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Abstract
Industrial forestry activities can increase landscape fragmentation, impacting wildlife populations, particularly Canada’s

woodland caribou, Rangifer tarandus caribou. To protect caribou in areas with forestry activities, the province of Ontario, Canada,
implemented a Dynamic Caribou Harvest Schedule (DCHS). The DCHS spatially aggregates harvest disturbance into regions
and distributes them across the landscape to maintain forest patch size–age distributions consistent with a natural variation
range. However, the DCHS may negatively impact the cost of timber supply. We compared the DCHS with an alternative zoning
approach that assigned the harvest deferral and operational management zones within a large forest area. We compared these
approaches using an optimization model that combined harvest scheduling, access road construction, and caribou protection
sub-problems. We formulated the protection of caribou habitat and road construction as network flow problems, while the
harvesting problem incorporated the ecological constraints prescribed by the forest management plan. We compared the DCHS
and zoning approaches in the Wabadowgang Noopming Forest of Ontario, a boreal area within the caribou distribution zone.
For the same volume of sustainable harvest, the zoning approach protected less total area but more habitat and old-growth
stands over the long term, and yielded lower timber costs by 1.2–2.2 $·m−3 than the DCHS.

Key words: dynamic caribou habitat schedule, habitat connectivity, harvest scheduling model I, woodland caribou, road net-
work management

1. Introduction
Industrial forestry activities in Canada have caused habitat

loss and negatively affected the abundance of some wildlife
species, particularly boreal populations of woodland caribou
(Rangifer tarandus caribou) (Vors et al. 2007). Clear-cut harvest-
ing creates early successional regrowth, which attracts deer
and moose, followed by predators that also prey on caribou
(Wittmer et al. 2007; Beauchesne et al. 2013; Fryxell et al.
2020). Recovery efforts for caribou aim to manage landscapes
to restore age–size distributions of forest patches suitable
as caribou habitat and to eliminate movement corridors for
predators (EC 2011, 2012).

Long-term policies designed to protect caribou in areas of
industrial forestry aim to maintain large patches of mature
conifer forest while aggregating harvest areas, as caribou
tend to avoid disturbed sites (Dyer et al. 2001). This strategy
provides an opportunity for separation from predators (Racey
et al. 1999; OMNR 2009). However, the need to protect habi-
tat for extended periods can reduce the area of productive

forest available for harvesting or add scheduling constraints,
leading to a trade-off between achieving forest management
versus habitat protection goals in a forest landscape (Ruppert
et al. 2016; Yemshanov et al. 2020).

In 2009, the Ontario Ministry of Natural Resources re-
leased the Caribou Conservation Plan (CCP) with directions
to maintain naturally occurring low densities of alternate
prey (moose and deer) and caribou predators (OMNR 2009).
The CCP enhances the forest management planning process
with a variety of tools and guidelines, such as the require-
ments for silviculture, harvest deferrals, decommissioning
strategies for forest roads, and a dynamic caribou habitat
schedule (DCHS) in the harvest plan. The DCHS is used
primarily as a tool to encourage spatial separation of moose
and deer from areas inhabited by caribou. Over several
20-year periods, the DCHS aggregates harvest disturbance
into relatively few, compact regions distributed across entire
forest management units, designed to be surrounded by
areas with undisturbed habitat. The DCHS delineates harvest
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regions over a long planning horizon and is updated every
10 years or sooner if there is a major disturbance (Martell
et al. 1998; Baskent and Keles 2005).

Aggregating harvest within DCHS regions aims to main-
tain connectivity between undisturbed habitat surrounding
the harvested areas, though it offers timber companies some
flexibility to reallocate harvest within the regions. Currently,
the DCHS does not incorporate a dynamic adjustment of har-
vest in response to rapidly changing economic conditions.
Even distribution of DCHS regions across the entire managed
area necessitates the construction of access roads to remote
harvest locations, which has implications on the cost of tim-
ber supply. Once built, forest roads are likely to remain used
by the public, and their continued availability increases the
hunting efficiency of predators by allowing them to move
farther and faster into caribou habitat (Courbin et al. 2009;
Houle et al. 2010; Dickie et al. 2017).

An alternative to DCHS is the zoning approach, which
protects caribou habitat by partitioning the forest landscape
into a harvest deferral zone and an operational management
zone where timber harvesting is permitted. A variant of the
zoning approach is currently under consideration in the
province of Québec, Canada, where caribou habitat would
be maintained in contiguous areas near the northern limit
of commercial forests in the boreal caribou range (GoC 2020;
MFFP 2022). This approach considers the current state of the
habitat while adjusting forestry practices to meet targets
for restoring caribou habitat. Compared to the DCHS, this
approach strives to defer harvest in large forest regions
containing the high-quality habitat that is most crucial for
caribou, and to temporarily protect habitat connectivity
corridors. The management zone includes the areas with the
highest levels of human disturbance, which helps reduce the
harvest footprint. Periodically, the harvest deferral and man-
agement zones can be reconfigured in response to changes
in habitat quality and forest composition.

In this study, we compared the DCHS and zoning ap-
proaches in terms of their habitat protection capacity and the
cost of timber supply, under constraints consistent with cur-
rent forest management planning practices, using optimiza-
tion (Ohman 2000; McDill et al. 2016). Optimization models
are frequently used in forest planning, including in situa-
tions where planners are faced with competing or conflicting
objectives, such as maintaining adequate harvest levels but
also sufficient habitat protection. For example, some models
have addressed the habitat protection objective by applying
habitat adjacency restrictions to harvested sites (McDill et al.
2002; Snyder and ReVelle 1997) and maximizing the area of
protected habitat by selecting among the plausible habitat
clusters (Tóth et al. 2009). Other models have enforced the
connectivity of protected habitat by selecting a contiguous
set of landscape patches that cover a desired habitat amount
(Onal and Briers 2006) or maximizing the desired proper-
ties of the habitat network (Cerdeira et al. 2005; Toth et al.
2011).

A common approach to managing habitat connectivity
in a forest planning problem is to depict a landscape as
a spatial network of habitat patches interconnected by
arcs——indicating potential wildlife movement corridors——and

Fig. 1. Case study area——Wabadowgang Noopming Forest
Management Unit, Ontario (shaded). The map was created us-
ing ESRI ArcMap version 10.3 and used Canvec base layers
(NRCan 2019).

enforce connectivity between patches by solving a network
flow model for the system (St. John et al. 2016; Yemshanov
et al. 2020, 2021a, 2021b). This follows the approach out-
lined by Sessions (1992), which depicts the connected habi-
tat as a Steiner network and finds a sub-graph of connected
patches that maximizes a chosen conservation management
metric under spatial and harvest planning constraints (St.
John et al. 2016; Yemshanov et al. 2020, 2021a, 2021b). This
network optimization approach also relates to the contigu-
ous protected reserve problem of Jafari and Hearne (2013),
as well as to the network flow models of Conrad et al. (2012)
and Dilkina et al. (2016), which find minimum-cost corridors
for a set of isolated habitats. Other studies solved a joint
habitat protection and forest planning problem by applying
a sequence of heuristic and optimization models (Ruppert
et al. 2016; Martin et al. 2017). For each period, a heuris-
tic model calculated the habitat priority map, followed by
solving a harvest planning problem. At the next period, the
harvest solution updated the forest composition and then
the heuristic model was applied to calculate a new habi-
tat map, followed by re-solving the harvest problem and
so on.

We applied a network optimization approach to compare
the DCHS and zoning approaches in the Wabadowgang Noop-
ming Forest of Ontario, a boreal forest area with existing cari-
bou habitat (Fig. 1). Our model formulation goes further than
abovementioned examples and includes three sub-problems

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
SD

A
N

A
L

B
F 

on
 1

1/
03

/2
3

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cjfr-2022-0272


Canadian Science Publishing

Can. J. For. Res. 00: 1–23 (2023) | dx.doi.org/10.1139/cjfr-2022-0272 3

Fig. 2. An example of Dynamic Caribou Harvest Schedule
(DCHS) regions for Wabadowgang Noopming Forest Manage-
ment Unit. Region I can be harvested in any period. The pro-
tected areas with no DCHS plan are not shown. The map was
created using ESRI ArcMap version 10.3. Base map layer was
provided by NorthWinds.

that represent practical considerations in the face of
somewhat conflicting objectives (e.g., the need for roads
for harvest versus wildlife habitat protection). We formu-
late a harvest planning problem with habitat connectivity
requirements, a protected area target and a set of harvest sus-
tainability constraints, as prescribed in the Wabadowgang
Noopming Forest Management Plan (FMP) (OMNR 2014a,
2014b; NorthWinds 2021). The harvesting problem finds the
maximum timber volume that can be harvested, subject
to sustainability requirements prescribed by the FMP. This
formulation gives timber companies maximum flexibility of
operations within the limits approved by the FMP. The actual
harvest levels may be lower than these limits, and we have
tested a scenario with the harvest volume levels anticipated
in present conditions.

2. Materials and methods
Protecting caribou habitat in areas of clear-cut harvesting

requires creation of interconnected undisturbed corridors
that allow caribou to travel and avoid predators (Saher
and Schmiegelow 2005; Beauchesne et al. 2013). Under the
DCHS approach, this is achieved through even placement
of compact harvestable regions across the landscape while
retaining a matrix of unharvested forest between these
regions. The harvestable status of regions is changed every
20 years (Fig. 2). By comparison, the zoning approach de-
lineates larger areas with deferred harvest based on their
assessed quality as caribou habitat, and these areas may stay

undisturbed over longer periods. We conceptualize habitat
protection in the zoning scenario as a connected pattern
of protected forest habitat with the total protected area
equal to a desired conservation threshold. We depict a forest
landscape as a network of J forest patches (or nodes) over a
timespan of U periods where any pair of adjacent patches
containing habitat is connected by arcs. A patch j, j ∈ J, is
characterized by the amount of suitable caribou habitat in
period u, β

′
ju, u ∈ U, which is the habitat suitability to support

caribou populations times the patch area.
Individual patches j must be sufficiently large to ensure

the separation of caribou from predators (Lesmerises et al.
2013), so the patch size was set compatible with the daily
distances covered by the animals (i.e., 5000–10 000 ha) (Rettie
and Messier 2001; Rempel and Hornseth 2018). The suitability
of habitat to support animals in patch j depends on the com-
position and age of the forest in j in period u (Ferguson and
Elkie 2004a, 2004b; OMNRF 2015). Clear-cut harvesting tem-
porarily degrades the caribou habitat by increasing predation
risk until forest cover matures in 40–60 years (Wittmer et al.
2005; Latham et al. 2011).

