in the connected path, we define
a subset �nm of surrounding nodes m comprising a circle with
radius µ nodes around node n (Figure 5B). For the complete path
of connected nodes n, the union of the corresponding subsets �nm

around each selected path node defines a corridor space of a width
2µ+1.

We define a binary variable, qn, to select nodes n in a path
connecting start node 1 and end node N’ through nodes 2,. . . , N
(qn= 1 and qn = 0 otherwise). The selection of the connecting
path is only allowed within a designated area which ensures
the placement of the whole corridor width in area N. A binary
parameter 1n, 1n ∈ N, defines the locations of possible path
placement in area N (1n = 1 and 1n = 0 otherwise). To track
the path connectivity, we define a binary variable, znm that specifies
flow through arc nm between adjacent nodes n and m along the
path (znm = 1 and znm = 0 otherwise). A binary variable,wm, selects
the nodes m that comprise vicinity subsets �nm surrounding each
selected path node n (wm = 1 and wm = 0 otherwise). Together, the
selected nodes with wm = 1 define the corridor space. In order to
maintain the corridor width within the full length of the proposed
power line section (9–10 km), we set the corridor cross-section to
three nodes, which defines a one-node radius for the subsets, �nm

around the connecting path nodes n (Figure 5B).
For each node n in a landscape N, we calculate a landscape

resistance parameter, bn, that describes how likely animals are to
move through that node, as bn = hmax–hn, where symbol hn defines
the quality of caribou habitat in site n and hmax sets the maximum
possible quality of habitat in a site in landscapeN. We assumed that
animals preferred to move through sites with comparatively high
habitat quality (Cushman et al., 2009, 2013; Rayfield et al., 2010;
Parks et al., 2013).

The corridor placement problem [6] minimizes the total
resistance of the wildlife corridor connected to isolated refuge areas,
i.e.:

min
n∈N
∑

(

wnbn
)

(6)

subject to:

n∈N
∑

znk =
m∈N
∑

zkm ∀ k ∈ N (7)

qn ≤ 1n ∀ n ∈ N,1n ∈ {0, 1} (8)

qm =
∑

n∈{1},N

znm ∀m ∈ N (9)

n∈N
∑

z1n = 1 ∀41n = 1 (10)

m∈N
∑

zmN′ = 1 ∀4mN′ = 1 (11)

wm ≥ qn ∀ n ∈ N|�nm = 1 (12)

wm ≤

n∈N
∑

qn ∀m ∈ N|�nm = 1 (13)

Constraints [7–11] define the path connecting the two refuge
areas and are described in the following lines. Constraint [7]
enforces the connectivity of the selected path (i.e., nodes with
qn = 1) and implies that the amount of flow coming to node k
is equal to the amount of outgoing flow from k. Constraint [8]
stipulates that the path can be allocated through a node n only if
n belongs to a designated area (defined by the binary parameter
value1n = 1), while constraint [9] enforces agreement between the
selection of nodem in the connected path and the selection of flow
to m along the connected path. Constraints [10] and [11] specify
the designated locations for a path’s possible beginning and end.
Constraint [10] ensures that the flow from auxiliary node 1 can only
go to nodes—possible candidates for the beginning of the path—
members of set 41n and ensures that the flow only goes through
one arc (which guarantees a single connected path). Constraint [11]
ensures that the flow from a node m—a plausible candidate for the
path’s end—member of set4mN′ comes to node N’ (the recipient of
the flow) through a single arc.

Constraints [12] and [13] select the corridor space around
nodes n in the connected path. Constraint [12] stipulates that all
nodes m—members of the subset �nm around node n—must be
included in the corridor space if n is located in the connected path.
Constraint [13] specifies that a node m will not be selected for the
corridor if no potential path nodes n that have m in their vicinity
subsets�nm are included in the connected path.