In each period u, the landscape J is divided into a har-
vest deferral zone Jdefer with interconnected habitat and a
management zone Jmgmt where harvest is allowed. Zoning
decisions are reconsidered for every period u. All patches in
the harvest deferral zone in period u need to be connected.
We depict the connectivity between adjacent patches j and
k as a bi-directional pair of arcs, jk and kj, and conceptualize
the connectivity between the patches as a flow through
a sub-network of connected patches j in period u. A binary
variable wkju indicates that flow can pass through an arc kj
between patches k and j in period u in harvest deferral zone
Jdefer. A non-negative variable ykju defines the amount of flow
through arc kj. An auxiliary Node 0 is introduced to inject
the flow into the sub-network of patches in zone Jdefer to
maintain their connectivity. It is connected to all patches
j and could pass the flow to any selected patch (Figs. 3a
and 3e).

Similarly, all patches in the management zone Jmgmt must
be accessible from locations where permanent roads enter
the area, which enforces the contiguity of set Jmgmt. A binary
variable vkju defines the connection between the patches k and
j in the management zone Jmgmt, and a non-negative variable
zkju characterizes the flow amount through arc kj in period u.
The management and harvest deferral zones do not overlap
except at Node 0 (Fig. 3e).

The zoning problem allocates the connected harvest defer-
ral and management zones to maximize the amount of habi-
tat in the deferral zone, subject to the target area proportion
designated for habitat protection, δ, δ ∈ [0;1], i.e.,

max f1

∑
u∈U

∑
j∈J

∑
k∈Qj

(wk jβ
′
ju ) −

∑
u∈U

f2(p1u + p2u )(1)

such that

Jdefer is connected(2)

Jmgmt is connected(3)
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Fig. 3. (a) The network flow model concept. Arrows show the set of arcs——potential connections between the neighboring
patches in the habitat network. Dashed arrows show connections from Node 0 to patches n in the network, which are used
to inject the flow into the network. Bold arrows in red show the flow injected from Node 0 through the selected connected
patches. Patches outlined in red show the selected connected patches. (b) The concept of an adjacency set Qj around a patch j;
(c) spatial alignment between harvestable sites n (forest inventory polygons) and habitat patches j; (d) the subsets of harvestable
sites n that are located in distinct habitat patches j. Set Nj includes harvestable sites n located in patch j. When patch j is in
the harvest deferral zone, no harvest is allowed at any site n inside patch j; (e) connectivity network between patches j and an
example of network flow from Node 0 through the selected connected patches in the harvest deferral and the management
zones. Figs. 3c–3e depict the same area.
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p1u ≥
∑
j∈J

w0 ju − 1 ∀ u ∈ U(4)

p2u ≥
∑
j∈J

v0 ju − θ ∀ u ∈ U(5)

∑
k∈Qj

vk ju +
∑
k∈Qj

wk ju = 1 ∀ j ∈ J, u ∈ U(6)

∑
k∈Qj

vk ju ≥ � j ∀ u ∈ U, j ∈ J(7)

∑
j∈J

� j

∑
k∈Qj

vk ju ≥ 1 ∀ u ∈ U(8)

0.95δ
∑
j∈J

α′
j ≤

∑
j∈J

∑
k∈Qj

(wk juα
′
j ) ≤ δ

∑
j∈J

α′
j ∀ u ∈ U(9)

Objective (1) maximizes the total amount of connected
habitat in the area minus the penalties p1u and p2u (see
Appendix A). Penalty p1u denotes the number of connections
to Node 0 above one in the deferral zone in period u. Penalty
p2u defines the number of connections to Node 0 in the man-
agement zone above θ nodes in period u, where θ is the total
number of nodes with access points where roads enter the
managed area. The coefficients f1 and f2 are scaling factors
that adjust, respectively, the relative priorities for the objec-
tive term and the penalties (Appendix A). Table 1 lists the sym-
bolic notations.

Equations 2 and 3 specify that the harvest deferral and
management zones Jdefer and Jmgmt must each be contigu-
ous (see the formulation of eqs. 2 and 3 in eqs. A2.1–A2.4 and
A3.1–A3.4 in Appendix A). Constraints (4, 5) define penalties
p1u and p2u. Constraint (6) specifies that patch j can only be a
member of the harvest deferral or management zone in pe-
riod u but not both. Subset Qj denotes patches k and an aux-
iliary Node 0 that are connected to patch j and can transmit
flow to j (Fig. 3b). Constraint (7) ensures that the management
zone includes patches j with permanent roads, as identified
by the binary parameter � j = 1. Constraint (8) specifies that
the management zone includes at least one patch in period u
where roads enter the area. A binary parameter �j = 1 defines
patches j with access points where permanent roads enter the
area. Constraint (9) sets the target proportion of the harvest
deferral area in period u to [0.95δ; δ], where α

′
j is the area of

patch j.

2.1. Harvest planning model
Forest sites in the management zone can be harvested for

timber. In boreal Canada, harvest planning is implemented
at the scale of individual clear-cut blocks (NFD 2019). We de-
pict the landscape as a set of N harvestable forest sites n cov-
ering the same area as the J patches in the zoning problem
(eqs. 1–9) (Fig. 3c). The area of harvestable site n is smaller
than the area of patch j (Fig. 3c); each patch j includes Nj sites n
(Fig. 3d).

The harvest schedule covers a timespan of T periods,
t = 1,…,|T|, where |T| is a cardinality of set T. We only consider
clear-cut harvest, which is the most common harvest type in
Canada (NFD 2019), and assume binary harvest decisions in
site n. For each site n, with a forested area an, we define a set

of harvest prescriptions I, i = 1,…,|I|, that represents all pos-
sible sequences of silvicultural events over a timespan T. A
binary variable xni selects whether a prescription i is applied
in site n over T periods.

For each site n, prescription i provides tree species com-
position, age, the volume of harvested softwood (γ 1nit) and
hardwood (γ 2nit) timber in period t, and a cash flow ϕni from
harvesting n over T periods minus harvest, hauling, and re-
generation costs, i.e.,

φni = αn

∑
t∈T

(γ1nit (ρ1 − σ1n ) + γ2nit (ρ2 − σ2n ) − ηnit )(10)

Symbols ρ1 and ρ2 denote the mill gate timber unit prices
for softwoods and hardwoods, σ 1n and σ 2n are the respective
hauling unit costs from site n, and ηnit is the post-harvest
regeneration cost. We estimate undiscounted cash flow
ϕni to avoid decisions prioritizing near-term profits and
undervaluing long-term sustainability of harvest. The tree
species composition and age define the amount of suitable
caribou habitat in site n in period t, βnit. We also used the
site-based habitat amounts βnit to calculate the amounts of
habitat in patches j in periods u, β ′

ju, in the zoning problem
(eqs. 1–9).

We adapted the harvest scheduling Model I formulation
(McDill et al. 2016) to find an optimal set of harvest prescrip-
tions for area N over timespan T. Our harvesting problem
maximizes net cash flow from managing the forest area N
over T periods, i.e.,

max
∑
n∈N

∑
i∈I

φnixni(11)

s.t.:

∑
i∈I

xni = 1 ∀ n ∈ N(12)

0.85m ≤
∑
n∈N

∑
i∈I

(γ1nit + γ2nit )αnxni ≤ m ∀ t ∈ T(13)

∑
n∈N

(∑
i∈I

[(εni − εT min)αnxni]

)
≥ 0(14)

Constraint (12) ensures that each forest site n is assigned
one prescription only. A non-negative decision variable m de-
fines the maximum volume of timber that can be harvested
in any combination of the area and period t. Constraint (13)
limits the allowable departure from the maximum harvest
level m to 15%. We introduce a minimum average age of for-
est stands in area N at the end of planning horizon T, εTmin ,
and define εni as the forest stand age in site n at the end of
the planning horizon in prescription i, t = |T|. Constraint (14)
ensures that the average age of forest stands in area N at the
end of the horizon t = |T| is greater than or equal to the target
age εTmin .

Forest age composition in area N needs to be aligned with
FMP requirements (NorthWinds 2021), which control the
composition over planning horizon T at the level of forest
type (Appendix B). We define a set of G forest types g, g ∈ G
(|G|=4 types in this case study, see Appendix B), and calculate
the areas of mature and old-growth stands, χgnit and ξ gnit, for

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
SD

A
N

A
L

B
F 

on
 1

1/
03

/2
3

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cjfr-2022-0272


Canadian Science Publishing

6 Can. J. For. Res. 00: 1–23 (2023) | dx.doi.org/10.1139/cjfr-2022-0272

Table 1. Summary of the model variables and parameters.

Symbol Parameter/variable name Description

Sets

J′ Forest patches——members of habitat protection or management zones plus an auxiliary Node 0 j ∈ J′

J Forest patches——members of habitat protection or management zones (excluding Node 0) J ∈ J′

Jroads Forest patches with pre-existing roads Jroads ∈ J

Jdefer Network of patches in the harvest deferral (habitat protection) zone Jdefer ∈ J

Jmgmt Network of patches in the management zone Jmgmt ∈ J

Jaccess Network of patches in the road construction sub-problem Jaccess ∈ J

Qj Adjacent patches k (or Node 0) connected to j, which can transmit flow to j Qj ∈ J

Q +
j Adjacent patches k connected to j, which can receive flow from j Q +

j ∈ J

U Habitat protection and management zone planning periods u u ∈ U, |U| = 5

N Forest sites n——potential candidates for harvesting n ∈ N

G Major forest types g g ∈ G, |G| = 4

T Harvest planning time periods t t ∈ T, |T| = 15

I Harvest prescriptions i i ∈ I

Decision variables

wjku Binary indicator of the connection via an arc jk in period u in the harvest deferral zone wjku ∈ {0,1}

yjku Amount of flow between the adjacent patches j and k in period u in the harvest deferral zone yjku ≥ 0

xni Binary selection of harvest schedule i in site n xni ∈ {0,1}

vkju Binary indicator of the connection via an arc kj in the management zone in period u vkju ∈ {0,1}

zkju Amount of flow between the adjacent patches k and j in the management zone in period u zkju ≥ 0

hkjt Binary indicator of the flow through arc kj (denotes road construction in j) in period t hkjt ∈ {0,1}

qkjt Amount of flow between patches k and j when a road is built from k to j in period t qkjt ≥ 0

bjt Binary indicator of the occurrence of harvest in patch j in period t bjt ∈ {0,1}

m Maximum volume of timber that can be harvested in any combination of area N and period t m ≥ 0

p1u Penalty on the number of connections to Node 0 above one in the harvest deferral zone in period u p1u ≥ 0

p2u Penalty on the number of connections to Node 0 above θ in the management zone in period u p2u ≥ 0

p3t Penalty on the number of patches with roads built above the defined maximum limit τ in period t p3t ≥ 0

Parameters: binary indicators

�j Binary indicator of patches j with access points where permanent roads enter the area �j ∈ {0,1}

� j Binary indicator of patches j with permanent roads � j ∈ {0,1}

�j Binary indicator of patches j with permanent or temporary roads existing in period t = 1 �j ∈ {0,1}

�nj Binary indicator that harvest site n, n ∈ N is in patch j, j ∈ J �nj ∈ {0,1}

�ut Binary time overlap between period u in the zoning problem and period t in harvest planning problem �ut ∈ {0,1}

Xnit Binary indicator that site n is harvested in period t in prescription i Xnit ∈ {0,1}

�nt Binary indicator that site n is harvestable in period t according to the static Dynamic Caribou Harvest
Schedule plan

�nt ∈ {0,1}

Other parameters

βnit Amount of habitat in site n in prescription i in period t βnit ≥ 0

β
′
ju Amount of habitat Bju in patch j in period u (the habitat quality times the patch area) β

′
ju ≥ 0

αn Forest area in harvest site n αn ≥ 0

α
′
j Area of patch j α

′
j > 0

χgnit Area of mature stands of forest type g in site n in prescription i in period t χgnit > 0

ξ gnit Area of old-growth stands of forest type g in site n in prescription i in period t ξgnit > 0

ζ nit Area of young forest stands in site n in prescription i in period t ζ nit > 0

γ 1nit Volume of softwood timber available for the harvest at a patch n in period t in prescription i γ 1nit ≥ 0

γ 2nit Volume of hardwood timber available for the harvest at a patch n in period t in prescription i γ 2nit ≥ 0

ϕni Net cash flow associated with harvesting a patch n according to prescription i ϕni ≥ 0

εni Forest stand age in a site n at the end of the planning horizon if prescription i is applied εni = [0;220]

εTmin Average target age of forest stands in the managed area at the end of the planning horizon T εTmin > 80

δ Target proportion of the harvest deferral area in any period u δ ∈ [0;1]

ρ1 Unit price for softwood timber at the mill gate ρ1 = $70·m−3

ρ2 Unit price for hardwood timber at the mill gate ρ2 = $50·m−3

ηnit Post-harvest regeneration cost in site n in prescription i in period t ηnit ≥ 0

σ 1n,σ 2n Hauling and harvest unit cost at site n for softwood and hardwood timber σ 1n,σ 2n > 0
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Table 1. (concluded).

Symbol Parameter/variable name Description

ψ1,ψ2 Fixed payments per unit of harvested softwood and hardwood timber to the species regeneration fund ψ1,ψ2 > 0

π j Road maintenance cost in patch j in period t (only incurred if harvest occurs in j in period t) π j > 0

λj Road construction cost in patch j λj > 0

τ Maximum number of patches with roads that can be built in period t τ = 5

θ The number of patches with access points where roads enter the study area θ = 2

f1–f3 Scaling factors f1–f3 ∈ [0;1]

M Large positive (big-M) value M > 0

each forest type g in site n in prescription i in period t. Con-
straints (15) and (16) set the minimum target areas χgmin and
ξgmin for mature and old-growth stands in forest type g in pe-
riod t according to the FMP, i.e.,

∑
n∈N

∑
i∈I

χgnitxni ≥ χgmin ∀ t ∈ T, g ∈ G(15)

∑
n∈N

∑
i∈I

ξgnitxni ≥ ξgmin ∀ t ∈ T, g ∈ G(16)

The FMP also limits the maximum area of young stands in
the area, ζmax, i.e.,∑

n∈N

∑
i∈I

ζnitxni ≤ ζmax ∀ t ∈ T(17)

where ζ nit denotes the area of young stands in site n in pre-
scription i in period t.

Conifer stands, which represent suitable habitat for cari-
bou (Appendix B) but also high timber value, may not always
regenerate after harvest (Harvey and Bergeron 1989; Carleton
and MacLellan 1994). Replanting enhances regeneration of
conifer stands but is costly. A common practice to cover re-
planting costs in Ontario is to set aside a portion of harvest
revenue via fixed payments per unit of harvested timber to
a special fund that pays for replanting. Thus, the replanting
budget depends on the volume of timber harvested in period
t and cannot exceed the sum of payments to the special fund
from harvest revenue, i.e.,∑

n∈N

∑
i∈I

αnηnitxni ≤
∑
n∈N

∑
i∈I

(αnxni (γ1nitψ1 + γ2nitψ2)) ∀ t ∈ T(18)

where symbols ψ1 and ψ2 denote the fixed payments per
unit of harvested softwood and hardwood timber, respec-
tively, to the special fund. Note that the cash flow value ϕni

in objective (11) already accounts for the regeneration cost
ηnit incurred in site n in prescription i in period t. Since we
have two regeneration options, the prescriptions I include
two subsets with natural regeneration and replanting of har-
vested sites for all sequences of silvicultural events in sites n
(Appendix B).

2.2. Road construction
Harvesting remote areas requires building access roads. We

adapted the model of Yemshanov et al. (2022) to track expan-
sion of the forest road network over timespan T. To reduce
combinatorial complexity, we implement the road construc-

tion problem at the coarse scale of patches j used in the zon-
ing problem (1–9). Since the area of patch j in network J is
larger than the area of a harvest site n, we used a binary pa-
rameter �nj to indicate whether site n is located in patch j
(�nj = 1 and �nj = 0 otherwise) (Fig. 3d).

For each period t, we find a connected subgraph of roads
that start from patches with roads either pre-existing or built
in periods 1,…, t − 1 and end at patches with harvest in period
t. Analogous to the zoning problem (1–9), an auxiliary Node 0
injects the flow into the network of patches with roads. Node
0 is connected to all patches with pre-existing roads where
the construction of new roads could potentially start. The
flow from Node 0 through all patches j with roads ensures
the connectivity of the road network. Binary variable hkjt in-
dicates the selection of flow through arc kj between patches
k and j, which denotes road construction from k to j in pe-
riod t. A non-negative variable qkjt defines the amount of flow
between patches k and j when a road is built from k to j in
period t (i.e., qkjt > 0 when hkjt = 1). Patches j with incoming
flow from other patches or Node 0 compose the road access
network Jaccess in period t, Jaccess ∈ J. The following constraints
control the expansion of the road network over timespan T:

Jaccess is connected(19)

h0 j1 ≤ � j ∀ j ∈ J(20)

h0 jt ≤ � j +
∑

t ′∈[1;t−1]

∑
k∈Qj

hk jd ∀ t ∈ [2; |T|], t ′ ∈ T, j ∈ J(21)

hk jt ≤ 2 − � j − �k ∀ j, k ∈ Jroads, t ∈ T(22)

∑
t ′∈[1;t]

⎡
⎣∑

k∈Qj

hk jd

⎤
⎦ ≥ 1

M

∑
n∈N

(
�n j

∑
i∈I

(xniXnit )

)
∀ t, t ′ ∈ T, j ∈ J, j /∈ Jroads(23)

p3t ≥
∑
j∈J

∑
k∈Qj

(hk jt ) − τ ∀ t ∈ T(24)

∑
k∈Qj

hk jt ≤
∑
u∈U

⎛
⎝�ut

⎡
⎣1 −

∑
k∈Qj

wk ju

⎤
⎦

⎞
⎠ ∀ j ∈ J, t ∈ T(25)
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1 −
∑
k∈Qj

wk ju ≥ 1
T

∑
t∈T

⎛
⎝�ut

∑
k∈Qj

hk jt

⎞
⎠ ∀ j ∈ J, u ∈ U(26)

b jt ≥ 1
M

∑
n∈N

(
�n j

∑
i∈I

(xniXnit )

)
∀ j ∈ J, j /∈ Jroads, t ∈ T(27)

Equation 19 specifies that the patches j in road network
Jaccess must be connected (see the formulation of eq. 19 in
eqs. A19.1–A19.4 in Appendix A). Constraint (20) restricts the
selection of arcs 0j connecting Node 0 to patches j with pre-
existing roads in period t = 1. A binary parameter �j defines
patches with pre-existing roads (�j = 1 and �j = 0 otherwise).
Constraint (21) restricts the flow from Node 0 in periods
t = 2,…,|T| to patches with roads either pre-existing or built
in the previous periods 1,…, t − 1. Subscript t′ denotes time
periods t′ = 1,…, t − 1, t′ ∈ T. Constraints (20) and (21) ensure
that road construction between patches k and j in period t can
only proceed from patches that had roads prior to period t.
Constraint (22) prevents road construction between patches
with pre-existing roads in period t = 1.