2.4. Combining the CND and corridor
connectivity problems

The habitat network N and fuel connectivity networks G have
different spatial resolutions; therefore, we needed to align the nodes
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FIGURE 5

(A) Corridor connectivity sub-network N; (B) the connected path concept: a vicinity set, �nm, of nodes m around the selected path node n and a

fixed-width corridor connecting two isolated areas (indicated by auxiliary nodes 1 and N’).

in networks G and N in a hierarchical fashion (Figures 4A, B). We
introduced a binary parameter γin to denote the spatial overlap
between node i in fuel network G and patches n in habitat network
N (γin =1 if node i is located in patch n and γin = 0 otherwise). The
joint problem [14] minimizes the weighted sum of the wildfire risk

reduction and wildlife corridor protection goals, that is, as follows:

min



ψ

i∈I
∑

j∈Qi
∑

j6=i

(uijpij)+ (1− ψ)
n∈N
∑

(

wnbn
)



 (14)
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subject to: constraints [2–4,7–13] and

xi ≥
n∈{1},N
∑

γin>0

(wnγin) ∀ i ∈ I (15)

The first term of Eq. [14] denotes the wildfire risk reduction
objective and the second term denotes the corridor protection
objective. Scaling factor ψ defines the relative importance of each
objective, while constraint [15] ensures no fuel treatments (i.e.,
node removal) are placed in the selected corridor space.

2.5. Estimating fire spread likelihoods pij
and caribou habitat suitability

We simulated the behavior of forest fires in a 150-km radius
around the proposed power line section of the connectivity corridor
(Figure 1) and estimated the likelihood of fires spreading from
every patch i to every patch j in the area of concern Q, pij.
Specifically, the area of concern Q included the power line section
in which forest cover was retained to preserve caribou habitat
connectivity, along with a 3-km buffer zone around the power
line (Figures 5A, B). This buffer size was based on the assessment
of likely rates of spread under 95% of plausible fire weather
conditions, assuming a fire ignition escapes fire management action
(i.e., initial attack) (Dawe et al., 2022).

We used the Burn-P3 model (Parisien et al., 2005) to estimate
the fire spread likelihoods pij between node pairs ij in the study
area. The model simulates wildfire events on an annual scale. For
each fire year, the model generates the stochastic ignition locations
and the perimeters of spreading fires (Parisien et al., 2011, 2013)
and have been widely used to evaluate fire prevention strategies
(Riley et al., 2018; Reimer et al., 2019; Yemshanov et al., 2021a).
Burn-P3 implements the fire behavior equations of the Canadian
Fire Behavior Prediction (FBP) System (Stocks et al., 1989; Forestry
Canada Fire Danger Group, 1992) and applies the Prometheus
spatial fire growthmodel to predict fire spread (Tymstra et al., 2010)
(see Supplement S1).

The fire regime in the study area is characterized by
high-intensity wildfires, which primarily occur in the summer.
Lightning-caused fires account for 87% of the total area burned
(Dawe et al., 2022), whereas spring wildfires tend to be human-
caused and contribute to a much smaller proportion of wildfire
activity (Boulanger et al., 2013). We used Burn-P3 to explore
two distinct fire-regime scenarios depicting the current climate
conditions and the future climate for 2070 assuming Representative
Concentration Pathway (RCP) 8.5 climate forcing projection (van
Vuuren et al., 2011) from the global climate model CanESM2,
which is characterized by significant increases in both fire spread
and fire intensity (Dawe et al., 2022). The CanESM2 product is well
adapted to wildfire modeling in Canada and its projections appear
plausible compared with those of other general circulation models
(Boulanger et al., 2018).

We populated Burn-P3 with the fire-regime assumptions from
Dawe et al. (2022) (see Supplement S1). Estimations of future fire
regimes, such as the future number of annual ignitions and the
duration of fire spread, were based on daily fire weather projections

following the methodology of Stralberg et al. (2018) and Wang
et al. (2016). Model calibration was performed heuristically by
adjusting the model inputs to approximate the output distribution
of simulated wildfire sizes to those of the observed historic data.
We used the ignition locations and perimeters of simulated fires at
a 100-meter resolution on a regular grid to calculate the likelihoods
of fire spread, pij, from all locations in our landscape network G to
the area of concern Q (see Supplement S2) (Figures 5A, B). The pij
values did not incorporate the occurrence of short-range spotting
of fires in site j. Although very short-range spotting is incorporated
in the spread equations of the FBP System, long range (>300 ha) is
not considered in this system nor in the Burn-P3 simulation model.
The potential effects of this limitation on the results were muted by
the relatively coarse size of spatial units, which were too wide to
allow widespread spotting.