Constraint (23) implies that harvesting sites n in period
t in patch j that did not have pre-existing roads (i.e., with
�j = 0) is only possible if the road network is extended to j
during periods 1,…, t. A binary parameter χnit indicates that
site n is harvested in period t in prescription i (i.e., χnit = 1
when γ 1nit + γ 2nit > 0). Subscript t′ denotes time periods 1,…,
t, t′ ∈ T.

Constraint (24) defines penalty p3t for each period t as equal
to the total number of patches with roads built above the
maximum limit τ . The τ value is based on the historical ex-
tent of road construction activities in the area. Constraint (25)
prevents road construction to a patch j if j is in the harvest de-
ferral zone in period t. A binary parameter �ut indicates that
harvest period t occurs within a planning period u in the zon-
ing problem (1–9) (�ut = 1 and �ut = 0 otherwise). Constraint
(26) ensures that patch j is assigned to the management zone
in period u if roads are built in j during the period u. Con-
straint (27) defines a binary decision variable bjt that indicates
harvest in patch j in period t and is used to track the road
maintenance cost in patch j if harvest occurs in j in period t.
The site-level harvest planning model ultimately is reconciled
with the coarser-scale habitat zoning and road construction
at the patch level.

2.3. Full problem formulation
The full problem maximizes the weighted sum of the to-

tal amount of caribou habitat in area N and the net cash
flow from harvest minus road construction and maintenance
costs and penalties p1–p3, i.e.,

max f1

∑
n∈N

∑
i∈I

∑
t∈T

(βnitxni )

+
⎛
⎝∑

n∈N

∑
i∈I

(φnixni ) −
∑
t∈T

∑
j∈J

⎡
⎣b jtπ j + λ j

∑
k∈Qj

hk jt

⎤
⎦

⎞
⎠

−
∑
u∈U

f2(p1u + p2u ) −
∑
t∈T

( f3 p3t )

(28)

subject to constraints (2–9, 12–27) and

1
M

∑
n∈N

(
�n j

∑
i∈I

(
xni

∑
t∈T

(�utXnit )

))
≤ 1 −

∑
k∈Q j

wk ju ∀ j ∈ J, u ∈ U(29)

The first term in objective (28) estimates the total amount
of habitat, the second term denotes harvest revenue minus
the road construction and maintenance cost, and the last two
terms depict the penalties. Symbol π j denotes the road main-
tenance cost in patch j in period t. Since the habitat amount
and harvest revenue have different units, we needed a scal-
ing factor f1 to balance the terms in the objective equation.
The scaling factor f1 is set to 0.1 to give harvest revenue a
slight priority over habitat protection. The use of penalties
p1u, p2u, and p3t in the full problem (2–9, 12–28) is intended to
keep the solution feasible in the presence of errors in the spa-
tial data that otherwise would cause violations of hard con-
straints. In this context, the scaling factors f2 and f3 should
be set sufficiently high to push the model towards a solu-
tion with zero penalties under normal circumstances. The
penalties would be positive in the presence of complex pat-
terns in the underlying spatial data (such as the presence of
isolated harvestable regions or habitat refugia surrounded
by the management zone). The penalty formulation of the
constraints in the network flow sub-problems also helps re-
duce the time to find a feasible solution compared to a hard
constraint formulation. Constraint (29) ensures no harvest-
ing in patches j as assigned to the harvest deferral zone in
period u.

We modified the zoning problem (2–9, 12–28) to follow
the DCHS policy that restricts harvest in site n in period t
to a fixed schedule outlined in the area’s FMP (Fig. 2). For
each harvest site n, a binary parameter �nt defines whether
a site n can be harvested in period t according to the DCHS
plan (�nt = 1 and �nt = 0 otherwise). Constraint (30) restricts
harvest in period t to regions prescribed by the DCHS plan,
i.e.,

∑
i∈I

xniXnit ≤ �ntT ∀ t ∈ T, n ∈ N(30)

The left side of eq. 30 defines the number of harvest events
in site n over horizon T in prescription i.

The DCHS scenario maximizes the cash flow from tim-
ber harvest net of road construction and maintenance costs,
i.e.,

max
∑
n∈N

∑
i∈I

(φnixni ) −
∑
t∈T

∑
j∈J

⎡
⎣b jtπ j + λ j

∑
k∈Qj

hk jt

⎤
⎦ −

∑
t∈T

( f3 p3t )(31)

subject to constraints (12–24, 27, 30) and

∑
k∈Qj

hk jt ≤
∑
n∈N

(
�n j

∑
i∈I

(xniXnit )

)
∀ j ∈ J, t ∈ T(32)

Constraint (32) allows road construction to patch j in period
t only if there is one or more harvest events in patch j during
that period. While the DCHS plan was applied to a set of de-
fined DCHS regions (Fig. 2), road construction was tracked at
the scale of patches j (Fig. 4a). Note that our DCHS scenario
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Fig. 4. Model spatial inputs: (a) patches j with major roads at time t = 0; (b) habitat patch connectivity network in the harvest
deferral zone; (c) site access network in the management zone; (d) hauling times for hardwood timber, hours; (e) hauling times
for softwood timber, hours; (f) habitat amount βnit at t = 0; (g) forest stand age at t = 0. General forest types (g: h) fir-dominated; (i)
lowland conifer; (j) upland conifer; (k) hardwood. The maps were created using ESRI ArcMap version 10.3. Forest composition,
age, and habitat layers were composed using the Ontario Forest Resources Inventory database (OMNRF 2020). Connectivity
network and hexagon layers were composed using Python Geopandas package.
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does not track habitat degradation by roads built through
DCHS regions that were not harvested.

The DCHS problem is simpler than the full zoning prob-
lem, so we solved it first under the ecological constraints
prescribed by the FMP. We then solved a series of zoning
problems using the same set of ecological constraints and
selected the solution with the harvested timber volume clos-
est to the DCHS solution so that both scenarios harvested
roughly the same volume of timber. We also evaluated a
scenario with the anticipated present-day harvest level (0.11–
0.12 M·m3·ha−1 of softwood species). This scenario used the
same set of ecological constraints and helped estimate the
timber supply cost at present-day harvest levels.

The full zoning model included 15.1 k continuous and
10.2 M binary variables before pre-solve. To reduce the solu-
tion time, we first solved the coarse-scale zoning model (1–9)
for a desired deferral area target δ. Then, we solved the full
problem with harvesting and road construction constraints
and fixed decision variables from the previous zoning solu-
tion. This represented a suboptimal solution to the full prob-
lem because the previous zoning solution did not include
feedback from the harvest decisions. However, it provided a
sufficient basis from which to warm start the full problem.
The model was composed in the General Algebraic Modeling
System (GAMS 2022) and solved with the GUROBI linear pro-
gramming solver (GUROBI 2022). We ran the full model on
an HP Gen-10 workstation with dual Xeon Gold processors
for 48 h or until reaching a 0.5% optimality gap (whichever
came first).

2.4. Case study
We compared the DCHS and zoning policies in the Wabad-

owgang Noopming Forest Management Unit (FMU) in north-
western Ontario, Canada (Fig. 1). The area overlaps parts of
the Nipigon and Brightsand caribou ranges (OMNR 2012) and
is moderately fragmented by harvesting. The nearest timber
markets include a sawmill and a pulp mill owned by Reso-
lute Forest Products in Thunder Bay, Ontario, and a proposed
wood pellet plant in Armstrong, Ontario (Neegan Burnside
2014; Bieler et al. 2019).

We estimated the starting values for age, timber volume,
and land cover composition from Ontario’s Forest Resource
Inventory database (OMNRF 2020). The FMU area included
30 393 harvestable sites n. To estimate future timber vol-
umes in harvest prescriptions, we applied yield curves
for northwestern Ontario described in the Wabadowgang
Noopming FMP (NorthWinds 2021). We adjusted the tim-
ber volume by the projected annual losses of forested area
due to wildfires using fire regime zones from Boulanger
et al. (2014). Future forest composition was adjusted by
forest succession rules based on descriptions in the FMP
(Appendix B).

Previous assessments of caribou movement patterns in On-
tario suggested that individuals move regularly over rela-
tively broad regions (Hornseth and Rempel 2015). Therefore,
we depicted patches J as a network of 986 000 ha hexagons
(Figs. 4a–4c). We used the CanVec database (NRCan 2019)
and data provided by NorthWinds Environmental Services to

estimate the locations of major roads (Fig. 4a). We chose a rel-
atively coarse resolution of the road network to reduce the
combinatorial complexity of the problem. The road expan-
sion problem tracked the average per-unit road construction
and maintenance cost in patch j. Based on estimates provided
by Resolute Forest Products (M. Kaiser, pers. comm.), the aver-
age road construction cost in patch j was set to $29 000 km−1

(all costs are in Canadian dollars). Road maintenance costs for
patch j were estimated at $3500 km−1 for each period when
harvest occurred in j. The road cost value in patch j was based
on an estimated median road length of 29 km patch−1.

Hauling costs included an on-site harvest cost of
$24.75 m−3 and costs for delivery of hardwood timber to
a proposed pellet plant in Armstrong, Ontario, and softwood
timber to mills in Thunder Bay, Ontario (Figs. 4d and 4e).
The hauling costs assumed an hourly rate of $125 h−1, a
load capacity of 41 tonne, and 30 min of time each to load,
check, and unload harvested timber (M. Kaiser, pers. comm.)
(Table 2).

The planning horizon T included 15 × 10-year planning
periods. The planning period u in the zoning problem (1–
15) was set to 30 years, each of which included three har-
vest planning periods t, for a total of five periods u over a
150-year timespan. We used Ontario’s Forest Resource Inven-
tory (FRI) database (OMNRF 2020) to calculate the amount
of suitable habitat for caribou in current conditions (Fig. 4f).
Each forest site in the FRI was classified as one of 13 “for-
est units” that depict forest landscape composition classes
(OMNR 2014a) (see Appendix B). Using forest composition and
age, we estimated the amount of suitable caribou habitat in
site n in period t in prescription i, bnit, using a caribou habi-
tat model for Ontario’s Northwest Region (Elkie et al. 2018)
(Appendix B).

Areas of mature and old-growth forest were tracked at
the level of four general forest types g (Figs. 4h–4k): stands
dominated by balsam fir; the lowland conifer group (black
spruce and other conifer-dominated stands in poorly drained
sites); the upland conifer group (conifer-dominated stands
in other topographical positions); and the hardwood group
dominated by deciduous species. For each site n, we esti-
mated the areas of each forest group g reaching mature and
old-growth status in prescription i in period t, χgnit and ξ gnit,
and the proportion of young stands ≤40 years old, ζ nit, from
age and forest composition data generated for prescriptions
i (Table 3).

3. Results
The DCHS and zoning solutions harvested roughly the

same volume of timber (Table 4) but applied different spa-
tial approaches to allocate broad harvest regions (Fig. 5). The
DCHS solution distributed the harvestable regions across
the entire FMU area according to a pre-defined plan (Fig. 2)
to ensure that each region was harvested at least once
over a 100-year timespan. The zoning solution allocated the
harvest deferral zone in areas with the largest amounts
of suitable habitat, and frequently over a longer term.
While the deferral zone was reconfigured every 30 years
(Fig. 6a), 40.2% of the FMU area was kept unharvested for
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Table 2. Summary of scenario inputs.

Assumption Description

Harvest sites n Ontario Ministry of Natural Resources and Forestry (OMNRF)’s Forest Resource Inventory spatial
polygons (potential harvest blocks)——0.1–150 ha (OMNRF 2020)

Temporal resolution t 10-year periods

Planning horizon T 150 years

Initial forest composition and age OMNRF’s Forest Resource Inventory (OMNRF 2020)

Caribou habitat suitability Elkie et al. (2018)——based on forest stand age and forest composition: a score of 1.0 is assigned
for the presence of each habitat type (i.e., useable, preferred, or refuge); the habitat value is the
sum of scores for all habitat types for a given forest composition/age

Habitat patches j 6000 ha hexagons

Minimum forest age when site n achieves
a suitable habitat status

≥40 years after harvest

Timber hauling costs Based on CanVec road network data (NRcan 2019), $125 h−1 hauling rate, 41 tonne truckload,
and 30 min loading, checking, and unloading times

On-site timber harvest cost $24.75 m−3

Projected yield assumptions Forest Management Plan approved by the Province of Ontario (NorthWinds 2021)

Future forest area loss due to fire Fire return intervals from Boulanger et al. (2014)

Even harvest flow range between
planning periods t and t + 1

15%

Table 3. Major forest types and target proportions of mature and old-growth stands.

Retention area target in period t, ×1000 ha

Forest types, g Forest units (as per forest management plan) Mature, χgmin
Old-growth, ξgmin

Fir Balsam fir-dominant conifer stands 0 2.57

Lowland conifers Black spruce lowland, other conifer lowland 14.76 61.86

Upland conifers Black spruce, black spruce conifer-dominant mix, conifer mix, jack
pine-dominant, jack pine mix, red and white pine mix

23.76 117.71

Hardwoods Birch-dominant, hardwood-dominant, hardwood mix, poplar-dominant 9.04 17.13

120 years or longer (Table 5). Changes in the configuration
of the deferral zone were driven by changes in habitat suit-
ability patterns and local timber availability through time
(Fig. 6b).

In general, the DCHS plan aims to keep 40% of the area
as a no-harvest zone with average forest age above 60 years,
which translates to an 80–100-year timespan without harvest
over a 150-year horizon (Table 5, Fig. 7a). In the DCHS sce-
nario, 19% of the area was exempt from DCHS and eligible
to be harvested at any time (Fig. 2, callout I). A similar har-
vest regime was allocated to 39.4% of the area in the zoning
scenario (Fig. 7b). The maximum timespan without harvest-
ing in the DCHS scenario was 100 years, whereas the zon-
ing scenario was able to keep 39.3% of the FMU area with-
out harvest for the entire horizon (150 years). These areas
were located near parks and nature reserves and included the
highest-quality habitat for caribou. In each planning period,
the deferral zone remained connected (Figs. 6b and 7b). Note
that our habitat connectivity network J allowed habitat to
be connected through the protected reserves and provincial
parks adjacent to the harvestable areas (Fig. 4b). This led to
the creation of two deferral regions, one along the northern
FMU border and a smaller region in the southeastern part of

the FMU that is adjacent to nature reserves along the north-
ern shores of Lake Nipigon (Fig. 7b). The management zone
included the fragmented areas with existing roads and pre-
vious history of harvest in the southern and central parts of
the area (Figs. 6a and 7b).

The maximum level of sustainable harvest in the DCHS
and zoning scenarios was 0.25 M·m3·year−1, including
0.15 M·m3·year−1 of softwoods (Table 4). At this level, the
zoning scenario maintained the habitat in the harvest defer-
ral zone over approximately 46% of the area in any period t.
The bulk of the harvest was allocated close to the network
of logging roads in the southern and central portions of
the FMU (Fig. 5b). By design, the harvestable regions in the
DCHS scenario were distributed across the entire FMU area
(Fig. 5a), which necessitated building a larger network of
forest roads than in the zoning scenario (Table 4, Fig. 8a).
The road construction provided access to a larger footprint
than in the zoning scenario (Figs. 7c and 7d). The peak period
of road construction activities lasted longer in the DCHS
scenario, and these activities cost more than that in the
zoning scenario (Table 4, Fig. 8a).

The zoning scenario had 19% less area designated for habi-
tat protection in any period t, yet the area accounted for
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roughly the same amount of habitat βnit (which is the habi-
tat quality times patch area) (Table 4, Fig. 8a). This is because
the zoning scenario protected the highest-quality habitat in
the deferral zone while concentrating the harvest in a 15%
smaller footprint than in the DCHS scenario.

The timber supply unit cost in the zoning scenario was
$1.24 m−3 cheaper than in the DCHS scenario (Table 4). This
difference, while small, approaches the royalties that timber
companies pay to the province for harvesting Grade 2 timber
according to Ontario Crown Timber Charges (OMNRF 2022).
The cost difference was mainly due to higher road construc-
tion costs and a less flexible harvest schedule in the DCHS
scenario, which does not permit full utilization of the avail-
able timber supply in the area.

The replanting budgets were close in both scenarios and
characterized by similar dynamics (Fig. 8b). The zoning sce-
nario utilized the entire replanting budget (97.9%), whereas
the DCHS scenario utilized a lower percentage of the budget
(82.8%) (Table 4). Replanting is more cost-effective in the zon-
ing scenario because the harvest occurred over a smaller area
than in the DCHS scenario.

The behavior of the solutions with present-day har-
vest levels resembled the solutions with maximum sus-
tainable harvest levels (Table 4). These solutions harvested
0.11 M·m3·year−1 of softwoods and 0.05 M·m3·year−1 of hard-
wood species and fully utilized the replanting budget. The
timber supply unit cost in the zoning solution was $2.22 m−3

lower than in the DCHS solution. Both solutions protected
the same amount of habitat (Table 4).

The DCHS and zoning scenarios used the same set of eco-
logical constraints, which explains the relatively minor dif-
ferences in forest age structure between scenarios (Fig. 8c).
Over the long term, the zoning scenario protected a larger
area of old-growth forests but created more young forest
stands in the FMU. This is because the harvest was concen-
trated in a smaller area, while a significant portion of the
FMU in the deferral zone was left unharvested over a long
period.

We did not find significant differences in the composition
of broad forest types g over time between the DCHS and
zoning scenarios (Fig. 9a). Over the long term, the zoning
scenario protected a larger area of old-growth and mature
upland conifer stands (Fig. 9b) and a larger area of old-
growth hardwood-dominated stands (Fig. 9c). This is a result
of long harvest deferral periods across more than 39% of
the FMU under the zoning approach. Since high-quality
habitat for caribou is often represented by mature and old
conifer-dominated stands, setting aside a larger area of
these for habitat protection also helps attain the old-growth
conservation objective.

4. Discussion
Increasingly, Canadian provinces and territories aim to

reduce the negative impacts of forestry activities on boreal
caribou populations by developing dynamic forest plans that
account for habitat connectivity and suitability. Our study
evaluated two distinct but practical management policies
that strive to protect caribou populations in areas of forestry
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Fig. 5. Optimal harvest selection and habitat connectivity patterns in the Dynamic Caribou Harvest Schedule (DCHS) and
zoning scenarios: (a) DCHS scenario and (b) zoning scenario. Regions shaded in green indicate no-harvest regions in period t;
hexagons outlined in bold indicate road construction in period t; red polygons indicate harvest in sites n in period t. The maps
were composed using Python Geopandas package.
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Fig. 6. Optimal configuration of the harvest deferral and
management zones in the zoning scenario: (a) landscape zon-
ing in period u (a 30-year timespan). Green hexagons indicate
the harvest deferral zone and white hexagons indicate the
management zone and (b) habitat amounts in patches j in pe-
riod u. The maps were composed using Python Geopandas
package.

Table 5. Proportion of the Forest Management Unit area by
the continuous protection timespan (years) in Dynamic Cari-
bou Harvest Schedule (DCHS) and zoning scenarios.

Continuous harvest deferral
period over horizon T, years Zoning scenario DCHS scenario

0 39.4% 19.0%

30 12.8%

60 (60–80) 2.5% 12.7%

90 (80–100) 5.2% 68.3%

120 0.9%

150 39.3%

activities. Our intent was not to emphasize the advantages
of either approach but instead offer a methodological frame-
work to compare these (and potentially other) landscape
management policies. The use of the same set of ecological
constraints aligned with the FMP enabled a fair comparison
between the two scenarios.