The vegetation composition for the future climate scenario was
projected using the forest landscape model LANDIS-II (Scheller
et al., 2007) following themethodology of Boulanger and Puigdevall
(2021) (see Supplement S3). In this model, individual tree age
cohorts, which are represented by the intersection of species
and age class, are simulated to grow and die according to
specific ecology profiles. We have composed the initial tree species
composition at a 100-m resolution from provincial forest inventory
maps (see Boulanger and Puigdevall, 2021) and projected forest
succession using the Biomass Succession extension in LANDIS-
II (Scheller, 2013, see Supplement S3). This extension accounts
for tree species’ cohort age, life-history traits, and species-specific
land type responses and simulates changes in cohort aboveground
biomass over time. Predictions of vegetation composition changes
were run from 2020 to 2070 under the RCP 8.5 climate scenario.
We then translated the vegetation composition outputs to fuel types
using the FBP System fuel classification rules (Forestry Canada Fire
Danger Group, 1992).

For each node n, we estimated boreal caribou habitat suitability,
hn using a model developed in Québec by Leblond et al. (2014)
and implemented in LANDIS-II by Leblond et al. (2022), (see
Supplement S3). This model considers forest composition, age, and
human disturbances and accounts for the distance to mines and
roads to estimate a habitat suitability index (Leblond et al., 2014)
(Figure 5B). Figure 6 depicts the analysis flow: We used individual
fire perimeters and ignition points generated with Burn-P3 to
calculate the fire spread likelihoods pij to area Q between all pairs
of locations. Then, the pij values, habitat suitability hn, and subsets
41n and 4mN were used as inputs in the CND model to find the
optimal corridor position and fuel treatment placement.

2.6. Model scenarios

Our baseline scenarios intended to explore the fuel treatment
placement solutions (i.e., the treatments of forest sites equivalent
to fuel node removal) in the study area in the current and future
climate conditions and included the sets of CND problem 1 and
2 solutions with and without the placement of the wildlife corridor
(Table 2). In the corridor scenarios, no fuel treatments were allowed
inside the corridor area. In the “no-corridor” scenarios, the caribou
habitat connectivity objective was omitted and fuel treatments
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FIGURE 6

Analysis workflow. The outputs of Burn-P3 model simulations (the ignition locations and the spatial footprints of simulated fires) were used to

generate a set of fire spread likelihoods pij between all node pairs i,j in a forest landscape. This set, along with the data depicting the habitat network

and the spatial constraints for a caribou corridor placement were used in the CND model to find the fuel treatment placements minimizing the

wildfire exposure to the area of concern.

could be placed anywhere in the area. For a given treatment budget
B, this theoretical scenario indicates the best reduction of wildfire
risk to the area of concern Q.

In ourmodel, the wildlife corridor has a fixed width, is relatively
short, and always linked to two compact refuge locations. This
restricts the possible range of optimal corridor positions, so the
corridor placement between the two refuge areas essentially acts
as a hard spatial constraint on fuel treatment positioning that
reduces the realm of possibilities for fuel treatment decisions.
This is why the emphasis in our study is on node removal in
network G rather than optimizing the habitat corridor connectivity
in network N. We solved the fuel treatment placement problem
with the wildlife corridor placement by prioritizing the reduction
of wildfire exposure to the area of concernQ and setting the scaling
factor value ψ = 0.999 in Eq. [14].