The DCHS approach concentrates harvest in compact re-
gions distributed across the entire FMU but establishes undis-
turbed caribou habitat around these harvested areas. With
the primary goal of protecting caribou populations, the DCHS
may overlook several economic aspects that impact the cost
of timber supply. Since the DCHS harvest regions are dis-
tributed across the entire FMU area, this requires building
and maintaining a network of access roads, which increases
the cost of timber supply. Furthermore, the DCHS, while try-
ing to protect a desired proportion of the unharvested forest
area, has limited flexibility to adjust the timing and harvest
locations in response to rapid changes in forest composition
or market-driven timber demand. As shown in a previous
study (Yemshanov et al. 2021a), finding the optimal timing
of harvest in DCHS regions helps reduce the timber supply
cost but poses a hard combinatorial problem that requires
further work to make the approach practical. The DCHS sce-
nario was able to maintain a larger unharvested area than
the zoning scenario. However, the network of access roads
created in the DCHS scenario is likely to promote both hu-
man and predator access to undisturbed areas and, in turn,
place further pressure on caribou populations (Dickie et al.
2017).

An alternative zoning approach divides the landscape into
management and harvest deferral zones without enforcing
the allocation of harvest regions across the FMU. Within the
management zone, timber companies have flexibility to re-
allocate harvest in response to rapid changes in timber mar-
kets. Our results indicate that the zoning approach yields a
lower timber cost than the DCHS scenario. The difference
was relatively small in our case study because the DCHS sce-
nario excluded the south-central portion of the FMU from
the DCHS rules (Fig. 2, callout I). This region occupies 19%
of the FMU area and has a fully flexible harvest regime.
The impact of the DCHS rules on timber cost would be
more significant if the entire FMU area was subject to these
rules.

In our zoning scenario, the configuration of the road
network and the distribution of high-quality caribou habitat
translated to a relatively stable designation of the harvest
deferral and management zones over time. Semi-permanent
allocation of the zones over time helps facilitate long-term
protection of high-quality caribou habitat. Although the
zoning scenario protected less total area than the DCHS
scenario in any period t, it protected virtually all areas with
high concentrations of highly suitable habitat.

Our simulations did not account for all possible factors that
might come into play for boreal caribou management. First,
compared to the DCHS, the zoning approach protects less
undisturbed habitat as defined in the recovery strategy for
boreal caribou (EC 2012) that prescribes a 65% undisturbed
habitat threshold. Note that this threshold applies to entire
caribou ranges (which is a broader scale than the extent of
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Fig. 7. Continuous timespan without harvesting, years: (a) Dynamic Caribou Harvest Schedule (DCHS) scenario and (b) zoning
scenario. The timing of access road construction in the harvestable area: (c) DCHS scenario and (d) zoning scenario. Color
shades indicate period t when new roads were built in patch j. The maps were composed using Python Geopandas package.

our study). Other areas outside of the FMU (such as parks and
protected reserves) may contribute to achieving this conser-
vation management threshold. Nevertheless, there exists a
risk that a zoning approach may eventually exclude caribou
from intensive management zones and push animals to har-
vest deferral zones, further reducing their distribution range
(Schaefer 2003; EC 2012). The DCHS allows for a better in-
terspersion of management and conservation zones at the
landscape scale, potentially supporting the co-occurrence of
caribou and timber management over long temporal scales.
However, DCHS promotes more road construction and main-
tains forests at a younger age, on average, than the zoning
approach, meaning that alternate prey and predator species
may be favored to the detriment of caribou (Wittmer et al.
2007). These trade-offs will need to be further evaluated in
the context of caribou conservation. Furthermore, increasing
the forest age in the harvest deferral zone is likely to increase
the fire risk as the fuel accumulation period gets longer. The
zoning approach would likely fail if economic and political
pressures triggered the harvesting in the protection zones

before the end of the harvest plan (here, 150 years). This risk
is always present, as timber industries may struggle to adapt
to external pressures of changes in timber markets and cli-
mate change (Brecka et al. 2020).

Our model formulation followed the ecological sustain-
ability prescriptions as defined in the FMP but used simpler
forest succession rules at the level of major forest types
than the succession rules in the plan. In addition, the
model tracked the road construction cost at a coarse spatial
resolution of habitat patches j, which might misrepresent
local road costs in some areas. The coarse resolution helped
reduce the computational complexity of the road construc-
tion problem, which is known to be combinatorically hard.
Potentially, the problem could be formulated at a higher
spatial resolution than patches j, but this would require
introducing another network set and further increase the
problem complexity. Since we aimed to track the general
road construction feedback at a scale compatible with the
size of DCHS regions, the use of a coarse resolution felt
justified.
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Fig. 8. The dynamics of road construction and replanting
costs, habitat amounts, and the proportions of major forest
age groups over time t: (a) habitat amount and road construc-
tion and maintenance cost; (b) the replanting budget and ac-
tual cost; and (c) FMU area proportion occupied by mature,
old-growth, and young forest stands.
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APPENDIX A. The habitat connectivity
and road construction models

1. Habitat connectivity and site access model
Protecting caribou habitat in areas of clear-cut harvesting

requires creation of interconnected, undisturbed corridors
that allow caribou to travel and avoid predators. The zoning
approach divides the landscape into (i) areas with deferred
harvest based on their assessed quality as caribou habitat and
which may stay undisturbed over longer periods and (ii) a
management zone where harvesting is allowed. We concep-
tualize the protected habitat area in the zoning scenario as a
connected pattern of protected forest with a total area equal
to a desired conservation management threshold. We depict
a forest landscape as a network of J forest patches (nodes) over
a timespan of U periods where any pair of adjacent patches
containing habitat is connected by arcs. A patch j, j ∈ J, is char-
acterized by the amount of suitable caribou habitat in period
u, β ′

ju, u ∈ U, which is the habitat suitability (i.e., to support
caribou populations) times the patch area. The suitability of
habitat to support caribou in patch j depends on the composi-
tion and age of the forest in j in period u. Clear-cut harvesting
temporarily degrades the caribou habitat by increasing pre-
dation risk until forest cover matures in 40–60 years.

In each period u, the landscape J is divided into a harvest de-
ferral zone with interconnected habitat and a management
zone where harvest is allowed. Zoning decisions are reconsid-
ered every period u. All habitat patches in the harvest deferral
zone in period u need to be connected. We depict the con-
nectivity between adjacent patches j and k as a bi-directional
pair of arcs, jk and kj, and conceptualize the ability of caribou
to move between the protected patches as a flow through a
sub-network of connected patches j in period u. A binary vari-
able wkju indicates that flow can pass through an arc kj con-
necting adjacent patches k and j in period u. A non-negative
variable ykju defines the amount of flow through arc kj. Con-
nectivity between the patches is maintained by injecting the
flow into one protected patch and ensuring that all other pro-
tected patches receive flow from that patch (Fig. 3a in the
main text). An auxiliary Node 0 injects flow into the sub-
network of patches in the harvest deferral zone to maintain
their connectivity. Node 0 is connected to all patches j and
can pass the flow to any selected patch (Fig. 3a in the main
text). A patch j is a member of the harvest deferral zone if it
receives incoming flow from any connected protected patch
k or Node 0.

Similarly, all patches in the management zone need to be
accessible from patches with roads, which requires enforc-
ing connectivity between patches in the management zone.
A binary variable vkju defines the connection between the
adjacent patches k and j in the management zone and a
non-negative variable zkju characterizes the amount of flow
through arc kj in period u. The subnetworks of the manage-
ment and harvest deferral zones pull from a shared set of
candidate patches (nodes) J, but the selected patches can only
be associated with either the deferral or management zone,
except auxiliary Node 0 that is used to inject flow into the
selected networks (Fig. 3e in the main text).

The zoning problem selects the connected subnetworks in
the harvest deferral and management zones to maximize the
amount of connected habitat in the deferral zone, subject to
the target area proportion designated for harvest deferral, δ,
δ ∈ [0;1], i.e.,

max f1

∑
u∈U

∑
j∈J

∑
k∈Qj

(wk jβ
′
ju ) −

∑
u∈U

f2(p1u + p2u )(A1)

s.t.:

∑
k∈Qj

yk ju −
∑

k∈Qj
+

y jku =
∑
k∈Qj

wk ju ∀ j ∈ J, u ∈ U(A2.1)

yk ju ≤ Mwk ju ∀ j ∈ J, k ∈ Qj, u ∈ U(A2.2)

wk ju ≤ yk ju ∀ j ∈ J, k ∈ Qj, u ∈ U(A2.3)

∑
k∈Qj

wk ju ≤ 1 ∀ j ∈ J, u ∈ U(A2.4)

∑
k∈Qj

zk ju −
∑
k∈Q +

j

z jku =
∑
k∈Qj

vk ju ∀ j ∈ J, u ∈ U(A3.1)

zk ju ≤ Mvk ju ∀ j ∈ J, k ∈ Qj, u ∈ U(A3.2)

vk ju ≤ zk ju ∀ j ∈ J, k ∈ Qj, u ∈ U(A3.3)

∑
k∈Qj

vk ju ≤ 1 ∀ j ∈ J, u ∈ U(A3.4)

p1u ≥
∑
j∈J

w0 ju − 1 ∀ u ∈ U(A4)

p2u ≥
∑
j∈J

v0 ju − θ ∀ u ∈ U(A5)

∑
k∈Qj

vk ju +
∑
k∈Qj

wk ju = 1 ∀ j ∈ J, u ∈ U(A6)

∑
k∈Qj

vk ju ≥ � j ∀ u ∈ U, j ∈ J(A7)

∑
j∈J

� j

∑
k∈Qj

vk ju ≥ 1 ∀ u ∈ U(A8)

0.95δ
∑
j∈J

α′
j ≤

∑
j∈J

∑
k∈Qj

(
wk juα

′
j

)
≤ δ

∑
j∈J

α′
j ∀ u ∈ U(A9)

Objective (A1) maximizes the total amount of connected
habitat in the area minus the penalties p1u and p2u. Penalty
p1u denotes the number of connections to Node 0 above one
in the deferral zone in period u, which defines the maximum
number of separate connected subnetworks. Penalty p2u de-
fines the number of connections to Node 0 in the manage-
ment zone above θ in period u, where θ defines the number
of patches with access points where roads enter the target
area. This penalty limits the maximum number of disjoint
clusters of connected nodes in the management zone. Coef-
ficients f1 and f2 adjust the relative weights of the objective
and penalties and are set high to force the penalty equations
to work under normal circumstances as hard constraints.
The penalty formulation keeps the problem feasible when a
complex landscape configuration does not allow delineating
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either the management or the harvest deferral zone as a sin-
gle contiguous area.