We evaluated a range of fuel treatment budgets, B between 5
and 30 nodes, and compared the treatments’ ability to reduce the
spread likelihood of the largest fires (CND problem 2 objective [5])
vs. the most frequent fires (CND problem 1 objective [1]) in the
area of concern Q. We have also evaluated an alternative problem
formulation which selected the site treatment placements according
to a node-based wildfire exposure metric φi (Figures 4C, D). The
alternative problem minimized the sum of node-based exposure
metric φi across the area, i.e.:

min

[

ψ

i∈I
∑

(φixi)+ (1− ψ)
n∈N
∑

(

wnbn
)

]

(16)

subject to: constraints [2,7–13,15].
We have tested two alternative metrics. The first metric is

the likelihood of ignitions in area Q. This metric indicates the

occurrence of fire ignitions in patch i, as predicted by the fire
simulation model, regardless of the fire size associated with those
ignitions. The second metric minimized the expected spread area
(ESA) to the area of concern Q. For each node i, we estimated the
ESA as a sum of node areas cj in subset Qi, where fires ignited in i
were able to spread, times the likelihoods of spread from i to j, pij,
i.e.:

ESAi =

j∈Qi
∑

pijcj. (17)

We used the ignition locations and fire perimeters simulated
in Burn-P3 to identify the subsets of node j in area Q where fires
ignited in each node i were able to spread (i.e., subsets Qi in CND
problem formulations. The ESA is analogous to the downstream
protection value in Pais et al. (2021), which estimates the likely
propagation area for fires ignited in node i. Comparatively, the ESA
estimated the expected fire propagation area from i from Burn-P3
fire behavior model outputs.

We composed the model in the General Algebraic Modeling
System [GAMS (GAMS Development Corporation), 2021] and
solved it with the GUROBI linear programming solver [GUROBI
(Gurobi Optimization Inc), 2021]. The model was run for 18 h or
until reaching an optimality gap of 0.05%, whichever came first.
Most solutions reached the optimality gap within 8 h.

3. Results

The patterns of possible fire spread vectors between all node
pairs ij, along with the fire spread likelihoods pij to the area
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TABLE 2 Model scenarios.

Scenario Corridor
placement

Management
priority

CND problem scenarios

“No-corridor” scenarios:
CND problem constraints [2-4] only, no-corridor connectivity constraints;
fuel treatments are allowed anywhere in the study area

Problem 1∗ (objective [1]) None Fuel treatments

Problem 2∗ (objective [5]) None Fuel treatments

“Corridor” scenarios:
Objective [14] with CND problem constraints [2-4] and corridor
connectivity constraints [7-13,15]; no fuel treatments in the corridor area

Problem 1 Optimal Fuel treatments

Problem 2 Optimal Fuel treatments

Scenarios minimizing the site-based wildfire exposure metric

“No-corridor” scenarios:
Objective [16] with constraint [2] and scaling factor ψ =1.0; fuel treatments
are allowed anywhere in the study area

Min [ignition likelihood] None Fuel treatments

Min [ESA] None Fuel treatments

“Corridor” scenarios:
Objective [16] with constraints [2,7-13,15];
no fuel treatments in the corridor area

Min [ignition likelihood] Optimal Fuel treatments

Min [ESA] Optimal Fuel treatments

∗Problem 1 minimizes the risk of spread of the most frequent fires.

Problem 2 minimizes the risk of spread of the largest fires.

of concern Q appeared too dense to interpret (Figures 7A, C);
therefore, we traced the spread vectors ij and their corresponding
spread likelihoods pij to nearest network edges via a shortest path
algorithm and used these maps to display the treatment solutions.
We first show the fuel treatment solutions without protecting a
caribou corridor (Figures 7B, D; Figure 1 Supplement S4). The
treatments in CND problems 1 and 2 aimed to block fire spread
paths to the area of concern (Figure 7D callout I). In the solutions
with the caribou corridor, the corridor occupied the central portion
of the area of concern and fuel removal could only be done in
the periphery of the area Q or outside (Figure 8; Figures 2, 3
Supplement S4). For current conditions, the treatments tended to
block the arrival of fires from the northeastern part of the area,
which contains a large accumulation of fuel (Figures 8A, B).

The climate change scenarios showed more distinctions
between the solutions to problems 1 and 2 than the current
conditions scenarios (Figures 8C, D). In problem 2, which
minimized the spread of the largest fires, fuel treatments tended to
block the potential spread of fires from the southwestern part of
the area. The landscape in this area is expected to develop from its
current early regeneration state into more fire-prone vegetation in
the next 50 years. In the problem 1 solution, which minimized the
spread of most frequent fires, the treatments were allocated near the
power line section on both sides of the corridor.