Constraints (A2.1 and A3.1) describe the flow balance
through patch j in the subnetworks comprising the manage-
ment and harvest deferral zones, respectively, in period u. Set
Qj denotes adjacent patches k and an auxiliary Node 0 that
are connected to patch j and can transmit flow to j, and set
Q +

j denotes adjacent patches k that are connected to patch j
and can receive flow from j. Constraints (A2.2 and A2.3) and
(A3.2 and A3.3) ensure agreement between the amounts of
flow through arc kj in the subnetworks in the management
and deferral zones and the corresponding arc selection vari-
ables wkju and vkju in period u. Constraints (A2.4 and A3.4) aim
to track the flow between the connected patches j and ensure
that the flow to a patch j in the management or deferral zone
comes from at most one source.

Constraints (A4 and A5) define penalties p1u and p2u. Con-
straint (A6) specifies that patch j can only be in the harvest
deferral or management zone in period u but not in both.
Constraint (A7) ensures that the management zone always
includes patches with permanent roads. A binary parame-
ter � j defines patches j with permanent roads (� j = 1 and
� j = 0 otherwise). Constraint (A8) specifies that the manage-
ment zone includes at least one patch in period u where roads
enter the area. This ensures the accessibility of the manage-
ment zone in period u. A binary parameter �j defines patches
with access points to the area (�j = 1 and �j = 0 otherwise).
Constraint (A9) sets the target proportion of the area with de-
ferred harvest in period u to [0.95δ; δ], where α

′
j is the area of

patch j.

2. Forest access roads construction model
Harvesting remote areas requires building access roads. We

track expansion of the forest road network over timespan T
with a network flow model that finds a growing subgraph
of roads connected to the harvested sites for planning peri-
ods t = 1,…,|T|, where |T| is a cardinality of set T. To reduce
combinatorial complexity, we applied the road construction
problem at the coarse scale of the network of patches j we
used in the zoning problem (A1–A9). The forest area includes
a set of harvestable sites n and is also divided into a set of
coarse-scale patches j. The area of patch j in network J is larger
than the area of a harvest site n, so we needed a binary pa-
rameter �nj to indicate whether site n is located in patch j
(�nj = 1 and �nj = 0 otherwise) (see Figs. 3c and 3d in the main
text).

For each planning period t, we find a connected subgraph
of roads that starts from patches j with roads built in previous
periods 1,…, t − 1 and ends in patches with harvest in period
t. Analogous to the habitat connectivity problem (A1–A9), an
auxiliary Node 0 injects the flow into the network of patches
with roads. Node 0 is connected to all patches with roads
where the construction of new roads could potentially start.
The flow from Node 0 through patches with roads ensures
the connectivity of the road network. A binary variable hkjt in-
dicates the selection of flow through arc kj between patches
k and j, which denotes road construction from k to j in pe-
riod t. A non-negative variable qkjt defines the amount of flow

between patches k and j when a road is built from k to j in
period t (i.e., qkjt > 0 when hkjt = 1 and qkjt = 0 when hkjt = 0).
Patches j with incoming flow from other patches or Node 0
form the road network in period t. The following constraints
control the expansion of the road network over timespan T:∑

k∈Qj

qk jt −
∑

k∈Qj
+

q jkt =
∑
k∈Qj

hk jt ∀ j ∈ J, t ∈ T(A19.1)

qk jt ≤ Mhk jt ∀ j ∈ J, k ∈ Qj, t ∈ T(A19.2)

hk jt ≤ qk jt ∀ j ∈ J, k ∈ Qj, t ∈ T(A19.3)

∑
k∈� j

hk jt ≤ 1 ∀ j ∈ J, t ∈ T(A19.4)

h0 j1 ≤ � j ∀ j ∈ J(A20)

h0 jt ≤ � j +
∑

t′∈[1;t−1]

∑
k∈Q j

hk jt′ ∀ t ∈ [2; |T|] , t ′ ∈ T, j ∈ J(A21)

hk jt ≤ 2 − � j − �k ∀ j, k ∈ Jroads, t ∈ T(A22)

∑
t′∈[1;t]

⎡
⎣∑

k∈Qj

hk jd

⎤
⎦ ≥ 1

M

∑
n∈N

(
�n j

∑
i∈I

(xniXnit )

)

∀ t, t ′ ∈ T, j ∈ J, j /∈ Jroads

(A23)

p3t ≥
∑
j∈J

∑
k∈Qj

(
hk jt

) − τ ∀ t ∈ T(A24)

∑
k∈Q j

hk jt ≤
∑
u∈U

⎛
⎝�ut

⎡
⎣1 −

∑
k∈Q j

wk ju

⎤
⎦

⎞
⎠ ∀ j ∈ J, t ∈ T(A25)

1 −
∑
k∈Qj

wk ju ≥ 1
T

∑
t∈T

⎛
⎝�ut

∑
k∈Qj

hk jt

⎞
⎠ ∀ j ∈ J, u ∈ U(A26)

b jt ≥ 1
M

∑
n∈N

(
�n j

∑
i∈I

(xniXnit )

)
∀ j ∈ J, j /∈ Jroads, t ∈ T(A27)

For convenience, the numbering of equations follows the
numbering in the main text. Constraints (A19.1–A19.4) en-
force the connectivity of the road network and work anal-
ogously to constraints (A2.1–A2.4) in the habitat connectiv-
ity problem. Constraint (A20) restricts the selection of arcs
0j connecting Node 0 to patches j with pre-existing roads
in period t = 1. A binary parameter �j defines patches with
pre-existing roads (�j = 1 and �j = 0 otherwise). Constraint
(A21) restricts the flow from Node 0 in periods t = 2,…,|T|
to patches with roads either pre-existing or built in the pre-
vious periods 1,…, t − 1. Subscript t denotes time periods
t = 1,…, t − 1, t′ ∈ T. Constraints (A20 and A21) ensure that
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Table A1. Forest units (common tree species assemblages) and their basic attributes.

Post-harvest regeneration cost, $·ha−1

Forest unit∗
Proportion of

hardwood species

Natural
regeneration
(mandatory)

Replanting
(optional)

Age when stands reach
old-growth status

Transition age from
early-successional to

late-successional forest type

BfMx1 0.216 118 1028 105 –

BwDom 0.801 95 99 115 105

ConMx 0.334 118 1090 105 115

HrDom 0.748 95 99 105 105

HrdMw 0.552 95 99 105 105

OcLow 0.022 95 99 105 105

PjDom 0.081 110 920 105 105

PjMx1 0.13 110 920 105 105

PoDom 0.879 95 99 105 105

PrwMx 0.279 95 99 105 105

SbDom 0.063 110 950 125 105

SbLow 0.032 95 250 165 125

SbMx1 0.136 110 950 115 165

∗Forest units: BfMx1, balsam fir dominant conifer; BwDom, birch dominant; ConMx, conifer mix; HrDom, hardwood dominant; HrdMw, hardwood mix; OcLow, other
conifer lowland; PjDom, jack pine dominant; PjMx1, jack pine mix; PoDom, poplar dominant; PrwMx, red and white pine mix; SbDom, black spruce; SbLow, black spruce
lowland; SbMx1, black spruce conifer dominant mix.

Table A2. Transitions to late-successional forest types after forest stands reach a threshold age.

Forest unit∗ BfMx1 BwDom ConMx HrDom HrdMw OcLow PjDom PjMx1 PoDom PrwMx SbDom SbLow SbMx1

BfMx1 1 0 0 0 0 0 0 0 0 0 0 0 0

BwDom 0.39 0 0 0 0.61 0 0 0 0 0 0 0 0

ConMx 0.17 0 0.13 0 0 0 0 0.19 0 0 0.51 0 0

HrDom 0.09 0 0.91 0 0 0 0 0 0 0 0 0 0

HrdMw 0.41 0 0.45 0 0 0 0 0 0 0 0.14 0 0

OcLow 0 0 0 0 0 0.93 0 0 0 0 0 0.07 0

PjDom 0 0 0 0 0 0 0 0.79 0 0 0 0 0.21

PjMx1 0.06 0 0 0 0 0 0 0 0 0 0.65 0 0.29

PoDom 0 0 0.11 0 0.89 0 0 0 0 0 0 0 0

PrwMx 0 0 0 0 0 0 0 0 0 1 0 0 0

SbDom 0.02 0 0 0 0 0 0 0 0 0 0.98 0 0

SbLow 0 0 0 0 0 0 0 0 0 0 0 1 0

SbMx1 0.1 0 0 0 0 0 0 0 0 0 0.9 0 0

∗Forest units (as defined in the provincial forest management plan): BfMx1, balsam fir dominant conifer; BwDom, birch dominant; ConMx, conifer mix; HrDom, hardwood
dominant; HrdMw, hardwood mix; OcLow, other conifer lowland; PjDom, jack pine dominant; PjMx1, jack pine mix; PoDom, poplar dominant; PrwMx, red and white
pine mix; SbDom, black spruce; SbLow, black spruce lowland; SbMx1, black spruce conifer dominant mix. Rows: pre-transition forest type, columns: post-transition
forest type.

road construction between patches k and j in period t can
only proceed from patches that had roads prior to period t.
Constraint (A22) prevents road construction between patches
that are already connected by pre-existing roads in period
t = 1.

Constraint (A23) implies that harvesting sites n in period t
in patch j that is outside of the pre-existing road network (i.e.,
with �j = 0) is only possible if the road network is extended to
j during periods 1,…, t. A binary parameter χnit indicates that
site n is harvested in period t in prescription i (i.e., χnit = 1
when γ 1nit + γ 2nit > 0 and χnit = 0 when γ 1nit + γ 2nit = 0). Sub-
script t denotes time periods 1,…, t, t ∈ T.

Constraint (A24) defines penalty p3t for each period t as
equal to the total number of patches j with roads built

above the maximum limit τ . The τ value is based on the
historical extent of road construction activities in the area.
Constraint (A25) prevents road construction to a patch j if
j is in the harvest deferral zone in period t. Note that a
single period u includes several harvest planning periods
t. A binary parameter �ut indicates that harvest period t
occurs within a planning period u in the zoning problem
(A1–A9) (�ut = 1 and �ut = 0 otherwise). Constraint (A26) en-
sures that patch j is assigned to the management zone in
period u if roads are built in j during the period u. Con-
straint (A27) defines a binary decision variable bjt that indi-
cates harvest in patch j in period t and is used to track the
road maintenance cost in patch j if harvest occurs in j in
period t.
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Table A3. Post-harvest forest cover transitions——natural regeneration.

Forest unit∗ BfMx1 BwDom ConMx HrDom HrdMw OcLow PjDom PjMx1 PoDom PrwMx SbDom SbLow SbMx1

BfMx1 0.25 0 0.17 0.14 0.27 0 0 0 0 0 0.17 0 0

BwDom 0 0.58 0 0.12 0.3 0 0 0 0 0 0 0 0

ConMx 0.04 0 0.47 0.14 0.27 0 0 0.05 0.01 0 0 0 0.02

HrDom 0 0 0 0.5 0.1 0 0 0 0.4 0 0 0 0

HrdMw 0.03 0.08 0.09 0.09 0.45 0 0 0 0.26 0 0 0 0

OcLow 0 0 0 0 0 1 0 0 0 0 0 0 0

PjDom 0 0 0.26 0 0.1 0 0.34 0.3 0 0 0 0 0

PjMx1 0 0 0.25 0 0.25 0 0.25 0.25 0 0 0 0 0

PoDom 0 0 0 0 0 0 0 0 1 0 0 0 0

PrwMx 0 0.01 0.09 0.03 0.18 0 0 0 0.65 0.04 0 0 0

SbDom 0 0 0.37 0 0.08 0 0.12 0 0 0 0.25 0.06 0.12

SbLow 0 0 0 0 0 0.1 0 0 0 0 0 0.9 0

SbMx1 0 0 0.5 0 0.25 0 0 0 0 0 0.25 0 0

∗Forest units (as defined in the provincial forest management plan): BfMx1, balsam fir dominant conifer; BwDom, birch dominant; ConMx, conifer mix; HrDom, hardwood
dominant; HrdMw, hardwood mix; OcLow, other conifer lowland; PjDom, jack pine dominant; PjMx1, jack pine mix; PoDom, poplar dominant; PrwMx, red and white
pine mix; SbDom, black spruce; SbLow, black spruce lowland; SbMx1, black spruce conifer dominant mix. Rows: pre-harvest forest type, columns: post-harvest forest
type.

Table A4. Post-harvest forest cover transitions——replanting after harvest.

Forest unit∗ BfMx1 BwDom ConMx HrDom HrdMw OcLow PjDom PjMx1 PoDom PrwMx SbDom SbLow SbMx1

BfMx1 0.12 0 0.32 0 0 0 0.18 0 0 0 0.38 0 0

BwDom 0 0 0.25 0.03 0.2 0 0.07 0.08 0 0 0.27 0 0.1

ConMx 0.03 0 0.24 0 0 0 0 0.18 0 0 0.42 0 0.13

HrDom 0 0 0 1 0 0 0 0 0 0 0 0 0

HrdMw 0 0 0.35 0.03 0.27 0 0.14 0.06 0.05 0 0.05 0 0.05

OcLow 0 0 0 0 0 0 0 0 0 0 0 1 0

PjDom 0 0 0.12 0 0 0 0.59 0.24 0 0 0 0 0.05

PjMx1 0 0 0.12 0 0 0 0.75 0.13 0 0 0 0 0

PoDom 0 0 0 0 0 0 0 0 1 0 0 0 0

PrwMx 0 0 0.19 0.05 0.12 0 0.03 0.01 0.07 0.52 0.01 0 0

SbDom 0 0 0.13 0 0 0 0.23 0 0 0 0.51 0 0.13

SbLow 0 0 0 0 0 0.1 0 0 0 0 0 0.9 0

SbMx1 0 0 0.19 0 0 0 0 0.19 0 0 0.56 0 0.06

∗Forest units (as defined in the provincial forest management plan): BfMx1, balsam fir dominant conifer; BwDom, birch dominant; ConMx, conifer mix; HrDom, hardwood
dominant; HrdMw, hardwood mix; OcLow, other conifer lowland; PjDom, jack pine dominant; PjMx1, jack pine mix; PoDom, poplar dominant; PrwMx, red and white
pine mix; SbDom, black spruce; SbLow, black spruce lowland; SbMx1, black spruce conifer dominant mix. Rows: pre-harvest forest type, columns: post-harvest forest
type.

APPENDIX B. Generating a set of harvest
prescriptions I

The harvest scheduling model required generating a set of
prescriptions I, where each prescription defines a possible se-
quence of harvest events in site n over a planning horizon
of T periods, including a scenario without harvest. We enu-
merated all possible management prescriptions that can be
assigned to forest site n by a set of binary vectors of length
T, {(1,0,…,0),(0,1,…0),…}. The elements of each vector de-
note the harvest or other management actions undertaken
in planning period t, t = 1,…, T. For each prescription i, i ∈ I,
we calculated the vectors of harvest volumes Vnit, the volumes
for softwood and hardwood species, V1nit and V2nit, the post-
harvest regeneration costs enit, the amounts of caribou habi-
tat bnit, and a binary parameter Wnit indicating that site n is
harvested in period t in prescription i. To simplify the formu-

lation of harvest sustainability constraints, we calculated the
areas of mature and old-growth stands for each forest type g,
χgnit and ξ gnit, and the areas of young stands, ζ nit, in site n in
prescription i in period t. For each site n and prescription i,
we also estimated the forest stand age at the end of the plan-
ning horizon T, Eni, and the net cash flow from harvest minus
harvest, hauling and post-harvest regeneration costs, Rni.

We used Ontario’s Forest Resource Inventory (FRI) database
(OMNRF 2020) to depict the spatial locations of sites n rep-
resenting potential candidates for harvest. The FRI provided
initial tree species composition and stand age at t = 1. Each
forest polygon in the FRI database provides tree species infor-
mation at the level of “forest units”, i.e., common tree species
assemblages that are delineated from aerial photographs for
practical forest management (Table A1). For each forest unit,
the forest management plan (FMP) for our target area, Wabad-
owgang Noopming Forest (NorthWinds 2021), provided a
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Table A5. Caribou habitat presence in major forest types and
age classes (based on boreal caribou habitat model for On-
tario’s Northwest Region Elkie et al. 2018).

Habitat type

Forest unit Useable Preferred Refuge

BfMx1 61

BwDom

ConMx 51 71

HrDom

HrdMw

OcLow 51 Permanent

PjDom 41 61 Permanent

PjMx1 41 61 41

PoDom

PrwMx

SbDom 61 41

SbLow 41 101 Permanent

SbMx1 61 41

normal yield curve, which we used to estimate the volumes
of harvested timber in site n as a function of stand age in
period t. When calculating the harvested timber volume in
prescriptions i, we adjusted the forest area in site n by the
projected annual forest area losses due to fire disturbances
using wildfire regime zones from Boulanger et al. (2014).

To estimate the future forest composition and harvest vol-
umes in prescriptions i, we tracked two general types of for-
est succession over time. Aging succession depicted temporal
changes in tree species composition without stand-replacing
disturbances as forest stands change from early-successional
to late-successional types. Based on the FMP and consulta-
tions with NorthWinds staff, we set, for each forest unit, the
threshold age when forest composition in site n changes to
a late-successional forest type (Table A1). A matrix of transi-
tion rates to late-successional forest types (Table A2) is applied
when forest stands reach a threshold age.

The second type of forest succession depicted forest com-
position changes after clear cut harvest. Based on the FMP
(NorthWinds 2021), two sets of succession rules were applied
to track post-harvest forest changes in naturally regenerated
stands and after replanting (Tables A3 and A4).

Using these succession rules, we generated two sets of
prescriptions with natural regeneration and replanting af-
ter harvest for the same set of harvest schedules. Each set of
prescriptions used a unique post-harvest succession matrix
and a corresponding set of post-harvest regeneration costs
(Table A1) and normal yield curves. Since natural regenera-
tion and replanting options are characterized by different

cost and timber yields, these prescription sets also have dif-
ferent net cash flow values Rni and vectors of harvested vol-
umes Vnit, V1nit, and V2nit.

Our optimization model did not use individual forest units
but instead tracked the forest age structure at the level of four
general forest types (set G, see Table 3 in the main text). The
Fir group included conifer stands dominated by balsam fir;
the Lowland conifer group included black spruce and other
conifer-dominated stands in poorly drained sites; the Upland
conifer group included stands dominated by conifer species
in other topographic positions; and the Hardwood group in-
cluded stands dominated by deciduous species. For each site
n, we generated the areas occupied by each forest group g
that reached mature and old-growth age in prescription i in
period t, χgnit and ξ gnit. For each forest unit, Table A1 shows
the forest age when forest stands reach old-growth status.

We estimated the amount of caribou habitat in site n in pe-
riod t in prescription i using a boreal caribou habitat model
for Ontario’s Northwest Region (Elkie et al. 2018) (Table A5).
A score of 1.0 was assigned for each habitat type (such as win-
ter useable, winter preferred, and refuge habitat) if present
in site n in period t. A forest site can, depending on its cover
category and age class, have a score between 0 and 3 (i.e., 1
for refuge, +1 for useable, +1 for preferred habitat). The total
habitat amount bnit was calculated as the sum of these scores
multiplied by the site area. When forest patches included a
mix of different forest types, the total habitat value was es-
timated as a weighted average of scores for individual cover
types and their corresponding areas. We assumed that forest
stands regain suitable habitat status in 40 years after harvest.
The total habitat amount in patch j, Bju, was calculated as the
sum of habitat amounts bnit in sites n located in patch j, n ∈ Nj,
over periods t within a timespan u, t ∈ u.
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