In small-budget solutions, the treatments yielded a potential
reduction of the power line exposure to wildfires of 36–39% in

current conditions and of 20–31% in future climate compared
with the no-treatment scenarios (Table 3). Comparatively, fuel
treatments guided by the site-based fire exposuremetric φi were less
contiguous than the treatments in CND solutions. In the solutions
based on the site-based wildfire exposure metric, treatments
targeted the nodes with the highest φi values without blocking the
most threatening fire spread corridors to the area of concern and
yielded a lower reduction of wildfire exposure:18–30% in current
conditions and 9–15% in future climate vs. the no-treatment
scenarios. The CND solutions allocated a sizeable proportion of
treatments in clusters aiming to block the most threatening fire
spread paths to the area of concern Q from the southwestern and
northeastern directions (Figures 7, 8). In some locations, such as
the southwestern corner of the area of concern, the fuel treatments
acted as firebreaks blocking a narrow segment of forest vegetation
that may help the propagation of wildfires arriving from a large
region southwest of the power line (Figures 7D, 8C).

We compared the treatment scenarios based on the metric of
the potential spread of the largest fires (i.e., objective [5]) and
most frequent fires to the area of concern Q (objective [1]) as
a function of the treatment budget (Figure 9). The solutions to
CND problems 1 and 2 showed the best capacity to reduce the
risk of fires spreading to the area of concern in both current
and future climate conditions (Table 3). Without the protection
of a corridor, the solutions minimizing the likelihood of ignitions
showed the worst performance (Figure 9A). This illustrates that
spatial information related to fire ignitions is not sufficient to
effectively plan preventive measures for wildfire protection because
the ignition likelihood is not always a good predictor of patterns
of wildfire perimeters. The solutions minimizing the ESA showed
better performance in the current conditions, no-corridor scenarios
(Figure 9A) compared with solutions minimizing the likelihood of
ignitions. In the corridor solutions, increasing the budget above
10 nodes in current condition scenarios and above five nodes in
future climate scenarios did not significantly improve the efficacy
of treatments (Figure 9B; Table 3). More site treatments are thus
likely to be allocated at farther distances from the power line, which
reduces their effectiveness (Figure 3 in Supplement S4).

We also explored the performance of treatments in
terms of reducing the spread of the largest fires, as well as
reducing the spread of the most frequent fires (Figure 10).
The solutions minimizing ESA performed better than the
solutions minimizing the likelihood of ignitions in reducing
the spread of the most frequent fires, but not as well as
CND problem solutions. Adding a wildlife corridor reduced
the performance of CND problem solutions except under
current conditions, where it had almost no impact on the
capacity to reduce the spread of the largest fires (Figure 10A,
callout I).

Fuel treatment placements were less effective in reducing the
exposure to wildfires in future climate conditions (Table 3). Climate
change assumptions also impacted the placement of the wildlife
corridor (Figure 8). In current conditions, the northeastern part
of the area had the highest burn probability, which caused the
placement of treatments in this area (Figures 8A, B). In the future
climate scenario, the forest stands in proximity to the entire
corridor were predicted to mature to an older age and become
a higher quality habitat for caribou but also more susceptible to
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FIGURE 7

Optimal treatment solutions in no-corridor scenarios: (A) maps of fire spread likelihoods in current climatic conditions without treatments; (B)

optimal treatments solutions in current conditions; (C) maps of fire spread likelihoods in future climate scenarios; (D) optimal treatments solutions in

future climate scenarios. The optimal solutions are shown for the treatment budget B = 10 nodes. Callout I shows the treatments blocking the

potential fire spread paths to the area of concern.

fire; hence, the treatment placements in future scenarios aimed to
protect both sides of the corridor.

The fuel treatment placements in the solutions minimizing the
ESA resembled problem 1 solutions (Figure 8). This is because

both models used the fire spread likelihoods between node
pairs, pij when calculating the subsets Qi. We also evaluated a
scenario that minimized the likelihood of fire ignitions in the area
of concern (Figures 8B, D). This strategy consistently removed
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FIGURE 8

Optimal treatment solutions in wildlife corridor scenarios. Current

climate conditions solutions: (A) CND problem 1 and 2 solutions; (B)

scenarios minimizing the site-based wildfire exposure metric φi.

Future climate conditions solutions: (C) CND problem 1 and 2

solutions; (D) scenarios minimizing the site-based wildfire exposure

metric φi (the ESA and the ignition likelihood). The maps show the

solutions for the treatment budget B = 10 nodes.

nodes with the highest likelihoods of ignition; however, as this
scenario did not track the size of the ignited fires, the treatment
solutions did not reduce the likelihood of fire spread to the
area of concern as effectively as in solutions to CND problems
(Table 3). Comparatively, the CND models 1–2 checked for the
presence of a fire spread path between the pairs of locations
and so the treatments tended to block the most threatening fire
spread directions.

4. Discussion

Our scenarios investigated the interplay between protecting
critical infrastructure from fire damage and maintaining a wildlife
connectivity corridor between two isolated refuge areas, for
both contemporary and future (2070s) fire environments. The
constructed mitigation measure consisting of raising the power
line above the forest canopy in order to retain the tree cover
should be beneficial to caribou, but it comes at the expense of
increased fire risk to the power line. The proposed approach
to identify optimal locations of fuel treatments aims to provide
managers a tool to inform the mitigation of—but not eliminate—
such a risk.

A related study examining this management problem (Dawe
et al., 2022) has shown that the current wildfire potential around the
power line section of interest is relatively moderate due to a reduced
fuel load and flammability in the poorly regenerated 1991 burn.
However, Dawe et al. (2022) also showed that wildfire exposure to
the corridor section of the power line was likely to increase in the
upcoming decades due to vegetation regrowth and more frequent
fire-conducive weather (Boulanger et al., 2013). In this context,
our results showed that optimal fragmentation of the network of
flammable fuels near the area of concern using the CNDmodel was
more effective than trying to limit the predicted fire ignitions or
mitigate the potential for large, high-intensity wildfires.

Our results indicate that projected future wildfire regimes
will not only amplify the vulnerability of caribou habitat and
industrial assets to wildfire, but also underscore the need for an
adaptive strategy that considers future changes in the wildfire
risk. This would render fuel treatments less effective because
the fire frequency in future climate conditions is expected to
significantly increase (Flannigan et al., 2009; Boulanger et al., 2014;
Wang et al., 2020). A future reduction in vegetation flammability
associated with warmer and drier climates, namely, through a
shift in dominance from conifers to broadleaf, may partially
offset more severe fire weather (Terrier et al., 2013). However,
projected large-scale vegetation changes are highly uncertain and
the treatments may be less effective at limiting wildfire ignitions
and spread under more severe fire weather conditions of the study
area (Schoennagel et al., 2017; Seidl et al., 2017). Continued—
and possibly increasing—investments in wildfire risk reduction
measures will likely be required to protect both the caribou habitat
and the industrial assets of the study area.

Given that no fuel treatment was allowed in the wildlife
corridor area and that the corridor had to be sufficiently wide,
attaining both conservation management and reducing wildfire
exposure represented a complex tradeoff. This tradeoff is driven
by the need to strategically place firebreaks across a landscape to
prevent future wildfires while keeping the areas of critical habitat
protected (Stevens et al., 2016; Carrasco et al., 2023). In our study
area, the corridor blocks a large portion of the area of concern,
thus leaving a limited area available for treatments. Without the
corridor, we showed that fuel treatment placement strategies were
substantially more effective, and their efficacy increased almost
linearly with the number of treated nodes. Even though the
wildlife corridor prohibited treatment in a large portion of the
area of concern, our results showed a notable reduction in fire
spread potential, even in the scenarios with limited treatable areas.
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TABLE 3 Summaries of fuel treatment problem optimal solutions.

Problem scenario Fire spread potential
(objective value—expected number of path connections between node pairs):

Current conditions scenario Future climate scenario

Largest fires
(objective [5])

Most frequent fires
(objective [1])

Largest fires
(objective [5])

Most frequent fires
(objective [1])

Number of
connections∗

Spread
reduction %∗∗

Number of
connections∗∗∗

Spread
reduction
%∗∗∗∗

Number of
connections∗

Spread
reduction %∗∗

Number of
connections∗∗∗

Spread
reduction
%∗∗∗∗

Treatment budget B = 10 nodes, No corridor, treatments only

Problem 1 4,401 39% 0.045 30% 20,201 28% 0.165 27%

Problem 2 4,613 37% 0.046 28% 19,300 31% 0.166 27%

Min P(ignitions) 5,968 18% 0.054 16% 24,957 11% 0.206 9%

Min [ESA] 5,318 27% 0.045 30% 24,213 13% 0.193 15%

Treatment budget B = 10 nodes, Corridor + treatments

Problem 1 4,553 38% 0.045 30% 22,396 20% 0.186 18%

Problem 2 4,672 36% 0.046 28% 21,642 23% 0.187 18%

Min P(ignitions) 5,721 22% 0.052 19% 23,612 16% 0.197 13%

Min [ESA] 6,201 15% 0.056 13% 21,758 22% 0.190 16%

Treatment budget B = 20 nodes, No corridor, treatments only

Problem 1 3,386 54% 0.030 53% 18,121 35% 0.129 43%

Problem 2 2,676 63% 0.030 53% 16,027 43% 0.129 43%

Min P(ignitions) 5,784 21% 0.052 19% 23,212 17% 0.189 17%

Min [ESA] 4,196 43% 0.035 46% 20,684 26% 0.154 32%

Treatment budget B = 20 nodes, Corridor + treatments

Problem 1 3,998 45% 0.036 44% 18,805 33% 0.15 34%

Problem 2 4,034 45% 0.041 36% 17,378 38% 0.153 33%

Min P(ignitions) 4,644 36% 0.042 35% 20,718 26% 0.174 23%

Min [ESA] 4,963 32% 0.046 28% 20,139 28% 0.172 24%

Best-performing scenarios are highlighted in bold.

Spread reduction % is shown as the proportional decrease of the objective value vs. no treatments solution.
∗X-axis in Figure 6.
∗∗The reduction in fire spread potential was calculated as a difference between the objective [5] values in a given scenario and the scenario with zero removed nodes.
∗∗∗Y-axis in Figure 6.
∗∗∗∗The reduction in fire spread potential was calculated as a difference between the objective [1] values in a given scenario and the scenario with no removed nodes.
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FIGURE 9

Objective value vs. treatment budget (nodes) in present-day and future climate conditions: (A) no-corridor scenarios; (B) corridor placement + fuel

treatment scenarios. X-axis denotes the treatment budget (nodes) and y-axis denotes the fire spread potential (objective functions [5] and [8]). Lower

objective values on y-axis show better outcomes.

The drawback of adding large geographical constraints (such as the
wildlife corridor or protected areas), however, is that some parts of
the area of concern remained exposed to a higher risk of wildfires
(Salis et al., 2016), especially when the size of the area set aside for
wildlife protection is large (Venier et al., 2022). Furthermore, the

treatments, while spatially restricted to the portions of the area of
concern that are outside of the caribou corridor, could serve as a
fireguard for further tactical prescribed burning in the corridor to
reduce the threat of an incoming fire (Agee et al., 2000; Collins et al.,
2010).
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FIGURE 10

Performance of optimal fuel treatment solutions in dimensions of the risk reduction of the largest fires (X-axis) and the most frequent (small) fires

(Y-axis): (A) current conditions scenario; (B) future climate scenario. Callout I shows problem 1 and 2 solutions in no-corridor and corridor scenarios

(appear close). X-axis denotes the spread potential of the largest fires (objective function [5]) and y-axis denotes the spread potential of the most

frequent fires (objective function [1]).

As a compromise approach for maximizing caribou habitat
conservation without significantly reducing the protection
of human infrastructure, one could envision conducting less
impactful but more spatially expansive fuel treatments within the
corridor. These could include a combination of fuel-reduction
strategies, such as forest thinning, mechanical treatment (e.g.,
mulching), conversion to less-flammable vegetation types, or light
surface burning (Ager et al., 2010). However, it is still largely
unknown how some of these “light” treatments could contribute
to the degradation of caribou habitat (Lesmerises et al., 2013b).
Such a recommendation may be more applicable in the context of
non-endangered species or less critical habitat.

Potentially, the cost of fuel treatments in the area of concern
could be mitigated through commercial harvesting practices aimed

to reduce the fuel load (Palma et al., 2007). Exploring the interplay
between timber harvest and wildlife conservation goals has been
previously undertaken using an optimization-based approach
(Acuna et al., 2010; Martin et al., 2017; Yemshanov et al., 2020,
2021b). These models could be enhanced to incorporate the
wildfire risk estimates and used to reconcile conservation and forest
management goals through the mitigation of wildfire risk. Forest
harvesting in particular could be appropriate in situations where
fire exposure is moderate, such as the current conditions in our
study area, so that adequate planning can be deployed across a
multi-year horizon. Such an approach could benefit both forest
companies and power companies by providing profits to the former
and reducing the costs of mitigation to the latter. This would
inevitably come at the expense of reduced habitat suitability for
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caribou (Leblond et al., 2014); hence, an optimization approach
such as the one presented in this study would be advised to
reconcile these values and optimally separating them in space.

4.1. Methodological aspects

Our network interdiction approach incorporates the
uncertainty about possible fire behavior via probabilistic
expectations of possible fire spread, pij, and defining the regions
of possible fire spread (subsets 2i) around each site i. Subset 2i

delineates the possible fire spread from site i, including rare events.
Because the problem minimizes all possible fire spread paths ij to
the area of concern, the treatment solutions create a more robust
fragmentation to block the most threatening fire spread corridors,
superior to solutions targeting individual sites with the highest
wildfire exposure or likelihood of ignitions. This explains the
model’s tendency to allocate some treatments in 2–4-node clusters
acting as firebreaks (even if we did not consider spatial contiguity
constraints for treatments).

Our model used fixed parameter values to depict the habitat
suitability, treatment costs, and fire spread likelihoods in each site;
however, these parameters may be subject to natural variability.
One could consider robust optimization variants of the proposed
formulations to define other parameters as random variables and
represent them with a large set of scenarios of possible outcomes
(Kouvelis and Yu, 1997). These robust models can use the sets of
uncertain habitat values and costs and could provide better support
for economic decisions to manage forest landscapes.

The CND problem is known to be NP-hard for general graphs
(Arulselvan et al., 2009; Veremyev et al., 2015), which restricts the
maximum size of the landscape network the problem can be solved
for. However, the problem size in our infrastructure protection
problem was smaller than the CND formulation for landscape
graphs in Yemshanov et al. (2021a) because the fire spread subsets
2i included only the fire spread paths ij to the sites in the area
of concern Q. The problem size can be further reduced by setting
the threshold pmin for inclusion of fire spread paths slightly above
zero and discarding the rarest, longest fire spread paths which
otherwise would significantly increase the size of subsets 2i and
the problem size.

The solutions to CND problems 1 and 2 depict the end points
of the transition between the aspirations to minimize the spread
of frequent and small vs. rare and large fires. Potentially, decision-
makers can prioritize the likelihood reduction of fires of a particular
range of sizes or fire intensities. To accomplish this, the fire spread
likelihoods pij in the objective function would need an adjustment
by a scaling coefficient based on the distance between i and j or a fire
intensity level characterizing a particular fire spread path ij. This
would help adapt the approach tomanage or change a specific range
of fire regimes or changing landscape configurations, for example,
reducing the likelihood of fires that are too intense or too large to
be extinguished by local fire crews.

The fuel treatment placement solutions generated by the model
are based on fire behavior predictions for a specific single period. In
order to develop multi-period treatment placement prescriptions,
themodel could be applied in sequence. First, the optimal treatment

placement solution could be found for the current period and used
to update the fuel type map, which would then be used as an input
to a fire behavior simulation model to generate a new set of fire
spread likelihoods pij. The fuel treatment problem would then be
solved with the updated pij values to find the optimal treatment
solution for the next period and so on.
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